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SUMMARY 

T h i s t h e s i s p r e s e n t s a t e c h n i q u e f o r a n a l y z i n g complex l i n e 

m a n u f a c t u r i n g s y s t e m s . The s y s t e m s a r e d e f i n e d as complex a s a r e s u l t 

of e i t h e r t h e i r s i z e s o r i n t e r d e p e n d e n c i e s of o p e r a t i o n s . In t h i s r e ­

s e a r c h , t h e a n a l y s e s a r e d i r e c t e d t o w a r d : (1) p r o v i d i n g t h e e f f e c t s 

of v a r i o u s c o n f i g u r a t i o n s and o p e r a t i n g p o l i c i e s upon a s y s t e m ' s p r o ­

d u c t i v i t y and a v a i l a b i l i t y , (2) max imiz ing p r o d u c t i v i t y and a v a i l ­

a b i l i t y , (3) i n v e s t i g a t i n g t h e e f f e c t s of t r a n s i e n t - and s t e a d y - s t a t e s 

upon b a t c h s i z e , and (4) a c o m p a r i s o n of n u m e r i c a l e s t i m a t e s of 

a v a i l a b i l i t y w i t h and w i t h o u t t h e a s s u m p t i o n of i n d e p e n d e n t s u b s y s t e m s . 

The p r o b l e m i s a t t a c k e d by t h e u s e of a modu la r s y s t e m s a p p r o a c h . 

A GPSS p rog ram was w r i t t e n t o accommodate modules r a n g i n g i n s i z e from 

a s m a l l s y s t e m t o a p o r t i o n of a v e r y l a r g e s y s t e m . The p rog ram was 

v a l i d a t e d by c o l l a p s i n g t h e module f o r compar i son t o an a n a l y t i c a l 

mode l . Module s i z e i s l i m i t e d t o any c o n f i g u r a t i o n o f s u b s y s t e m s , 

such t h a t , t h e t o t a l number o f i n - p r o c e s s b u f f e r s and u n i t s w i t h i n t h e 

s u b s y s t e m s does n o t exceed 6 5 . The v a r i a b l e s of t h e module i n c l u d e : 

(1) p r o d u c t i o n t i m e , (2) f a i l u r e r a t e , (3) r e p a i r r a t e , (4) r e p a i r 

t e a m s , (5) p e r i o d i c m a i n t e n a n c e , (6) l o a d s h a r i n g , (7) equ ipmen t 

s h a r i n g , (8) p r e l o a d i n g , (9) i n - p r o c e s s b u f f e r s , (10) s u b s y s t e m con­

f i g u r a t i o n , and (11) s y s t e m c o n f i g u r a t i o n . 

An example module was u s e d t o c o n d u c t e x p e r i m e n t s , u s i n g d e s i g n 

27 

of e x p e r i m e n t t e c h n i q u e s . The e x p e r i m e n t s were f r a c t i o n s o f a 2 

d e s i g n . A t o t a l o f 96 s i m u l a t i o n e x p e r i m e n t s were c o n d u c t e d . 



x i 

A n a l y s e s of v a r i a n c e on t h e main e f f e c t s showed t h e v a r i a b l e s which 

have s i g n i f i c a n t e f f e c t upon p r o d u c t i v i t y and a v a i l a b i l i t y f o r t h e 

example module . L i n e a r a d d i t i v e models were b u i l t f o r t h e r e s p o n s e s , 

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

r a t i o n v a r i a b l e s . Us ing t h e s e m o d e l s , d i r e c t i o n a l c o n f i g u r a t i o n 

a l t e r n a t i v e s f o r m a x i m i z a t i o n o f p r o d u c t i v i t y and a v a i l a b i l i t y were 

o b t a i n e d by s t e e p e s t a s c e n t . F u r t h e r , a b r a n c h and bound mixed-

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

o f c o n f i g u r a t i o n v a r i a b l e s f o r max imiz ing p r o d u c t i v i t y s u b j e c t t o an 

a v a i l a b i l i t y c o n s t r a i n t . From t h e e x p e r i m e n t s , t h e c o n f i g u r a t i o n con­

s t r a i n t s which l i m i t e d b a t c h s i z e were i d e n t i f i e d . 

I t h a s been found t h a t o f t e n t h e n u m e r i c a l e s t i m a t e s of a v a i l a ­

b i l i t y o f a s y s t e m , which h a s d e p e n d e n t s u b s y s t e m s , a r e t h e same as 

when s u b s y s t e m s a r e assumed i n d e p e n d e n t . However, t h a t i s n o t a lways 

t h e c a s e . T h e r e f o r e , a l t h o u g h t h e e s t i m a t e s may be t h e same, t h e 

r e a s o n s t h e y a r e a t t h a t l e v e l may be t o t a l l y d i f f e r e n t . 

The module d e s i g n e d i n t h i s r e s e a r c h i s s u f f i c i e n t l y f l e x i b l e 

t o accommodate a wide r a n g e of o t h e r s p e c i f i c s y s t e m s . Thus i t s e r v e s 

as a t o o l f o r s y s t e m s ' d e s i g n , e v a l u a t i o n of a l t e r n a t i v e s y s t e m s con­

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

p o i n t s i n a s p e c i f i c s y s t e m , f o r t h e m a x i m i z a t i o n o f p r o d u c t i v i t y and 

a v a i l a b i l i t y . 
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CHAPTER I 

INTRODUCTION 

1 . 1 B a c k g r o u n d 

The s t a t e o f t h e N a t i o n ' s economy i n d i c a t e s a d e f i n i t e n e e d f o r 

i m p r o v e m e n t i n i n d u s t r i a l p r o d u c t i v i t y . From 1 9 4 7 t o 1 9 7 3 , t h e a n n u a l 

a v e r a g e r a t e o f p r o d u c t i v i t y i n p r i v a t e b u s i n e s s r o s e 3 . 1 p e r c e n t . 

The p e r i o d , 1 9 7 3 t o t h e m i d d l e o f 1 9 7 4 , s h o w e d h a r d l y any i n c r e a s e i n 

o u t p u t p e r m a n - h o u r ( 3 ) . Thus p r o d u c t i v i t y h a s n o t s u f f i c i e n t l y i n ­

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

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

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

p r o d u c t i v i t y and r e l i a b i l i t y . 

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

h a v e become modern c o m p l e x s y s t e m s . The c o m p l e x i t y s t e m s f rom g r o w t h 

i n s i z e and s o p h i s t i c a t i o n . S y s t e m s , o n c e h a v i n g i n d e p e n d e n t s u b s y s t e m s , 

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

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

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

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

c o m b i n a t i o n s . 

The r e s u l t i n g c o m p l e x s y s t e m c o n f i g u r a t i o n s do n o t c o n f o r m t o 

s y s t e m m o d e l s p r e v i o u s l y r e p o r t e d ( 1 , 7 ) . T h e s e m o d e l s h a v e t y p i c a l l y 

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

t h e y do n o t a c c o u n t f o r t h e s i m u l t a n e o u s e x i s t e n c e o f o t h e r o p e r a t i n g 
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p o l i c i e s such a s : (1) p r e l o a d i n g , (2) i n - p r o c e s s b u f f e r s , (3) e q u i p ­

ment s h a r i n g , o r (4) p r e v e n t i v e o r p e r i o d i c m a i n t e n a n c e p o l i c i e s . 

Even i n a s i m p l e s y s t e m which h a s s u b s y s t e m s i n s e r i e s , t h e 

s u b s y s t e m s a r e n o t i n d e p e n d e n t . I f one s u b s y s t e m f a i l s t h e n t h e r e ­

m a i n i n g s u b s y s t e m s can be backed up w i t h p r o d u c t i o n o r t h e c o n d i t i o n 

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

In e i t h e r c a s e t h e o t h e r s canno t f a i l s i n c e t h e y a r e i d l e and t h u s a 

dependency i s c r e a t e d . 

F u r t h e r models s u g g e s t e d f o r u se t o o p t i m i z e s y s t e m s have been 

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

C o n s e q u e n t l y , n o t a l l t h e c o n f i g u r a t i o n c o n s t r a i n t s a r e c o n s i d e r e d 

s i m u l t a n e o u s l y ( 4 , 17 , 2 8 , 3 2 ) . For e x a m p l e , compute r s i m u l a t i o n was 

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

t h e l e v e l s of any o t h e r o f t h e s y s t e m ' s f e a t u r e s . T h u s , t h e s imu­

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

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

o f a v a i l a b i l i t y o r p r o d u c t i v i t y f o r complex s y s t e m s can r a p i d l y become 

v e r y cumbersome as t h e c o m p l e x i t y o f t h e s y s t e m i n c r e a s e s . To o v e r ­

come t h a t h a n d i c a p and a t t h e same t i m e a s s e s s p r o d u c t i v i t y and s y s t e m 

a v a i l a b i l i t y , compute r s i m u l a t i o n models have been u s e d ( 4 , 2 0 ) . In 

many c a s e s , t h e compute r s i m u l a t i o n models were d e s i g n e d f o r a s p e c i f i c 

s y s t e m . C o n s e q u e n t l y , many o f t h e v i a b l e c o n f i g u r a t i o n a l t e r n a t i v e s 

which can be i n c l u d e d i n a complex s y s t e m were n o t c a p a b l e o f b e i n g 

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

1.2 R e s e a r c h O b j e c t i v e s 

The o b j e c t i v e s o f t h i s r e s e a r c h a r e f o u r f o l d . (1) The f i r s t 
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o b j e c t i s t o d e s i g n a model w i t h s u f f i c i e n t f l e x i b i l i t y t o accommodate 

complex s y s t e m s w i t h any c o m b i n a t i o n o f t h e f o l l o w i n g c o n f i g u r a t i o n 

c o n s t r a i n t s : (a) f a i l u r e r a t e , (b) r e p a i r r a t e , (c ) p r o d u c t i o n r a t e , 

(d) b u f f e r s , (e) equ ipment s h a r i n g , ( f ) p r e l o a d i n g , (g) l o a d s h a r i n g , 

(h) r e p a i r t e a m s , ( i ) p e r i o d i c m a i n t e n a n c e , ( j ) s u b s y s t e m c o n f i g u r a t i o n , 

and (k) s y s t e m c o n f i g u r a t i o n . (2) The s e c o n d o b j e c t i v e i s t o p r i o r ­

i t i z e t h e c o n f i g u r a t i o n c o n s t r a i n t s by r a n k i n g t h e i r e f f e c t s on p r o ­

d u c t i v i t y and a v a i l a b i l i t y . (3) The t h i r d o b j e c t i v e i s t o e x p l o r e 

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

as p a r t o f t h e t h i r d o b j e c t i v e i s t h e i d e n t i f i c a t i o n o f any commonal i ty 

o f s y s t e m s c o n f i g u r a t i o n c o n s t r a i n t s , t o g a i n i n s i g h t i n t o t h e f u n c ­

t i o n a l r e l a t i o n s h i p be tween p r o d u c t i v i t y and a v a i l a b i l i t y . (4) The 

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

s t a t e have on p r o d u c t i v i t y and a v a i l a b i l i t y . 

1.3 Overview o f t h e R e s e a r c h 

The l i t e r a t u r e s u r v e y of t h e p r e v i o u s l y m e n t i o n e d models and 

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

i n C h a p t e r I I . The model by Applebaum (1) was o f p a r t i c u l a r i n t e r e s t 

b e c a u s e i t i s n o t as r e s t r i c t i v e as some o t h e r s . The compute r s imu­

l a t i o n model by Law, et_ a l . ( 2 0 ) , a l s o r e c e i v e d g r e a t e r a t t e n t i o n b e ­

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

t o a s p e c i f i c s y s t e m . In a d d i t i o n t o e x i s t i n g models f o r p r o d u c t i v i t y 

and a v a i l a b i l i t y , C h a p t e r I I a l s o i n c l u d e s an a t t e m p t a t a c l o s e d form 

s o l u t i o n f o r a v a i l a b i l i t y o f a complex modu le . The a t t e m p t e n c o u n t e r s 

a v e r y d i f f i c u l t p r o b l e m and i l l u s t r a t e s a need t o u s e compu te r s imu­

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

C h a p t e r I I I p r i m a r i l y d i s c u s s e s t h e c o n s t r u c t i o n and o p e r a t i o n s 

of t h e s t o c h a s t i c m o d e l , which i s i n t h e form of a compute r p r o g r a m . 

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

t h e s e q u e n c e of e v e n t s t h r o u g h t h e s y s t e m i n t h e o r d e r t h e y o c c u r . In 

a d d i t i o n t o t h e t i m e i n c r e m e n t a p p r o a c h , t h e model i s p r e s e n t e d i n t h e 

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

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

v e r i f i c a t i o n and model v a l i d a t i o n a r e a l s o i n c l u d e d i n C h a p t e r I I I . 

V a l i d a t i o n i s f o l l o w e d by a comple t e d e s c r i p t i o n o f t h e c o n t r o l v a r i ­

a b l e s and t h e modu la r r e s p o n s e s . 

C h a p t e r IV d e l i n e a t e s t h e d e s i g n o f e x p e r i m e n t t e c h n i q u e s u s e d , 

f o l l o w e d by t h e r e s p o n s e s and a n a l y s e s f o r t h e f i r s t e x p e r i m e n t . As a 

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

o f main e f f e c t s were o b t a i n e d . Us ing t h e r e s p o n s e s from t h e f i r s t , 

s e c o n d , and a t h i r d e x p e r i m e n t , t h e s i g n i f i c a n c e o f main e f f e c t s was 

a s c e r t a i n e d f o r t h e mode l . The model was u s e d t o maximize p r o d u c t i v i t y 

and a v a i l a b i l i t y u s i n g t h e method o f s t e e p e s t a s c e n t . M a x i m i z a t i o n o f 

t h e model was a l s o done u s i n g a b r a n c h and bound m i x e d - i n t e g e r p r o g r a m ­

ming a l g o r i t h m . 

S e c t i o n 4 . 5 o f C h a p t e r IV d i s c u s s e s t h e e f f e c t s t h a t t r a n s i e n t -

and s t e a d y - s t a t e phenomenon have on p r o d u c t i v i t y and a v a i l a b i l i t y w i t h 

a view a t i t s e f f e c t s on b a t c h s i z e . The l a s t s e c t i o n compares t h e 

r e s u l t s o f Applebaum's model t o t h o s e o f t h e model u n d e r d i f f e r e n t 

g i v e n c o n d i t i o n s . 

C h a p t e r V c o n t a i n s t h e c o n c l u s i o n s r e s u l t i n g from t h e e x p e r i -
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m e n t a t i o n and a n a l y s e s b a s e d on t h e r e s p o n s e s . In a d d i t i o n , t h e 

i n f e r e n c e s which can be drawn from t h e p r o j e c t i o n of sy s t em p r o d u c t i v i t y 

when t h e r e s p o n s e s from one module s e r v e as i n p u t t o t h e n e x t module 

a r e a l s o i n t h i s c h a p t e r . The s econd h a l f o f C h a p t e r V c o n t a i n s t h e 

recommenda t ions b a s e d upon t h e f i n d i n g s o f t h i s r e s e a r c h and a d d i t i o n a l 

q u e s t i o n s which n e e d t o be i n v e s t i g a t e d . 
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CHAPTER I I 

LITERATURE SURVEY 

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

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

a r e t h o s e sy s t ems w i t h d e p e n d e n t s u b s y s t e m s . The l i t e r a t u r e s u r v e y 

i n c l u d e s c a s e s where d e p e n d e n t s u b s y s t e m s a r e modeled as i n d e p e n d e n t 

and modeled as d e p e n d e n t . 

S e c t i o n 2 . 1 p r e s e n t s some c o n c e p t s of s y s t e m r e l i a b i l i t y as t h e y 

a p p l y t o m a n u f a c t u r i n g s y s t e m s . S e c t i o n 2 . 2 d e f i n e s t h o s e t e rms u s e d 

i n d e s c r i b i n g s y s t e m a v a i l a b i l i t y . S e c t i o n 2 . 3 d i s c u s s e s d i s t r i b u ­

t i o n a l p r o p e r t i e s o f f a i l u r e mechanisms and two m a i n t e n a n c e p o l i c i e s : 

(1) f a i l and f i x , and (2) p e r i o d i c . 

The l i t e r a t u r e which s i m u l t a n e o u s l y d i s c u s s e s p r o d u c t i v i t y and 

r e l i a b i l i t y a r e i n S e c t i o n 2 . 4 . In S e c t i o n 2 . 5 f o u r models f o r f i n d ­

i n g s y s t e m a v a i l a b i l i t y a r e p r e s e n t e d . Two o f t h e models a d d r e s s 

s y s t e m a v a i l a b i l i t y assuming s u b s y s t e m i n d e p e n d e n c e . The t h i r d and 

f o u r t h models a r e u s e d t o d e t e r m i n e t h e e f f e c t t h a t i n - p r o c e s s b u f f e r s 

have upon sys t em a v a i l a b i l i t y . 

S e c t i o n 2 . 6 c o n t a i n s an i l l u s t r a t i o n o f a s u b s y s t e m w i t h l o a d 

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

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

form s o l u t i o n f o r s u b s y s t e m a v a i l a b i l i t y , t h e need f o r s i m u l a t i o n i s 

e s t a b l i s h e d t o accommodate t h i s p r o b l e m and o t h e r s o f g r e a t e r magni ­

t u d e . 
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2 . 1 System R e l i a b i l i t y 

The c o n c e p t of sy s t em r e l i a b i l i t y i s n o t u n i q u e among e n g i n e e r s . 

To d e v e l o p t h e meaning as i t a p p l i e s t o t h i s r e s e a r c h , a s y s t e m i s d e ­

f i n e d as " . . . a c o l l e c t i o n of r e g u l a r l y i n t e r a c t i n g o r i n t e r d e ­

p e n d e n t components . . . a c t i n g as a u n i t i n c a r r y i n g o u t an i m p l i c i t l y 

o r e x p l i c i t l y d e f i n e d m i s s i o n " ( 1 4 ) . Sys tems can r a n g e from s i m p l e t o 

complex w i t h numerous p o s s i b i l i t i e s i n b e t w e e n . A s y s t e m n e a r t h e 

u p p e r end o f t h e s p e c t r u m - - c o m p l e x - - i s composed o f s u b s y s t e m s which 

t h e m s e l v e s may be c l a s s i f i e d as s y s t e m s . The t e rm subys t em r e f e r s t o 

" . . . a work s t a t i o n , s e v e r a l work s t a t i o n s , o r a c o n g l o m e r a t e o f 

a u t o m a t i o n l i n e a g e which c o n t r i b u t e s t o t h e u n r e l i a b i l i t y o f t h e l i n e " 

( 2 0 ) . 

2 . 1 . 1 D e f i n i t i o n of Sys tem R e l i a b i l i t y 

Knowing t h e r e l i a b i l i t y o f a s y s t e m p r o v i d e s management w i t h a 

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

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

R e l i a b i l i t y i s d e f i n e d as " . . . t h a t c h a r a c t e r i s t i c o f an i t e m e x ­

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

i n t h e d e s i r e d manner u n d e r a l l r e l e v a n t c o n d i t i o n s and on t h e o c c a s i o n s 

o r d u r i n g t h e t i m e i n t e r v a l s when i t i s r e q u i r e d so t o p e r f o r m " ( 1 3 ) . 

K n i g h t , S m i t h , and A e r o n a u t i c a l Radio I n c o r p o r a t e d R e s e a r c h C o r p o r ­

a t i o n , ARINC, d e f i n e r e l i a b i l i t y as " . . . t h e p r o b a b i l i t y t h e p r o ­

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

when u s e d i n t h e manner and f o r t h e p u r p o s e i n t e n d e d " ( 3 , 1 9 , 2 8 ) . 

Caplen d e f i n e s r e l i a b i l i t y as a r a t i o " . . . t h e number s u r v i v i n g a t 

i n s t a n t t t o t h e number a t s t a r t when t = 0 , when t h e r e i s a l a r g e 
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number of i t e m s on t e s t " ( 9 ) . 

R e l i a b i l i t y , a s shown i n C a p l e n ' s d e f i n i t i o n , i s a f u n c t i o n of 

a t i m e i n t e r v a l . T h i s t i m e i n t e r v a l i n m a n u f a c t u r i n g sys t ems i s t h e 

l e n g t h of a normal p r o d u c t i o n run ( 2 0 ) . By combin ing t h e d e f i n i t i o n s 

f o r s y s t e m and r e l i a b i l i t y , a cumbersome meaning f o r sy s t em r e l i a ­

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

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

i n g as a u n i t i n c a r r y i n g o u t an i m p l i c i t l y o r e x p l i c i t l y d e f i n e d 

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

when u s e d i n t h e manner and f o r t h e p u r p o s e i n t e n d e d . However, a more 

c o n c i s e d e f i n i t i o n i s p r e s e n t e d by Law, et_ al_. " . . . t h e p r o b a b i l i t y 

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

p r o d u c t i o n r u n s " ( 2 0 ) . The t e rm p r o d u c t i o n r u n u s e d i n r e f e r e n c e t o 

a s y s t e m i s t h e i n t e r v a l from s t a r t - u p t o shu tdown. 

2 . 1 . 2 M e a s u r i n g System R e l i a b i l i t y 

When m e a s u r i n g sys tem r e l i a b i l i t y , t h e r e i s a d e g r e e of s u b ­

j e c t i v i t y i n d e f i n i n g r e l i a b i l i t y . Fo r e x a m p l e , t h e r e i s no way t o 

p i n p o i n t " s a t i s f a c t o r y p e r f o r m a n c e . " In an a t t e m p t t o min imize t h e 

s u b j e c t i v i t y of " s a t i s f a c t o r y p e r f o r m a n c e , " m a n u f a c t u r e r s of commerc ia l 

p r o d u c t s and t h e m i l i t a r y o f t e n e s t a b l i s h lower bounds f o r when a p r o ­

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

such a lower bound , c o n s i d e r a 10 w a t t t r a n s m i t t e r , t h e p r o d u c t , 

which has a 9 . 9 w a t t o u t p u t ; 10 w a t t s i s t h e lower bound , t h e r e f o r e , 

9 .9 w a t t s i s u n s a t i s f a c t o r y . However, 1 0 . 1 i s s a t i s f a c t o r y . For t h e 

a c t u a l u s e r , t h e s y s t e m may v e r y w e l l b e s a t i s f a c t o r y a t 9 . 9 . And he 

i s i n f a c t t h e i n d i v i d u a l u s i n g t h e equ ipmen t f o r i t s i n t e n d e d p u r p o s e 
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( 1 9 ) . A comparab le i l l u s t r a t i o n of t h i s i s t a k e n from a p r o d u c t i o n 

l i n e . For one i n d i v i d u a l , s a t i s f a c t o r y p e r f o r m a n c e may be p r o d u c i n g 

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

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

may be p r o d u c i n g x p r o d u c t s w i t h n o t more t h a n 5 p e r c e n t b e i n g d e f e c ­

t i v e . To c o u n t e r t h i s p o s s i b i l i t y of u n c e r t a i n t y , Lloyd and Lipow 

d e f i n e r e l i a b i l i t y as " . . . t h e p r o b a b i l i t y of a s u c c e s s f u l o p e r a t i o n 

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

u s e " ( 2 1 ) . 

2 . 2 System A v a i l a b i l i t y 

The t e rms u s e d t o i d e n t i f y s y s t e m a v a i l a b i l i t y have n o t been 

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

f o r e , i s u s e d t o e s t a b l i s h t h e meaning of t h e s e t e rms as u t i l i z e d i n 

a l l c o n s e q u e n t s e c t i o n s . 

2 . 2 . 1 Te rmino logy 

The f i r s t t e r m d i s c u s s e d i s sys t em a v a i l a b i l i t y . ARINC and 

B u z a c o t t d e s c r i b e s y s t e m a v a i l a b i l i t y o r e f f i c i e n c y a s : 

. . . t h e p r o b a b i l i t y t h a t t h e sy s t em i s o p e r a t i n g s a t i s f a c t o r i l y 
a t any p o i n t i n t i m e when u s e d u n d e r s t a t e d c o n d i t i o n s , where t h e 
t o t a l t ime c o n s i d e r e d i n c l u d e s o p e r a t i n g t i m e , a c t i v e r e p a i r t i m e , 
a d m i n i s t r a t i v e t i m e , and l o g i s t i c t i m e ( 2 , 8 ) . 

F u r t h e r , B u z a c o t t a l s o q u a n t i f i e s s y s t e m a v a i l a b i l i t y as " . . . t h e 

p r o p o r t i o n of t i m e i n some l o n g i n t e r v a l t h e s y s t e m i s w o r k i n g , mea­

s u r e d by t h e r a t i o of mean up t i m e , MUT, t o t h e mean t i m e be tween 

f a i l u r e s " ( 7 ) . 

The l e n g t h of t i m e a s u b s y s t e m i s o p e r a t i o n a l o v e r t h e t i m e 

p e r i o d of l a s t f a i l u r e t o n e x t f a i l u r e i s c a l l e d up t i m e . In a 
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s t o c h a s t i c p r o c e s s , t h e up t ime i s g e n e r a t e d by a random v a r i a b l e . The 

e x p e c t e d v a l u e of t h e random v a r i a b l e f o r up t i m e i s known a s mean up 

t i m e , E(U) o r MUT. When t h e t i m e t o r e p a i r i s g e n e r a t e d by a random 

v a r i a b l e , t h e e x p e c t e d v a l u e o f t h e random v a r i a b l e i s known as mean 

down t i m e , E(D) o r MDT. The sum of MUT p l u s MDT i s c a l l e d mean t i m e 

be tween f a i l u r e , MTBF. 

2 . 2 . 2 I n s t a n t a n e o u s F a i l u r e Ra te 

The d i s t r i b u t i o n of t h e random v a r i a b l e s f o r t i m e t o f a i l u r e 

h a s been d e s c r i b e d by many d i s t r i b u t i o n s . They i n c l u d e t h e e x p o n e n t i a l , 

n o r m a l , l og n o r m a l , W e i b u l l , and gamma. The e x p o n e n t i a l d i s t r i b u t i o n 

h a s been u s e d i n c a s e s where a l l t h e f a i l u r e s common t o t h e equ ipmen t 

d u r i n g t h e s t a g e of " b r e a k - i n " o r " e a r l y a g e " a r e assumed t o have e x ­

p i r e d . In a d d i t i o n , 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 p r o v i d e s s i m p l i c i t y 

i n d e t e r m i n i n g t h e f a i l u r e r a t e . 

The f a i l u r e r a t e o v e r an i n t e r v a l i s e x p r e s s e d as 

F R ( t 1 , t 2 ) = 
RCt^ - R( t 2 ) ' 

C t 2 " V 

where R ( t ) = Prob[T > t ] and T i s d e f i n e d a s t i m e t o f a i l u r e . As t h e 

i n t e r v a l be tween t^ and t 2 a p p r o a c h e s z e r o , t h e c l o s e r t h e r e l a t i o n s h i p 

f o r f a i l u r e r a t e t e n d s t o an i n s t a n t a n e o u s f a i l u r e r a t e . T h u s , i n s t a n ­

t a n e o u s f a i l u r e r a t e , a l s o known as t h e h a z a r d , i s t h e l i m i t i n g v a l u e 

as At a p p r o a c h e s z e r o . The h a z a r d f u n c t i o n i s d e f i n e d as 

hrt) = £1*1 
W R(t) ' 

where f ( t ) i s t h e t i m e t o f a i l u r e d e n s i t y . 
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In t h e c a s e o f t h e e x p o n e n t i a l f a i l u r e l aw, 

f ( t ) = Ae 

0 

R ( t ) = e " A t 

0 

-At 

t > 0 

o t h e r w i s e , 

t > 0 

o t h e r w i s e , 

and h ( t ) = = ; t > 0 -At e 

= 0 ; o t h e r w i s e . 

T h e r e f o r e , t h e i n s t a n t a n e o u s f a i l u r e r a t e o r h a z a r d i s A, a c o n s t a n t . 

As a r e s u l t , t h e h a z a r d f u n c t i o n i s u n i f o r m and i m p l i e s t h a t i f a com­

p o n e n t i s f u n c t i o n i n g a t t i m e t , i t i s as good as new ( 1 7 ) . 

2 . 3 A v a i l a b i l i t y o f a M a i n t a i n e d Sys tem 

Once f a i l u r e h a s o c c u r r e d , t h e m a i n t a i n a b i l i t y of t h e s u b s y s t e m 

i s needed i n a s s e s s i n g s y s t e m a v a i l a b i l i t y . The a v a i l a b i l i t y of a 

s y s t e m which i s n o t m a i n t a i n e d i s s imp ly t h e r a t i o of mean t i m e t o 

f i r s t f a i l u r e t o t o t a l run t i m e . I f t h e s y s t e m i s e x p e c t e d t o have 

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

some form o f m a i n t e n a n c e i s r e q u i r e d t o meet t h e p r o d u c t i o n r e q u i r e ­

ment . 

M a i n t a i n a b i l i t y i s d e f i n e d as M . . . t h e p r o b a b i l i t y t h a t a 

f a i l e d s y s t e m i s r e s t o r e d t o o p e r a b l e c o n d i t i o n i n a s p e c i f i e d down­

t i m e " ( 2 ) . Smi th and Thomasson e x t e n d t h e i r d e f i n i t i o n o t m a i n t a i n a ­

b i l i t y t o " . . . t h e p r o b a b i l i t y t h a t a d e v i c e t h a t h a s f a i l e d w i l l 

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

-At 
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when t h e m a i n t e n a n c e a c t i o n i s p e r f o r m e d i n a c c o r d a n c e w i t h p r e s c r i b e d 

p r o c e d u r e s " ( 2 8 , 3 0 ) . 

The m a i n t e n a n c e can be p e r f o r m e d b e f o r e a f a i l u r e o c c u r s , as 

w e l l a s a f t e r . Of t h e numerous m a i n t e n a n c e p o l i c i e s , two a r e most 

o f t e n u s e d . F i r s t , and f r e q u e n t l y t h e c a s e , i s r e p a i r o n l y when a 

f a i l u r e o c c u r s . The s e c o n d , p r e v e n t i v e m a i n t e n a n c e p o l i c y , may be 

b a s e d on equipment age o r b a s e d on a t i m e c y c l e . In t h e c a s e o f a g e , 

equ ipmen t would be r e p l a c e d a t c e r t a i n f i x e d t imes—known as p e r i o d i c 

m a i n t e n a n c e ; t h e t i m e c y c l e u s u a l l y i s m a r g i n a l c h e c k i n g ( 1 0 ) . 

2 . 3 . 1 D i s t r i b u t i o n a l P r o p e r t i e s 
of F a i l u r e Mechanisms 

The d i s t r i b u t i o n of o p e r a t i n g and downtimes i s commonly a c c e p t e d 

as e x p o n e n t i a l ( 1 ) . Law, et_ a l_ . , i n t h e i r s i m u l a t i o n o f an a c t u a l p r o ­

d u c t i o n s y s t e m , acknowledge t h a t downtimes can be c l o s e l y a p p r o x i m a t e d 

by a n e g a t i v e e x p o n e n t i a l ( 2 0 ) . D r e n i c k , i n h i s p r e s e n t a t i o n of m a t h e ­

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

p o n e n t i a l , n o r m a l , gamma, and t h e f a i l u r e r a t e u n d e r t h e p o l i c y t h a t a 

f a i l e d i t e m i s r e p l a c e d o r r e p a i r e d t o a l i k e new c o n d i t i o n ( 1 0 ) . The 

i n p u t s t o m a i n t a i n a b i l i t y a r e t i m e t o r e p a i r and t h e r e p a i r r a t e , M ( t ) . 

Such t h a t , 

M(t ) = 1 - e " u t , where u = ( 2 7 ) . 

In t h e works by Applebaum, B u z a c o t t , et_ al^. , i t i s assumed t h a t 

f a i l u r e s of s u b s y s t e m s a r e i n d e p e n d e n t . However, when one s u b s y s t e m 

f a i l s , c a u s i n g t h e s y s t e m t o f a i l , o t h e r s t a t i o n s become i d l e ; c o n s e ­

q u e n t l y , t h e y c a n n o t f a i l . T h e r e f o r e , s u b s y s t e m f a i l u r e s a r e , more 
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o f t e n t h a n n o t , d e p e n d e n t and t h e p r o d u c t law o f a v a i l a b i l i t y i s i n ­

v a l i d ( 8 ) . The c r i t e r i a u s e d f o r l a b e l i n g s u b s y s t e m s as i n d e p e n d e n t l y 

o p e r a t i n g a r e : (1) s t a t i o n s have i n d e p e n d e n t f a i l u r e s , and (2) 

s t a t i o n s have a d e q u a t e f a c i l i t i e s t o i n i t i a t e t h e r e p a i r of any s u b ­

s y s t e m when i t f a i l s ( 7 ) . 

The a d v a n t a g e o f a s suming i n d e p e n d e n c e o f s u b s y s t e m s i s — t h e 

s y s t e m s MTBF can be computed i n t e rms of t h e MTBF and a v a i l a b i l i t y of 

t h e i n d i v i d u a l s u b s y s t e m s ( 7 ) . B u z a c o t t , l i k e Applebaum, conceded 

t h a t t h e ma jo r l i m i t a t i o n of h i s p r o c e d u r e s i s t h a t f r e q u e n t l y t h e 

a s s u m p t i o n o f i n d e p e n d e n t f a i l u r e s and r e p a i r s i s n o t v a l i d ( 7 , 1 ) . 

2 . 3 . 2 F a i l and F ix P o l i c y 

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

a d d r e s s e d by E p s t e i n and Has fo rd ( 1 1 ) . The p a p e r d e r i v e s fo rmu lae 

f o r e v a l u a t i n g r e l i a b i l i t y o f t h r e e d i f f e r e n t , t w o - u n i t , r e d u n d a n t 

s y s t e m s . The t h r e e s y s t e m s a r e : (1) t h e u n i t s have a c o n s t a n t r e p a i r 

r a t e and o n l y one u n i t o p e r a t e s a t a t i m e ; (2) t h e u n i t s have a con­

s t a n t r e p a i r r a t e and b o t h u n i t s o p e r a t e whenever p o s s i b l e ; and (3) 

t h e u n i t s have a c o n s t a n t r e p a i r t i m e and o n l y one u n i t o p e r a t e s a t 

a t i m e . The second s y s t e m - - c o n s t a n t r e p a i r r a t e and b o t h u n i t s o p e r ­

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

s i n c e t h e s y s t e m s b e i n g s t u d i e d have a l l u n i t s a c t i v e , u n l e s s t h e y 

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

In t h i s f o r m u l a t i o n , f a i l u r e r a t e i n A and t h e up t i m e i s a 

random v a r i a b l e x whose p r o b a b i l i t y d e n s i t y f u n c t i o n , p . d . f . , f ( x ; A ) , 

i s 



14 

f ( x ; X ) = X e ~ A x ; f o r x _> 0 and X >_ 0 

= 0 ; o t h e r w i s e . 

The l e n g t h o f r e p a i r i s a l s o a v a r i a b l e , Y, w h o s e P . d . f . i s 

f ( y ; u ) = u e f o r y• _> 0 and u >_ 0 

= 0 ; o t h e r w i s e . 

F o r a t w o - u n i t r e d u n d a n t s y s t e m , d i f f e r e n c e e q u a t i o n s a r e u s e d 

t o o b t a i n a m e a s u r e o f r e l i a b i l i t y . The d i f f e r e n c e e q u a t i o n s , upon 

d i f f e r e n t i a t i o n , g i v e r i s e t o t h e d i f f e r e n t i a l e q u a t i o n s : 

P 2 ' ( t ) = - 2 A P 2 ( t ) + u P ^ t ) 

P^Ct) = 2XP2(t) - (X + uJP^t) 

S t a t e 2 

S t a t e 1 

S t a t e 0 

PQ' ( t ) = X P 1 ( t ) , w h e r e 

b o t h u n i t s o p e r a t i n g , 

o n e u n i t down and t h e o t h e r o p e r a t i n g , and 

b o t h u n i t s down. 

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

o1 s y s t e m a v a i l a b i l i t y , A , i s d e f i n e d a s 1 - P n ( t ) . T h e r e f o r e , 

A s = 1 - (1 - e - X V 

= 2 e " X t - e ' 2 X t 

and t h e e x p e c t e d l e n g t h o f t i m e t o r e a c h s t a t e 0 i s 3X + u / 2 X . I f t h e r e 
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can be no r e p a i r s , u = 0 , t h e e x p e c t e d t i m e t o r e a c h s t a t e 0 i s 

2 2 
3A/2A o r 3/2A, and t h e r a t i o 3A + u/2A t o 3/2A i s 1 + u / 3 A , t h e 

measu re of improvement due t o r e p a i r . 

2 . 3 . 3 P e r i o d i c P o l i c y 

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

s y s t e m w i t h a p e r i o d i c m a i n t e n a n c e p o l i c y . F i g u r e 1 i s an example of 

t h e t y p e s y s t e m which f i t s t h e mode l . Each o f t h e p a t h s r e p r e s e n t s a 

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

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

i n g a t t = 0. Each p a r t i s checked and any f a i l u r e i s r e p l a c e d by a 

new and s t a t i s t i c a l l y i d e n t i c a l component . T h u s , t h e s y s t e m i s r e ­

s t o r e d t o new c o n d i t i o n a f t e r each m a i n t e n a n c e a c t i o n . 

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

of t h o u r s h a s 

t = j T + T j = 0 , 1 , 2 . . . ; 0 £ T £ T. 

When T e q u a l s z e r o t h e e x p e c t e d p e r i o d o f c o n t i n u o u s o p e r a t i o n i s some 

m u l t i p l e o f T. T h u s , 

RpCt = T) = R(T) , f o r j = 1 
and Rj.Ct = 2T) = R ( T ) 2 , f o r j = 2 . 
T h e n , f o r c a s e s where 0 < T < T , t h e g e n e r a l c a s e of t h e r e l i a b i l i t y 

f u n c t i o n becomes , 

^ ( t = jT + T ) = [ R ( T ) ] j R ( T ) j = 0 , 1 , 2 

0 T 



P a t h 1 

P a t h 2 
I n p u t 

O 
Outpu t 

-O 

P a t h N P a t h N 

F i g u r e 1 . System Modeled by ARINC f o r 
P e r i o d i c M a i n t e n a n c e 
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The mean l i f e of t h e s y s t e m , 0 , i s computed by summing o r i n t e g r a t ­

i n g t h e r e l i a b i l i t y f u n c t i o n o v e r t h e l i m i t s 0 t o T , where d t = d . 

Thus 

S i m p l i f i e d , 

T h e r e f o r e , i n compar i son t o no m a i n t e n a n c e , t h e mean l i f e t e n d s 

t o i n c r e a s e as T d e c r e a s e s . However , t h i s p r o c e d u r e l a c k s t h e con­

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

i s n o t c o n s i d e r e d e i t h e r . 

2 . 4 P r o d u c t i v i t y V e r sus R e l i a b i l i t y 
and A v a i l a b i l i t y 

P r o d u c t i v i t y i s v iewed a s t h e l e v e l of o u t p u t o f s a t i s f a c t o r y 

p r o d u c t s . P r o d u c t s which do n o t meet p r o d u c t i o n s p e c i f i c a t i o n s a r e 

f a u l t y and as such a r e r e j e c t s . A l though t h e f a u l t y p r o d u c t i s an 

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

Fo r t h a t r e a s o n , t h e t e rm s a t i s f a c t o r y i s u s e d t o d e s c r i b e t h e o u t p u t 

i n c l u d e d i n s y s t e m p r o d u c t i v i t y . P r o d u c t i v i t y can be d e f i n e d as " . . . 

t h e p r o d u c t o f s y s t e m u t i l i z a t i o n t i m e s t h e t h e o r e t i c a l o u t p u t " ( 2 3 ) . 

The above d e f i n i t i o n assumes f a u l t l e s s o u t p u t . When f a u l t y o u t p u t i s 

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

t h e e x p e c t e d f a u l t y o u t p u t . 
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2 . 4 . 1 Mutsenek and Lobzov 

The work of Mutsenek and Lobzov i s a p i o n e e r i n g e f f o r t t o c o r r e ­

l a t e sys t em r e l i a b i l i t y and p r o d u c t i v i t y of a u t o m a t i c a ssembly m a c h i n e s . 

P r i o r l i t e r a t u r e h a s t h e p r o d u c t i o n l e v e l e q u a l t o o u t p u t , which i n ­

c l u d e d b o t h good and f a u l t y i t e m s . Thus when t h e f a u l t y i t e m s a r e 

s u b t r a c t e d , sy s t em r e l i a b i l i t y i s n o t d i r e c t l y r e l a t e d t o p r o d u c t i v i t y . 

Mutsenek and Lobzov e s t a b l i s h e d t h e b a s i c s t a n d a r d s t o c o r r e l a t e r e l i a ­

b i l i t y and p r o d u c t i v i t y by comput ing t h e e x p e c t e d q u a n t i t y of d e f e c t i v e 

p r o d u c t i o n . 

One o f t h e f i r s t s t a n d a r d s from Mutsenek and Lobzov i s t h e 

a d o p t i o n of a f a u l t l e s s p r o b a b i l i t y P ( t ) . The p r o d u c t i o n l e v e l can 

be such t h a t a l l o u t p u t i s f a u l t l e s s , i n which c a s e P ( t ) = 1. With 

a u t o m a t i c a s sembly P ( t ) i s l i k e l y t o be l e s s t h a n 1. The p r o b a b i l i t y 

o f a d e f e c t can be e x p r e s s e d as 

t _ 
At 
I n . 

q ( t ) = Aim , 
A t * N 0 
N0 

where t i s t h e t i m e o v e r which t h e d e f e c t s a r e e s t i m a t e d ; At i s t h e 

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

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

t h e p r o c e s s . 

The o t h e r unknown t o d e t e r m i n e p r o d u c t i v i t y , b e s i d e s t h e 

p r o b a b i l i t y of d e f e c t s , i s t h e c o e f f i c i e n t of machine u t i l i z a t i o n , 

n . The r e l i a b i l i t y o f t h e machine i s e x p r e s s e d as n, s u c h t h a t 
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K 

where T & i s t h e t ime d u r i n g which t h e machine i s u n d e r o b s e r v a t i o n , T^ 

i s a d m i n i s t r a t i v e downt ime , and T c i s s e t - u p and m a i n t e n a n c e downt ime . 

Thus t h e r e l i a b i l i t y o f t h e s y s t e m n o t o n l y depends on t h e 

o p e r a t i o n a l s t a t e o f t h e m a c h i n e s , b u t a l s o on t h e i r a c c u r a c y . When 

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

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

o p e r a t i o n . O t h e r w i s e , t h a t t i m e c o u n t s as downtime f o r p r e v e n t i v e 

m a i n t e n a n c e o r r e p a i r s . Thus a s c o n c l u d e d by Mutsenek and Lobzov, 

"The r e l i a b i l i t y o f e ach s t a t i o n o f t h e machine and t h e whole m a c h i n e , 

and c o n s e q u e n t l y i t s p r o d u c t i v i t y , can be improved by r e d u c i n g t h e l o s t 

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

o c c u r r e n c e " ( 2 3 ) . 

2 . 4 . 2 Swanson Demand Sys tem 

Swanson ' s s y s t e m combines t h e h i g h c y c l e r a t e o f a s y n c h r o n o u s 

assembly s y s t e m w i t h t h e up t ime c h a r a c t e r i s t i c s of a n o n - s y n c h r o n o u s 

s y s t e m ( 2 9 ) . A s y n c h r o n o u s s y s t e m i n f e r s a f i x e d i n d e x t y p e of 

a s sembly s y s t e m employ ing m e c h a n i c a l l y c o n t r o l l e d machine d y n a m i c s . 

Heginbotham and Rippon d e f i n e a f i x e d i n d e x t y p e machine as one i n 

1 
where i s t h e r e l i a b i l i t y c o e f f i c i e n t of t h e d r i v i n g mechanism and 

c o n t r o l s y s t e m ; K i s t h e number o f s t a t i o n s , and i s t h e r e l i a b i l i t y 

o f t h e i t h s t a t i o n . Then n i s e x p r e s s e d a s , 
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w h i c h , " . . . t h e work c a r r i e r s i n d e x from w o r k s t a t i o n t o w o r k s t a t i o n , 

d w e l l i n g f o r a f i x e d p e r i o d w h i l e a u t o m a t i c workheads p e r f o r m a s e q u e n c e 

o f t a s k s " ( 1 5 ) . In a s y s t e m of t h i s s o r t w i t h a u t o m a t i c a s s e m b l y , 

when a workhead f a i l s , i n d e x i n g f a i l s t o t a k e p l a c e u n t i l an o p e r a t o r 

c l e a r s t h e f a i l u r e . 

The n o n - s y n c h r o n o u s c h a r a c t e r i s t i c s of t h e s y s t e m a r e (1) t h e 

sys t em c o n t a i n s one o r more demand modules and (2) t h e l e s s e f f i c i e n t l y 

p e r f o r m e d o p e r a t i o n s a r e done i n s u p p l y m o d u l e s . The u s e o f modules 

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

i t e m s a r e o u t p u t from t h e s y s t e m . Sys tem r e l i a b i l i t y i s i n c r e a s e d b e ­

c a u s e t h e modules can c o n t i n u e t o o p e r a t e when a n o t h e r module i s o u t , 

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

2 . 5 A v a i l a b i l i t y and P r o d u c t i v i t y Models 

The models i n t h i s s e c t i o n i n c l u d e a n a l y t i c a l and s i m u l a t i o n 

a p p r o a c h e s employed i n a s s e s s i n g s y s t e m a v a i l a b i l i t y . A l l t h e a n a l y t i ­

c a l models assume i n d e p e n d e n c e o f s u b s y s t e m s . The t h i r d m o d e l , a com­

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

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

2 . 5 . 1 Applebaum's Model 

The model d e v e l o p e d by Applebaum i s c a p a b l e of p r e d i c g i n g s y s t e m 

a v a i l a b i l i t y of complex s y s t e m s w i t h m u t u a l l y i n d e p e n d e n t s u b s y s t e m s . 

F i g u r e 2 i s an example of t h e t y p e s y s t e m s which conform t o App lebaum' s 

mode l . The two l a y o u t s have u n i t s p a r a l l e l and i n s e r i e s . The t e r m 

complex r e f e r s t o s y s t e m s which a r e l a r g e as a r e s u l t of t h e number 

of s u b s y s t e m s . 
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I n p u t 

O 
Outpu t 

- O 

A. Subsys tems i n P a r a l l e l Layout 

I n p u t 

o - N 

O u t p u t 

O 

B. Subsys tems i n S e r i e s Layout 

F i g u r e 2 . Systems Conforming t o Applebaum's Model 
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The c o n s t r a i n t s on t h e model a r e : ( 1 ) i t i s a p p l i c a b l e o n l y t o 

s t e a d y - s t a t e phenomenon, and (2) mutua l i n d e p e n d e n c e o f s u b s y s t e m s 

i s assumed t h r o u g h o u t . The a s s u m p t i o n of mu tua l i n d e p e n d e n c e s t i p u ­

l a t e s t h e f o l l o w i n g : ( 1 ) t h e r e a r e no common t i m e - v a r y i n g e n v i r o n ­

m e n t a l f a c t o r s t h a t i n f l u e n c e e i t h e r f a i l u r e o r r e p a i r , and (2) t h e r e 

i s a r e p a i r team a v a i l a b l e f o r each s u b s y s t e m . With t h e above s t i p u ­

l a t i o n s , i t i s Applebaum's c o n t e n t i o n t h a t s y s t e m a v a i l a b i l i t y can be 

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

t h e s u b s y s t e m s ( 1 ) . 

In h i s f o r m u l a t i o n , t h e b a s i c s u b s y s t e m p a r a m e t e r s a r e 

u . = - I — = MUT of t h e i t h s u b s y s t e m , 
i xi 

— 1 
d. = -— = MDT of t h e i t h s u b s y s t e m i U. 

U . 

and a^ = — •— = s t e a d y - s t a t e a v a i l a b i l i t y of t h e 
u^ = d^ i t h s u b s y s t e m . 

The s t a t e of t h e s y s t e m , S ( t e ) i s d e f i n e d as 1 o r 0 i s t h e s y s t e m i s 

" u p " o r "down , " r e s p e c t i v e l y . The s u b s c r i p t e i n d i c a t e s t i s s u f f i c i e n t l y 

l a r g e and t h a t t h e sy s t em i s i n s t e a d y - s t a t e . S ( t e ) r e p r e s e n t s t h e e x ­

t e r n a l o r o v e r a l l s t a t e o f t h e s y s t e m . The i n t e r n a l s t a t e of t h e s y s ­

t em, S_(t e) , i s t h e s e t o f a l l p o s s i b l e c o m b i n a t i o n s o f s u b s y s t e m s t a t e s . 

For e x a m p l e , g i v e n a s y s t e m w i t h f i v e s u b s y s t e m s , two o f which must be 

" u p " f o r t h e s y s t e m t o be " u p , " t h e i n t e r n a l s t a t e c o n t a i n s a l l t h e 

c o m b i n a t i o n s of s u b s y s t e m s " u p " and "down . " S ( t e ) , h o w e v e r , o n l y 

c o n t a i n s t h o s e c o m b i n a t i o n s which c a u s e t h e s y s t e m t o change s t a t e . 
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T h u s , t h e c o m b i n a t i o n s c o n t a i n i n g one s u b s y s t e m " u p " o r "down" a r e 

n o t i n c l u d e d i n S ( t 1 . 

The p r o b a b i l i t y t h a t S ( t e ) = x_ i s d e n o t e d by A(x) , where x_ i s 

any g i v e n i n t e r n a l s t a t e . Then b a s e d on t h e i n d e p e n d e n c e of s u b ­

s y s t e m s , 

N 
A(x) = TT ( x i a i + SLSL), 

i = l 

and A s = A ( x ) , 

where U i s t h e s e t of a l l c o m b i n a t i o n s of i n t e r n a l s t a t e s f o r which 

S ( t ) = 1. 
v eJ 

The s y s t e m MUT, U" , i s 

x x ju A « 
U s " X~ " I { (A(x) Z (x .X. + x . u . ) > ' 

s v K— . K 1 1 1 1 
XGT iea 

where T i s a s u b s e t of U such t h a t S f t ) h a s d i r e c t a c c e s s t o a "down" 
e 

s t a t e , D. The t e r m a i s t h e c r i t i c a l s e t o f s u b s y s t e m s i n T such t h a t 

i f t h e s t a t e o f one e l e m e n t i n a c h a n g e s , t h e n s_(t ) goes t o D. 

2 . 5 . 2 Buzacott-MTBF of R e p a i r a b l e Sys tems 

B u z a c o t t t a k e s a v e r y u n i q u e a p p r o a c h t o f i n d i n g t h e MTBF o f a 

r e p a i r a b l e s y s t e m . F i g u r e 3 i s an example of t h e t y p e s y s t e m f o r which 

t h i s a p p r o a c h i s a p p l i c a b l e . The s u b s y s t e m s do n o t n e c e s s a r i l y conform 

t o any g i v e n p a t t e r n of p a r a l l e l o r s e r i e s . As shown, t h e f i r s t f l o w -

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

c o m b i n a t i o n o f s e r i e s and p a r a l l e l s u b s y s t e m s . The sys t em does n o t 



I n p u t 

O -
Outpu t utpi 

O 

F i g u r e 3 . Example o f a Sys tem F i t t i n g B u z a c o t t ' s Model 
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have a b u f f e r c a p a b i l i t y . I t i s an improvement o v e r Applebaum's 

m o d e l , s i n c e t h e s y s t e m can now have any c o m b i n a t i o n of p a r a l l e l and 

s e r i e s s u b s y s t e m s . 

These s y s t e m s a r e assumed t o be made up o f i n d e p e n d e n t l y o p e r ­

a t i n g s u b s y s t e m s . The a v a i l a b i l i t y of t h e i t h u n i t i s 

where Uj i s MUT and T i s MTBF. 

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

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

For X and Y i n s e r i e s 

U r U 
A = A A - m ~ — * rr^ 

xy x y T T J J x y 

When X and Y a r e i n p a r a l l e l 

D D 
A = l - A A = l - ~ - = £ , 

x y T x T y 

where i s MDT o f t h e i t h s u b s y s t e m . 

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

(1) B locks i n s e r i e s be tween n o d e s a r e r e d u c e d t o an e q u i v a l e n t 

b l o c k . 

(2) S imple p a r a l l e l o r r / n b l o c k s from t h e r e s u l t i n g d i a g r a m 

of (1) a r e r e d u c e d t o an e q u i v a l e n t b l o c k . 

(3) Repea t ( 1 ) . 

(4) Repea t ( 2 ) . 



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

no f u r t h e r r e d u c t i o n s a r e p o s s i b l e u s i n g t h e above p r o c e d u r e . Us ing 

t h e s y s t e m d e s c r i b e d i n F i g u r e 3 , t h e above p r o c e d u r e i s u s e d t o r e ­

duce t h e s y s t e m . S t e p (1) s e r i e s 1 , 2 and 3 , 4 and 8 , 9 a r e r e d u c e d 

t o (a) 

1.2 

a 3,4 O 
8 ,9 

S t e p (2) p a r a l l e l 6 , 7 a r e r e d u c e d t o (b) 

a 

1,2 

3 ,4 

6 7 
8 , 9 

O 
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S t e p (3) s e r i e s 5 , 6 , 7 a r e r e d u c e d t o (c) 

O 

1,2 

3 ,4 

5,6,7' 

8 ,9 

O 

S t e p (4) p a r a l l e l 3 4 , 567 r e d u c e d . 

S t e p (5) s e r i e s 34567 , 89 r e d u c e d . 

S t e p (6) p a r a l l e l 1 2 , 3456789 r e d u c e d . 

At t h i s p o i n t B u z a c o t t r e f e r s t o App lebaum's model f o r a c l o s e d form 

s o l u t i o n ( 7 ) . 

2 . 5 . 3 Models w i t h B u f f e r s 

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

c o t t p o i n t s o u t t h a t t h e u se o f b u f f e r s improves t h e s y s t e m ' s p r o ­

d u c t i v i t y b e c a u s e when one s u b s y s t e m o r s t a t i o n f a i l s , o t h e r s t a t i o n s 

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

i s empty ( 8 ) . 

The t e r m i n - p r o c e s s s t o r a g e o r b u f f e r s r e f e r s t o " . . . t em­

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

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

wi se be l o s t due t o machine b r e a k d o w n s , o p e r a t e d e l a y , d e f e c t i v e s t o c k , 
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o r o t h e r p o s s i b l e c a u s e s " ( 2 0 ) . 

Sys tems i n a c o n f i g u r a t i o n w i t h s u b s y s t e m s i n s e r i e s and 

i n f i n i t e i n - p r o c e s s s t o r a g e do n o t have i d l e t i m e caused by t h e i n ­

a b i l i t y o f a s u b s y s t e m t o p a s s a f i n i s h e d i t e m . When t h e r e a r e no 

b u f f e r s , a f a i l u r e i n a fo rward s u b s y s t e m w i l l c a u s e a b a c k - u p i n t h e 

s y s t e m i f o t h e r s u b s y s t e m s a r e p r e p a r e d t o p a s s an i t e m t o t h e downed 

s u b s y s t e m . Under t h e s e c i r c u m s t a n c e s t h e fo rmer s i t u a t i o n — i n f i n i t e 

i n - p r o c e s s s t o r a g e - - i s p r e f e r a b l e . However, a t t h e o t h e r end of t h e 

s p e c t r u m i s no b u f f e r s t o r a g e . 

2 . 5 . 3 . 1 B a r t e n . B a r t e n a l s o u s e s t h e t e c h n i q u e of computer 

s i m u l a t i o n f o r a n a l y z i n g t h e i n - p r o c e s s s t o r a g e r e q u i r e m e n t s be tween 

any number of s u c c e s s i v e o p e r a t i o n s w i t h f l e x i b i l i t y r e g a r d i n g p h y s i c a l 

l i m i t a t i o n s o r d i f f e r e n c e s i n o p e r a t i o n t i m e s . As shown i n F i g u r e 4 , 

t h e s u b s y s t e m s must a l l be i n s e r i e s and t h e r e can o n l y be one s e q u e n c e 

o f o p e r a t i o n s . However, t h a t s e q u e n c e can have n o p e r a t i o n s and t h e 

b u f f e r c a p a c i t i e s a r e computed f o r each i n d i v i d u a l b u f f e r . 

To measu re t o t a l p r o d u c t i o n t ime f o r i t e m i a t s t a t i o n n , 

T . = R . + D . 2 -n , k n , i n , i ^ 

where R = t h e i n d e p e n d e n t p r o d u c t i o n r a t e and D = t h e d e l a y t i m e 

s p e n t by t h a t o p e r a t i o n a w a i t i n g an i t e m . 

However , 

D . = T , . ~ R . . 2 -n , i n - l , i n , i - l c 

The o n l y way a d e l a y o c c u r s i s t h a t t h e b u f f e r be tween n - l and n i s 



In (Dperation] 
1 

Opera t ior j0ut | 
N 

F i g u r e 4 . System w i t h I n - P r o c e s s S t o r a g e i n a S e q u e n t i a l 
P r o c e s s 
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empty . T h e r e f o r e , 

D . = [T , . - R . J P C E 1 . ) 2 - 3 n , i L n - l , i n , i - l J v n - l / 

where P ( E X ^) i s i n t e r p r e t e d t o be t h e p r o b a b i l i t y t h a t t h e l a s t s t o r ­

age ( n - l ) i s empty a t t ime i when o p e r a t i o n n i s r e a d y t o b e g i n work on 

i t e m i . C o n t i n u i n g t h e i t e r a t i v e e q u a t i o n s , 

T . . - R . . + D . . 2 -4 n - l , i n - l , i n - l , i 

D . = [(R , • + D . . ) - R . 1 ] P ( E 1 . ) 2 - 4 a n , i L ^ n - l , i n - 1 , 1 ^ n , i - l J ^ n - l ' 

D . = (T 0 . - R . . 1 ) P ( E 1

 0 , 2 -5 n - l , i v n - 2 , i n - l , i - l ' v n - 2 ) 

S u b s t i t u t i n g 2-5 i n 2 - 4 , 

D - = [R . . + (T _ . - R . . - , )P (E 1 _) - R . 1 ] P ( E 1 , ) 2 -6 n , i L n - l , i v n - 2 , i n - l , i - . l / v n-2J n , i - l J v n - l ' 

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

D n , i " If] R n - j , i jL P ^ n - L ^ l " P^n-(L+1)^ 

- R n , i - 1 P < - 1 ^ 2 " 7 

The mean o u t p u t t ime o f t h e s e q u e n c e o f o p e r a t i o n i s 

- - 1 m 

T = R = — I D . 
n n m . , n , i 

i = l ' 

T h i s p r o c e s s e s t a b l i s h e s what t h e n e e d s o f t h e s y s t e m a r e 
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w i t h o u t r e g a r d t o economic c o n s i d e r a t i o n s ( 4 ) -

2 . 5 . 3 . 2 T e c h n i q u e s o f Law e t a l . Law, B a x t e r , and M a s s a r a , i n 

t h e i r a n a l y s i s o f a m a n u f a c t u r i n g sys t em w i t h i n - p r o c e s s b u f f e r s , t a k e 

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

Average Y i e l d (PCS/hr) 
P r e d e s i g n e d Rate (PCS/hr ) 

As shown i n F i g u r e 5 , t h e s y s t e m u n d e r a n a l y s i s h a s n+1 s u b s y s t e m s . 

The f i r s t n s u b s y s t e m s a r e i n a p a r a l l e l c o n f i g u r a t i o n . Each s u b ­

s y s t e m h a s a b u f f e r b e f o r e i t s o u t p u t r e a c h e s t h e a s sembly l i n e . The 

a s sembly l i n e i s c o n s i d e r e d t h e n+1 s u b s y s t e m o f t h e s y s t e m . The mea­

s u r e o f a v a i l a b i l i t y o f a p i e c e o f equ ipment i s 

r - 1 - - j -

where (Ed) = t o t a l downtime due t o t h e e q u i p m e n t , T = t o t a l manned 

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

as 

(Zd) , ' n e r = 1 ^ — 

where ( Z d ) n e = t o t a l downtime due t o n o n - e q u i p m e n t f a c t o r s . 

T h u s , sys t em a v a i l a b i l i t y , w i t h o u t b u f f e r s and a s suming i n d e p e n d e n t 

s e r i e s a r r a n g e m e n t , i s i d e n t i f i e d as RQ, w i t h 

R_ = r . r 0 r . . . r , 0 1 2 3 n 

where r^ r e p r e s e n t s t h e a v a i l a b i l i t y o f t h e i t h s u b s y s t e m ( 2 0 ) . 
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Subsys t ems 

I n p u t 

F i g u r e 5 . P h y s i c a l Layout o f a M a n u f a c t u r i n g System 
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Al though t h e a n a l y t i c a l app roach assumes a s e r i e s a r r a n g e m e n t , t h e 

s u b s y s t e m s i n t h e s c h e m a t i c a r e p a r a l l e l . 

A v a i l a b i l i t y , when b u f f e r s a r e i n e x h a u s t i b l e , becomes 

R = M i n f r ^ ^ , r R ] . 

S i n c e t h e o p t i m a l b u f f e r c a p a c i t y l i e s be tween t h e s e two c o n d i t i o n s , 

a v a i l a b i l i t y o f a t w o - b u f f e r sy s t em can be e x p r e s s e d as 

R = + ( 1 - B 2 ) ] ( r i r 2 r 3 ) + [ B 1 + B 2 ] ( r m ) } 

where B^, B 2 = e f f e c t i v e n e s s of b u f f e r s 1 and 2 , r e s p e c t i v e l y , 

0 £ B l >
 B 2 1 1 

and 

r m = Min[r r 2 r ] 

The g e n e r a l i z a t i o n f o r t h e n - b u f f e r sys t em y i e l d s 

n n+1 n 
R = l / n [ ( n - Z B i ) ( TT T ± ) + ( I B ^ C r ) ] 

i = l i = l i = l 

where 

r = M i n f r , , r 0 , . . . , r , ] m L 1* 2* * n + l J 

n _> 1, 0 < B i 1 , i = 1 , 2 , . . . , n 
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Then 

n+1 
R , . . - TT r . 

C l ) j=l 3 

B. = ^ 
1 n+1 

j = l J 

w h e r e 

n+1 
r . = M i n [ r . TT r . ] . 

m ( i ) i , j = 1 3J 

To m e a s u r e t h e p e r c e n t a g e o f i m p r o v e m e n t i n s y s t e m a v a i l a b i l i t y ( A R ) , 

n + 1 
R - IF r . 

• 1 1 

AR = ^ x 100 
n+1 

TT r . 
i=i 1 

The p o t e n t i a l s y s t e m a v a i l a b i l i t y i m p r o v e m e n t i s g r e a t e s t , t h e n , when 

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

s y s t e m i s low ( 2 0 ) . 

2 . 6 A v a i l a b i l i t y o f a Complex S y s t e m 

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

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

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

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

An e x a m p l e o f a s y s t e m w i t h l o a d s h a r i n g i s now e x p a n d e d t o 

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

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

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

s y s t e m o p e r a t i n g f e a t u r e s s u c h as b u f f e r s , e q u i p m e n t s h a r i n g , and 

p e r i o d i c m a i n t e n a n c e . 

2 . 6 . 1 D e s c r i p t i o n o f a S u b s y s t e m 

The s u b s y s t e m d e s c r i b e d i n t h i s s e c t i o n i m p o s e s t w o c o n d i t i o n s 

c a u s i n g d e p e n d e n c y . Each u n i t i n t h e s u b s y s t e m i s i d e n t i c a l . I d e n t i ­

c a l u n i t s mean: ( 1 ) t h e p r o d u c t i o n r a t e i s t h e same f o r e a c h u n i t , 

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

b e a c o n s t a n t ; (2 ) t h e t i m e t o f a i l u r e d e n s i t y i s e x p o n e n t i a l and t h e 

same f o r e a c h u n i t ; and ( 3 ) t h e t i m e t o r e p a i r d e n s i t y i s e x p o n e n t i a l 

and i d e n t i c a l f o r e a c h u n i t . 

The u n i t s o p e r a t e on a l o a d s h a r i n g b a s i s . G i v e n a s u b s y s t e m 

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

e a c h u n i t , when a l l u n i t s a r e o p e r a t i v e , i s L / n , w h e r e n i s t h e number 

o f u n i t s i n t h e s u b s y s t e m . I f o n e o r more o f t h e u n i t s f a i l s , t h e 

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

d u c t i o n r a t e . H o w e v e r , t h i s i n c r e a s e i n p r o d u c t i o n r a t e on a u n i t 

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

p e n d e n c e o f f a i l u r e r a t e . 

At t h e s u b s y s t e m l e v e l i n t h i s mode l t h e r e i s o n e r e p a i r t e a m . 

B e c a u s e o f t h e s p e c i a l i t y o f r e p a i r , t h e t e a m o n l y w o r k s on o n e u n i t 

a t a t i m e . The t i m e t o r e p a i r i s d e p e n d e n t on t h e number o f m a c h i n e s 

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

i s r e p a i r e d a t some mean r a t e u n ; h o w e v e r , i f two m a c h i n e s a r e n o n -
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o p e r a t i o n a l , t h e f i r s t u n i t i s r e p a i r e d a t a mean r a t e U^ where 

^1 < ^ 0 ' T h a t s a m e p r o c e d u r e h o l d s f o r c a s e s up t o t h r e e u n i t s i n 

f o r r e p a i r , where UQ > > = , v - i > 2 . As l o n g as a t l e a s t 

one machine i s o p e r a t i o n a l , t h e n t h e s u b s y s t e m i s o p e r a t i o n a l . 

2 . 6 . 2 A C losed Form S o l u t i o n 

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

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

m a t r i x f o r t h e s u b s y s t e m . For t h i s i l l u s t r a t i o n t h e s u b s y s t e m h a s 

t h r e e u n i t s . 

Le t S t a t e 0 = a l l u n i t s o p e r a t i o n a l 

S t a t e 1 = 1 u n i t n o n - o p e r a t i o n a l 

S t a t e 2 = 2 u n i t s n o n - o p e r a t i o n a l 

S t a t e 3 = a l l u n i t s n o n - o p e r a t i o n a l 

Thus S t a t e 3 r e p r e s e n t s t h e c o n d i t i o n o f t h e s u b s y s t e m b e i n g down o r 

n o n - p r o d u c t i v e . 

0 1 2 3 

l -3A Q At 3AQAt 

y Q At l - 2 A 1 A t - M Q A t 2AjAt 

U At l - A ^ A t - ^ A t A^At 

U 2 At l - u At 



S o l u t i o n : 

S t e p 1. P Q p P 

t h e n , 

2X X - u 

X 

S t e p 2 . P Q p P 

1 1 1 

" 3 A 0 % 

~2\1 U 

S t e p 3 . u p = 3X P 
F 0 1 ° 0 0 

M 1 P 2 = 2 A 1 P 1 

M 2 P 3 = X 2 P 2 

S i n c e , P 3 = 

•X, 

U2 M l M 2 % 
P 2 " xf 3> P l = 2 I ^ P 3 > P 0 = jjft 

B u t , 

1 1 1 

" 3 A 0 M 0 

3AQ -2A - u u 
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t h e r e f o r e , 

P 3 = 
1 

1 + H +
 y i y 2 + V i y 2 

+ X 2

 + 2 X : A 2

 + '6A ( )A 1A 2 

r e p r e s e n t s t h e p e r c e n t a g e of t h e t i m e t h e s y s t e m w i l l be down, 

which r e p r e s e n t s n o n - a v a i l a b i l i t y , A. T h u s , a v a i l a b i l i t y , A, i s 

r e p r e s e n t e d a s , 

A = 1-A = 1 -P„ = 

\ + y i y 2 , y 0 y i y 2 
X 2 2 X 1 X 2 6 A 0 A 1 A 2 

1 + ^ + +

 y 0 U i y 2 
+ + 2 X ^ 2 + 6A ( ) A 1 A 2 

The above me thodo logy i s u s e f u l i f t h e s y s t e m i s r e l a t i v e l y 

s i m p l e and t h e i n t e r e s t i n a v a i l a b i l i t y i s l i m i t e d t o s t e a d y - s t a t e 

phenomenon. To overcome t h e l i m i t a t i o n o f b e i n g r e s t r i c t e d t o s t e a d y -

s t a t e c o n d i t i o n s , d i f f e r e n t i a l e q u a t i o n s can be u s e d t o f i n d t h e 

a v a i l a b i l i t y a t any g i v e n t i m e t_. The t r a n s i t i o n m a t r i x i s b a s i c a l l y 

t h e same 

0 

l -3A Q At 3A QAt 

y 0 A t 

l 

l - 2 A 1 A t - y Q A t 2A ] At 

y 2 A t 

l - A 2 A t - U 1 A t A 2 At 

l - u

2 A t ; 
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Then t h e d i f f e r e n t i a l e q u a t i o n s a r e 

P ' ( t ) = -3A 0P 0(t) + V l ( t ) 

P j C t ) = 3 A 0 P 0 ( t ) - (2AX + U ^ P ^ t ) + U 1 P 2 Ct) 

P 2 ( t ) = 2 ^ ( t ) - (A 2 + y 1 ) P 2 ( t ) + u 2 P 3 ( t ) 

where P2(t) = 1 - PQ(t) - ? ± (t) - P 2 (t). 

Using L a p l a c e T r a n s f o r m s , we have 

L P Q ( t ) = P Q ( s ) , 

L Px(t) = P ^ s ) , and 

L P2(t) = P 2(s). 

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

P Q (0 ) = 1 , PjCO) = P 2 ( 0 ) = P 3 ( 0 ) = 0, 

S o l u t i o n : l e t A^ = A, A^ = kA, A 2 = £A, and 

l e t u Q = y , y 1 = a y , and y 2 = h y . 

Then 

1 + yP (s ) 

0 ^ s + 3A 
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( s 2 + 3Xs + 2kXs + ys) P ( s ) 

P ( s ) = 3 g h X y 2 / ( s 4 + 6 X s 3 + 2 k X s 3 + y s 3 + 9 X s 2 + 6 k X s 2 + 3 X y s 2 

2 2 2 3 4 3 3 + 4gkXys -6gkX ys+3£X ys +gys +6gXys +2gkXys 

2 3 2 2 2 3 2 2 2 +gy s +9gXys +3gXy s +ghy s+ghy s +3gh£y s 

4 3 3 2 3 2 2 +hys +6hXys +2hkXys +hy s +9hXys +6hkXys 

2 2 
+3hXy s ) 

At t h i s p o i n t i t becomes o b v i o u s t h a t f i n d i n g a c l o s e d form s o l u t i o n t o 

t h i s p r o b l e m i s n o t e a s y . In a d d i t i o n t h i s f o r m u l a t i o n i s f o r a s u b ­

s y s t e m w i t h o n l y t h r e e u n i t s . When t h e number o f u n i t s i n c r e a s e s t h e 

c o m p l e x i t y o f t h e p r o b l e m m u l t i p l i e s . 

T h i s s e r v e s as one i l l u s t r a t i o n of a s y s t e m f o r which a v a i l a ­

b i l i t y i s n o t e a s i l y computed. O t h e r c h a r a c t e r i s t i c s of a s y s t e m which 

add t o t h e c o m p l e x i t y o f a s y s t e m a r e (1) equ ipment s h a r i n g , (2) p r e ­

v e n t i v e m a i n t e n a n c e and r e g u l a r o r " f i x as i t f a i l s " r e p a i r f a c i l i t i e s , 

and (3) b u f f e r s . Equipment s h a r i n g by s u b s y s t e m s w i l l c ause a back up 

on each s u b s y s t e m u s i n g t h a t p i e c e o f equ ipmen t whenever i t f a i l s and 

i s r e a d y t o b e u sed by t h e a w a i t i n g s u b s y s t e m s . When t h e s y s t e m 

u t i l i z e s b o t h " f i x as i t f a i l s " r e p a i r t e c h n i q u e s and p r e v e n t i v e o r 

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

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

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

P ( S ) = 1 , and 
2y J gy 
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2 . 6 . 3 Complex Sys t ems - -A Need 
f o r S i m u l a t i o n 

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

a need f o r t h e u s e o f some method o r t e c h n i q u e which w i l l i n c l u d e t h e 

c o n d i t i o n s c a u s i n g s u b s y s t e m s t o be d e p e n d e n t . In a d d i t i o n t o l o a d 

s h a r i n g , t h e r e a r e many o t h e r f e a t u r e s which c o n t r i b u t e t o t h e com­

p l e x i t y o f a s y s t e m . Among t h e s e a r e t h e i n c l u s i o n of b u f f e r s and 

p r e l o a d i n g t h e s y s t e m . These and o t h e r f e a t u r e s of a complex s y s t e m 

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

a l l v a r i a b l e s i s i n S e c t i o n 3 . 7 . 

S e a r c h e s f o r a t e c h n i q u e t h a t w i l l accommodate t h e d e p e n d e n t 

f e a t u r e s l e a d t o compute r s i m u l a t i o n . Al though s i m u l a t i o n does n o t 

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

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

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

2 . 7 Summary 

A l l t h e models r e v i e w e d i n t h i s c h a p t e r assume i n d e p e n d e n c e o f 

s u b s y s t e m s . Applebaum and B u z a c o t t , h o w e v e r , acknowledge t h a t t h i s 

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

from t h e a c c u r a c y w i t h which t h e s y s t e m i s r e p r e s e n t e d . 

The m a t e r i a l i n c l u d e d i n t h i s c h a p t e r g e n e r a l l y s e r v e s as b a c k ­

ground f o r t h e t h e s i s . Mutsenek and Lobzov r e s e a r c h e d t h e p r o b l e m of 

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

m a c h i n e s ( 2 3 ) . However , t h e i r s t u d y i s r e s t r i c t e d t o i n c r e a s i n g 

machine r e l i a b i l i t y . The s y s t e m d e v e l o p e d by Swanson c o n t r i b u t e s t o 

t h e i d e a of u s i n g t h e module app roach t o s t u d y l a r g e complex s y s t e m s 



42 

( 2 9 ) . A l though Swanson h a s h i s sy s t em s e t up u s i n g n o d u l e s , t h e r e i s 

no way t o e f f i c i e n t l y expand h i s s y s t e m o r modify i t . App lebaum's 

model can e v a l u a t e s y s t e m s w i t h i n d e p e n d e n t s u b s y s t e m s d u r i n g s t e a d y -

s t a t e . B u z a c o t t ' s app roach can accommodate n o n - r e d u n d a n t s u b s y s t e m s 

i n a d d i t i o n t o t h e s y s t e m d e s c r i b e d by Applebaum. The models o f B a r t e n 

and Law et_ al_. add t h e f e a t u r e o f b u f f e r s t o t h e model u s e d by Buza-

c o t t . 

None o f t h e above m e n t i o n e d works i n c l u d e : (1) equ ipmen t s h a r ­

i n g , (2) p r e l o a d i n g , (3) p e r i o d i c and " f a i l and f i x " m a i n t e n a n c e 

p o l i c i e s s i m u l t a n e o u s l y . N e i t h e r i s a r e l a t i o n s h i p be tween r e l i a ­

b i l i t y and p r o d u c t i v i t y a d d r e s s e d i n t h e mode l s o f Applebaum, B u z a c o t t , 

B a r t e n , o r Law e t a l . 

A s u b s y s t e m i s e x t r a c t e d from a l o a d s h a r i n g s y s t e m which 

i l l u s t r a t e s how t h e m a g n i t u d e o f a c l o s e d form s o l u t i o n becomes v e r y 

cumbersome. By m e r e l y c h a n g i n g t h e mean t i m e t o r e p a i r b a s e d on t h e 

number o f u n i t s i n f o r r e p a i r , t h e p r o b l e m becomes u n r e a s o n a b l e . 

C o n s i d e r a d d i n g t o t h a t p r o b l e m o t h e r v a r i a b l e s , such a s : (1) 

equ ipmen t s h a r i n g , (2) p e r i o d i c m a i n t e n a n c e , and (3) b u f f e r s , and t h e 

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

when (1) t h e a d d i t i o n a l v a r i a b l e s a r e i n c l u d e d , and (2) t h e s u b s y s t e m 

i s added t o t h e s y s t e m . S i m u l a t i o n i s u s e d t o a n a l y z e t h e s y s t e m 

which c o n t a i n s s u b s y s t e m s o f t h e above d e s c r i b e d m a g n i t u d e . 
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CHAPTER I I I 

BUILDING A GPSS MODEL FOR A COMPLEX 

LINE MANUFACTURING SYSTEM 

A f t e r d e t e r m i n i n g a need f o r s i m u l a t i o n , a s can o f compute r l a n ­

guages r e s u l t e d i n a c h o i c e o f G e n e r a l P r o c e s s i n g Sys tem S i m u l a t i o n , 

GPSS. The u s e o f GPSS min imize s t h e amount o f programming e f f o r t and 

i s a p p r o p r i a t e f o r t h e t y p e p rob lem t h a t w i l l be mode led . 

S e c t i o n 3 .1 d e s c r i b e s t h e c l a s s i f i c a t i o n of complex s y s t e m s , 

and how t h e modula r app roach i s u s e d t o s t u d y complex s y s t e m s . A 

GPSS p r o g r a m , l i s t e d i n Appendix A, can conform t o numerous module 

c o n f i g u r a t i o n s . The maximum module s i z e s a r e d e l i n e a t e d i n S e c t i o n 

3 . 2 . A d e s c r i p t i o n and o p e r a t i n g c h a r a c t e r i s t i c s o f t h e example 

modu le , which i s u s e d t h r o u g h o u t t h e r e m a i n d e r of t h i s s t u d y , a r e p r e ­

s e n t e d i n S e c t i o n 3 . 3 . 

S e c t i o n 3.4 c o n t a i n s a s c e n a r i o f o r t h e GPSS p r o g r a m . The 

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

s y s t e m . As w i t h any s i m u l a t i o n p r o g r a m , t h e p rog ram must be v e r i f i e d 

and v a l i d a t e d . The p r o c e d u r e s and r e s u l t s of v e r i f i c a t i o n and v a l i ­

d a t i o n a p p e a r i n S e c t i o n s 3 . 5 and 3 . 6 , r e s p e c t i v e l y . 

In S e c t i o n 3 . 7 a c o m p l e t e d e s c r i p t i o n of t h e v a r i a b l e s which 

c o n s t r a i n t h e module c o n f i g u r a t i o n a r e g i v e n . S e c t i o n 3 . 8 d e t a i l s 

t h e model r e s p o n s e s . 
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3 . 1 Complex S y s t e m s ' S y n t h e s i s 

Systems can be c l a s s i f i e d as complex as a r e s u l t of t h e i r s i z e 

o r t h e i n t e r d e p e n d e n c i e s be tween e l e m e n t s . In e i t h e r c a s e , t h e complex 

s y s t e m can be s t u d i e d by s u b d i v i d i n g t h e s y s t e m and s t u d y i n g i t s p a r t s 

u s i n g a modular a p p r o a c h . The d e g r e e of d i f f i c u l t y i s l e s s e n e d when 

c o m p l e x i t y r e s u l t s from s i z e a l o n e . A complex s y s t e m may have as few 

as one s u b s y s t e m o r as many as d e s i r e d by t h e u s e r . T h e r e i s no e s t a b ­

l i s h e d d i v i d i n g l i n e f o r s i m p l e and complex s y s t e m s . However , r e f e r ­

ence t o a complex s y s t e m i n t h i s s t u d y does n o t r e f e r t o any s y s t e m 

l e s s complex t h a n t h o s e d e s c r i b e d by t h e models i n t h e l i t e r a t u r e . 

3 . 1 . 1 Module Complex i ty 

When t h e s i z e o f t h e s y s t e m i s t h e d e t e r m i n i n g f a c t o r , t h e number 

of modules i n c r e a s e s , b u t t h e module i s l e s s complex t o model and v e r i f y . 

The module t h e n c l o s e l y a p p r o x i m a t e s a s i m p l e s y s t e m . 

However, when c o m p l e x i t y r e s u l t s from t h e i n t e g r a t i o n o f numerous 

o p e r a t i o n s , t h e module i t s e l f i s l i k e l y t o be complex . I t i s more 

d i f f i c u l t t o b u i l d a modula r mode l . For e x a m p l e , i f s e v e r a l o p e r a t i o n s 

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

p l e w o r k s t a t i o n s , t h e module must i n s u r e an a c c u r a t e p o r t r a y a l o f t h e 

i n t e g r a t e d o p e r a t i o n s which t a k e p l a c e a t a g i v e n w o r k s t a t i o n . On t h e 

o t h e r hand , t h e number o f modules can be i n c r e a s e d when t h e o p e r a t i o n s 

a r e s i m p l e w i t h a l a r g e number o f w o r k s t a t i o n s . A m o d u l a r model o f 

t h i s t y p e i s e a s i e r t o b u i l d and v e r i f y . 

3 . 1 . 2 A Modular Approach 

The modula r app roach t o t h e p r o b l e m d i c t a t e s t h e n e e d t o d e s i g n 

a s y s t e m which i s c a p a b l e o f p o r t r a y i n g a s i m p l e y e t s o p h i s t i c a t e d 
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s y s t e m , F i g u r e 6 . The module i n F i g u r e 6 i s a h y p o t h e t i c a l example 

of how a module can be d e s i g n e d such t h a t i t r e p r e s e n t s a s m a l l s y s t e m . 

The sys t em i n t h e f i g u r e h a s f o u r s u b s y s t e m s w i t h an i n - p r o c e s s b u f f e r 

f o r each s u b s y s t e m . Al though t h i s s y s t e m i s l a b e l e d s i m p l e , i t i s 

complex when compared w i t h o t h e r s i n t h e l i t e r a t u r e . However , i t does 

n o t a p p r o a c h t h e s i z e o f a v e r y l a r g e and i n t r i c a t e o p e r a t i n g modu le . 

The flow e n t e r s t h e f i r s t s u b s y s t e m s , a f t e r p r o c e s s i n g t h e i t e m s flow 

t o t h e b u f f e r , and from t h e r e i n t o t h e l a s t s u b s y s t e m s f o r p r o c e s s i n g . 

The two f l o w l i n e s a r e p a r a l l e l ; howeve r , i t e m s from t h e l a s t s u b s y s t e m s 

o f each f l o w l i n e must l i n k - u p b e f o r e e x i t i n g t h e s y s t e m . 

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

s i z e , t h e s m a l l s y s t e m i n F i g u r e 4 becomes a module of t h e l a r g e r 

s y s t e m . F i g u r e 7 i s a l s o a h y p o t h e t i c a l example which i l l u s t r a t e s how 

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

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

s y s t e m o r module u n d e r s t u d y i n t h i s r e s e a r c h . Each module i s a n a l y z e d 

s e p a r a t e l y ; howeve r , t h e two modules a r e i n t e r f a c e d t o g e t t h e o u t p u t 

from t h e s e c o n d module . Thus t h e a c t i v i t i e s o f t h e e n t i r e s y s t e m may 

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

g a r d t o t i m e . 

For e x a m p l e , l e t t h e module r e p r e s e n t a s e q u e n c e o f o p e r a t i o n s 

p e r f o r m e d b e f o r e a s u b s e q u e n t s e q u e n c e i s p e r f o r m e d . Then t h e f i r s t 

s e q u e n c e i s o b s e r v e d o v e r a g i v e n t i m e i n t e r v a l ( 0 , t ) , m a i n t a i n i n g a 

r e c o r d o f t i m e s t h e i t e m i s r e a d y t o be t r a n s f e r r e d t o t h e n e x t s e ­

q u e n c e . At t i m e t , t h e c l o c k i s r e s e t t o z e r o and t h e o u t p u t s o f t h e 

f i r s t module s e r v e as i n p u t s t o t h e s e c o n d b a s e d on t h e t i m e s t h e y 
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were o u t p u t from t h e f i r s t . T h e r e f o r e , t h e s econd module i s a l s o o b ­

s e r v e d o v e r t h e t ime i n t e r v a l ( 0 , t ) . T h i s p r o c e s s c o n t i n u e s u n t i l 

each p o r t i o n o f t h e s y s t e m h a s been i n c l u d e d . The o u t p u t from t h e l a s t 

module becomes t h e o u t p u t f o r t h e s y s t e m . 

3 .2 Module S i z e C a p a b i l i t y 

As s t a t e d i n S e c t i o n 3 . 1 , s y s t e m c o m p l e x i t y can r e s u l t from t h e 

i n t e r d e p e n d e n c i e s be tween e l e m e n t s . When t h i s s i t u a t i o n i s combined 

w i t h t h e s i z e f a c t o r forming a l a r g e complex s y s t e m , t h e module must 

be l a r g e enough t o r e p r e s e n t t h e a c t i v i t i e s as t h e y e x i s t w i t h i n t h e 

r e a l s y s t e m . 

A GPSS p rog ram was w r i t t e n t o accommodate l a r g e m o d u l e s . The 

p rogram l i s t i n g , symbology , and n o t e s t o t h e u s e r s a r e i n Append ices 

A, B, and C, r e s p e c t i v e l y . The p rogram i s d e s i g n e d t o model any module 

which h a s any c o m b i n a t i o n o f 65 u n i t s and b u f f e r s , o r l e s s . Appendix C 

c o n t a i n s t h e d e t a i l s on how t o change c o n f i g u r a t i o n s . 

F i g u r e 8 shows one l i m i t i n g c o n f i g u r a t i o n o f a module which can 

be accommodated u s i n g t h e modu la r d e s i g n e d p r o g r a m . The maximum number 

o f s e q u e n t i a l o p e r a t i o n s i s 32 w i t h 32 b u f f e r s . The p rog ram i s n o t 

r e s t r i c t e d t o h a v i n g t h e maximum number o f u n i t s . The number of work­

s t a t i o n s i s l a b e l e d i_, where 1 <_ i _< 32 . A f t e r each w o r k s t a t i o n i s an 

i n - p r o c e s s b u f f e r . I f t h e b u f f e r c a p a c i t y i s z e r o , t h e b u f f e r a c t s 

as a t r a n s f e r p o i n t . 

F i g u r e 9 i l l u s t r a t e s a s e c o n d e x t r e m e c o n f i g u r a t i o n f o r t h e 

module a t a l i m i t , which can be accommodated by t h i s s t u d y . In t h i s ; 

l a y o u t t h e 64 s u b s y s t e m s a r e i n a p a r a l l e l c o n f i g u r a t i o n w i t h one 

common b u f f e r f o r t h e s u b s y s t e m s . 
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The t h i r d module c o n f i g u r a t i o n , , F i g u r e 10 , i s a c o m b i n a t i o n o f 

t h e p r e v i o u s two . T h i s t i m e t h e module has t h r e e f l o w l i n e s w i t h f o u r 

s u b s y s t e m s i n each f l o w l i n e , a g a i n t h e u n i t s p l u s b u f f e r s e q u a l t h e 

65 l i m i t . The s u b s y s t e m c o n s i s t s o f m u l t i p l e u n i t s which a r e p a r a l l e l 

and may o r may n o t be r e d u n d a n t . In t h i s f i g u r e , l i k e t h e p r e v i o u s 

t w o , t h e t o t a l number o f u n i t s and b u f f e r s c a n n o t e x c e e d 6 5 . But any 

c o n f i g u r a t i o n w i t h t h e sum of u n i t s and b u f f e r s l e s s t h a n o r e q u a l t o 

65 can be accommodated by t h e p r o g r a m . 

3 . 3 Des ign o f An Example Module 

An example o f a module i s d e s i g n e d t o i l l u s t r a t e t h e modu la r 

a p p r o a c h t o a n a l y z i n g a s y s t e m . The module chosen f o r t h i s i l l u s ­

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

t i o n . R a t h e r , i t i s a s i m p l e r example w i t h t h e c a p a b i l i t y o f d e s c r i b ­

i n g t h e a c t i v i t i e s o f a s y s t e m . The example module was chosen b e c a u s e 

i t i s comparab l e t o mode l s d i s c u s s e d i n t h e l i t e r a t u r e , y e t l a r g e 

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

l i t e r a t u r e . 

The module d e s c r i b e d i n t h i s s e c t i o n w i l l be u s e d t h r o u g h o u t 

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

minimum n o r maximum s i z e f o r a module which can be h a n d l e d by t h e 

GPSS p rogram i n Appendix A. 

3 . 3 . 1 D e s c r i p t i o n o f t h e Example Module 

The module c o n s i s t s o f two f l o w l i n e s , e ach h a v i n g two s u b s y s t e m s . 

The c o n f i g u r a t i o n o f t h e s u b s y s t e m s w i l l be d i s c u s s e d i n S e c t i o n 3 . 2 . 2 . 

The module l a y o u t i s i l l u s t r a t e d i n F i g u r e 1 1 . The p r o d u c t i o n t i m e , 

t i m e t o f a i l u r e , and t i m e t o r e p a i r may be t h e same o r d i f f e r e n t f o r 
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each u n i t i n any g i v e n s u b s y s t e m . Time t o f a i l u r e and t i m e t o r e p a i r 

a r c assumed t o be e x p o n e n t i a l l y d i s t r i b u t e d , h o w e v e r , t h e y may conform 

t o o t h e r d i s t r i b u t i o n s as w e l l . The two s e r i e s a r e r e f e r r e d t o as 

F l o w l i n e s "A" and " B " . T h e r e f o r e , t h e two s u b s y s t e m s i n F l o w l i n e "A" 

a r e c a l l e d Al and A2 f o r t h e f i r s t and s e c o n d , r e s p e c t i v e l y . The same 

n o m e n c l a t u r e a p p l i e s t o t h e s u b s y s t e m s i n F l o w l i n e " B " . 

Each f l o w l i n e has a t i t s d i s p o s a l one i t e m of equ ipmen t which 

may be s h a r e d by t h e u n i t s o f t h e two s u b s y s t e m s i n t h a t f l o w l i n e . 

Tha t p i e c e of equ ipment may be u t i l i z e d a t any p o i n t d u r i n g t h e p r o ­

d u c t i o n c y c l e . A l though t h e a r r o w s i n F i g u r e 11 i n d i c a t e t h a t each 

u n i t i n a f l o w l i n e i s u t i l i z i n g t h e s h a r e d e q u i p m e n t , t h e m o d u l e ' s 

f l e x i b i l i t y a l l o w any c o m b i n a t i o n o f u n i t s t o u t i l i z e t h e s h a r e d 

e q u i p m e n t . 

The o p t i o n o f h a v i n g p e r i o d i c m a i n t e n a n c e p e r f o r m e d on t h e e q u i p ­

ment o f each s u b s y s t e m i s a l s o a v a i l a b l e . The m a i n t e n a n c e can be p e r ­

formed by t h e same crew t h a t does t h e r e g u l a r r e p a i r work o r a s p e c i a l 

team may be b r o u g h t i n t o p e r f o r m p e r i o d i c m a i n t e n a n c e . The o p t i o n i s 

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

m a i n t e n a n c e on a " f i x as i t f a i l s " b a s i s . To o p e r a t e t h e s y s t e m w i t h ­

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

e x c e s s o f t h e p r o d u c t i o n run t i m e . S t i l l a n o t h e r o p t i o n i s t o have a 

r e p a i r team p e r f o r m m a i n t e n a n c e on more t h a n one s u b s y s t e m . 

At t h e end of each s u b s y s t e m i s a b u f f e r , i n t o which i t e m s n o t 

i m m e d i a t e l y needed by t h e s u c c e e d i n g s u b s y s t e m may be s t o r e d . The 

c a p a c i t y o f t h i s b u f f e r can be s e t by t h e u s e r anywhere be tween 1 and 

0 0 . When t h e c a p a c i t y i s 1 , t h e b u f f e r i s m e r e l y a c t i n g as a t r a n s f e r 
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p o i n t f o r i t e m s from u n i t s o f one s u b s y s t e m t o t h e u n i t s o f t h e n e x t 

s u b s y s t e m . The c a p a c i t y o f t h e b u f f e r s may d i f f e r w i t h i n t h e modu le . 

For e x a m p l e , t h e b u f f e r c a p a c i t i e s f o r t h e f o u r s u b s y s t e m s may be s e t 

as f o l l o w s ; s u b s y s t e m A l - 1 0 , s u b s y s t e m A 2 - 0 , s u b s y s t e m B l - 4 0 , and 

s u b s y s t e m B 2 - 0 0 . 

3 . 3 . 2 Subsys tem C o n f i g u r a t i o n 

The s u b s y s t e m s , l a b e l e d A l , A2, e t c . , i n F i g u r e 1 1 , may have one 

o r more u n i t s . The u n i t s , a s shown i n F i g u r e 1 2 , a r e i n a p a r a l l e l 

c o n f i g u r a t i o n . I t i s n o t manda to ry tha t : t h e u n i t s have t h e same 

f a i l u r e o r r e p a i r r a t e s . 

The number o f u n i t s i n t h i s m o d e l , m, i s d e p e n d e n t upon t h e 

e x p e c t e d p r o d u c t i o n t i m e . Whenever t h e p r o d u c t i o n r a t e f o r one u n i t 

i s o n e - h a l f t h e d e s i r e d r a t e f o r t h e s u b s y s t e m , t h e r e a r e two u n i t s i n 

t h e s u b s y s t e m . However, t h e model w i l l conform t o o t h e r c o n f i g u r a t i o n s 

n o t d e p e n d e n t on t h e p r o d u c t i o n t i m e . 

For t h e mode l , t h e number o f u n i t s i n each s u b s y s t e m i s e q u a l t o 

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

The t e r m l i n e b a l a n c e h e r e means t h e number o f i t e m s p r o d u c e d by a 

g i v e n s e r i e s o f s u b s y s t e m s by t i m e t can be e q u a l l e d by any o t h e r 

s e r i e s o f s u b s y s t e m s , p r o v i d e d t h e r e a r e no f a i l u r e s i n t h e i n t e r v a l 

( 0 , 5 ) . 

Thus , t h e l a y o u t o f s u b s y s t e m s i s a c o n t r o l v a r i a b l e i n t h e 

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

of s u b s y s t e m s w i t h i n a f l o w l i n e may a l s o be v a r i e d . By v a r y i n g t h e 

number o f u n i t s and s u b s y s t e m s , t h e module i s g e n e r a l enough t o p o r t r a y 

a w i d e r v a r i e t y of s y s t e m l a y o u t s . 



U n i t 1 

U n i t 2 

• » 

U n i t m U n i t m 
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3 . 3 . 3 Module O p e r a t i n g C h a r a c t e r i s t i c s 

At t ime z e r o , e ach u n i t w i t h i n t h e module i s o p e r a t i o n a l . The 

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

s t a r t - u p t i m e . The p r o d u c t i o n s u p p l y of raw m a t e r i a l s i s i n f i n i t e , 

t h e r e f o r e , t h e r e i s no w a i t i n g t i m e f o r i n p u t s a s s o c i a t e d w i t h p r o ­

d u c t i o n f o r t h e f i r s t u n i t s i n any f l o w l i n e . 

As each u n i t i n t h e f i r s t s u b s y s t e m o f each f l o w l i n e c o m p l e t e s 

i t s p r o d u c t i o n o p e r a t i o n , t h e end p r o d u c t from t h a t u n i t a t t e m p t s t o 

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

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

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

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

b e c a u s e t h e u n i t c a n n o t s t a r t on a n o t h e r i t e m u n t i l t h e c u r r e n t i t e m 

h a s r e a c h e d t h e b u f f e r . I d l e t i m e , r e s u l t i n g from d e n i a l o f e n t r y 

i n t o t h e b u f f e r , i s d i m i n i s h e d t o z e r o when b u f f e r c a p a c i t y i s i n f i n i t e . 

A l l s u b s y s t e m s o t h e r t h a n t h e f i r s t o f e a c h f l o w l i n e must r ema in i d l e 

u n t i l an i t e m a r r i v e s from t h e b u f f e r . 

A f t e r an i t e m e x i t s t h e l a s t s u b s y s t e m of a f l o w l i n e and e n t e r s 

t h e b u f f e r , i t must a w a i t an i t e m from t h e o t h e r f l o w l i n e b e f o r e i t i s 

p e r m i t t e d t o l e a v e t h e modu le . I f t h i s module i s t h e l a s t modu le , 

t h e n t h i s f a c i l i t a t e s a l i n k - u p f o r f l o w l i n e s . I f t h i s i s n o t t h e l a s t 

module t h e e x i t t i m e i s r e c o r d e d and u s e d as an e n t r y t i m e f o r t h e 

n e x t modu le . T h i s l i n k - u p f e a t u r e i s n o t a c o n s i d e r a t i o n i n any o f 

t h e a n a l y t i c a l m o d e l s . The compute r s i m u l a t i o n models f a i l t o d i s c u s s 

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

At t ime one t h e random v a r i a b l e g e n e r a t o r f o r t i m e t o f a i l u r e 
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i s a c t i v a t e d . T h e r e f o r e , a t t i m e z e r o t h e p r o b a b i l i t y t h a t t h e s y s t e m 

i s o p e r a t i o n a l i s c e r t a i n t y . A f t e r each r e p a i r , t h e s t a t u s o f l i k e 

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

I f an i t e m i s b e i n g p r o d u c e d when a f a i l u r e o c c u r s , p r o d u c t i o n i s i n t e r ­

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

d u c t i o n i s resumed from t h e p o i n t o f i n t e r r u p t i o n . 

3 . 4 The GPSS Program--A S c e n a r i o 

T h i s s c e n a r i o i s p r e s e n t i n g t h e p r o g r a m , Appendix A, as i t i s 

r e a d , r a t h e r t h a n as f o l l o w i n g t h e s y s t e m ' s o p e r a t i o n on a t i m e i n c r e ­

men ted b a s i s . The f i r s t o p e r a t i o n i s s e t t i n g up SAVEX c e l l s . A 

SAVEX c e l l i s a s t o r a g e b l o c k f o r n u m e r i c v a l u e s . These l o c a t i o n s 

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

3 . 4 . 1 U n i t P r o d u c t i o n R o u t i n e 

The GENERATE s t a t e m e n t s a t l i n e s 238 and 240 s e r v e a u n i q u e 

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

a t t e m p t t o go i n t o u n i t s i n A2 o r B2 t h a t a r e i n a c t i v e d u r i n g t h a t 

r u n . I f t h e s e u n i t s a r e a c t i v e t h e i t e m r e m a i n s i n t h e GENERATE 

b l o c k . A COMPARE s t a t e m e n t f o l l o w s t h e GENERATE b l o c k t o check t h e 

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

Boolean v a r i a b l e which must be s a t i s f i e d a r e (1) t h e f a c i l i t y i n t h e 

i n a c t i v e u n i t h a s a t t e m p t e d t o a c c e p t t h e i t e m , and (2) t h e u n i t i s 

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

The s u p p l y o f raw m a t e r i a l i s assumed i n f i n i t e . As a r e s u l t , 

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

i m m e d i a t e l y a f t e r i t becomes i n a c t i v e . Upon a r r i v a l of t h e raw 

m a t e r i a l t h e f a c i l i t y i s s e i z e d , t h u s d e n y i n g i t s u s e by a n o t h e r i t e m 
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u n t i l : (1) p r o d u c t i o n i s comple t e on t h a t i t e m , and (2) t h e i t e m i s 

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

p r o d u c t i o n of i t e m s , as soon as t h e f a c i l i t y i s s e i z e d t h e t i m e i s r e ­

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

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

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

a f a i l e d s t a t e , t h e t r a n s a c t i o n s p r o c e e d w i t h p r o d u c t i o n a t t h e no rma l 

r a t e . I f o t h e r u n i t s a r e n o n - o p e r a t i o n a l , a check i s made t o a s c e r t a i n 

i f t h e sy s t em i s l o a d s h a r i n g . At t h i s p o i n t i f t h e s y s t e m i s l o a d 

s h a r i n g and o t h e r u n i t s a r e down, t h e p r o d u c t i o n r a t e i s i n c r e a s e d by 

a f a c t o r o f 1 . 5 . 

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

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

1 3 . Under t h e c o n c e p t o f l i n e b a l a n c e , i f t h e p r o d u c t i o n r a t e i s one 

p e r 100 m i n u t e s , t h e n t h e s u b s y s t e m h a s one u n i t i f t h e p r o d u c t i o n 

t i m e i s 100 m i n u t e s o r two u n i t s i f p r o d u c t i o n t i m e i s 200 m i n u t e s , 

e t c . 

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

t h e i t e m goes t o a f a c i l i t y which i s s h a r e d by o t h e r u n i t s o f t h e same 

f l o w l i n e . While i n t h e s h a r e d f a c i l i t y , t h i s i t e m c o n t i n u e s t o have 

c o n t r o l of t h e p r o d u c t i o n u n i t . I f t h e r e i s n o 1 e q u i p m e n t b e i n g s h a r e d , 

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

t h a t s t a t i o n . 

Befo re t h e u n i t o f t h e s u b s y s t e m i s r e l e a s e d , a check i s made 

t o a s c e r t a i n i f t h e r e i s an i d l e u n i t i n t h e n e x t s u b s y s t e m ; i f n o t , 

i s t h e r e a b u f f e r and i f t h e r e i s - - i s i t f u l l ? The i t e m w i l l r e t a i n 
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c o n t r o l of t h e u n i t i t i s i n i f t h e r e i s n o t an i d l e u n i t and (1) t h e r e 

i s no b u f f e r , o r (2) t h e b u f f e r i s f u l l . 

3 . 4 . 2 Dummy S t o r a g e 

In t h e l a n g u a g e o f GPSS on t h e UNIVAC 1108 i n i t s c o n f i g u r a t i o n 

a t G e o r g i a I n s t i t u t e o f T e c h n o l o g y , t h e s y s t e m o v e r l o a d s when t h e r e 

a r e t o o many a c t i v e t r a n s a c t i o n s i n t h e s y s t e m . For t h i s p r o g r a m , 

o v e r l o a d i n g o c c u r s when t h e sum o f t r a n s a c t i o n s i n queues e x c e e d s 6 5 . 

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

s t e p s i s t a k e n a t t h i s p o i n t . As an i t e m q u a l i f i e s t o r e l e a s e a u n i t 

a f t e r p r o d u c t i o n , a COMPARE s t a t e m e n t i s e n t e r e d . The q u e s t i o n i s 

a s k e d , "Does t h e b u f f e r c u r r e n t l y have l e s s t h a n 5 i t e m s w a i t i n g t o 

e n t e r t h e n e x t s u b s y s t e m ? " I f t h e answer i s y e s , t h e i t e m goes 

d i r e c t l y t o t h e b u f f e r ; i f n o , t h e i t e m b y p a s s e s t h e b u f f e r , adds one 

t o t h e dummy s t o r a g e a r e a , and e x i t s t h e s y s t e m . T h i s dummy s t o r a g e 

i s c o n s i d e r e d a p a r t of t h e b u f f e r b e c a u s e whenever a check i s made 

t o s e e i f t h e b u f f e r i s a t c a p a c i t y t h e queue and t h e dummy s t o r a g e 

a r e summed t o g e t t h e number i n t h e b u f f e r . The SAVEX H - - i s t h e name 

o f t h e dummy s t o r a g e . To know t h e t o t a l number o f i t e m s t h a t e v e r 

e n t e r t h e dummy s t o r a g e , t h e SAVEX PLUS—is u s e d . (See Appendix B 

f o r p rogram symbo logy . ) 

With t h e above p r o c e d u r e , t h e b u f f e r c a p a c i t y can be s e t a t 

o n e . Then t h e module can have a c o m b i n a t i o n o f 72 u n i t s and b u f f e r s . 

Thus e n a b l i n g t h e p rogram t o accommodate modules o f t h e m a g n i t u d e s i n 

F i g u r e s 8, 9 , and 10 . In a d d i t i o n , when s i m u l a t i n g a s p e c i f i c s y s t e m , 

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

As more Boolean v a r i a b l e s a r e d e l e t e d , t h e f e a s i b l e number o f a c t i v e 
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t r a n s a c t i o n s i s i n c r e a s e d . For e x a m p l e , t h e p rogram i n i t s t e s t con­

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

a v a i l a b i l i t y f o r a l l p o s s i b l e sy s t em and s u b s y s t e m l a y o u t s . With a 

s p e c i f i c s y s t e m , some of t h e l a y o u t s become i n f e a s i b l e . 

To r e t r i e v e t h e i t e m s t h a t e n t e r t h e dummy s t o r a g e , one t r a n s ­

a c t i o n i s g e n e r a t e d whenever t h e number i n t h e dummy s t o r a g e SAVEX i s 

g r e a t e r t h a n z e r o , t h e number of i t e m s i n t h e queue i s l e s s t h a n t h r e e , 

and t h e c a p a c i t y of t h e b u f f e r i s g r e a t e r t h a n t h r e e . As soon as t h e s e 

c o n d i t i o n s a r e me t , i t e m s a r e fed i n t o t h e q u e u e . The number i n t h e 

dummy i s d e c r e a s e d by o n e , and one i s added t o t h e SAVEX, MINUS--, 

which r e c o r d s t h e number of i t e m s t h a t e x i t t h e dummy. 

The s econd s t e p t a k e n t o p r e v e n t a sys t em from o v e r l o a d i n g i s t o 

s low down b u f f e r - f i l l when t h e s y s t e m i s p r e l o a d e d and b u f f e r c a p a c i t y 

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

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

t ime f o r t h e s u c c e e d i n g s u b s y s t e m . 

The above p r o c e d u r e i s t h e same f o r u n i t s A l l and B l l . The o n l y 

d i f f e r e n c e f o r A12 and B12 i s t h a t t h e y have a COMPARE i m m e d i a t e l y a f t e r 

t h e f a c i l i t y i s s e i z e d . Tha t COMPARE a s k s t h e q u e s t i o n , "Are t h e r e two 

o r more u n i t s i n t h a t s u b s y s t e m ? " I f t h e answer i s y e s , i t b e g i n s t o 

f o l l o w t h e above d e s c r i b e d r o u t i n e ; i f n o , t h e t r a n s a c t i o n goes no 

f u r t h e r , t h u s n o t a l l o w i n g any a c t i v i t y t o t a k e p l a c e i n t h a t u n i t . 

3 . 4 . 3 Record of P r o d u c t i o n Time 

To comple te t h e s t a t i s t i c s o f t h e l e n g t h o f t i m e i t t a k e s t h e 

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

r e c o r d e d j u s t b e f o r e t h e f a c i l i t y i s r e l e a s e d . A r e l e a s e of t h e 
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f a c i l i t y means e i t h e r t h e r e i s an i d l e u n i t o r t h e r e i s s p a c e i n t h e 

b u f f e r . In e i t h e r c a s e , when t h e i t e m d e p a r t s t h e u n i t from t h e f i r s t 

s u b s y s t e m i n a f l o w l i n e , i t w i l l go t o t h e a r e a d e s i g n a t e d b u f f e r . 

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

a r e a i n t o t h e n e x t s u b s y s t e m . T h i s a c t i o n i n t h e p rogram o p e r a t e s by 

h a v i n g t h e t r a n s a c t i o n go t o t h e QUEUE, A1A2 o r B1B2, from s u b s y s t e m s 

Al and B l , r e s p e c t i v e l y . F o l l o w i n g t h e QUEUE i s a GO TO s t a t e m e n t 

f o r t h e i t e m s t o be d i r e c t e d t o u n i t s i n t h e n e x t s u b s y s t e m as t h e y 

become i d l e . 

3 . 4 . 4 E x i t R o u t i n e 

Once i n t h e s e c o n d s u b s y s t e m of t h e f l o w l i n e , t h e same p r o c e d u r e 

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

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

u n i t , i t goes t h r o u g h a s p e c i a l r o u t i n e . T h i s i s a link-rup r o u t i n e , 

F i g u r e 14 . As an i t e m l e a v e s t h e b u f f e r , i t s e i z e s t h e l i n k - u p a r e a 

f o r t h a t f l o w l i n e . In t h e c a s e o f i t e m s l e a v i n g t h e b u f f e r f o r A2, 

QUEUE A2, i t s e i z e s AYA. Then a check i s made t o s e e i f an i t e m i s 

a v a i l a b l e from B2 f o r l i n k - u p . To a c c o m p l i s h t h i s , a f a l s e queue i s 

compared t o o n e . I f t h e r e i s an i t e m p r e s e n t , t h e n a s w i t c h i s s e t 

t o s i g n a l B2 t h a t A2 a l s o h a s one r e a d y . The i t e m i n B2 t h e n a d v a n c e s 

t o a n o - o p e r a t i o n b l o c k . A2 t h e n c h e c k s t o s e e i f B2 has a r r i v e d i n 

t h a t b l o c k . At t h a t p o i n t , t h e s w i t c h i s r e s e t and t h e i t e m from A2 

e x i t s t h e s y s t e m . The i t e m from B2 t h e n checks t o s e e i f t h e s w i t c h 

h a s been r - s e t and i f s o , t h e n e x i t s t h e s y s t e m . 

3 . 4 . 5 F a i l u r e R o u t i n e s 

G e n e r a t i n g f a i l u r e s and r e p a i r i n g u n i t s c o n s t i t u t e t h e s econd 
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major r o u t i n e f o r t h e p rog ram. To have a u n i t f a i l , a t r a n s a c t i o n i s 

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

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

t h e u n i t i s down. A SAVEX i s s e t , r e c o r d i n g t h e t i m e t h e t r a n s a c t i o n 

was g e n e r a t e d . N e x t , two SAVEX c e l l s a r e s e t . The f i r s t , SR-- r e p r e ­

s e n t s t h e t i m e t h e n e x t f a i l u r e w i l l o c c u r i f t h e sys t em i s o p e r a t i n g 

n o r m a l l y . The abnormal c o n d i t i o n i s a c c o u n t e d f o r i n t h e s e c o n d , 

SAVEX S L ~ . 

An abnormal c o n d i t i o n e x i s t s when t h e sys t em i s l o a d s h a r i n g 

and a t l e a s t one o t h e r u n i t i n t h e s u b s y s t e m i s n o n - o p e r a t i o n a l . A 

compar i son i s made w i t h t h e Boolean V a r i a b l e L 0 - - , t o a s c e r t a i n i f t h e 

abnormal c o n d i t i o n s a r e i n e f f e c t . The Boolean V a r i a b l e L 0 - - e q u a l s 

one i f t h e o t h e r u n i t i s i n o p e r a t i v e and t h e sys t em i s l o a d s h a r i n g . 

Now t h e t r a n s a c t i o n advances t o a n o t h e r Boolean V a r i a b l e , RLP—, which 

e q u a l s one i f t h e c l o c k t i m e i s g r e a t e r t h a n o r e q u a l t o t h e t i m e f o r 

t h e n e x t f a i l u r e o r t h e u n i t goes down f o r p e r i o d i c m a i n t e n a n c e . In 

e i t h e r c a s e a check i s made t o s e e which i s i n f a c t t h e s i t u a t i o n , by 

a s k i n g i f t h e c l o c k t i m e i s g r e a t e r t h a n o r e q u a l t o t h e t i m e f o r t h e 

n e x t f a i l u r e . I f t h e l a t t e r s t a t e m e n t i s n o t t r u e , t h e n t h e u n i t i s 

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

f a i l u r e i s r o u t e d t o END—, where i t w a i t s u n t i l t h e u n i t r e t u r n s from 

p e r i o d i c r e p a i r ; t h e n i t e x i t s t h e s y s t e m . I f t h e former s t a t e m e n t i s 

t r u e , t h e p r o d u c t i o n i n t h a t u n i t i s p r e e m p t e d . 

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

u n i t f a i l s . A l o g i c s w i t c h i s s e t t o n o t i f y o t h e r u n i t s and o t h e r 

s e c t i o n s o f t h e p rog ram t h a t t h e u n i t i s i n o p e r a t i v e . Now a d e c i s i o n 
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must be made on w h e t h e r t h e u n i t w i l l be r e p a i r e d by t h e r e g u l a r r e p a i r 

crew o r t h e p e r i o d i c m a i n t e n a n c e t e am. F i r s t , t h e u n i t c h e c k s t o s e e 

i f t h e r e a r e any r e g u l a r r e p a i r t e a m s . I f s o , i t e n t e r s a QUEUE which 

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

p e r i o d i c m a i n t e n a n c e . However, i f i t i s t i m e f o r p e r i o d i c r e p a i r , i t 

w i l l w a i t t o be worked on by t h e p e r i o d i c m a i n t e n a n c e t eam. I f t h e r e 

a r e no r e g u l a r t e a m s , t h e u n i t e n t e r s a QUEUE which d i r e c t s e a c h u n i t 

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

3 . 4 . 6 R e p a i r R o u t i n e 

When r e p a i r e d by t h e p e r i o d i c m a i n t e n a n c e t e am, t h e t ime f o r i t s 

n e x t p e r i o d i c r e p a i r i s s c h e d u l e d as t h e u n i t i s p l a c e d back i n t o o p e r ­

a t i o n . R e p a i r s p e r f o r m e d by t h e r e g u l a r r e p a i r team do n o t change t h e 

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

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

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

t o o p e r a t i o n , and p r o d u c t i o n i s resumed a t t h e same p o i n t i t was i n t e r ­

r u p t e d by t h e f a i l u r e . 

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

m a i n t e n a n c e when t h e u n i t i s o p e r a t i o n a l a t t h e t i m e p e r i o d i c m a i n t e ­

n a n c e i s d u e . A t r a n s a c t i o n i s g e n e r a t e d , i m m e d i a t e l y s e i z i n g t h e 

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

a h o l d b l o c k t h e l e n g t h o f t i m e e q u a l t o t h e i n t e r v a l be tween p e r i o d i c 

r e p a i r s . Upon d e p a r t u r e , a check i s made t o s e e i f t h e u n i t i s down 

and i n r e g u l a r r e p a i r . I f y e t , i t w a i t s u n t i l t h e u n i t comes o u t o f 

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

i s made t o s e e i f i t i s down. A yes r e s p o n s e means i t i s g o i n g t o be 
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r e p a i r e d by t h e p e r i o d i c m a i n t e n a n c e t eam. A no means i t i s o p e r a t i o n a l , 

s o t h e t r a n s a c t i o n w a i t s u n t i l e i t h e r i t can s e i z e t h e p e r i o d i c team o r 

t h e u n i t f a i l s . In e i t h e r c a s e , t h e p e r i o d i c m a i n t e n a n c e w i l l be p e r ­

formed. Should t h e crew be s e i z e d , t h e t i m e i s r e c o r d e d and t h e 

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

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

3 . 4 . 7 R o u t i n e t o Record System 
A v a i l a b i l i t y 

A t r a n s a c t i o n i s g e n e r a t e d a t t i m e z e r o and s e i z e s t h e compute 

r o u t i n e . I t a t t e m p t s t o e n t e r t h e COMPARE b l o c k which i s m o n i t o r i n g 

t h e s y s t e m down c r i t e r i a . When t h e c r i t e r i a a r e m e t , t h e t r a n s a c t i o n 

e n t e r s and t h e t i m e t h a t t h e s y s t e m went down i s r e c o r d e d and s t o r e d . 

Next t h e t r a n s a c t i o n s e e k s e n t r y i n t o t h e COMPARE b l o c k which 

m o n i t o r s when t h e sys t em down c r i t e r i a a r e no l o n g e r b e i n g m e t . Upon 

a c c e p t a n c e by t h e COMPARE b l o c k , t h e t i m e i s r e c o r d e d and t h e l e n g t h o f 

t ime t h e s y s t e m was down i s r e c o r d e d . The downtime i s added t o an 

a c c u m u l a t o r f o r t o t a l downt ime. The i n t e r v a l of t h e l a s t t i m e t h e 

s y s t e m came up and t h e most r e c e n t f a i l u r e i s known a s u p t i m e . Tha t 

d i f f e r e n c e i s added t o an a c c u m u l a t o r f o r t o t a l u p t i m e . A c o u n t e r 

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

r u n . The t r a n s a c t i o n t h e n r e l e a s e s t h e compute r o u t i n e and immedi­

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

p r o c e s s o v e r t h e i n t e r v a l ( 0 , t ) . 

3 .5 V e r i f i c a t i o n o f t h e S i m u l a t i o n Program 

The p rob l em of v e r i f y i n g a compute r p rogram f o r a s i m u l a t i o n 

model i s n o t a v e r y w e l l d i s c u s s e d t o p i c . A l though many a u t h o r s 
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i n d i c a t e i t i s a n e c e s s a r y s t e p i n s i m u l a t i o n , few d e s c r i b e any t e c h ­

n i q u e s f o r do ing s o . V e r i f i c a t i o n and v a l i d a t i o n a r e o f t e n t h o u g h t t o 

be one i n t h e same, b u t t h a t i s f a r t h e s t away from b e i n g t h e c a s e . 

K i v i a t and P r i t s k e r d e f i n e v e r i f i c a t i o n as " . . . t h e p r o c e s s 

of e s t a b l i s h i n g t h e p r e c i s i o n w i t h which t h e s i m u l a t i o n p rog ram r e ­

sembles t h e sys tem u n d e r s t u d y " ( 2 7 ) . In o r d e r t o v e r i f y t h i s s i m u ­

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

3 . 5 . 1 P r o d u c t i o n Flow Checks 

F i r s t a u n i t o f s u b s y s t e m Al i s t a k e n from s e r i e s A, i s o l a t e d , 

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

raw m a t e r i a l s a t t h e b e g i n n i n g o f each s e r i e s i s i n f i n i t e , t h e r e f o r e , 

as soon as t h e s u b s y s t e m c o m p l e t e s i t s work on one i t e m a n o t h e r i t e m 

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

t o t h e f i r s t s u b s y s t e m i n each s e r i e s . Then t h e same p r o c e s s i s checked 

i n one u n i t from each o f t h e o t h e r t h r e e s u b s y s t e m s . 

Subsys tems Al and A2 a r e i n s e r i e s , meaning an i t e m worked on i n 

Al p r o c e e d s t o A2. The o n l y way an i t e m g e t s i n t o A2 i s t h a t i t comes 

from A l . Each u n i t i n A2 can accommodate o n l y one i t e m a t a t i m e and 

t h e r e i s a q u e u e , queue A1A2, be tween Al and A2. The c a p a c i t y o f t h e 

A1A2 queue r a n g e s from 1 t o °°. As each i t e m l e a v e s a u n i t from Al i t 

goes t o t h e A1A2 q u e u e . I f t h e queue i s f u l l i t r e m a i n s i n t h e u n i t 

o f Al t h a t worked on i t , t h u s c o n t i n u i n g i t s s e i z u r e o f t h a t f a c i l i t y . 

The f a c i l i t y i s r e l e a s e d when t h e queue i s below c a p a c i t y . The queue 

i s o n l y empty i f a u n i t i n A2 i s i d l e o r t h e r e a r e no i t e m s a v a i l a b l e 

from any u n i t i n A l . 

T h e r e f o r e , t h e f low goes from s t o c k p i l e i n t o A l . Upon c o m p l e t i o n 
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by a u n i t i n A l , t h e queue i s checked t o a s c e r t a i n i f i t w i l l a c c e p t 

t h e i t e m ; from t h e r e i t goes t o t h e f i r s t a v a i l a b l e u n i t i n A2. Once 

an i t e m i s f i n i s h e d a t A2, i t must l i n k - u p w i t h an i t e m from B2. 

The l i n k - u p o f s e r i e s A and B p r o v e s t o be q u i t e a c h a l l e n g e . 

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

A2 and B2 s i m u l t a n e o u s l y , t o see i f one i t e m i s a v a i l a b l e from a t l e a s t 

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

c h e c k s and when t h e c o n d i t i o n s a r e me t , t h a t s u b s y s t e m r e l e a s e s i t s 

i t e m b e f o r e t h e o t h e r s u b s y s t e m can p e r f o r m i t s c h e c k . C o n s e q u e n t l y , 

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

s y s t e m i s o n l y g e t t i n g one i t e m t h r o u g h . The n e x t a t t e m p t i s t o l a b e l 

a l l t h e i t e m s w i th a mutua l i d e n t i f y i n g f e a t u r e by g e n e r a t i n g one i t e m 

and c o n t i n u o u s l y s p l i t t i n g i t as n e e d e d by e i t h e r s e r i e s A o r B. At 

t h e end of p r o c e s s i n g t h e s p l i t t r a n s a c t i o n s match s i m u l t a n e o u s l y , 

t h e n r e l e a s e . The p r o b l e m w i t h t h a t i s , as soon as t h e s p l i t s t a r t s , 

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

t o t a k e p l a c e . 

Then t h e d e c i s i o n i s made t o e s t a b l i s h a l i n k - u p a r e a , F i g u r e 

14. When an i t e m from A2 e n t e r s t h e a r e a , i t checks t o s e e i f an 

i t e m from B2 i s w a i t i n g i n a l i n k - u p q u e u e . I f s o , i t a c t i v a t e s a 

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

The p r o d u c t from B, i f a v a i l a b l e , p r o c e e d s t o t h e l i n k - u p a r e a from 

t h e q u e u e . The model a l l o w s i n s t a n t a n e o u s l i n k - u p . Then p r o d u c t A 

checks t h e l i n k - u p a r e a t o i n s u r e t h a t B a l s o a r r i v e s ; i f s o , A d e ­

a c t i v a t e s t h e l o g i c s w i t c h . P r o d u c t B, m e a n w h i l e , checks i f t h e l o g i c 

s w i t c h i s d e a c t i v a t e d . Tha t b e i n g a c c o m p l i s h e d A r e l e a s e s i t s p o s i t i o n 
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i n t h e l i n k - u p a r e a and B r e l e a s e s i t s p o r t i o n . 

3 . 5 . 2 F a i l u r e and R e p a i r R o u t i n e s 

A f t e r t h e p r o d u c t i o n flow p r o v e s s a t i s f a c t o r y , t h e f a i l u r e and 

r e p a i r r o u t i n e s a r e c h e c k e d . In t h e f i r s t a t t e m p t s , t h e f a i l u r e r o u t i n e 

c o n s i s t s o f g e n e r a t i n g a f a i l u r e t r a n s a c t i o n f o r e ach u n i t of t h e s y s t e m , 

h o l d i n g i t f o r a random p e r i o d o f t i m e e q u i v a l e n t t o a t i m e t o f a i l u r e . 

At t h e end o f t h a t t ime t h e p r o d u c t i o n r o u t i n e i s i n t e r r u p t e d due t o a 

f a i l u r e . T h i s t e c h n i q u e p r o v e s u n s a t i s f a c t o r y b e c a u s e t h e a c t u a l mean 

t i m e t o f a i l u r e i s much l e s s t h a n t h e v a l u e which i s a p a r t o f t h e 

i n p u t . Tha t r o u t i n e i g n o r e s t h e f a c t t h a t a u n i t s h o u l d have a new 

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

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

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

a t e d , t h e t i m e i s r e c o r d e d ; added t o t h a t t i m e i s t h e l e n g t h o f t i m e 

t o t h e n e x t f a i l u r e . Then t h e t r a n s a c t i o n i s p l a c e d i n an ADVANCE 

b l o c k f o l l o w e d by a COMPARE s t a t e m e n t . The compar i son o n l y a l l o w s t h e 

t r a n s a c t i o n t o advance i f (1) t h e t i m e h a s e l a p s e d f o r a f a i l u r e t o 

o c c u r , o r (2) p r o d u c t i o n has been p r e e m p t e d f o r t h e u n i t t o e n t e r 

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

e x c e s s f r e q u e n c y of t h e u n i t s b e i n g n o n - o p e r a t i o n a l . The same t y p e 

c o n d i t i o n a l advance i s u sed i n t h e r o u t i n e which g e n e r a t e s p e r i o d i c 

m a i n t e n a n c e . 

When a u n i t f a i l s , i t checks t h e c l o c k t i m e t o f i n d o u t i f i t i s 

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

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

i n r e g u l a r r e p a i r . Thus t h e u n i t s r ema in i n a down s t a t u s f o r t h e 
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d u r a t i o n of t h e run once t h e above m e n t i o n e d c o n d i t i o n o c c u r s . The 

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

a t once and c o n s e q u e n t l y , i t c a n n o t r e t u r n b e c a u s e each l o c a t i o n k e e p s 

c h e c k i n g t h e o t h e r . S t a t e m e n t s a r e i n s e r t e d t o have t h e t r a n s a c t i o n i n 

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

i n p e r i o d i c m a i n t e n a n c e a f t e r i t f a i l s . I f i t i s found t o be i n r e g u ­

l a r r e p a i r t h e n t h e t r a n s a c t i o n w a i t s u n t i l t h e u n i t i s r e l e a s e d from 

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

t o be i n p e r i o d i c r e p a i r , t h e n i t goes t o t h e end and t e r m i n a t e s as 

soon as t h e u n i t l e a v e s t h e m a i n t e n a n c e a r e a . 

3 . 5 . 3 Record of System Down 

The f i n a l o p e r a t i o n t o check i s t h e r o u t i n e which s p e c i f i e s when 

t h e sys t em i s c o n s i d e r e d down o r r e t u r n e d t o an o p e r a t i o n a l l e v e l , 

b a s e d on t h e c r i t e r i a s e t f o r t h by t h e u s e r . I f t h e s y s t e m has f o u r 

s u b s y s t e m s , e a c h s u b s y s t e m h a s two u n i t s and t h e c r i t e r i a f o r sy s t em 

down a r e any two s u b s y s t e m s down, t h e n a l l c o m b i n a t i o n s of two s u b ­

sys t ems b e i n g down a r e checked . To f u r t h e r c o m p l i c a t e m a t t e r s some 

o f t h e s u b s y s t e m s may have t h e c r i t e r i o n t h a t i f one u n i t i s down, 

t h e s u b s y s t e m i s down; w h i l e t h e o t h e r s may r e q u i r e t h a t b o t h u n i t s be 

down b e f o r e t h e s u b s y s t e m i s down. A l l t h e p o s s i b l e c o m b i n a t i o n s o f 

c r i t e r i a must be c o v e r e d f o r t h e s y s t e m t o have t h e d e s i r e d f l e x i b i l i t y . 

The Boolean V a r i a b l e p e r m i t s m u l t i p l e c o m p a r i s o n s s i m u l t a n e o u s l y , i . e . , 

a Boolean V a r i a b l e may r e a d : 

COMPARE (Uni t A l l i n o p ) and (Un i t A12 i n o p ) . 

Thus two s t a t e m e n t s can accommodate t h e s i t u a t i o n s o f : (1) e i t h e r u n i t 
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b e i n g i n o p e r a t i v e by u s i n g " o r " , o r (2) b o t h u n i t s b e i n g down by u s i n g 

" a n d " . T h i s i s done f o r e a c h s u b s y s t e m . 

C o n s i d e r s y s t e m c r i t e r i a of s y s t e m down when two s u b s y s t e m s a r e 

down accompanied by (1) above f o r two o f t h e s u b s y s t e m s , and (2) above 

f o r t h e o t h e r two. Wi thou t c o u n t i n g a l l t h e p o s s i b i l i t i e s , a l a r g e 

number o f COMPARE s t a t e m e n t s a r e r e q u i r e d t o a c c o u n t f o r a i l t h e combi­

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

t e s t p rogram u t i l i z e a Boolean v a r i a b l e w i t h i n a Boolean v a r i a b l e . 

T h e r e i s no e v i d e n c e t h a t t h i s i s p o s s i b l e , b u t i t seems l o g i c a l l y 

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

r e q u i r e d number o f c o m p a r i s o n s by more t h a n h a l f . By p l a c i n g a Boolean 

v a r i a b l e w i t h i n a Boolean v a r i a b l e , t h e c a p a b i l i t y now e x i s t s f o r 

s a t i s f y i n g t h e s y s t e m ' s c r i t e r i a i n one s t a t e m e n t , r a t h e r t h a n as many 

a s f i v e s t a t e m e n t s , i n some c a s e s . T h e r e f o r e , i f t h e s y s t e m r e q u i r e s 

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

COMPARE (BV f o r Al) OR (BV f o r A2) OR . . . . 

T h i s t e c h n i q u e w o r k s ; t h e r e f o r e , t h e c o m p a r i s o n s a r e n o t made on t h e 

b a s e s o f c o m b i n a t i o n s o f u n i t s , b u t r a t h e r by s u b s y s t e m s . 

3 . 5 . 4 Combining A l l R o u t i n e s 

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

a r e combined. As a check t h a t t h e e n t i r e s y s t e m i s o p e r a t i n g p r o p e r l y , 

t h e model i s made d e t e r m i n i s t i c by removing a l l random g e n e r a t o r s . 

The s i m u l a t i o n i s t h e n run and t h e c a l c u l a t e d r e s u l t s a r e o b t a i n e d . 

When t h e random g e n e r a t o r s a r e r e p l a c e d , t h e n e a r same r e s u l t s a r e 

o b t a i n e d . 
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3 .6 Model V a l i d a t i o n 

One approach t o model v a l i d a t i o n i s t o e x p e r i m e n t w i t h a l i s t o f 

a l l p o s s i b l e a c t i o n s t h e sys t em can t a k e . T h i s i s a v e r y c o s t l y and 

t i m e consuming app roach t o t h e p r o b l e m . In view of t h i s , t h e a p p r o a c h 

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

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

K i v i a t and P r i t s k e r d e f i n e v a l i d a t i o n as " . . . t h e p r o c e s s of 

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

t h e s y s t e m u n d e r s t u d y " ( 2 7 ) . In f u l f i l l m e n t o f t h a t d e f i n i t i o n , t h e 

p r e f e r r e d a p p r o a c h i s t o v a l i d a t e by compar ing t h e s i m u l a t i o n d a t a w i t h 

d a t a from an a c t u a l s y s t e m . 

3 . 6 . 1 Compar i sons t o C losed Form R e s u l t s 

When t h e r e i s no a c t u a l sy s t em a v a i l a b l e f o r compar i son i n v a l i ­

d a t i o n , Maylor s u g g e s t s two o t h e r a v e n u e s . The f i r s t i s compar ing 

r e p l i c a t i o n s by chang ing t h e random g e n e r a t o r s ; t h e s econd i s by com­

p a r i n g t h e s i m u l a t i o n t o a s i m i l a r sy s t em f o r compar i son ( 2 5 ) . 

The second a p p r o a c h i s more a p p l i c a b l e i n t h i s c a s e ; t h e r e f o r e , 

Applebaum's model i s u s e d f o r v a l i d a t i o n . In o r d e r t o do t h i s , a l l 

t h e d e p e n d e n t v a r i a b l e s a r e removed from t h e m o d e l , t h u s a s suming i n ­

d e p e n d e n c e . The changes r e q u i r e d t o p a r a l l e l App lebaum ' s model p l a c e 

t h e model v a r i a b l e s i n t o two c a t e g o r i e s t o a s c e r t a i n a compa rab l e 

mode l : (1) c o l l a p s i n g and (2) r e m o v a l . 

3 . 6 . 1 . 1 C o l l a p s i n g t h e Module t o I n d e p e n d e n c e . The f i r s t c a t e ­

gory c o n t a i n s a l l v a r i a b l e s which were m o d i f i e d o r c o l l a p s e d . Among 

t h e s e a r e : (1) m a i n t e n a n c e c a p a b i l i t y , (2) p r o d u c t i o n r a t e , and (3) 

f a i l u r e r a t e . The m a i n t e n a n c e c a p a b i l i t y r e q u i r e d f o r i n d e p e n d e n c e 
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e n t a i l s h a v i n g N r e p a i r f a c i l i t i e s , where N r e p r e s e n t s t h e number o f 

u n i t s . In t h e s i m u l a t i o n m o d e l , t h e number o f u n i t s i n a s u b s y s t e m 

can be g r e a t e r t h a n o n e , w i t h one r e p a i r team f o r t h e s u b s y s t e m . 

App lebaum's model does n o t accommodate m u l t i p l e u n i t s i n a s u b s y s t e m 

w i t h one r e p a i r t e am, n o r does i t accommodate a p e r i o d i c m a i n t e n a n c e 

p o l i c y . P e r i o d i c m a i n t e n a n c e , t h e r e f o r e , i s c o l l a p s e d t o an i n f i n i t e 

i n t e r v a l . T h u s , i n t h i s c a s e , t h e m a i n t e n a n c e c a p a b i l i t y must be e x ­

panded from t h e d e s i g n e d model t o a c h i e v e i n d e p e n d e n c e . 

P r o d u c t i o n r a t e must be c o l l a p s e d . The t i m e r e q u i r e d t o p r o d u c e 

t h e i t e m s may be a c o n s t a n t o r some d i s t r i b u t i o n w i t h v a r y i n g t i m e s . 

In e i t h e r c a s e , f o r i n d e p e n d e n c e , t h e p r o d u c t i o n r a t e must r e t a i n t h e 

same mean t h r o u g h o u t t h e p r o d u c t i o n r u n . Such i s n o t t h e c a s e i n t h e 

d e s i g n e d mode l . The mean p r o d u c t i o n r a t e v a r i e s w i t h t h e number of 

u n i t s i n f o r r e p a i r . To a c h i e v e i n d e p e n d e n c e , t h a t v a r y i n g f e a t u r e , 

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

The t h i r d v a r i a b l e - - t i m e t o f a i l u r e — i s a l s o c o l l a p s e d . The 

same e x p l a n a t i o n a s u s e d f o r p r o d u c t i o n r a t e i s a p p l i c a b l e t o t h e 

t i m e t o f a i l u r e d e n s i t y , i n t h a t t h e d e s i g n e d model h a s t h e mean t i m e 

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

i n d e p e n d e n t , t h e mean o f t h e t i m e t o f a i l u r e d e n s i t y does n o t c h a n g e . 

For t h e v a l i d a t i o n , t ime t o f a i l u r e , and t i m e t o r e p a i r a r e e x p o n e n t i a l l y 

d i s t r i b u t e d . 

3 . 6 . 1 . 2 Removal of t h e A u x i l i a r y V a r i a b l e s . The second c a t e ­

gory c o n t a i n s t h o s e v a r i a b l e s which a r e removed t o a c h i e v e i n d e p e n d e n c e : 

(1) The c a p a b i l i t y o f h a v i n g s e r i e s o p e r a t i o n s i s removed. The i n s t a n t 

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

o n l y way t o r e g a i n t h a t i n d e p e n d e n c e w i t h s e r i e s i s t o have i n - p r o c e s s 

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

z e r o . (2) The c a p a b i l i t y of p a r a l l e l o p e r a t i o n s o f d i f f e r e n t t y p e s 

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

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

One s u b s y s t e m i s d e p e n d e n t on t h e o t h e r f o r l i n k - u p o f i t s componen t s . 

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

s u f f i c i e n t l y l a r g e c a p a c i t y t h a t a component i s a lways a v a i l a b l e when 

needed by t h e o t h e r s u b s y s t e m . (3) The f a c i l i t y e f f i c i e n c y f o r s h o r t 

b a t c h o p e r a t i o n s canno t be compared. App lebaum's model i s a p p l i c a b l e 

t o s t e a d y - s t a t e o n l y , and s i n c e s h o r t b a t c h o p e r a t i o n s o f t e n do n o t 

r e a c h s t e a d y - s t a t e , t h e e f f i c i e n c y c a n n o t be d e t e r m i n e d u s i n g h i s t e c h ­

n i q u e s . (4) The n e e d f o r i n - p r o c e s s b u f f e r s i s n o n e x i s t e n t . I f t h e 

s u b s y s t e m s a r e i n d e p e n d e n t , t h e s i t u a t i o n c a n n o t a r i s e when one s u b ­

s y s t e m h a s t o w a i t f o r a n o t h e r s i n c e t h a t i m p l i e s d e p e n d e n c e . (5) Sub­

s y s t e m s canno t s h a r e any f a c i l i t y , be i t an o p e r a t o r o r e q u i p m e n t . 

When t h e f a c i l i t y i s i n u s e by one s u b s y s t e m , i t i s n o t a v a i l a b l e t o 

any o t h e r . T h u s , t h e r e i s a dependence i f t h a t f a c i l i t y i s s h a r e d . 

In a d d i t i o n t o t h e removal o f dependency from t h e mode l , t h e c o m p a r i ­

son w i t h Applebaum c o u l d o n l y be done f o r a p r e l o a d e d s y s t e m . 

3 . 6 . 2 Comparison of R e s u l t s 

The i n p u t s f o r b o t h t h e example from Applebaum and t h e compu te r 

s i m u l a t i o n a r e as f o l l o w s : 

number of s u b s y s t e m s = N = 3 , 

number of s y s t e m s which must be o p e r a t i o n a l f o r t h e s y s t e m t o 
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be o p e r a t i o n a l i s d e f i n e d as M, 

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

d i s t r i b u t e d i n m i n u t e s , and 

t h e mean t i m e t o r e p a i r i s d , where r e p a i r t i m e i s e x p o n e n t i a l l y 

d i s t r i b u t e d i n m i n u t e s . 

Us ing Applebaum's e x a m p l e , t h e s u b s y s t e m o f t h e r e s e a r c h model 

can be c o n s i d e r e d a s y s t e m and t h e d a t a can be c r o s s c h e c k e d . Thus , 

when 

u 10 

and M 1 

s u b s y s t e m a v a i l a b i l i t y , a , i s 

u 10 = .55556 a = 1 0 + 8 u + d 

u n a v a i l a b i l i t y , 

a = 1 - a = . 4 4 4 4 4 . 

The m a i n t e n a n c e r a t i o , r , i s 

Sys tem a v a i l a b i l i t y as d e f i n e d by Applebaum i s 

3 -1 
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t h e n , 

A = . 9 1 2 2 , and s ' 

A = 1 - A = .0878 , s s 

The sys tem MUT i s 

£ ( K ) a a 
U = ™ 3-2 

( M ) a a MX 

o r , 

- N - M N K U E (JJ) r 
U = K = 0 3_3 
U s N-M ,Nv 

r V 
Thus from e q u a t i o n 3 .2 o r 3 . 3 

U = 2 7 . 7 1 m i n u t e s 
s 

To i n s u r e t h e compute r s i m u l a t i o n r e a c h e s s t e a d y - s t a t e c o n d i t i o n s , 

t h e sys tem r u n s f o r 4000 m i n u t e s . The r e s u l t s of t h e f i r s t two s imu­

l a t i o n r u n s , T a b l e 1 , show A g o v e r t h e i n t e r v a l (300 ,2000) i s . 9 1 7 5 ; 

A g o v e r t h e l a t t e r h a l f i n t e r v a l ( 2001 ,4000) i s . 9 0 6 5 . Both compare 

v e r y c l o s e l y w i t h t h e t h e o r e t i c a l A g of . 9 1 2 2 . System MUT, U , o v e r 

t h o s e i n t e r v a l s a r e 2 7 . 6 8 and 2 7 . 3 3 , r e s p e c t i v e l y . These v a l u e s a r e 

a l s o we l l w i t h i n r a n g e of t h e t h e o r e t i c a l U g o f 2 7 . 7 1 . T a b l e 2 , a l s o 

g i v e s t h e r e s u l t s o f o t h e r s i m u l a t i o n r u n s made i n compar i son t o t h e 
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T a b l e 1. R e s u l t s o f V a l i d a t i o n Runs 

N M u d 

A 
s 

U 
s 

N M u d 
Applebaum S i m u l a t i o n Applebaum S i m u l a t i o n 

3 1 10 8 .9122 .9175 2 7 . 7 1 2 7 . 6 8 

3 1 10 8 .9122 .9065 2 7 . 7 1 2 7 . 3 3 

3 1 20 8 .9766 .9608 111 .70 1 0 0 . 3 0 

3 1 50 10 .9955 .9957 716 .22 7 5 3 . 2 0 

3 50 10 .9260 .9435 6 6 . 6 7 6 9 . 6 0 

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

F i g u r e 1 5 . T h i s f low c h a r t c o r r e s p o n d s t o N = 3 and M = 2 . A l l r u n s 

a f t e r t h e f i r s t two c o v e r t h e t ime i n t e r v a l ( 3 0 0 , 4 0 0 0 ) . 

In a d d i t i o n t o v a l i d a t i n g t h e l o g i c a l f low of t h e p r o g r a m , t h e 

v a l i d i t y of t h e s t r i n g o f random numbers g e n e r a t e d i s a l s o o b t a i n e d i n 

t h i s p h a s e . A f t e r g e t t i n g v a l u e s c l o s e t o t h o s e u s i n g App lebaum' s 

me thod , t h e random number g e n e r a t o r s a r e v a r i e d i n s e v e r a l r u n s t o 

e s t a b l i s h a c o n f i d e n c e i n t e r v a l on t h e r e s u l t s o b t a i n e d . Us ing t h e 

i n p u t p a r a m e t e r s from run 5 i n T a b l e 2 , f o u r a d d i t i o n a l r u n s a r e con ­

d u c t e d . The r e s u l t s f o r a v a i l a b i l i t y a r e . 9 0 1 4 , . 9 4 2 2 , . 9 2 0 6 , and 

. 9 3 9 2 . T h e r e f o r e , t h e e x p e c t e d v a l u e , u s i n g t h e i n p u t v a r i a b l e s o f 

run 5 , i s . 9293 w i t h a v a r i a n c e o f . 0 3 . 

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

f o r t h e s y s t e m ' s mean u p t i m e , U s« For t h e run w i t h a U g v a l u e of 1 0 0 . 3 

from t h e s i m u l a t i o n , t h e v a r i a n c e i s 1 6 . 2 . The v a r i a n c e s f o r t h e r e ­

m a i n i n g r u n s w i t h U o f 753 .2 and 6 9 . 6 a r e 5 7 . 3 and 8 . 8 , r e s p e c t i v e l y . 
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3 .7 Modular C o n t r o l V a r i a b l e s 

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

c u s s e d by Applebaum, B u z a c o t t , Law and o t h e r s m e n t i o n e d i n C h a p t e r I I 

( 1 , 1 0 , 2 0 , 3 2 , 1 7 , 2 3 ) . The major d i f f e r e n c e be tween t h o s e models 

and t h i s i s t h e i n p u t v a r i a b l e s i n t h i s model a r e n o t assumed t o be 

i n d e p e n d e n t . In a d d i t i o n t o t h o s e v a r i a b l e s , o t h e r s such as equ ipmen t 

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

t o as f a c t o r s , a r e s e l e c t e d as a r e s u l t o f an e f f o r t t o i n c l u d e numerous 

f a c e t s o f a complex s y s t e m . A d e s c r i p t i o n o f t h e m o d u l e s ' c a p a b i l i t i e s 

a r e d e s c r i b e d b e l o w . 

3 . 7 . 1 I n - P r o c e s s B u f f e r s 

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

and r e m a i n s a f e a s i b l e f e a t u r e f o r p r o d u c t i o n s y s t e m s ( 4 , 2 0 , 3 2 ) . 

The o p t i m a l c a p a c i t y o f an i n - p r o c e s s b u f f e r depends on s e v e r a l con­

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

i m m e d i a t e l y c rop up as ma jo r c o n s i d e r a t i o n s . However , t h e f a c t o r o f 

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

e f f e c t t h a t b u f f e r c a p a c i t y w i l l have upon t h e s y s t e m , w h i l e s i m u l ­

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

S e c t i o n 3 . 4 , t h e r e i s one b u f f e r s e r v i n g as a c e n t r a l dump f o r a l l 

u n i t s of a g i v e n s u b s y s t e m . The u n i t s o f t h e n e x t s u b s y s t e m o f t h a t 

f l o w l i n e draw from t h a t b u f f e r . 

The o t h e r a l t e r n a t i v e c o n f i g u r a t i o n s , F i g u r e 1 6 , a r e : (1) a 

b u f f e r f o r e ach u n i t , where A. . s u p p l i e s A. , . , and (2) a b u f f e r f o r 

i , j r r l + l , j v 

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

s y s t e m draw randomly from t h o s e b u f f e r s . N e i t h e r o f t h e l a s t two 
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a l t e r n a t i v e s 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 . However, t h e model can 

accommodate e i t h e r c o n f i g u r a t i o n w i t h minor a d j u s t m e n t s . Some c o n ­

s t r a i n t s which may r e q u i r e one o f t h e l a t t e r c o n f i g u r a t i o n s i n c l u d e 

c o s t , i n s u f f i c i e n t p l a n t s p a c e , o r p l an t , l a y o u t . 

3 . 7 . 2 R e g u l a r a n d / o r P e r i o d i c 
M a i n t e n a n c e 

The q u e s t i o n i s somet imes a s k e d , "Which i s b e t t e r , h a v i n g p e r i o d i c 

m a i n t e n a n c e o r r e p a i r on a ' f i x as i t f a i l s ; b a s i s ? " The o p e r a t i n g c i r ­

c u m s t a n c e s may r e q u i r e t h e c o n t i n u o u s p r e s e n c e o f a r e p a i r t eam. While 

on t h e o t h e r hand , t h e t i m e t o f a i l u r e may be s u f f i c i e n t l y l a r g e t h a t 

i t would be s u f f i c i e n t t o s h u t down t h e s y s t e m o r p a r t s t h e r e o f t o p e r ­

form p e r i o d i c m a i n t e n a n c e . A n o t h e r p o s s i b i l i t y i s t h a t t h e r e p a i r team 

i s c h e a p e r i f i t comes f o r p e r i o d i c m a i n t e n a n c e r a t h e r t h a n on a " f i x 

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

' f i x as i t f a i l s ' r e p a i r , h e r e a f t e r r e f e r r e d t o as r e g u l a r r e p a i r , and 

p e r i o d i c m a i n t e n a n c e . 

3 . 7 . 3 F a i l u r e Rate 

For e v e r y p i e c e of equ ipmen t t h a t o p e r a t e s , t h e r e i s some 

p r o b a b i l i t y t h a t i t w i l l f a i l . T h a t p r o b a b i l i t y may l i e anywhere 

be tween 0 and 1, i n c l u s i v e . The s e q u e n c e o f f a i l u r e s o v e r t i m e form 

a d i s t r i b u t i o n o f f a i l u r e s . The i n t e r v a l - - t i m e p l a c e d i n t o o p e r a t i o n 

and f a i l u r e — i s known as t i m e t o f a i l u r e (TTF). The mean o f such a 

d i s t r i b u t i o n i s r e f e r r e d t o as t h e mean t i m e t o f a i l u r e (MTTF). The 

u n i t s o f a s u b s y s t e m have t h e same f a i l u r e r a t e f o r t h i s a n a l y s i s . 

However , t h e module i s c a p a b l e o f o p e r a t i n g w i t h d i f f e r e n t f a i l u r e 

r a t e s f o r u n i t s of t h e same s u b s y s t e m . The s u b s y s t e m s may a l s o have 

d i f f e r e n t f a i l u r e r a t e s . The t i m e t o f a i l u r e d i s t r i b u t i o n may be any 
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i n t h e a r s e n a l o f GPSS. 

3 . 7 . 4 P r o d u c t i o n Rate 

The t ime r e q u i r e d by a u n i t t o comple t e i t s d e s i g n e d o p e r a t i o n 

on an i t e m , w i t h o u t i n t e r r u p t i o n , i s t h e p r o d u c t i o n t i m e . P r o d u c t i o n 

r a t e f o r a subsys t em i s t h e a v e r a g e o u t p u t p e r u n i t o f t i m e . In t h i s 

c a s e t h e u n i t o f t i m e i s 100 m i n u t e s . Thus i f t h e p r o d u c t i o n t i m e i s 

100 m i n u t e s f o r t h e u n i t s o f a s u b s y s t e m , t h a t s u b s y s t e m r e q u i r e s and 

h a s o n l y one u n i t . The p r o d u c t i o n t i m e o f t h e s u b s y s t e m , t h e r e f o r e , 

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

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

can be c o n s i d e r e d an exogenous v a r i a b l e . T h i s v a r i a b l e i s a l s o s u b ­

d i v i d e d t o r e p r e s e n t e ach s u b s y s t e m s e p a r a t e l y . 

3 . 7 . 5 R e p a i r Ra te 

How f a s t a u n i t o r s u b s y s t e m i s p l a c e d back i n t o a c t i o n i s 

d e p e n d e n t upon t h e a v a i l a b i l i t y o f a r e p a i r team and t h e r e p a i r r a t e . 

R e p a i r r a t e , l i k e f a i l u r e and p r o d u c t i o n r a t e s , i s s u b d i v i d e d t o form 

f o u r v a r i a b l e s — one f o r each s u b s y s t e m . The same r a t e s a p p l y t o r e g u ­

l a r r e p a i r as a p p l y t o p e r i o d i c m a i n t e n a n c e . The t i m e t o r e p a i r d e n s i t y 

may be e x p o n e n t i a l o r any o t h e r d i s t r i b u t i o n t h a t GPSS w i l l accommodate . 

3 . 7 . 6 P r e l o a d i n g 

When a p r o d u c t i o n run e n d s , one of two c o n d i t i o n s e x i s t s . In 

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

i n g and no new i t e m s e n t e r . The s e c o n d c o n d i t i o n i s such t h a t a t t i m e 

n t h e sys t em i s s h u t down w i t h i t e m s r e m a i n i n g i n t h e s y s t e m . The 

v a r i a b l e - - p r e l o a d i n g — n e a r l y a p p r o x i m a t e s t h e second c o n d i t i o n . I n s t e a d 

o f h a v i n g t h e sys t em l e f t w i t h i t e m s i n t h e midd l e o f p r o d u c t i o n i n a 
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u n i t , p r e l o a d i n g means an i t e m i s a v a i l a b l e f o r p r o c e s s i n g by e a c h 

u n i t i n e a c h s u b s y s t e m . 

3 . 7 . 7 Load S h a r i n g 

I f t h e p r o d u c t i o n r a t e i s some s e t f i g u r e and t h e r e a r e two o r 

more u n i t s i n t h a t s u b s y s t e m , when one u n i t f a i l s t h e p r o d u c t i o n t i m e 

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

A s u b s y s t e m o r sy s t em o p e r a t i n g i n t h i s manner i s s a i d t o be l o a d s h a r ­

i n g . T h i s can a l s o be s t a t e d as f o l l o w s : g i v e n a p r e s c r i b e d l o a d , L, 

f o r a subsys t em w i t h s u n i t s , t h e l o a d c a r r i e d by each u n i t when a l l 

u n i t s a r e o p e r a t i o n a l i s L / s ; s h o u l d r o f t h o s e u n i t s f a i l , s > r , 

t h e l o a d c a r r i e d by t h e r e m a i n i n g u n i t s i s L / ( s - r ) . When a module i s 

l o a d s h a r i n g and a s u b s y s t e m h a s two o r more u n i t s , t h e l o a d s h a r i n g 

f a c t o r i s T , such t h a t 1 <_ x < 2 . T h a t means i f one o r more u n i t s f a i l , 

t h e r e m a i n i n g u n i t s can i n c r e a s e t h e i r p r o d u c t i o n r a t e up t o T t i m e s 

t h e no rma l r a t e . 

3 . 7 . 8 Equipment S h a r i n g 

D i f f e r e n t s u b s y s t e m s somet imes have a p a r t o f t h e p r o c e s s i n g 

p e r f o r m e d by a n o t h e r machine o r t h e y may s h a r e an o p e r a t o r . As an 

e x a m p l e , two o r more s u b s y s t e m s may r e q u i r e a c e r t a i n o p e r a t i o n be 

done by t h e m a c h i n i s t , and t h e s y s t e m may o n l y have one machine s h o p . 

S h a r i n g o f an o p e r a t o r o r equ ipmen t has been l a b e l l e d equ ipmen t s h a r ­

i n g . To p o r t r a y t h i s c h a r a c t e r i s t i c o f a s y s t e m , t h e model h a s f l o w -

l i n e s h a r i n g . The re a r e two f l o w l i n e s , t h e r e f o r e , equ ipmen t s h a r i n g 

i s r e p r e s e n t e d as two v a r i a b l e s , one p e r f l o w l i n e . For t h e t e s t m o d u l e , 

t h e t ime s p e n t a t t h e s h a r e d f a c i l i t y comes a t t h e end o f t h e p r o d u c ­

t i o n p r o c e s s f o r t h a t u n i t . However , t h e p r o c e s s i n g by t h e s h a r e d 
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f a c i l i t y can t a k e p l a c e a t any p o i n t i n t h e p r o d u c t i o n c y c l e by a 

g i v e n u n i t . 

3 . 7 . 9 Subsys tem Down C r i t e r i a 

Each s u b s y s t e m ' s down c r i t e r i a a r e i n d e p e n d e n t o f t h e o t h e r . 

T h e r e f o r e , a g a i n , t h i s v a r i a b l e becomes f o u r . These v a r i a b l e s f a c i l i ­

t a t e an a s s e s s m e n t of e f f e c t t h a t t h e s u b s y s t e m ' s c o n f i g u r a t i o n h a s 

upon i t s a v a i l a b i l i t y . S i n c e t h e m o d u l e ' s s u b s y s t e m s h a v e one o r two 

u n i t s , t h e down c r i t e r i a a r e r e s t r i c t e d t o one o r two u n i t s b e i n g down 

b e f o r e t h e s u b s y s t e m i s down. 

3 . 7 . 1 0 System Down C r i t e r i a 

The p o s s i b l e c o m b i n a t i o n s f o r sy s t em down c r i t e r i a a r e g r e a t l y 

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

r e q u i r e m e n t f o r s y s t e m down may be one s u b s y s t e m down. In t h a t c a s e , 

t h e r e a r e f o u r p o s s i b i l i t i e s . L e t t i n g U r e p r e s e n t t h e s e t o f " u p " 

c o n d i t i o n s , U c o n s i s t s o f { a l l u n i t s o p e r a t i o n a l } . The s e t D, "down" 

c o n d i t i o n s , c o n s i s t s o f a l l c o m b i n a t i o n s n o t i n U. In a d d i t i o n t o 

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

s y s t e m goes down and a t l e a s t one o t h e r s u b s y s t e m i s down, t h e s y s t e m 

i s n o t r e c o r d e d as g o i n g down a g a i n . In t h e c a s e where s y s t e m down 

c r i t e r i o n i s a l l s u b s y s t e m s n o n - o p e r a t i o n a l , 

D = { a l l s u b s y s t e m s down} 

and 

U = D' 
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T h i s v a r i a b l e can be accommodated by t h e model i n any c o n f i g u ­

r a t i o n from one s u b s y s t e m t o a l l s u b s y s t e m s b e i n g down. 

3 . 8 Modular Responses 

The r e s u l t s o r r e s p o n s e s from t h e compute r s i m u l a t i o n r u n s a r e 

d e s c r i b e d as modu la r r e s p o n s e s . Whenever t h e s i m u l a t i o n r e p r e s e n t s a 

module of a l a r g e r s y s t e m , t h e p r o d u c t i o n o u t p u t i s f ed i n t o t h e n e x t 

modu le . The modules a r e s e q u e n t i a l l y i n t e r f a c e d u n t i l t h e e n t i r e s y s t e m 

i s i n c l u d e d . 

S e c t i o n 4 . 5 c o n t a i n s an i l l u s t r a t i o n of how t h e r e s p o n s e s from 

one module a r e u t i l i z e d t o p r o j e c t o u t p u t from s u b s e q u e n t m o d u l e s . I f 

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

module i s t h e same as f o r t h e s y s t e m . 

3 . 8 . 1 P r o d u c t i v i t y 

The number o f i t e m s p r o d u c e d o v e r a p r o d u c t i o n r u n i s t h e p r i ­

mary measure o f p r o d u c t i v i t y . The maximum o u t p u t f o r t h e module i s 

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

s y s t e m . When max imiz ing p r o d u c t i v i t y i s m e n t i o n e d w i t h r e s p e c t t o 

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

mum o u t p u t . 

Each t i m e an i t e m e n t e r s a s u b s y s t e m o r d e p a r t s a s u b s y s t e m , 

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

i n p u t s f o r t h e n e x t modu le , such t h a t , t h e a r r i v a l s a p p e a r a t t h e t i m e 

e q u a t e d t o d e p a r t u r e from t h e p r e c e d i n g modu le . The model a l s o p r o v i d e s 

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

a v e r a g e p r o d u c t i o n t i m e and a t e m p o r a l a c c o u n t o f p r o d u c t i v i t y . 
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3 . 8 . 2 A v a i l a b i l i t y 

The second r e s p o n s e g e n e r a t e d i s t h e a v a i l a b i l i t y o f t h e s y s t e m . 

The measure o f a v a i l a b i l i t y i s b a s e d on t h e c r i t e r i a i n e f f e c t d u r i n g 

a g i v e n r u n . T h e r e f o r e , i n a d d i t i o n t o b e i n g a b l e t o measu re a v a i l a ­

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

i n p u t s f o r comput ing a v a i l a b i l i t y . The u s e of such c r i t e r i a i s v e r y 

i m p o r t a n t b e c a u s e i n complex s y s t e m s o f g r e a t m a g n i t u d e , t h e o u t p u t o f 

a p a r t o f t h e s y s t e m may n o t p r o d u c e a c o u n t a b l e number o f i t e m s . And 

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

a c c u r a t e a c c o u n t of s y s t e m a v a i l a b i l i t y . The two i n p u t s g e n e r a t e d by 

t h e p rogram a r e mean u p t i m e (MUT) and mean downtime (MDT). From t h e s e 

i n p u t s t h e a v a i l a b i l i t y o f t h e s y s t e m can be computed . 

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

on each s u b s y s t e m and t h e s y s t e m , g i v i n g when t h e y went down and t h e 

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

b i l i t y s e r v e s t h e same p u r p o s e as t h a t f o r p r o d u c t i v i t y . 
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CHAPTER IV 

THE EFFECTS OF THE MODULE CONFIGURATION 

ON PRODUCTIVITY AND AVAILABILITY 

The p rogram d e s c r i b e d i n C h a p t e r I I I i s u s e d t o a n a l y z e t h e 

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

a v a i l a b i l i t y . The module c o n f i g u r a t i o n d iag ramed i n S e c t i o n 3 . 3 i s 

u s e d i n t h e e x p e r i m e n t a l a n a l y s i s b e i n g comparab le i n s i z e t o t h e s y s ­

tems c i t e d i n t h e l i t e r a t u r e ( 1 , 3 , 6 , 1 9 , 2 8 ) . In a d d i t i o n t o h a v i n g 

t h e same f e a t u r e s as t h e s y s t e m s i n t h e l i t e r a t u r e , t h e e x p e r i m e n t a l 

s y s t e m c o n t a i n s : (1) equ ipment s h a r i n g , (2) p r e l o a d i n g , and (3) p e r i ­

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

I n f e r e n c e s a b o u t t h e e f f e c t s of d i f f e r e n t c o n f i g u r a t i o n s and 

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

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

l e v e l s of a l l 27 c o n f i g u r a t i o n c o n s t r a i n t s and o b s e r v i n g t h e s y s t e m ' s 

p r o d u c t i v i t y and a v a i l a b i l i t y . 

S e c t i o n 4 . 1 g i v e s t h e 27 v a r i a b l e s f o r t h e module and t h e f r a c ­

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

The r e s p o n s e s and a n a l y s e s from t h e f i r s t e x p e r i m e n t a r e p r e ­

s e n t e d i n S e c t i o n 4 . 2 . The e s t a b l i s h m e n t of a need f o r and t h e r e s u l t s 

o f t h e s econd e x p e r i m e n t a r e i n S e c t i o n 4 . 3 . The combin ing o f t h e 

f i r s t and second e x p e r i m e n t s t o y i e l d t h e u n a n a l y z e d e s t i m a t e s o f t h e 

main e f f e c t s a r e a l s o c o n t a i n e d i n S e c t i o n 4 . 3 . S e c t i o n s 4 . 4 and 4 . 5 

d i s c u s s t h e t h i r d e x p e r i m e n t , and t h e combined a n a l y s i s o f a l l 
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e x p e r i m e n t s , which i n c l u d e t h e d e l i n e a t i o n of s i g n i f i c a n t e f f e c t s and 

t h e m a x i m i z a t i o n of p r o d u c t i v i t y and a v a i l a b i l i t y by s t e e p e s t a s c e n t 

and b r a n c h and bound m i x e d - i n t e g e r programming t e c h n i q u e s , r e s p e c t i v e l y . 

S e c t i o n 4 . 6 p r e s e n t s t h e s y s t e m t r a n s i e n t and s t e a d y - s t a t e e f f e c t s on 

p r o d u c t i v i t y and a v a i l a b i l i t y v iewed t h r o u g h b a t c h s i z e . The r e s u l t s 

o f i n t e r f a c i n g two modules a r e d i s c u s s e d i n S e c t i o n 4 . 7 and f u r t h e r 

c o m p a r i s o n s of t h e s i m u l a t i o n r e s u l t s t o App lebaum' s model a r e d e ­

s c r i b e d i n S e c t i o n 4 . 8 . 

I t s h o u l d be n o t e d t h a t t h e i n f e r e n c e s g l e a n e d from t h e s e q u e n c e s 

of e x p e r i m e n t s a r e n o t i n t e n d e d t o be d i r e c t l y t r a n s l a t e d f o r a l l s y s t e m 

c o n f i g u r a t i o n s . The same t e c h n i q u e , however , may be a p p l i e d u s i n g a 

modu la r app roach w i t h t h e GPSS module t o f a c i l i t a t e o t h e r s p e c i f i c 

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

k e y n o t e s p e c i f i c c o n f i g u r a t i o n c o n s t r a i n t s one migh t look t o f o r l e v e r ­

age i n i m p r o v i n g a p a r t i c u l a r s y s t e m ' s p r o d u c t i v i t y a n d / o r a v a i l a b i l i t y . 

27-22 

4 . 1 A 2JJJ F r a c t i o n a l F a c t o r i a l Des ign 

4 . 1 . 1 L e v e l s of t h e V a r i a b l e s 

Each of t h e v a r i a b l e s i s t e s t e d a t two l e v e l s , as shown i n 

T a b l e 2 . Some o f t h e v a r i a b l e s a r e q u a l i t a t i v e b e c a u s e o f t h e i r 

e x p e r i m e n t a l l e v e l s , w h i l e t h e r e m a i n i n g a r e q u a n t i t a t i v e f o r t h e same 

r e a s o n . A l l t h e v a r i a b l e s l i s t e d as q u a l i t a t i v e i n d i c a t e an a b s e n c e o r 

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

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

v a r i a b l e s i n T a b l e 2 , c a t e g o r i z e d as q u a l i t a t i v e a r e : (1) b u f f e r 

c a p a c i t y , (2) l o a d s h a r i n g , (3) s u b s y s t e m down c r i t e r i a , (4) s y s t e m 
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T a b l e 2 . L i s t i n g o f V a r i a b l e s and t h e L e v e l s 

L e v e l s 
V a r i a b l e s 

High Low 

(1) P r o d u c t i o n Ra te Al 100 200 
(2) P r o d u c t i o n Rate A2 100 200 
(3) P r o d u c t i o n Rate Bl 100 200 
(4) P r o d u c t i o n Ra te B2 100 200 
(5) MTTF Al 960 120 
(6) MTTF A2 960 120 
(7) MTTF Bl 960 120 
(8) MTTF B2 960 120 
(9) MTTR Al 180 20 

(10) MTTR A2 180 20 
(11) MTTR Bl 180 20 
(12) MTTR B2 180 20 
(13) B u f f e r C a p a c i t y 1 
(14) P r o d u c t i o n Rate C r i t e r i a L o a d s h a r i n g No L o a d s h a r i n g 

= 1 = 0 
(15) Subsys tem Down C r i t e r i a 

Al A l l Down One Down 
(16) Subsys tem Down C r i t e r i a 

A2 A l l Down One Down 
(17) Subsys t em Down C r i t e r i a 

Bl A l l Down One Down 
(18) Subsys tem Down C r i t e r i a 

B2 A l l Down One Down 
(19) System Down C r i t e r i a A l l Down One Down 
(20) P e r i o d i c R e p a i r Al 10005 240 
(21) P e r i o d i c R e p a i r A2 10005 240 
(22) P e r i o d i c R e p a i r Bl 10005 240 
(23) P e r i o d i c R e p a i r B2 10005 240 
(24) Equipment S h a r i n g F l o w l i n e 

A 1 0 
(25) Equipment S h a r i n g F l o w l i n e 

B 1 0 
(26) R e g u l a r R e p a i r Teams 1 p e r Sub­

sys t em 
0 

(27) P r e l o a d i n g P o l i c y 1 = Yes 0 = No 
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down c r i t e r i a , (5) p e r i o d i c r e p a i r , (6) equ ipmen t s h a r i n g , (7) r e g u ­

l a r r e p a i r t e a m s , and (8) p r e l o a d i n g p o l i c y . The r e m a i n i n g v a r i a b l e s -

p r o d u c t i o n r a t e , mean t i m e t o f a i l u r e , MTTF, and mean t ime t o r e p a i r , 

MTTR—are q u a n t i t a t i v e . 

4 . 1 . 2 E x p e r i m e n t a l Design 

As p r e v i o u s l y s t a t e d , t h e model h a s 27 v a r i a b l e s , each t o be 

t e s t e d a t two l e v e l s as d i s c u s s e d i n S e c t i o n 4 . 1 . 1 . T h u s , t h e r e a r e 

27 

2 o r more t h a n 134 m i l l i o n p o s s i b l e c o m b i n a t i o n s which can be t e s t e d . 

I t i s b o t h e c o n o m i c a l l y and p h y s i c a l l y i n f e a s i b l e t o c o n d u c t t h a t many 

e x p e r i m e n t s . The n e c e s s i t y of a f r a c t i o n a l f a c t o r i a l d e s i g n i s e v i d e n t . 

However, w i t h a f r a c t i o n a l d e s i g n , t h e a b i l i t y t o e s t i m a t e t h e e f f e c t s 

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

o u t l i n e d by Box and H u n t e r (5) were u sed t o choose an a p p r o p r i a t e 

f r a c t i o n . The f i r s t a s s e s s m e n t i s of t h e main e f f e c t s and t h e a l i a s e d 

t w o - f a c t o r i n t e r a c t i o n s . T h e r e f o r e , t h e f i r s t f r a c t i o n must y i e l d a t 

l e a s t as many e x p e r i m e n t s as t h e r e a r e v a r i a b l e s . S i n c e t h e r e a r e 27 

v a r i a b l e s , t h e minimum f r a c t i o n i s 2^ o r 32 e x p e r i m e n t s . The r e s u l t ­

i n g d e s i g n i s a 2^ P o r 2^ ^ , where k i s t h e number o f v a r i a b l e s and 

p i s t h e number o f words i n t h e d e f i n i n g r e l a t i o n s h i p . 

The d e s i g n m a t r i x f o r a 2^ d e s i g n f o r t h i s e x p e r i m e n t h a s f i v e 

i n d e p e n d e n t v a r i a b l e s and t h e r e m a i n i n g 22 v a r i a b l e s a r e r e p r e s e n t e d 

by two, t h r e e , and f o u r f a c t o r i n t e r a c t i o n s . The r e s u l t i n g 22 words 

a r e l i s t e d i n E q u a t i o n 4 - 1 b e l o w . The l a y o u t o f l e v e l s f o r each 

v a r i a b l e on each e x p e r i m e n t i s i n T a b l e 3 . The r u n s c o i n c i d e w i t h 

t h e number o f t h e e x p e r i m e n t . The v a r i a b l e numbers a r e t h e same a s 

t h o s e i n T a b l e 2 . 
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6 = 1 * 2 

7 = 1 * 3 

8=1*4 

9=1*5 

1 0 = 2 * 3 

11=2*4 

12=2*5 

1 3 = 3 * 4 

14=3*5 

15=4*5 

1 6 = 1 * 2 * 3 

1 7 = 1 * 2 * 4 

1 8 = 1 * 2 * 5 

1 9 = 1 * 3 * 5 

2 0 = 1 * 3 * 4 

2 1 = 1 * 4 * 5 

2 2 = 2 * 4 * 5 

2 3 = 2 * 3 * 4 

2 4 = 2 * 3 * 5 

2 5 = 3 * 4 * 5 

2 6 = 1 * 2 * 3 * 4 

2 7 = 1 * 2 * 3 * 5 

1 = 1 * 2 * 6 

1 = 1 * 3 * 7 

1 = 1 * 4 * 8 

1 = 1 * 5 * 9 

1 = 2 * 3 * 1 0 

1 = 2 * 4 * 1 1 

1 = 2 * 5 * 1 2 

1 = 3 * 4 * 1 3 

1 = 3 * 5 * 1 4 

1 = 4 * 5 * 1 5 

1 = 1 * 2 * 3 * 1 6 

1 = 1 * 2 * 4 * 1 7 

1 = 1 * 2 * 5 * 1 8 

1 = 1 * 3 * 5 * 1 9 

1 = 1 * 3 * 4 * 2 0 

1 = 1 * 4 * 5 * 2 1 

1 = 2 * 4 * 5 * 2 2 

1 = 2 * 3 * 4 * 2 3 

1 = 2 * 3 * 5 * 2 4 

1 = 3 * 4 * 5 * 2 5 

1 = 1 * 2 * 3 * 4 * 2 6 

1 = 1 * 2 * 3 * 5 * 2 7 

4 - 1 



T a b l e 3 . Design M a t r i x f o r 2 2 7 " 2 2 Des ign ( 1 s t 32 Runs) 

Runs 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 2b 27 
1 - - - - - + + + + + + + + + + - - - - - - - - - - _ + + 
9 

+ - - - - - - - - + + + + + + + + + + + + - - - - - -
- + - - - - + + + - - - + + + + + + - - - + + + - - -

4 + + - - - + - - - - - _ + + + _ _ _ + + + + + + _ + + 
5 - - + - - + - + + - + + - - + + - - + + - - + + + - -
6 + - + - - - + - - - + + - - + - + + - - + - + + + + + 
7 

- + + - - - - + + + - - - - + - + + + + - + - - + + + 
8 + + + - - + + - - + - _ - - + + _ _ _ _ + + _ _ + _ _ 
Q 
77 - - " + - + + - + + - + - + - - + - - + + + + - + - + 

10 + - - + - - - + - + - + - + - + - + + - - + + - + + -
11 - + - + - - + - + - + - - + - + - + - + + - - + + + -
1 2 + + - + - + - + - - + - - + - - + - + - - - - + f _ + 
° - - + + - + - - + - - + + - - + + - + - + + - + - + -

+ - + + - - + + - - - + + - - - - + - + - + - + - - + 
^ - + + + - - - - + + + - + - - - - + + - + - + - _ - + 
1 7 - - - - + + + + - + + - + - - - - + + - + + - + + + -
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 

+ - - - • + - - - + + + - + - - + + _ _ + _ + _ + + _ + 
- + - - + - + + - - - + + - - + + - + - + - + - + - + 
+ + - - + + - - + - - + + - - - - + - + - - + - + + -
- - + - + + - + - - + - - + - + - + - + + + + - - - + 
+ - + - + - + - + - + - - + - - + - + - - + + - - + -
- + + - + - - + - + - + - + - - + - - + + - - + - + -
+ + + - + + + - + + - + - + - + - + + - - _ _ + _ _ + 
- - - + + + + - - + - - - _ + _ + + + + _ _ + + _ _ _ 
+ - - + + - - + + + - - - - + + - - - - + - + + _ + + 
- + - + + - + - - - + + - - + + - - + + - + _ - - + + 
+ + - + + + - + + - + + - - + - + + - - + + _ _ _ _ _ 
- - + + + + - - - - - - + + + + + + - - - - - - + + + 
+ - + + + - + + + - - - + + + - - - + + + - - - + - -
- + + + + - - - - + + + + + + - - - - - - + + + + - -
+ + + + + + + + + + + + + + + + + + + + + + + + + + + 
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4 . 2 The F i r s t Expe r imen t 

The l a y o u t o f t h e d e s i g n i n Tab le 3 gave t h e l e v e l a t which each 

v a r i a b l e was t o be t e s t e d on each run i n t h e f i r s t f r a c t i o n . A f t e r 

r u n n i n g t h e 32 s i m u l a t i o n s , t h e o u t p u t p r o v i d e s t h e r e s p o n s e s as 

d e s c r i b e d i n S e c t i o n 3 . 8 . 

4 . 2 . 1 The Responses 

4 . 2 . 1 . 1 Average P r o d u c t i v i t y and A v a i l a b i l i t y . The o u t p u t o f 

p r o d u c t i v i t y r a n g e d from 0 t o 8 9 , w h i l e t h e maximum p o s s i b l e o u t p u t 

was 99 o v e r t h e t i m e (0 ,10000) m i n u t e s . The a v e r a g e o u t p u t f o r a l l 

e x p e r i m e n t s was 21 i t e m s o f a p o s s i b l e maximum o f 99 i t e m s o v e r t h e 

p r o d u c t i o n r u n . S i n c e one o b j e c t i v e i s t o maximize p r o d u c t i v i t y , t h e 

v a r i a b l e l e v e l s o f t h e run p r o d u c i n g 89 i t e m s a r e examined . The 

v a r i a b l e l e v e l s o f i n t e r e s t i n c l u d e : (1) t h e r e p a i r r a t e of e ach s u b ­

sys t em i s a t i t s low l e v e l ; (2) t h e s y s t e m i s p r e l o a d e d w i t h i n f i n i t e 

b u f f e r c a p a c i t y ; (3) p e r i o d i c m a i n t e n a n c e i s a b s e n t from a l l s u b s y s t e m s ; 

(4) t h e f a i l u r e r a t e o f t h e second s u b s y s t e m i n t h e f i r s t f l o w l i n e , A2, 

i s t h e o n l y s u b s y s t e m w i t h mean t i m e t o f a i l u r e a t h i g h l e v e l ; and (5) 

each s u b s y s t e m i n f l o w l i n e B has two u n i t s . 

T a b l e 4 c o n t a i n s t h e r e s p o n s e s from t h e f i r s t f r a c t i o n . As t h a t 

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

t o one r e l a t i o n s h i p be tween t h e two r e s p o n s e s . T h e r e f o r e , t h e r e i s 

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

low a v a i l a b i l i t y , o r v i c e v e r s a . 

Those c a s e s where t h e p r o d u c t i o n l e v e l i s below 8 a r e t h e 

r e s u l t s o f t h e absence o f r e p a i r teams and an i n f i n i t e p e r i o d i c 

m a i n t e n a n c e i n t e r v a l i n a t l e a s t one s u b s y s t e m . In a d d i t i o n , t h e 
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T a b l e 4 . Responses from F i r s t F r a c t i o n 

Run 
Number P r o d u c t i o n A v a i l a b i l i t y 

Run 
Number P r o d u c t i o n A v a i l a b i l i t y 

1 56 100 17 77 100 

2 0 0 18 12 0 

3 2 0 19 1 9 9 . 8 

4 89 100 20 18 2 2 . 9 

5 0 9 8 . 2 21 0 0 

6 26 14 .2 22 47 99 

7 14 9 9 . 7 23 20 . 3 

8 1 0 24 28 97 

9 0 0 25 1 9 8 . 5 

10 2 9 8 . 1 26 27 17 

11 34 6 . 5 27 20 100 

12 27 9 9 . 6 28 1 0 

13 8 9 9 . 9 29 82 67 

14 42 100 30 0 95 

15 0 28 31 0 0 

16 44 24 32 75 100 
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r u n s w i t h p r o d u c t i o n o u t p u t s be tween 1 and 8 were a l l p r e l o a d e d . 

A v a i l a b i l i t y r a n g e s from 0 t o 100 p e r c e n t . The r e s p o n s e t e n d s 

t o be a t t h e e x t r e m e s i n t h i s f r a c t i o n . However, i n t h e 32 e x p e r i ­

ments t h e a v a i l a b i l i t y t e n d s t o b o t h e x t r e m e s e q u a l l y . 

In a d d i t i o n t o t h e r e s p o n s e s f o r t h e s y s t e m , s u b s y s t e m d a t a 

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

mance as w e l l . I t i s i m p o r t a n t t o have t h a t i n f o r m a t i o n a v a i l a b l e t o 

check t h e d i f f e r e n c e s be tween t h e means of d i s t r i b u t i o n s t h a t were 

i n p u t , and means r e s u l t i n g from t h e random numbers g e n e r a t e d . There 

were no c a s e s o f l a r g e d i s c r e p a n c y g r e a t e r t h a n t h e v a r i a n c e e s t a b ­

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

4 . 2 . 1 . 2 Temporal P r o d u c t i v i t y and A v a i l a b i l i t y . Each s imu­

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

t h e module . To d e s c r i b e t h e i n p u t scheme f o r t h e n e x t m o d u l e , t h e 

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

i t h i t e m p r o d u c e d by t h e sys t em and t h e y - a x i s r e p r e s e n t s t h e r a t e of 

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

i s t h e r a t i o of one i t e m p r o d u c e d t o t h e t i m e i n t e r v a l be tween t h a t 

i t e m and t h e ( i - 1 ) i t e m . 

F i g u r e s 17 and 18 a r e t e m p o r a l p l o t s of r u n s 4 and 16 of t h e 

f i r s t e x p e r i m e n t . These two f i g u r e s a r e examples from t h e f i r s t 32 

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

t h e p r o d u c t i o n r u n . The t i m e i n t e r v a l s f o r p r o d u c t i v i t y i n run 4 

a p p e a r t o e s t a b l i s h some r e g u l a r i t y a f t e r t h e t w e l f t h i t e m i s p r o ­

duced . The r e g u l a r i t y i s e a s i l y i d e n t i f i e d i n t h i s run w i t h a l a r g e 

p r o d u c t i o n l e v e l , w h i l e t h e r e g u l a r i t y i n run 16 i s n o t as e a s i l y 

i d e n t i f i e d . 



F i g u r e 1 7 . P r o d u c t i o n I n t e r v a l — S e t 1 , Run 4 
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F i g u r e 18 . P r o d u c t i o n I n t e r v a l - S e t 1 , Run 16 
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The t i m e i n t e r v a l s as shown i n F i g u r e s 17 and 18 s e r v e a s t h e 

i n t e r v a l s f o r i n p u t s i n t o t h e n e x t module . These two s e r i e s a r e u s e d 

i n S e c t i o n 4 . 7 t o p r e s e n t t h e r e s p o n s e s o f t h e s econd modu le . 

4 . 2 . 2 The A n a l y s i s 

As t h e r e s p o n s e s were r e v i e w e d , some i n f e r e n c e s c o u l d be o b ­

s e r v e d a l m o s t i m m e d i a t e l y . The f i r s t o b s e r v a t i o n was t h o s e r u n s w i t h 

a p r o d u c t i o n l e v e l o f ze ro a l l had two t h i n g s i n common: (1) t h e s y s ­

tems were v o i d o f a r e g u l a r r e p a i r c a p a b i l i t y , and (2) a t l e a s t one o r 

more s u b s y s t e m s d i d n o t have p e r i o d i c m a i n t e n a n c e p e r f o r m e d d u r i n g t h e 

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

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

In a l l f o u r c a s e s , t h e s y s t e m had r e g u l a r r e p a i r teams and p e r i o d i c 

m a i n t e n a n c e was p e r f o r m e d on a maximum o f two s u b s y s t e m s . A f t e r r e ­

v i e w i n g t h e o b v i o u s r e s u l t s , o t h e r l e s s t h a n o b v i o u s r e s u l t s were 

s o u g h t . 

4 . 2 . 2 . 1 E s t i m a t e o f C o n t r a s t . Us ing t h e 22 d e f i n i n g words 

from E q u a t i o n 1 and combin ing them, f i r s t two a t a t i m e , t h e n t h r e e 

a t a t i m e , f o u r a t a t i m e , . . . , and 22 a t a t i m e , t h e c o m p l e t e 

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

o v e r f o u r m i l l i o n t e r m s i n t h e d e f i n i n g r e l a t i o n s h i p . G r a u e r (12) 

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

t u r e f o r d e s i g n s w i t h a maximum of 32 v a r i a b l e and 28 d e f i n i n g w o r d s . 

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

s t r u c t u r e , E q u a t i o n 4 - 2 , a ssuming a l l t h r e e f a c t o r and h i g h e r i n t e r ­

a c t i o n s a r e n e g l i g i b l e . 



1 0 0 

ll = 1 + 2 4 * 2 7 + 2 3 * 2 6 + 1 5 * 2 1 + 1 4 * 1 9 + 1 3 * 2 0 + 1 2 * 1 8 + 1 1 * 1 7 

+ 1 0 * 1 6 + 5*9 + 4 * 8 + 3*7 + 2*6 

L 2 = 2 + 2 0 * 2 6 + 1 9 * 2 7 + 1 5 * 2 2 + 1 4 * 2 4 + 1 3 * 2 3 + 5 * 1 2 + 4 * 1 1 

+ 3 * 1 0 + 8*18 + 8*17 + 7*16 + 1*6 

L 3 = 3 + 1 8 * 2 7 + 1 7 * 2 6 + 1 5 * 2 5 + 5 * 1 4 + 4 * 1 3 + 1 2 * 2 4 + 1 1 * 2 3 

+ 2 * 1 0 + 9 * 1 9 + 8*20 + 1*7 + 6 * 1 6 

L 4 = 4 + 1 6 * 2 6 + 5 * 1 5 + 1 4 * 2 5 + 3 * 1 3 + 1 2 * 2 2 + 2 * 1 1 + 1 0 * 2 3 

+ 9*21 + 1*8 + 7*20 + 6 * 1 7 

L 5 = 5 + 1 6 * 2 7 + 4*15 + 3 * 1 4 + 1 3 * 2 5 + 2 * 1 2 + 1 1 * 2 2 + 1 0 * 2 4 + 1*9 

+ 8*21 + 7*19 + 6 * 1 8 

L = 6 + 1*2 + 2 1 * 2 2 + 2 0 * 2 3 + 1 9 * 2 4 + 5 * 1 8 + 4 * 1 7 + 3 * 1 6 + 1 4 * 2 7 
o 

+ 13*26 + 9 * 1 2 + 8 * 1 1 + 7*10 

L ? = 7 + 1*3 + 2 1 * 2 5 + 4 * 2 0 + 5 * 1 9 + 1 8 * 2 4 + 1 7 * 2 3 + 2 * 1 6 + 1 2 * 2 7 

+ 1 1 * 2 6 + 9 * 1 4 + 8 * 1 3 + 6 * 1 0 

L_ = 8 + 1*4 + 5 * 2 1 + 3 * 2 0 + 1 9 * 2 5 + 1 8 * 2 2 + 2 * 1 7 + 1 6 * 2 3 + 1 0 * 2 6 
o 

+ 9 * 1 5 + 7 * 1 3 + 6*11 

L 9 = 9 + 1*5 + 4 * 2 1 + 2 0 * 2 5 + 3 * 1 9 + 2 * 1 8 + 1 7 * 2 2 + 1 6 * 2 4 + 1 0 * 2 7 

+ 8*15 + 7*14 + 6 * 1 2 

L 1 Q = 10 + 2*3 + 5 * 2 4 + 4 * 2 3 + 2 2 * 2 5 + 1 8 * 1 9 + 1 7 * 2 0 + 1*16 + 1 2 * 1 4 

1 1 * 1 3 + 9 * 2 7 + 8*26 + 6*7 

L = 11 + 2*4 + 2 4 * 2 5 + 3 * 2 3 + 5 * 2 2 + 1 8 * 2 1 + 1*17 + 1 6 * 2 0 + 1 2 * 1 5 

+ 1 0 * 1 3 + 7*26 + 6 * 8 



12 + 2*5 + 3*24 + 2 3 * 2 5 + 4 * 2 2 + 1*18 + 1 7 * 2 1 + 1 6 * 1 9 + 11*15 

+ 10*14 + 7*27 + 6*9 

13 + 3*4 + 5*25 + 2 * 2 3 + 2 2 * 2 4 + 1*20 + 1 9 * 2 1 + 1 6 * 1 7 + 1 4 * 1 5 

+ 1 0 * 1 1 + 7*8 + 6*26 

14 + 3*5 + 4 * 2 5 + 2 * 2 4 + 2 2 * 2 3 + 2 0 * 2 1 + 1*19 + 1 6 * 1 8 + 13*15 

+ 1 0 * 1 2 + 7*9 + 6 * 2 7 

15 + 4*5 + 2 6 * 2 7 + 3*25 + 2 3 * 2 4 + 2*22 + 1*21 + 1 9 * 2 0 + 1 7 * 1 8 

+ 1 3 * 1 4 + 1 1 * 1 2 + 8*9 

16 + 5*27 + 4 * 2 6 + 1 4 * 1 8 + 1 3 * 1 7 + 1 2 * 1 9 + 1 1 * 2 0 + 1*10 + 9 * 2 4 

+ 8 * 2 3 + 2*7 + 3*6 

17 + 3 * 2 6 + 2 5 * 2 7 + 1 5 * 1 8 + 1 3 * 1 6 + 1 3 * 2 1 + 1*11 + 1 0 * 2 0 + 9*22 

+ 2*8 + 7*23 + 4*6 

18 + 3*27 + 2 5 * 2 6 + 1 5 * 1 7 + 1 4 * 1 6 + 1*12 + 1 1 * 2 1 + 1 0 * 1 9 + 2*9 

+ 8*22 + 7*24 + 5*6 

19 + 2*27 + 2 2 * 2 6 + 1 5 * 2 0 + 1*14 + 1 3 * 2 1 + 1 2 * 1 6 + 1 0 * 1 8 + 3*9 

+ 8*25 + 5*7 + 6 * 2 4 

2 0 + 2*26 + 2 2 * 2 7 + 1 5 * 1 9 + 1 4 * 2 1 + 1*13 + 1 1 * 2 6 + 1 0 * 1 7 + 9 * 2 5 

+ 3*8 + 4*7 + 6 * 2 3 

21 + 2 4 * 2 6 + 2 3 * 2 7 + 1*15 + 1 4 * 2 0 + 1 3 * 1 9 + 1 2 * 1 7 + 1 1 * 8 + 4*9 

+ 5*8 + 7*25 + 6 * 2 2 
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L 2 2 = 22 + 20*27 + 19*26 + 2*15 + 14*23 + 13*24 + 4*12 + 5*11 + 10*25 

+ 9*17 + 8*18 + 6*21 

L 2 3 = 23 + 1*26 + 21*27 + 15*24 + 14*22 + 2*13 + 12*25 + 3*11 + 4*10 

+ 6*18 + 7*27 + 6*20 

L 2 4 = 24 + 1*27 + 21*26 + 15*23 + 2*14 + 13*22 + 3*12 + 11*25 + 5*10 

+ 9*16 + 7*18 + 6*19 

L 2 5 = 25 + 18*26 + 17*27 + 3*15 + 4*14 + 5*13 + 12*23 + 11*24 + 10*22 

+ 9*20 + 8*19 + 7*21 

L _ = 26 + 1*23 + 21*24 + 2*20 + 19*22 + 18*25 + 3*17 + 4*16 + 15*27 

+ 8*10 + 7*11 + 6*13 

L 2 ? = 27 + 1*24 + 21*23 + 20*22 + 2*19 + 3*18 + 17*25 + 5*16 + 15*26 

+ 9*10 + 7*12 + 6*14 4-2 

T a b l e 5 c o n t a i n s t h e e f f e c t s f o r t h e c o n t r a s t s l i s t e d i n 

E q u a t i o n 4 - 2 . The e f f e c t i s t h e r a t i o o f t h e g r a d i e n t and r a n g e o f 

t h e t e s t v a r i a b l e o r c o n t r a s t . 

4 . 2 . 2 . 2 A S c e n a r i o o f E x p l a n a t i o n . I n T a b l e 5 n o t e t h a t t h e 

c o n t r a s t f o r h a s t h e g r e a t e s t m a g n i t u d e , 3 2 . 7 5 f o r p r o d u c t i v i t y . 

Tha t i s a t l e a s t two t i m e s g r e a t e r t h a n any o t h e r c o n t r a s t s . The 

o t h e r s which rank h i g h i n magn i tude a r e 6 , 1 3 , 2 7 , and 2 4 , r e s p e c t i v e l y . 

The c o n t r a s t s r a n k e d h i g h e s t u n d e r a v a i l a b i l i t y a r e 1 9 , 2 1 , 7 , 

8 , and 2 7 , r e s p e c t i v e l y . The o n l y common c o n t r a s t among t h o s e r a n k e d 

h i g h f o r p r o d u c t i v i t y and a v a i l a b i l i t y i s L 2 7 . A l t hough L ? i s n o t 

among t h o s e r a n k e d h i g h e s t f o r p r o d u c t i v i t y , i t s v a l u e s h o u l d n o t be 
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T a b l e 5 . Main E f f e c t s and A l i a s e d Two F a c t o r I n t e r a c t i o n s 

Response 
C o n t r a s t s 

P r o d u c t i v i t y A v a i l a b i l i t y 

L l 7 .875 - 0 . 0 1 8 2 

L 2 - 0 . 3 7 5 - 0 . 1 3 1 9 

L 3 1.250 0 .0512 

L 4 - 1 . 7 5 0 0 . 0 6 5 3 

L 5 4 . 0 0 0 0 .0164 

L 6 16 .250 0 .1572 

L 7 9 .625 0 . 1 8 8 3 

L 8 1.375 0 .1854 

L 9 - 9 . 8 1 2 0 .0227 

L 1 0 - 2 . 5 0 0 - 0 . 1 4 8 4 

L l l 4 . 6 2 5 - 0 . 1 3 9 8 

L 1 2 - 1 0 . 0 0 0 0 . 0 5 8 8 

L 1 3 16 .125 0 .0666 

L 1 4 10 .625 - 0 . 0 2 3 6 

L 1 5 2 . 1 2 5 0 .0184 

L 1 6 - 5 . 1 2 5 - 0 . 0 9 4 8 

L 1 7 - 2 . 1 2 5 - 0 . 1 0 1 7 

L 1 8 3 .000 - 0 . 0 6 1 8 

L 1 9 1.500 0 . 6 6 1 8 * 

L 2 0 1.000 - 0 . 0 4 5 3 

L 2 1 - 2 . 2 5 0 - 0 . 2 7 8 3 

L 2 2 1.625 0 .0192 
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T a b l e 5 . C o n t i n u e d 

R e s p o n s e 
C o n t r a s t s 

P r o d u c t i v i t y A v a i l a b i l i t y 

L 2 3 - 5 . 6 2 5 - 0 . 1 0 4 6 

L 2 4 1 1 . 3 7 5 0 . 0 6 2 3 

L 2 5 - 1 . 0 0 0 0 . 0 2 2 1 

L 2 6 3 2 . 7 5 0 * 0 . 0 2 0 9 

L 2 ? 1 5 . 2 5 0 0 . 1 7 3 7 
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o v e r l o o k e d . The same r a t i o n a l e a p p l i e s t o f o r a v a i l a b i l i t y . 

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

v a r i a b l e 2 , p r o d u c t i o n t i m e of t h e second s u b s y s t e m i n t h e f i r s t f l ow-

l i n e , A2, and i t s a l i a s e d two f a c t o r i n t e r a c t i o n s . C o n t r a s t e x e r t s 

t h e l e a s t i n f l u e n c e on a v a i l a b i l i t y . 

I t i s n o t t o be i n f e r r e d o r c l a i m e d a t t h i s p o i n t t h a t any one 

o r more v a r i a b l e s e x e r t more i n f l u e n c e t h a n t h e o t h e r s . N e i t h e r i s i t 

t o be i m p l i e d t h a t any g i v e n two f a c t o r i n t e r a c t i o n h a s more e f f e c t on 

p r o d u c t i v i t y o r a v a i l a b i l i t y t h a n any o t h e r . None o f t h e s e c l a i m s 

can be made b e c a u s e w h i l e t h e e f f e c t a s s o c i a t e d w i t h one c o n t r a s t i n 

T a b l e 5 i s low, t h e r e cou ld be two o r more i n t e r a c t i o n s o r t h e main 

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

n a t i o n and e f f e c t s may be n e g a t i v e o r p o s i t i v e , one i n t e r a c t i o n c o u l d 

be l a r g e and p o s i t i v e added t o an i n t e r a c t i o n which i s l a r g e and n e g a ­

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

s m a l l . 

4 . 5 The Second E x p e r i m e n t 

The f i r s t e x p e r i m e n t y i e l d e d t h e e s t i m a t e s o f e f f e c t s l i s t e d 

i n T a b l e 5 . However, i n an e x p e r i m e n t w i t h 27 v a r i a b l e s , t h e number 

o f two f a c t o r i n t e r a c t i o n s i s t o o g r e a t t o make any d e f i n i t e c o n c l u ­

s i v e s t a t e m e n t s on t h e f a c t o r o r f a c t o r s c a u s i n g a g i v e n e s t i m a t e t o 

have a c e r t a i n m a g n i t u d e . To u n t a n g l e t h e main e f f e c t s r e q u i r e s a 

second f r a c t i o n . The second f r a c t i o n i s a m i r r o r image of t h e f i r s t 

f r a c t i o n . The l e v e l s o f t h e v a r i a b l e s f o r t h e e x p e r i m e n t were o b t a i n e d 

by m u l t i p l y i n g t h e e n t i r e m a t r i x u s e d f o r t h e f i r s t f r a c t i o n by ( -1 ) 

( s e e T a b l e 6 ) . 



T a b l e 6 . D e s i g n M a t r i x f o r S e c o n d F r a c t i o n 

Runs 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
1 3 
14 
15 
16 
17 
18 
1 9 
2 0 
21 
22 
2 3 
2 4 
25 
26 
2 7 
2 8 
2 9 
30 
31 
31 

1 2 
+ + 
- + 
+ -

+ + -
- + -
+ - -

+ + 
- + 
+ -

+ + 
- + 
+ -

+ + 
- + 
+ -

+ 
+ 

3 
+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 

+ + -
- + -
+ - -

+ 
+ 
+ 
+ 

+ + - -
- + - -
+ - - -

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

5 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

+ - - . _ 

+ 
+ 

+ 
+ 

- + 
- + 

+ 
+ 

+ 
+ 

7 8 9 

+ + + 

+ + + 
+ - -
- + + 
+ - -
- + + 
- + -
+ - + 
- + -
+ - + 
+ + -
- - + 
+ + -
- - + 
- - + 
+ + -
- - + 
+ + -
+ - + 
- + -
+ - + 
- + -
- + + 
+ - -
- + + 
+ - -
+ + + 

+ + + 

1 0 11 12 13 14 15 16 17 18 19 20 21 
- - - - - - + + + + + + 

+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 

+ 
+ 

+ 
+ 

+ 
+ 

+ -
+ -
+ -
+ -

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

+ + 
- + 
+ -
+ -
- + 
+ -
- + 
- + 
+ -
+ + 
+ + 
- - + + 
+ + - -
- - + + 
- - + -

- + 
- + 
+ -
+ + 

+ + 
- + 
+ -
+ -
- + 
+ -
- + 
- + 
+ -

+ + 
+ + 

- + 
+ -
+ -
- + 

+ + 
+ -
- + 
- + 
+ -
+ + 

22 23 24 
+ + + 

- - + + + 
+ + - - -

+ + 
+ -
- + 
+ -
- + 
+ -
- + 
+ -
- + 

+ + 
- + 
+ -
- + 
+ -
+ + 

- + 
+ -
+ -
- + 
+ + 
+ + - - - -
- - + + - -

- + 
+ -
- + 
+ -

+ + - -

- + + 
- + + 
+ + + 

- - + + + 
+ + - - -

25 26 27 
+ - -
+ + + 
+ + + 
+ - -
- + + 

- + 
- - - + 
- - + -

- + 
+ -
- + 
- + 

- + -
- + -
- - + 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

- + 
- + 

+ -
- + 
- + 
+ -
+ + 

+ 
+ 

o 
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4 . 3 . 1 The R e s p o n s e s 

The l e v e l o f p r o d u c t i v i t y r a n g e s f rom 0 t o 8 6 , T a b l e 7 . A g a i n , 

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

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

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

a z e r o o r n e a r z e r o r e s p o n s e f o r p r o d u c t i v i t y . 

In t h e c a s e s where s y s t e m a v a i l a b i l i t y i s z e r o , s y s t e m down 

c r i t e r i o n i s o n e s u b s y s t e m down. T h o s e r u n s w i t h t h e c r i t e r i a t h a t 

a l l s u b s y s t e m s a r e down h a v e h i g h s y s t e m a v a i l a b i l i t y , a s a r u l e . The 

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

r e s u l t i n g f rom t h e l e v e l s f o r s u b s y s t e m and s y s t e m down c r i t e r i a . 

4 . 3 . 2 U n a l i a s e d E s t i m a t e o f Main E f f e c t s 

The p u r p o s e f o r c o n d u c t i n g t h e s e c o n d e x p e r i m e n t was t o p r o v i d e 

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

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

E q u a t i o n 2 . The s e c o n d e x p e r i m e n t was t h e c o m p l e t e o p p o s i t e o f t h e 

f i r s t . T h e r e f o r e , t h e a l i a s i n g s t r u c t u r e i s t h e same w i t h o n e e x c e p ­

t i o n . The s t r u c t u r e now b e c o m e s t h e main e f f e c t m i n u s t h e two f a c t o r 

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

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

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

4 . 3 . 2 . 1 On P r o d u c t i v i t y . T a b l e 8 c o n t a i n s t h e m a i n e f f e c t s 

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

In t h e c o m b i n e d e f f e c t s , T a b l e 5 , h a s t h e g r e a t e s t m a g n i t u d e , 

3 2 . 7 5 . Now i t b e c o m e s e v i d e n t t h a t v a r i a b l e 2 6 - - r e p a i r t e a m s , 3 3 . 6 6 - -

h a s some d e f i n i t e i n f l u e n c e o n t h e m a g n i t u d e o f L 9 A . 
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T a b l e 7 . R e s p o n s e s from S e c o n d F r a c t i o n 

Run 
Number P r o d u c t i o n 

P e r c e n t 
A v a i l a b i l i t y 

Run 
Number P r o d u c t i o n 

P e r c e n t 
A v a i l a b i l i t y 

1 0 0 17 0 0 

2 86 7 1 . 6 18 76 9 9 . 7 

3 15 99 19 3 7 6 

4 15 2 2 0 0 96 

5 36 27 21 16 9 9 . 8 

6 1 9 3 22 1 0 

7 0 0 2 3 2 9 8 . 7 

8 81 97 2 4 3 8 40 

9 21 100 25 5 0 1 . 5 

10 1 0 26 1 9 1 

11 4 8 9 . 5 27 0 0 

12 26 13 2 8 2 9 8 . 8 

13 5 0 29 0 0 

14 8 9 9 3 0 2 0 7 

15 52 16 31 4 9 100 

16 0 88 32 32 0 
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T a b l e 8 . R e s u l t s A f t e r S e p a r a t i n g t h e Main E f f e c t s and t h e A l i a s e d 
Two F a c t o r I n t e r a c t i o n s f o r P r o d u c t i v i t y 

Main A l i a s e d Two F a c t o r 
E f f e c t s I n t e r a c t i o n s 

R e p a i r Teams 3 3 . 6 5 6 - 0 . 9 0 1 
R e p a i r R a t e A2 - 1 0 . 7 8 0 8 . 2 8 1 
F a i l u r e R a t e B2 9 . 5 9 4 - 8 . 2 1 9 
P r e l o a d i n g 8 . 4 6 9 6 . 7 8 1 
S u b s y s t e m Down C r i t e r i a A2 - 8 . 1 5 6 3 . 0 3 2 
F a i l u r e R a t e A2 7 . 7 1 9 8 . 5 3 1 
R e p a i r R a t e B2 7 . 1 5 6 - 2 . 8 4 4 
F a i l u r e R a t e Bl 6 . 5 9 4 3 . 0 3 1 
L o a d s h a r i n g 5 . 9 6 8 4 . 6 5 6 
B u f f e r C a p a c i t y 4 . 5 3 2 1 1 . 5 9 4 
E q u i p m e n t S h a r i n g A 4 . 4 6 8 6 . 9 0 6 
S u b s y s t e m Down C r i t e r i a B2 3 . 5 9 4 - 0 . 5 9 4 
P e r i o d i c M a i n t e n a n c e A2 - 3 . 5 3 1 1 . 2 8 1 
E q u i p m e n t S h a r i n g B - 3 . 4 6 9 2 . 4 6 9 
S u b s y s t e m Down C r i t e r i a Al - 3 . 4 6 8 5 . 5 9 4 
P r o d u c t i o n Time B2 3 . 2 1 9 - 4 . 9 6 9 
S y s t e m Down C r i t e r i a - 3 . 0 3 1 4 . 5 3 1 
F a i l u r e R a t e Al 2 . 9 0 6 1 . 0 9 4 
R e p a i r R a t e Al - 2 8 1 2 - 7 . 0 0 0 
P e r i o d i c M a i n t e n a n c e B2 - 2 . 2 1 8 - 3 . 4 0 6 
S u b s y s t e m Down C r i t e r i a Bl - 2 . 1 5 6 0 . 0 3 1 
P e r i o d i c M a i n t e n a n c e B l 1 . 7 1 8 - 0 . 0 9 4 
P e r i o d i c M a i n t e n a n c e Al - 1 . 3 4 4 2 . 3 4 4 
P r o d u c t i o n Time A2 - 1 . 0 9 4 0 . 7 1 9 
P r o d u c t i o n Time Al 0 . 8 4 4 7 . 0 3 2 
P r o d u c t i o n Time B l 0 . 4 6 9 0 . 7 8 1 
R e p a i r R a t e Bl - 0 . 3 4 4 4 . 9 6 9 



1 1 0 

H o w e v e r , t h e r a n k i n g d o e s n o t c o n t i n u e e x a c t l y t h e same f o r 

m a i n e f f e c t s as i t d i d i n t h e c o m b i n e d e f f e c t s . The o t h e r v a r i a b l e s 

r a n k i n g h i g h a r e ( 1 ) r e p a i r r a t e f o r A2 , ( 2 ) f a i l u r e r a t e o f t h e 

s e c o n d s u b s y s t e m i n t h e s e c o n d f l o w l i n e , B 2 , ( 3 ) p r e l o a d i n g p o l i c y , 

( 4 ) s u b s y s t e m down c r i t e r i a f o r A 2 , ( 5 ) f a i l u r e r a t e o f A 2 , and ( 6 ) 

r e p a i r r a t e f o r B 2 . The l i s t i n g s o f v a r i a b l e s r a n k e d h i g h and t h e 

c o n t r a s t s f o r p r o d u c t i v i t y h a v e v a r i a b l e s 6 — f a i l u r e r a t e o f A 2 , and 

2 5 — p r e l o a d i n g , i n common. N o t e t h a t t h e m a i n e f f e c t f rom v a r i a b l e 1 3 , 

b u f f e r c a p a c i t y , i s l e s s t h a n h a l f o f what i t s m a g n i t u d e was when i n ­

c l u d e d w i t h i t s a l i a s e d two f a c t o r i n t e r a c t i o n s . H o w e v e r , i n co lumn 2 , 

t h e m a g n i t u d e o f a l i a s e d t w o f a c t o r i n t e r a c t i o n s o f v a r i a b l e 1 3 , 1 1 . 6 , 

i s h i g h e r t h a n any o t h e r s i n t h a t c o l u m n . 

R e f e r r i n g t o E q u a t i o n 3 - 2 , o b s e r v e some o f t h e i n t e r a c t i o n s i n 

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

t u d e o f t h e two f a c t o r i n t e r a c t i o n s . F o r t h i s p u r p o s e , i s i s o ­

l a t e d b e l o w : 

L 1 3 = 1 3 + 3*4 + 5 * 2 5 + 2 * 2 3 + 2 2 * 2 4 + 1 * 2 0 + 1 9 * 2 1 + 1 6 * 1 7 

+ 1 4 * 1 5 + 1 0 * 1 1 + 7*8 + 6 * 2 6 . 

The i n t e r a c t i o n o f v a r i a b l e s 6 , f a i l u r e r a t e o f A 2 , and 2 6 , r e p a i r 

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

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

4 . 3 . 2 . 2 On A v a i l a b i l i t y . The v a r i a b l e r a n k e d h i g h e s t f o r t h e 

e s t i m a t e s o f main e f f e c t s on a v a i l a b i l i t y i s 1 9 , s y s t e m down c r i t e r i a , 

T a b l e 9 . S y s t e m down c r i t e r i a r e p r e s e n t s c h a n g e s i n t h e s y s t e m ' s 

_2 
c o n f i g u r a t i o n . The e f f e c t s f rom v a r i a b l e 1 9 , 6 0 . 5 2 x 1 0 , a r e n e a r l y 
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T a b l e 9 . R e s u l t s A f t e r S e p a r a t i n g t h e Main E f f e c t s and t h e A l i a s e d 
Two F a c t o r I n t e r a c t i o n s f o r A v a i l a b i l i t y 

. E f f e c t s f rom A l i a s e d 
V a r i a b l e J*?*1* Two F a c t o r E f f e c t s T . I n t e r a c t i o n s 

S y s t e m Down C r i t e r i a 6 0 . 5 2 - 0 . 2 0 
P e r i o d i c M a i n t e n a n c e A2 - 2 0 . 4 3 - 7 . 4 0 
R e p a i r Teams 1 9 . 5 5 1 . 3 5 
S u b s y s t e m Down C r i t e r i a B l - 1 4 . 6 1 4 . 4 3 
P r o d u c t i o n Time A2 - 1 4 . 5 4 1 . 3 6 
R e p a i r R a t e A2 - 1 2 . 8 4 - 2 . 0 0 
F a i l u r e R a t e Bl 1 2 . 7 0 6 . 1 3 
P r e l o a d i n g 1 2 . 2 6 5 . 1 0 
P r o d u c t i o n Time Al - 1 2 . 1 1 1 0 . 2 9 
P e r i o d i c M a i n t e n a n c e B2 - 1 1 . 6 4 1 . 1 8 
F a i l u r e R a t e A2 1 1 . 2 2 4 . 5 0 
S u b s y s t e m Down C r i t e r i a A2 - 1 0 . 4 8 1 . 0 0 
F a i l u r e R a t e B2 9 . 9 2 8 . 6 1 
S u b s y s t e m Down C r i t e r i a B2 - 8 . 5 5 2 . 3 7 
R e p a i r R a t e B2 - 8 . 2 8 2 0 . 0 4 
P r o d u c t i o n Time B l 5 . 6 1 0 . 4 8 
R e p a i r R a t e Bl - 5 . 4 6 - 8 . 5 2 
E q u i p m e n t S h a r i n g A - 5 . 4 2 1 1 . 6 5 
B u f f e r C a p a c i t y 5 . 3 6 1 . 3 0 
P r o d u c t i o n Time B2 4 . 0 8 2 . 4 5 
P e r i o d i c M a i n t e n a n c e B l - 3 . 9 4 5 . 6 8 
S u b s y s t e m Down C r i t e r i a Al 2 . 7 2 - 0 . 8 9 
R e p a i r R a t e Al - 1 . 8 2 4 . 0 8 
P e r i o d i c M a i n t e n a n c e Al 1 . 6 8 - 6 . 2 2 
Load S h a r i n g - 1 . 4 2 - 0 . 9 4 
F a i l u r e R a t e A l - 0 . 5 4 2 . 1 8 
E q u i p m e n t S h a r i n g B 0 . 4 0 1 . 8 2 
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t h r e e t i m e s g r e a t e r i n m a g n i t u d e t h a n t h e e f f e c t c o r r e s p o n d i n g t o any 

o t h e r v a r i a b l e . 

B a s e d on t h e mode l and s y s t e m c o n f i g u r a t i o n u s e d i n t h e e x p e r i ­

m e n t , s y s t e m a v a i l a b i l i t y i s i n c r e a s e d i f s y s t e m down c r i t e r i a i s a t 

i t s h i g h l e v e l . S y s t e m down d r i t e r i a a t a h i g h l e v e l means a s y s t e m 

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

down. 

T a b l e 9 a l s o s h o w s t h a t on t h e a v e r a g e , i t i s b e t t e r t o h a v e 

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

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

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

what c o m p e n s a t e f o r t h e a b s e n c e o f r e p a i r t e a m s . 

V a r i a b l e 2 1 , p r e v e n t i v e m a i n t e n a n c e i n t e r v a l f o r A2 r a n k s s e c o n d 

f o l l o w e d by v a r i a b l e 2 6 , r e p a i r t e a m s . T h u s , r e p a i r t e a m s a p p e a r s 

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

p a i r t e a m s i s f o l l o w e d on t h e l i s t b y 1 7 - - s u b s y s t e m down c r i t e r i a f o r 

B l , 2 - - p r o d u c t i o n t i m e f o r A 2 , 1 0 - - r e p a i r r a t e f o r A 2 , and 7 - - f a i l u r e 

r a t e o f B l . Of t h e f i r s t e i g h t v a r i a b l e s o n e i t h e r l i s t , v a r i a b l e s 

2 6 , 1 0 , and 7 a p p e a r o n e a c h . 

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

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

r a n k e d s i x t h , s e v e n t h , and e i g h t h . From t h o s e a d d i t i o n a l s e v e n , f o u r 

rank i n t h e t o p e i g h t f o r p r o d u c t i v i t y . T a b l e 10 g i v e s a c o m p a r i s o n 

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

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

t i v i t y and a v a i l a b i l i t y , w h i l e s y s t e m down c r i t e r i a o n l y r a n k s h i g h 
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T a b l e 1 0 . C o m p a r i s o n o f Top Ranked V a r i a b l e s f o r 
P r o d u c t i v i t y and A v a i l a b i l i t y 

V a r i a b l e P r o d u c t i v i t y A v a i l a b i l i t y 

R e p a i r Teams ( 2 6 ) Yes Y e s 

S y s t e m Down C r i t e r i a ( 1 9 ) No Y e s 

R e p a i r R a t e f o r A2 ( 1 0 ) Yes Yes 

F a i l u r e R a t e o f B2 ( 8 ) Yes Y e s 

P r e l o a d i n g ( 2 7 ) Yes Yes 

S u b s y s t e m Down C r i t e r i a A2 ( 1 6 ) Y e s Yes 

F a i l u r e R a t e o f A2 ( 6 ) Yes Yes 

R e p a i r R a t e f o r B2 ( 1 2 ) Yes Y e s 

F a i l u r e R a t e o f Bl ( 7 ) Yes Yes 

P r e v e n t i v e M a i n t e n a n c e f o r A2 ( 2 1 ) No Yes 

S u b s y s t e m Down C r i t e r i a Bl ( 1 7 ) No Y e s 

P r o d u c t i o n Time A2 ( 2 ) No Yes 

P r o d u c t i o n Time Al (1) No Y e s 

P r e v e n t i v e M a i n t e n a n c e B2 ( 2 3 ) No Yes 
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f o r a v a i l a b i l i t y . 

H o w e v e r , t h e t a b l e h a s n o t h i n g t o do w i t h t h e s i g n i f i c a n c e o f 

t h e v a r i a b l e s l i s t e d . I t d o e s show by t h e c o m m o n a l i t y o f v a r i a b l e s , 

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

l i s t e d rank h i g h f o r a v a i l a b i l i t y , w h i l e l e s s t h a n h a l f rank h i g h f o r 

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

c a n c e i s a s s e s s e d . 

4 . 4 The T h i r d E x p e r i m e n t 

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

n a n c e . H o w e v e r , some o f t h e two f a c t o r i n t e r a c t i o n s may p o s s e s s 

g r e a t e r d o m i n a n c e t h a n some o r a l l o f t h e main e f f e c t s . In an e f f o r t 

t o m i n i m i z e t h e number o f two f a c t o r i n t e r a c t i o n s , a l l t h e c o m b i ­

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

F o r i n s t a n c e , e q u i p m e n t s h a r i n g on f l o w l i n e A d o e s n o t i n t e r a c t w i t h 

t h e r e p a i r r a t e o f a s u b s y s t e m on f l o w l i n e B. As a r e s u l t o f t h e p r o ­

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

i n t e r a c t i o n s now h a v e f i v e , w h i l e i n some c o n t r a s t s n o two f a c t o r 

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

V a r i a b l e 2 6 h a s t h e g r e a t e s t m a i n e f f e c t on p r o d u c t i v i t y , t h e r e ­

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

c o n t r a s t s . F i r s t c o n s i d e r i n g t h e o t h e r v a r i a b l e s w h i c h r a n k e d h i g h 

i n p r o d u c t i v i t y , L G , L ^Q , L ^ , L 4 , and h a v e 2 6 i n t e r a c t i n g w i t h 

1 0 , 8 , 6 , 1 6 , and 2 7 , r e s p e c t i v e l y . 

The m a g n i t u d e s o f t h e two f a c t o r i n t e r a c t i o n s o f t h e a b o v e men­

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

The same t y p e a n a l o g y was d o n e w i t h a v a i l a b i l i t y . T h i s t i m e 
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o b s e r v e b o t h t h e i n t e r a c t i o n s i n v o l v i n g 26 and 1 9 . The c o n t r a s t 

h a s 1 6 * 1 9 ; L 2 4 h a s 6 * 1 9 and 2 1 * 2 6 ; L n h a s 1 0 * 1 9 ; L g h a s 1 0 * 2 6 ; and 

L h a s 7 * 2 6 . 

As a r e s u l t o f t h e p r o m i n e n c e o f v a r i a b l e 26 i n t h e a l i a s e d 

two f a c t o r i n t e r a c t i o n s w i t h t h e g r e a t e r m a g n i t u d e s , t h e e s t i m a t e s o f 

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

o f v a r i a b l e 26 and i t s two f a c t o r i n t e r a c t i o n s r e q u i r e s t h e t h i r d s e t 

o f e x p e r i m e n t s . The d e s i g n f o r t h e t h i r d e x p e r i m e n t i s t h e same a s 

t h e f i r s t e x p e r i m e n t w i t h o n e e x c e p t i o n — t h e l e v e l s f o r v a r i a b l e 26 

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

l i s t e d i n T a b l e 1 1 . T h o s e r u n s i n e x p e r i m e n t o n e w h i c h h a d v e r y h i g h 

p r o d u c t i o n l e v e l s now h a v e much l o w e r l e v e l s . For e x a m p l e , i n t h e 

f i r s t e x p e r i m e n t r u n s 4 , 1 7 , 2 9 , and 32 h a v e p r o d u c t i o n l e v e l s o f 8 9 , 

7 7 , 8 2 , and 7 5 , r e s p e c t i v e l y . W h i l e i n t h e t h i r d e x p e r i m e n t t h o s e r u n s 

h a v e p r o d u c t i o n l e v e l s o f 0 , 0 , 4 6 , and 1 , r e s p e c t i v e l y , ( T a b l e 1 1 ) . 

4 . 5 A Model o f P r o d u c t i v i t y and A v a i l a b i l i t y 

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

27 27 
y . = 3 + £ 3 - x . + E 3 . - x . x . + e . . 

1 0 i - i 1 1 i , j = l ^ 1 J 1 

The t e r m s 3 ^ a r e t h e l e a s t s q u a r e c o e f f i c i e n t s and r e p r e s e n t t h e 

g r a d i e n t p e r u n i t o f d e s i g n . The r e l a t i o n s h i p b e t w e e n 3 ^ and t h e 

e f f e c t s , E . i s 
' I 

E . = 2 3 i , m 
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T a b l e 1 1 . R e s p o n s e s from t h e T h i r d F r a c t i o n 

Run 
Number P r o d u c t i v i t y 

A v a i l a b i l i t y 
( i n %) 

Run 
Number P r o d u c t i v i t y 

A v a i l a b i l i t y 
( i n %) 

1 62 1 . 9 6 17 0 9 9 . 1 4 

2 2 9 9 8 . 1 0 18 2 0 

3 12 2 8 . 7 7 19 8 3 9 9 . 9 7 

4 0 0 20 0 0 

5. 2 8 9 9 . 1 2 21 5 1 4 7 . 8 

6 0 0 22 0 5 5 . 6 0 

7 2 9 6 . 4 4 2 3 0 0 

8 7 3 4 4 . 2 1 24 15 9 8 . 8 0 

9 34 6 . 2 5 25 9 100 

10 0 8 6 . 3 8 26 0 0 

11 0 0 27 3 9 0 . 2 0 

12 11 9 9 . 8 5 2 8 33 1 4 . 7 2 

13 0 4 1 . 1 9 29 4 6 1 6 . 9 4 

14 3 3 1 9 . 9 8 30 52 9 9 . 9 3 

15 4 3 9 6 . 7 3 31 0 0 

16 1 0 32 1 0 
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and 

E. = 3 . , i = 0 . 
1 l 

G i v e n t h e r e s p o n s e s from t h e f i r s t f r a c t i o n , y \ , t h e n 3Q> t h e m e a n , 

and t h e t e r m (3^ + 3^j) a r e c o m p u t e d . 

The sum o f t h e f i r s t and s e c o n d f r a c t i o n s i s o n e f r a c t i o n o f a 

2 7 - 2 1 

2 d e s i g n . The mode l o f t h e f r a c t i o n r e s u l t i n g from c o m b i n i n g t h e 

f i r s t and s e c o n d f r a c t i o n s : 

27 
y . = 3 n + Z 3 - x . + e . . 4 - 3 
J i 0 . , 1 1 i i = l 

The sum o f t h e f i r s t and t h i r d f r a c t i o n s g i v e r i s e t o t h e mode l 

27 

y ± = 3 0 + 3 2 6 X 2 6 +

 ±lx

 3 2 6 i X i X 2 6 + e i V 4 ~ 4 

i ^ 2 6 

27 
The t e r m Z 3 -->x - x . x „ , + e . from E q u a t i o n 4 - 4 , i s i n c l u d e d i n t h e e . , i 2 6 I 26 i n l i = l 

i ^ 2 6 

t e r m o f E q u a t i o n 4 - 3 . Thus u p o n c o m p l e t i o n o f t h e t h i r d e x p e r i m e n t , 

2 7 - 2 1 

i n s t e a d o f h a v i n g o n e f r a c t i o n o f a 2 , t h e sum o f t h e t h r e e e x p e r i ­

m e n t s i s 96 r u n s . N o r m a l l y , t h e c o m b i n a t i o n o f two f r a c t i o n s , e a c h 
2 7 - 2 1 2 7 - 2 0 f rom 2 d e s i g n s , g i v e s r i s e t o o n e f r a c t i o n o f a 2 d e s i g n . 

H o w e v e r , e a c h o f t h e f r a c t i o n s h a s o n e s e t o f e x p e r i m e n t s i n common. 

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

2 7 - 2 2 

2 d e s i g n i s c o m b i n e d w i t h t h e f i r s t and s e c o n d f r a c t i o n s , a 

2 7 - 2 1 
2 d e s i g n . Box and H u n t e r a d d r e s s c o m b i n i n g f r a c t i o n a l s n o t o f 



1 1 8 

t h e same f a m i l y w i t h t h e comment , " P o s s i b i l i t i e s a r i s i n g from d e s i g n s 

o f t h i s s o r t a r e p r e s e n t l y b e i n g i n v e s t i g a t e d " ( 4 ) . I n v e s t i g a t i o n s 

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

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

t h e p r o b l e m o f c o m b i n i n g f r a c t i o n a l s n o t o f t h e same f a m i l y . H o w e v e r , 

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

m a t e t h e p a r a m e t e r s f o r t h e p o s t u l a t e d mode l 

27 
y i " 3 0 + 3 2 6 X 2 6 + e . 

I 
4 - 5 

As g i v e n i n f o r m a t i o n , we know t h a t : 

27 27 

±

Z

= 1

 3 i 2 6 X i X 2 6 

i j 2 6 

y . - ( $ n + I 3-x.) 1 I 0 . , I i J 

i = l 
+ e . 

I 

27 
w h e r e y± - & o + J x

 3 i V = ei 4 - 6 

The e^ i n E q u a t i o n 3 - 6 i s t h e same e^ from E q u a t i o n 4 - 3 . 

S t e p 1 : C a l c u l a t e e . ' s f o r e x p r e s s i o n s i n t h e f i r s t f r a c t i o n 

u s i n g : 

27 
/V /S Y 

3n + I 3i i i = l 

and 

y . - y . = e . 
y i ' I I 
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S t e p 2 : U s i n g t h e same e q u a t i o n s a s S t e p 1 , c a l c u l a t e e ^ ' s 

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

S t e p 3 : U s i n g t h e e ^ ' s from S t e p s 1 and 2 , e s t i m a t e t h e 

p a r a m e t e r s i n E q u a t i o n 4 - 5 . 

The r e s u l t s o f t h e a b o v e l i s t e d p r o c e d u r e a r e l i s t e d i n T a b l e 12 

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

w i t h p r e v e n t i v e m a i n t e n a n c e f o r A 2 , whose e f f e c t i s 9 . 1 4 . 

T a b l e 1 2 . E s t i m a t e s o f V a r i a b l e 26 and I t s Two F a c t o r 
I n t e r a c t i o n s f o r P r o d u c t i v i t y 

I n t e r a c t i o n E f f e c t I n t e r a c t i o n E f f e c t 

2 1 * 2 6 9 . 1 4 1 8 * 2 6 - 1 . 1 0 
2 3 * 2 6 3 . 6 4 3 * 2 6 1 . 0 0 
2 4 * 2 6 - 3 . 5 8 2 0 * 2 6 . 9 6 

7*26 2 . 6 2 2*26 . 8 6 
26 - 2 . 5 3 

1 9 * 2 6 2 . 4 9 8*26 . 6 5 
1 3 * 2 6 2 . 4 4 2 6 * 2 7 - . 6 4 

6 * 2 6 2 . 3 5 1 6 * 2 6 - . 6 0 
4 * 2 6 - 2 . 3 2 1*26 . 4 0 

2 5 * 2 6 1 . 9 8 1 1 * 2 6 . 3 6 
1 0 * 2 6 - 1 . 4 8 
1 5 * 2 6 . 1 . 4 7 
2 2 * 2 6 1 . 3 5 
1 7 * 2 6 - 1 . 1 1 

The s e c o n d and t h i r d a r e t h e i n t e r a c t i o n s o f 26 w i t h p r e v e n t i v e m a i n t e ­

n a n c e f o r B2 and e q u i p m e n t s h a r i n g o n f l o w l i n e A , r e s p e c t i v e l y . The 

m a g n i t u d e o f t h o s e e f f e c t s a r e l e s s t h a n h a l f t h e m a g n i t u d e o f 2 1 * 2 6 . 

4 . 5 . 1 S i g n i f i c a n c e o f Main E f f e c t s 

To e s t a b l i s h a v a r i a b l e a s b e i n g s i g n i f i c a n t an ANOVA i s d o n e 

and t h e c o m p u t e d s t a t i s t i c , F i s compared t o t h e t e s t s t a t i s t i c , F , a t 
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. 0 5 and . 1 a - l e v e l s . The o b s e r v a t i o n s from e a c h o f t h e t h r e e e x p e r i ­

m e n t s a r e u s e d a f f o r d i n g a t o t a l o f 96 d e g r e e s o f f r e e d o m . The r e g r e s ­

s i o n s,um o f s q u a r e s , SSQ, i s d e f i n e d a s : 

SSQ = b ' x ' y , 

w h e r e b = ( x ' x ) * x ! y . 

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

i n t h e m o d e l , e x c e p t t h e v a r i a b l e 2 6 , r e p a i r t e a m s , w h i c h u t i l i z e s 

2 d e g r e e s o f f r e e d o m . The f i r s t e s t i m a t e o f e f f e c t f o r r e p a i r t e a m s 

comes from t h e m o d e l i n E q u a t i o n 3 - 3 . The c o e f f i c i e n t f o r v a r i a b l e 2 6 , 

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

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

c o e f f i c i e n t w a s f i r s t s u b t r a c t e d o u t when t h e main e f f e c t s w e r e u n ­

t a n g l e d , a c c o u n t i n g f o r o n e d e g r e e o f f r e e d o m . F o r a l l p r a c t i c a l p u r ­

p o s e s , t h e s e c o n d e s t i m a t e f o r t h e c o e f f i c i e n t i s f o r t h e m o s t p a r t 

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

4 . 5 . 1 . 1 ANOVA on E s t i m a t e s f o r P r o d u c t i v i t y . The main e f f e c t s 

a p p e a r i n t h e same o r d e r o n t h e ANOVA t a b l e , T a b l e 1 3 , a s i n T a b l e 8 . 

U s i n g t h e F v a l u e s f rom s t a t i s t i c a l t a b l e s , a l l t h e v a r i a b l e s down t o 

p r e l o a d i n g a r e s i g n i f i c a n t a t t h e . 0 5 l e v e l . The l i s t e x t e n d s down t o 

and i n c l u d i n g r e p a i r r a t e o f B2 a t t h e . 1 l e v e l . The i n t e r a c t i o n o f 

r e p a i r t e a m s and p r e v e n t i v e m a i n t e n a n c e f o r A2 i s s i g n i f i c a n t a t t h e 

. 0 5 l e v e l . 

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

n o t l a b e l t h e r e m a i n i n g v a r i a b l e s a s i n s i g n i f i c a n t . H o w e v e r , t h o s e 

v a r i a b l e s w h i c h a r e q u a l i t a t i v e — i n d i c a t i n g a b s e n c e o r p r e s e n c e — a n d 
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T a b l e 1 3 . ANOVA on V a r i a b l e s f o r P r o d u c t i v i t y 

S o u r c e s SSQ d f MSSQ F 

R e p a i r Teams ( 2 6 ) 1 8 0 3 5 . 2 2 9 0 1 7 . 6 3 2 . 8 * 
R e p a i r R a t e o f A2 ( 1 0 ) 1 8 5 9 . 3 1 1 8 5 9 . 3 6 . 8 * 
F a i l u r e R a t e o f B2 ( 8 ) 1 4 7 2 . 7 1 1 4 7 2 . 7 5 . 3 6 * 
P r e l o a d i n g P o l i c y ( 2 7 ) 1 1 4 7 . 6 1 1 1 4 7 . 6 4 . 2 * 
S u b s y s t e m Down C r i t e r i a f o r A2 ( 1 6 ) 1 0 6 4 . 3 1 1 0 6 4 . 3 3 . 9 * * 
F a i l u r e R a t e o f Al ( 5 ) 9 5 3 . 3 1 9 5 3 . 3 3 . 4 7 * * 
R e p a i r R a t e o f B2 ( 1 2 ) 8 1 9 . 3 2 1 8 1 9 . 3 2 2 . 9 * * 
F a i l u r e R a t e o f Bl ( 7 ) 6 9 5 . 7 1 6 9 5 . 7 2 . 5 3 
Load S h a r i n g P o l i c y ( 1 4 ) 5 6 8 . 9 1 5 6 9 . 9 2 . 1 
B u f f e r C a p a c i t y ( 1 3 ) 3 2 8 . 6 1 3 2 8 . 6 1 . 2 
E q u i p m e n t S h a r i n g F l o w l i n e A (24 ) 3 1 9 . 4 1 3 1 9 . 4 1 . 2 
S u b s y s t e m Down C r i t e r i a f o r B2 ( 1 8 ) 2 0 6 . 7 1 2 0 6 . 7 . 8 
P e r i o d i c M a i n t e n a n c e f o r A2 ( 2 1 ) 1 9 9 . 5 1 1 9 9 . 5 . 7 
E q u i p m e n t S h a r i n g F l o w l i n e B ( 2 5 ) 1 9 2 . 6 1 1 9 2 . 6 . 7 
S u b s y s t e m Down C r i t e r i a f o r Al ( 1 5 ) 1 9 2 . 4 1 1 9 2 . 4 . 7 
P r o d u c t i o n Time f o r B2 (4 ) 1 6 5 . 8 1 1 6 5 . 8 . 6 
S y s t e m Down C r i t e r i a ( 1 9 ) 1 4 7 . 0 1 1 4 7 . 0 . 5 
F a i l u r e R a t e o f Al ( 5 ) 1 3 5 . 1 1 1 3 5 . 1 . 5 
R e p a i r R a t e o f Al ( 9 ) 1 2 6 . 5 1 1 2 6 . 5 . 5 
P e r i o d i c M a i n t e n a n c e f o r B2 ( 2 3 ) 7 8 . 7 1 7 8 . 7 . 3 
S u b s y s t e m Down C r i t e r i a f o r Bl (17 ) 7 4 . 4 1 7 4 . 4 . 3 
P e r i o d i c M a i n t e n a n c e f o r A2 ( 2 2 ) 4 7 . 2 1 4 7 . 2 . 2 
P e r i o d i c M a i n t e n a n c e f o r Al ( 2 0 ) 2 8 . 9 1 2 8 . 9 . 1 
P r o d u c t i o n Time f o r A2 (2 ) 1 9 . 1 1 1 9 . 1 . 0 7 
P r o d u c t i o n Time f o r Al ( 1 ) 1 1 . 2 1 1 1 . 2 . 0 4 
P r o d u c t i o n Time f o r Bl ( 3 ) 3 . 5 2 1 3 . 5 2 . 0 1 
R e p a i r R a t e o f Bl ( 1 1 ) 1 . 9 1 1 . 9 . 0 1 

2 1 * 2 6 1 3 3 6 . 6 1 1 3 3 6 . 6 4 . 9 * 
2 3 * 2 6 2 1 2 . 2 1 2 1 2 . 2 . 8 
2 4 * 2 6 2 0 5 . 1 1 2 0 5 . 1 . 7 

7*26 1 1 2 . 4 1 1 1 2 . 4 . 4 
1 9 * 2 6 9 9 . 0 1 9 9 . 0 . 4 
1 3 * 2 6 9 5 . 3 1 9 5 . 3 . 3 

6 * 2 6 8 8 . 4 1 8 8 . 4 . 3 
4 * 2 6 8 6 . 1 1 8 6 . 1 . 3 

2 5 * 2 6 6 3 . 0 1 6 3 . 0 . 2 
1 0 * 2 6 3 5 . 0 1 3 5 . 0 . 1 
1 5 * 2 6 3 4 . 4 1 3 4 . 4 . 1 
2 2 * 2 6 2 9 . 2 1 2 9 . 2 . 1 
1 7 * 2 6 1 9 . 7 1 1 9 . 7 < . l 
1 8 * 2 6 1 9 . 5 1 1 9 . 5 < . l 

3*26 1 6 . 1 1 1 6 . 1 < . l 
2 0 * 2 6 1 4 . 7 1 1 4 . 7 < . l 



T a b l e 1 3 . C o n t i n u e d 

S o u r c e s SSQ d f MSSQ F 

2 * 2 6 1 1 . 8 ! 1 1 . 8 < . l 
8*26 6 . 8 1 6 . 8 < . l 

2 6 * 2 7 6 . 5 1 6 . 5 < . l 
1 6 * 2 6 5 . 7 1 5 . 7 < . l 

1*26 2 . 6 1 2 . 6 < . l 
1 1 * 2 6 2 . 1 1 2 . 1 < . l 

R e s i d u a l 1 2 3 6 3 . 3 45 2 7 4 . 7 4 

T a b l e V a l u e s : F 1 ( 4 5 > 0 5 = 4 . 0 6 , F 2 A 5 0 5 = 3 . 2 . = 2 . 8 

* S i g n i f i c a n t a t . 0 5 l e v e l 
* * S i g n i f i c a n t a t . 1 l e v e l 



1 2 3 

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

d e s i g n a t e d s i g n i f i c a n t w i l l n o t c h a n g e t o i n s i g n i f i c a n t as t h e e s t i ­

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

r e s i d u a l e r r o r . T h u s , r e p a i r t e a m s , t h e r a t e o f r e p a i r on A 2 , f a i l u r e 

r a t e o f B 2 , and t h e p r e l o a d i n g p o l i c y a r e d e f i n i t e l y s i g n i f i c a n t a t an 

a - l e v e l . 0 5 . At an a - l e v e l o f . 1 , s u b s y s t e m down c r i t e r i a f o r A 2 , 

f a i l u r e r a t e o f A l , and r e p a i r r a t e o f B2 a r e s i g n i f i c a n t . 

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

s o o n become s i g n i f i c a n t as o t h e r two f a c t o r i n t e r a c t i o n s w i t h h i g h 

v a l u e d e f f e c t s a r e u n t a n g l e d from t h e r e s i d u a l . O t h e r s w h i c h show a 

p r o b a b l e s i g n t h a t t h e y w i l l become s i g n i f i c a n t a r e f a i l u r e r a t e o f Bl 

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

4 . 5 . 1 . 2 ANOVA o n E s t i m a t e s f o r A v a i l a b i l i t y . The a v a i l a b i l i t y 

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

The F v a l u e f o r s y s t e m down c r i t e r i a i s 1 4 4 . 4 8 compared t o t h e t a b l e ' s 

F v a l u e o f 4 . 0 5 a t an a - l e v e l o f . 0 5 ( s e e T a b l e 1 4 ) . T w e l v e o f t h e 27 

v a r i a b l e s a r e s i g n i f i c a n t a t t h e . 0 5 a - l e v e l . Some o f t h e v a r i a b l e s 

o f t h e 12 a r e e s p e c i a l l y n o t e w o r t h y , among them a r e : ( 1 ) r e p a i r t e a m s , 

( 2 ) p r e l o a d i n g p o l i c y , ( 3 ) a l l a s p e c t s o f o p e r a t i o n o n A 2 , and ( 4 ) 

f a i l u r e r a t e and p e r i o d i c m a i n t e n a n c e f o r B l . At t h e . 1 l e v e l , f a i l u r e 

r a t e , s u b s y s t e m down c r i t e r i a and r e p a i r r a t e , a l l f o r B 2 , b e c o m e 

s i g n i f i c a n t , t h u s r a i s i n g t h e t o t a l t o 14 o f 27 v a r i a b l e s b e i n g s i g n i f i ­

c a n t . 

As was t h e c a s e w i t h p r o d u c t i v i t y , t h e e x c l u s i o n o f any v a r i a b l e s 

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

a s i n s i g n i f i c a n t . The same s i t u a t i o n e x i s t s w h e r e t h e r e s i d u a l sum o f 
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T a b l e 1 4 . ANOVA on V a r i a b l e s f o r A v a i l a b i l i t y 

S o u r c e s SSQ d f MSSQ F 

S y s t e m Down C r i t e r i a ( 1 9 ) 5 8 6 0 2 . 7 1 5 8 6 0 2 . 7 1 4 4 . 4 8 
P e r i o d i c M a i n t e n a n c e f o r A2 ( 2 1 ) 6 6 7 8 . 2 1 6 6 7 8 . 2 1 6 . 4 6 * 
R e p a i r Teams ( 2 6 ) 6 1 0 6 . 3 2 3 0 5 3 . 2 7 . 5 3 * 
S u b s y s t e m Down C r i t e r i a f o r Bl ( 1 7 ) 3 4 1 5 . 2 1 3 4 1 5 . 2 8 . 4 2 * 
P r o d u c t i o n Time f o r A2 ( 2 ) 3 3 8 2 . 6 1 3 3 8 2 . 6 8 . 3 4 * 
R e p a i r R a t e o f A2 ( 1 0 ) 2 6 3 7 . 9 1 2 6 3 7 . 9 6 . 5 0 * 
F a i l u r e R a t e o f Bl ( 7 ) 2 5 8 0 . 6 1 2 5 8 0 . 6 6 . 3 6 * 
P r e l o a d i n g P o l i c y ( 2 7 ) 2 4 0 4 . 9 1 2 4 0 4 . 9 5 . 9 3 * 
P r o d u c t i o n Time f o r Al (1 ) 2 3 4 6 . 4 1 2 3 4 6 . 4 5 . 7 8 * 
P e r i o d i c M a i n t e n a n c e f o r B2 ( 2 3 ) 2 1 6 7 . 8 1 2 1 6 7 . 8 5 . 3 4 * 
F a i l u r e R a t e o f A2 ( 6 ) 2 0 1 4 . 2 1 2 0 1 4 . 2 4 . 9 7 * 
S u b s y s t e m Down C r i t e r i a f o r A2 ( 1 6 ) 1 7 5 7 . 3 1 1 7 5 7 . 3 4 . 3 3 * 
F a i l u r e R a t e o f B2 ( 8 ) 1 5 7 4 . 5 1 1 5 7 4 . 5 3 . 8 8 * * 
S u b s y s t e m Down C r i t e r i a f o r Bs ( 1 8 ) 1 1 6 9 . 6 1 1 1 6 9 . 6 2 . 8 8 * * 
R e p a i r R a t e o f B2 ( 1 2 ) 1 0 9 6 . 9 1 1 0 9 6 . 9 2 . 7 * * 
P r o d u c t i o n Time f o r Bl ( 3 ) 5 0 3 . 6 1 5 0 3 . 6 1 . 2 4 
R e p a i r R a t e o f Bl ( 1 1 ) 4 7 7 . 0 1 4 7 7 . 0 1 . 1 7 
E q u i p m e n t S h a r i n g F l o w l i n e A ( 2 4 ) 4 7 0 . 0 1 4 7 0 . 0 1 . 1 6 
B u f f e r C a p a c i t y ( 1 3 ) 4 5 9 . 7 1 4 5 9 . 7 1 . 1 3 
P r o d u c t i o n Time f o r B2 ( 4 ) 2 6 6 . 3 1 2 6 6 . 3 . 6 6 
P e r i o d i c M a i n t e n a n c e f o r B l ( 2 2 ) 2 4 8 . 4 1 2 4 8 . 4 . 6 1 
S u b s y s t e m Down C r i t e r i a f o r Al ( 1 5 ) 1 1 8 . 4 1 1 1 8 . 4 . . 2 9 
R e p a i r R a t e o f Al ( 9 ) 5 3 . 0 1 5 3 . 0 . 1 3 
P e r i o d i c M a i n t e n a n c e f o r Al ( 2 0 ) 4 5 . 2 1 4 5 . 2 . 1 1 
Load S h a r i n g P o l i c y ( 1 4 ) 3 2 . 3 1 3 2 . 3 . 0 8 
F a i l u r e R a t e o f A l ( 5 ) 4 . 7 1 4 . 7 < . l 
E q u i p m e n t S h a r i n g F l o w l i n e B ( 2 5 ) 2 . 6 1 2 . 6 . 1 

2 3 * 2 6 7 2 3 . 6 1 7 2 3 . 6 1 . 7 8 
6 * 2 6 4 1 1 . 6 1 4 1 1 . 6 1 . 0 1 

2 2 * 2 6 3 1 9 . 1 1 3 1 9 . 1 . 7 8 
2 1 * 2 6 3 1 4 . 0 1 3 1 4 . 0 . 7 7 
1 6 * 2 6 2 9 0 . 4 1 2 9 0 . 4 . 7 1 

7*26 1 7 8 . 1 1 1 7 8 . 1 . 4 3 
1 9 * 2 6 1 5 5 . 7 1 1 5 5 . 7 . 3 8 
1 5 * 2 6 1 0 2 . 9 1 1 0 2 . 9 . 2 5 
2 4 * 2 6 6 1 . 7 1 6 1 . 7 . 1 5 

2 * 2 6 4 3 . 0 1 4 3 . 0 . 1 0 
1*26 4 2 . 8 1 4 2 . 8 . 1 0 

2 0 * 2 6 4 2 . 1 1 4 2 . 1 . 1 0 
1 7 * 2 6 3 8 . 9 1 3 8 . 9 . 1 0 

8*26 3 3 . 4 1 3 3 . 4 < . l 
1 3 * 2 6 2 1 . 9 1 2 1 . 9 < . l 

3 * 2 6 1 5 . 6 1 1 5 . 6 < . l 
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T a b l e 1 4 . C o n t i n u e d 

S o u r c e s SSQ d f MSSQ F 

1 0 * 2 6 1 3 . 2 1 1 3 . 2 < . l 
1 8 * 2 6 8 . 6 1 8 . 6 < . l 

4 * 2 6 4 . 9 1 4 . 9 < . l 
2 5 * 2 6 2 . 9 1 2 . 9 < . l 

R e s i d u a l 1 9 0 6 2 . 5 4 7 4 0 5 . 6 

T a b l e V a l u e s : F = 4 05 F = 
1 , 4 7 , . 0 5 * " u : > » r 2 , 4 7 , . 0 5 3 . 2 , F 

1 , 4 7 , . 1 = 
2 . 8 

* S i g n i f i c a n t a t . 0 5 l e v e l 
* * S i g n i f i c a n t a t . 1 l e v e l 
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s q u a r e s i s l a r g e and c o n t a i n s t h e sum o f s q u a r e s f o r t h e r e m a i n i n g two 

f a c t o r i n t e r a c t i o n s . 

4 . 5 . 2 M a x i m i z i n g P r o d u c t i v i t y 
and A v a i l a b i l i t y 

In t h i s s e c t i o n , two t e c h n i q u e s a r e u s e d t o m a x i m i z e p r o d u c ­

t i v i t y and a v a i l a b i l i t y . The maximum l e v e l o f o n e d o e s n o t n e c e s s a r i l y 

p l a c e t h e o t h e r a t i t s maximum l e v e l . The f i r s t a p p r o a c h i s s t e e p e s t 

a s c e n t ; t h e s e c o n d i s b r a n c h and b o u n d , u s i n g m i x e d - i n t e g e r p r o g r a m m i n g . 

4 . 5 . 2 . 1 S t e e p e s t A s c e n t . The m o d e l t o be m a x i m i z e d i s a l i n e a r 

a d d i t i v e m o d e l , 

The mode l h a s 27 v a r i a b l e s , 12 o f w h i c h a r e q u a n t i t a t i v e and t h e r e ­

m a i n i n g 15 a r e q u a l i t a t i v e . The q u a n t i t a t i v e v a r i a b l e s a r e : (1 ) f o u r 

v a r i a b l e s f o r s u b s y s t e m s ' p r o d u c t i o n t i m e s , ( 2 ) f o u r v a r i a b l e s f o r 

s u b s y s t e m s ' f a i l u r e r a t e s , and ( 3 ) f o u r v a r i a b l e s f o r s u b s y s t e m s ' r e ­

p a i r r a t e s . The q u a l i t a t i v e v a r i a b l e s a r e i n c l u d e d i n t h e s t e e p e s t 

a s c e n t a t a c o n s t a n t l e v e l . 

The p r o d u c t i o n t i m e s , v a r i a b l e s 1 , 2 , 3 , and 4 , a r e e n t e r e d a s 

q u a n t i t a t i v e v a r i a b l e s a l t h o u g h t h e h i g h and l o w l e v e l s u s e d i n t h i s 

e x p e r i m e n t r e s t r i c t i t t o two p o s s i b l e v a l u e s . The t i m e r e q u i r e d t o 

p r o d u c e an i t e m may v a r y , h o w e v e r , t h e s y s t e m i s d e s i g n e d o n t h e c o n c e p t 

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

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

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

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

From t h e maximum s o l u t i o n , t h e f o u r v a r i a b l e s a r e s e t t o t h e n e a r e s t 

i n t e g e r v a l u e . 

The o b j e c t i v e f o r p r o d u c t i v i t y i s t o m a x i m i z e p r o d u c t i o n , w h e r e 

t h e maximum p o s s i b l e l e v e l i s 9 9 . 

The mode l i s now w r i t t e n : 

? = 2 1 . 4 + . 4 x x - . 5 5 x 2 + . 2 4 x 3 + 1 . 6 x 4 + 1 . 4 5 x 5 + 3 . 9 x 6 

+ 3 . 3 x ? + 4 . 8 x g - l - 4 x g - 5 - 4 x

1 0 " 1 * 7 x i i " 3 - 6 x i 2 

+ 2 . 3 x 1 3 + 3 . 0 x 1 4 - 1 . 7 x 1 5 - 4 . 1 x 1 6 - l . l x 1 7 + 1 . 8 x 1 8 

- 1 . 5 x 1 9 - . 6 7 x 2 0 - 1 « 8 * 2 1 + - 8 6 x 2 2 + l . l x 2 3 + 2 * 2 x

2 4 

- 1 . 7 x 2 5 + 1 6 . 8 x 2 6 + 4 . 2 4 x 2 7 . 4 - 7 

Now l e t 

x 1 5 * X 1 6 * X 1 7 ' X 1 9 ' X 2 0 ' X 2 1 ' x 2 5 = ~ l * 

X l ' X 2 ' * * * , X 1 2 ~ ^ ' 

and 

X 1 3 ' X 1 4 ' X 1 8 ' X 2 2 ' X 2 3 ' X 2 4 * X 2 6 * X 2 7 = 1 

Then 

y = 6 4 . 0 8 . 
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T a b l e 15 s h o w s t h e c a l c u l a t e d y i e l d a t a g i v e n number o f i n c r e ­

m e n t e d u n i t s a l o n g t h e p a t h t o m a x i m i z i n g t h e m o d e l . 

A l t h o u g h t h e c a l c u l a t e d v a l u e e x c e e d s t h e s y s t e m c a p a b i l i t y , 

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

c a l l t h a t t h e f i r s t f o u r v a r i a b l e s c a n o n l y b e s e t a t 100 o r 2 0 0 . T h u s , 

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

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

The v a l u e s u n d e r v a r i a b l e x x ^ , x^, x ^ , and x ^ , r e p r e s e n t i n g p r o d u c t i o n 

t i m e s , a r e n o t v a l u e s s u c h t h a t t h e number o f u n i t s i n a s u b s y s t e m a r e 

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

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

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

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

The mean t i m e t o f a i l u r e e x c e e d s t h e t e s t l e v e l s i n t h r e e o f t h e 

f o u r s u b s y s t e m s a t b o t h t h e s e v e n t h and e i g h t h u n i t i n c r e m e n t s . The 

h i g h l e v e l f o r t h e t e s t i s 9 6 0 m i n u t e s , h o w e v e r , t h e mean t i m e t o f a i l ­

u r e f o r t h e s e c o n d s u b s y s t e m i n t h e "B" f l o w l i n e i s 1 3 4 0 m i n u t e s . The 

o t h e r s u b s y s t e m s e x c e e d i n g t h e t e s t l e v e l a r e A2 and Bl w i t h v a l u e s 

1 1 9 0 and 1 0 9 0 , r e s p e c t i v e l y . 

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

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

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

u n i t s v e r i f y t h e c a l c u l a t e d s y s t e m p r o d u c t i o n l e v e l s o f 9 7 and 9 9 , 

r e s p e c t i v e l y . 

The o b j e c t i v e f o r a v a i l a b i l i t y i s t o m a x i m i z e a v a i l a b i l i t y v e r y 

c l o s e o r e q u a l t o 100 p e r c e n t . 



T a b l e 1 5 . P a t h o f S t e e p e s t A s c e n t f o r P r o d u c t i v i t y -

V a r i a b l e 
P a t h 

C a l c u l a t e d 
Y i e l d 

x l x 2 X 3 X 4 X 5 X 6 X 7 x 8 X 9 X 1 0 X l l X 1 2 

B a s e 150 150 150 150 5 4 0 5 4 0 540 5 4 0 1 0 0 1 0 0 1 0 0 1 0 0 6 4 . 0 8 

1 U n i t 1 5 1 1 4 8 . 6 1 5 0 . 6 1 5 4 570 6 2 1 6 0 9 6 4 0 9 4 79 9 9 86 6 8 . 9 8 

3 U n i t s 1 5 3 1 4 5 . 8 152 162 6 3 1 784 746 8 4 0 83 86 9 8 57 7 8 . 8 9 

5 U n i t s 155 1 4 3 . 0 143 170 6 9 1 946 884 1 0 4 0 72 7 96 2 8 9 0 . 6 9 

7 U n i t s 157 1 4 0 . 2 1 5 4 . 2 1 7 8 751 1 1 0 8 1 0 2 1 1 2 4 0 61 0 9 4 20 9 6 . 1 8 

8 U n i t s 158 1 3 8 . 8 1 5 4 . 8 182 782 1 1 9 0 1 9 0 9 1 3 4 0 66 0 9 3 6 1 0 2 . 0 6 
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The mode l f o r a v a i l a b i l i t y i s : 

y = 4 8 . 9 5 - 6 . 0 5 x 1 - 7 . 2 7 x 2 + 2 . 8 x 3 + 2 x 4 - • 3 x

5

 + S.6x( 

+ 6 . 4 x ? + 5 . 0 x g - . 9 x g - 6 . 4 x 1 Q - 2.7xlx - 4 . 1 x 1 2 + 2 . 7 x 1 3 

- - 7 x 1 4 + l - 4 x 1 5 - 5 . 2 x 1 6 - 7 . 3 x 1 7 - 4 . 3 x l g + 3 0 . 3 x i g 

+ . 8 x 2 Q - 1 0 . 2 x 2 1 - 2 x 2 2 - 5 . 8 x 2 3 - 2 . 7 x 2 4 + 2 x 2 5 

+ 9 - 8 x 2 6 + 6 . 1 x 2 ? 4 - 8 

Now l e t 

X 1 4 * X 2 3 * X 2 4 = _ 1 

X l ' X 2 ' * * * ' X 1 2 = ^ 

a l l o t h e r x = 1 

s o y = 8 0 . 4 5 . 

Thus t h e c a l c u l a t e d s y s t e m a v a i l a b i l i t y when x^ t h r o u g h x ^ 2 a r e 

s e t a t t h e i r b a s e v a l u e s i s 8 0 . 4 5 . T a b l e 16 s t a r t s t h e i t e r a t i v e 

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

A l t h o u g h t h e v a l u e s f o r p r o d u c t i o n t i m e s , T a b l e 1 6 , a r e n o t 

v a l u e s t h a t y i e l d i n t e g e r s when d i v i d e d b y 1 0 0 , t h e l e v e l s u s e d f o r a 

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

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

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



T a b l e 16. P a t h o f S t e e p e s t A s c e n t f o r A v a i l a b i l i t y 

V a r i a b l e s n , , . , 
C a l c u l a t e d 

raui — x l 
X2 X3 X4 X5 X6 X7 X8 x9 x10 X l l 

x12 Y i e l d 

B a s e 150 150 150 150 540 540 540 540 100 100 100 100 80.45 
1 U n i t 139 136 155 154 536 628 640 618 97 81 92 88 90.31 
2 U n i t s 127 1123 160 158 531 717 740 696 95 62 84 75 100.22 
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U s i n g t h e r e s u l t s f rom T a b l e 1 6 , t h e s y s t e m was s i m u l a t e d w i t h 

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

c o m p u t e r s i m u l a t i o n h a v e s y s t e m a v a i l a b i l i t y a t 100 p e r c e n t . 

4 . 5 . 2 . 2 Branch and Bound M i x e d - I n t e g e r P r o g r a m m i n g . The s t e e p ­

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

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

t i o n . The o p t i m a l s o l u t i o n can h a v e v a r i o u s c o s t c o n s t r a i n t s n o t c o n ­

s i d e r e d b y t h e s t e e p e s t a s c e n t . The s o l u t i o n from t h e b r a n c h and 

b o u n d m i x e d - i n t e g e r programming a l g o r i t h m (BABMIP), d o e s i n c l u d e t h e 

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

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

q u a l i t a t i v e , and r e a l v a l u e d v a r i a b l e s — q u a n t i t a t i v e . The b r a n c h and 

b o u n d m i x e d - i n t e g e r programming a l g o r i t h m p r o v i d e s an o p t i m a l s o l u t i o n . 

The o b j e c t i v e f u n c t i o n s t o b e m a x i m i z e d f o r p r o d u c t i v i t y and 

a v a i l a b i l i t y a r e t h e same as m a x i m i z e d u s i n g s t e e p e s t a s c e n t , E q u a t i o n s 

4 - 7 and 4 - 8 , r e s p e c t i v e l y . The c o n s t r a i n t s on t h e r e a l v a r i a b l e s a r e 

s u c h t h a t t h e y do n o t e x c e e d p h y s i c a l l i m i t a t i o n s . F o r e x a m p l e , a 

r e p a i r r a t e o f l e s s t h a n z e r o h a s n o p h y s i c a l m e a n i n g . The same 

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

In o r d e r t o m a x i m i z e p r o d u c t i v i t y , u s i n g s t e e p e s t a s c e n t , t h e 

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

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

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

a v a i l a b i l i t y . A v a i l a b i l i t y i s u s e d as a c o n s t r a i n t i n m a x i m i z i n g 

p r o d u c t i v i t y w i t h BABMIP. A v a i l a b i l i t y i s c o n s t r a i n e d a t l e s s t h a n o r 

e q u a l t o 1 0 0 p e r c e n t . 
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The BABMIP a l g o r i t h m d o e s n o t accommodate t h e ( - 1 , 1 ) l i m i t a t i o n 

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

- 1 , i s a d j u s t e d t o z e r o f o r e a c h o f t h e q u a l i t a t i v e v a r i a b l e s . To 

a d j u s t t h e v a l u e t o z e r o , ( 1 ) e a c h B^ i s s u b t r a c t e d from t h e v a l u e o f 

t h e o b j e c t i v e f u n c t i o n , and ( 2 ) t h e B ^ ' s w h i c h a r e c o e f f i c i e n t s o f t h e 

x ^ ' s a r e m u l t i p l i e d b y t w o . Thus i f t h e v a l u e o f x^ i s 0 t h e v a l u e h a s 

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

B^ a l r e a d y s u b t r a c t e d , t h u s o n l y l e a v i n g t h e d e s i r e d v a l u e . 

As shown i n T a b l e 1 7 , t h e v a l u e o f t h e o b j e c t i v e f u n c t i o n i s 9 9 , 

t h e same a s w i t h s t e e p e s t a s c e n t . H o w e v e r , t h e v a l u e s o f x ^ ' s a r e 

d i f f e r e n t . In t h e s t e e p e s t a s c e n t , e a c h o f t h e v a r i a b l e s makes some 

p o s i t i v e c o n t r i b u t i o n . H o w e v e r , t h e o p t i m a l s o l u t i o n f rom BABMIP 

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

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

s t e e p e s t a s c e n t . H o w e v e r , BABMIP h a s t h r e e o f t h e s u b s y s t e m s m a k i n g n o 

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

r a t i o n can b e a s s o c i a t e d w i t h c o s t . T h u s , when c o s t i s a c o n s i d e r a t i o n , 

i t i s u s u a l l y d e s i r a b l e t o m a x i m i z e p r o d u c t i o n a t minimum c o s t . 

To m a x i m i z e p r o d u c t i v i t y u s i n g t h e s t e e p e s t a s c e n t t e c h n i q u e , 

e a c h q u a l i t a t i v e v a r i a b l e i s a t a l e v e l t o make a p o s i t i v e c o n t r i b u t i o n . 

The o p t i m a l s o l u t i o n u s i n g BABMIP h a s s u b s y s t e m down c r i t e r i o n f o r A l , 

p r e v e n t i v e m a i n t e n a n c e p o l i c y f o r B 2 , and e q u i p m e n t s h a r i n g on f l o w -

l i n e A , m a k i n g n o c o n t r i b u t i o n t o m a x i m i z i n g p r o d u c t i v i t y . The o p t i m a l 

s o l u t i o n l o w e r s t h e mean t i m e t o f a i l u r e from 1 3 4 0 t o 1 1 9 0 f o r B 2 . 

The MTTF f o r A2 and Bl a r e a l s o l o w e r . The mean t i m e t o r e p a i r i s 

l o w e r e d f rom 66 t o 2 0 f o r A l ; MTTR r e m a i n s t h e same u s i n g BABMIP a s 
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T a b l e 1 7 . R e s u l t s from BABMIP A l g o r i t h m 

V a r i a b l e V a l u e V a r i a b l e V a l u e 

x l 0 X 1 5 0 

x 2 0 
X 1 6 

1 

x 3 
0 

X 1 7 
1 

x 4 . 9 X 1 8 
1 

X 5 
1 . 4 

X 1 9 
1 

x 6 1 . 3 x 2 0 
1 

x 7 1 x 2 1 
1 

X 8 1 . 5 6 X 2 2 
1 

X 9 1 
X 2 3 

0 

X 1 0 2 x 2 4 1 

X l l 0 x 2 5 0 

X 1 2 1 . 3 
X 2 6 

1 

X 1 3 
1 x 2 7 1 

x 1 4 1 
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i t was u s i n g s t e e p e s t a s c e n t . The MTTR f o r Bl i s 1 8 0 m i n u t e s , an 

i n c r e a s e o f 87 o v e r t h e l e v e l u s i n g s t e e p e s t a s c e n t . 

4 . 6 The T r a n s i e n t and S t e a d y - S t a t e E f f e c t s 

The s t e a d y - s t a t e phenomenon o f t h e r e l i a b i l i t y o f a s y s t e m i s 

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

t h e a r e a o f s y s t e m r e l i a b i l i t y . The a s s u m p t i o n t h a t t h e s y s t e m i s 

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

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

s t e a d y - s t a t e d u r i n g a p r o d u c t i o n run a r e n o t i n t h e a b o v e c a t e g o r y o f 

e f f e c t s d u r i n g s t e a d y - s t a t e . In a d d i t i o n , g i v e n t h a t t h e e f f e c t s o f 

t h e t r a n s i e n t s t a t e a r e k n o w n , t h e p l a n n e r h a s more upon w h i c h t o b a s e 

h i s d e c i s i o n s . A n o t h e r f a c e t o f t r a n s i e n t and s t e a d y - s t a t e i s k n o w i n g 

w h i c h c o n f i g u r a t i o n c o n s t r a i n t s c a u s e t h e t r a n s i e n t phenomenon t o b e 

l o n g e r . The f i r s t l o o k f o c u s e s on how t h e t r a n s i e n t phenomenon a f f e c t s 

t h e s y s t e m b a s e d o n b a t c h s i z e . T h a t w i l l b e f o l l o w e d b y t h e e f f e c t s 

on p r o d u c t i v i t y and a v a i l a b i l i t y . 

4 . 6 . 1 A View Through B a t c h S i z e 

U s i n g t h e d a t a from t h e f i r s t and s e c o n d f r a c t i o n s , t h e t i m e 

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

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

p r o d u c t i o n l e v e l i s p r e s e n t i n 14 o f t h e 64 e x p e r i m e n t s . The n e x t 

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

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

down o n c e i t f a i l s . T h e r e f o r e , w h e n e v e r f a i l u r e o c c u r s b e f o r e o n e 

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

t h e a b s e n c e o f b o t h t y p e s o f r e p a i r , t h e minimum b a t c h s i z e i s e i g h t . 
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From t h e s e , r u n s a r e s e q u e n t i a l l y e l i m i n a t e d s u c h t h a t b a t c h s i z e i n ­

c r e a s e s t o t h e n e x t h i g h e r minimum v a l u e . 

F i g u r e s 1 9 , 2 0 , 2 1 , and 22 g r a p h i c a l l y i l l u s t r a t e how t h e i n ­

c r e a s e i n b a t c h s i z e l e s s e n s t h e e f f e c t o f t h e t r a n s i e n t phenomenon on 

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

a g i v e n b a t c h s i z e . The y - a x i s r e p r e s e n t s t h e r a t i o o f o n e t o t h e t i m e 

i n t e r v a l b e t w e e n t h e ( i - 1 ) and t h e i t h i t e m . A l t h o u g h t h e r e may a p p e a r 

t o b e l i t t l e n u m e r i c a l d i f f e r e n c e b e t w e e n . 0 1 and . 0 0 5 , t h e d i f f e r e n c e 

r e p r e s e n t s 100 m i n u t e s p r o d u c t i o n t i m e . Each marked i n c r e m e n t on t h e 

y - a x i s e q u a l s 100 m i n u t e s o f p r o d u c t i o n t i m e . 

F i g u r e 19 c o n s i s t s o f t h o s e r u n s w i t h t h e p r o d u c t i o n l e v e l 

g r e a t e r t h a n s e v e n . The a v e r a g e t i m e f o r t h e f i r s t i t e m i s 4 8 3 m i n u t e s . 

The t i m e i n t e r v a l d r o p s t o a l o w o f 2 5 2 m i n u t e s b e t w e e n t h e s e c o n d and 

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

and s i x t h i t e m s , b u t d e c l i n e s f o r t h e s e v e n t h and e i g h t h i t e m s . T h e r e 

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

c l o s e r . The i r r e g u l a r i t y and l a c k o f a c l o s e i n t e r v a l a r e i n d i c a t o r s 

t h a t t h e t r a n s i e n t phenomenon i s p r e s e n t t h r o u g h o u t . 

F i g u r e 20 r e p r e s e n t s t h e a v e r a g e d t i m e i n t e r v a l s o f a l l r u n s 

w i t h o u t p u t g r e a t e r t h a n 2 4 . T w e n t y - f o u r o f t h e 64 r u n s a r e i n t h a t 

c a t e g o r y . The t i m e f o r t h e f i r s t i t e m i s 3 7 9 m i n u t e s . The s e c o n d and 

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

d u c t i o n o f i t e m 1 9 . From 19 t h r o u g h 2 5 , t h e i n t e r v a l o f p r o d u c t i o n i s 

c l o s e and t h e p a t t e r n b e g i n s s h o w i n g s i g n s o f s t a b i l i z a t i o n . The 

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

t h e p r o c e s s r e a c h e s s t e a d y - s t a t e on t h e p r o d u c t i o n o f i t e m 1 9 . 
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The p r o d u c t i o n l e v e l f o r t h e r u n s i n c l u d e d i n F i g u r e 2 1 i s 50 

i t e m s o r m o r e . The a v e r a g e t i m e f o r t h e f i r s t i t e m i s 3 0 0 m i n u t e s . 

As t h e minimum b a t c h s i z e i n c r e a s e s , t h e a v e r a g e t i m e f o r t h e f i r s t 

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

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

d u c t i o n l e v e l a t 5 0 , a r e g u l a r p a t t e r n b e g i n s a t t h e p r o d u c t i o n o f t h e 

e i g h t h i t e m . S t e a d y - s t a t e i s i n e f f e c t e l e v e n t i m e s s o o n e r when t h e 

minimum b a t c h s i z e i s 2 5 . 

In F i g u r e 22 t h e b a t c h s i z e i s 7 5 . A g a i n t h e p r o d u c t i o n t i m e 

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

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

f o r maximum p r o d u c t i o n i s 1 0 0 m i n u t e s . At a p r o d u c t i o n l e v e l o f 75 

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

The d i f f e r e n c e s i n a v e r a g e p r o d u c t i o n t i m e o n F i g u r e s 21 and 22 

a r e a l s o germane t o t h e p l a n n e r . F o r e x a m p l e , t h e p r o d u c t i o n t i m e f o r 

t h o s e i t e m s b e t w e e n 35 and 45 a v e r a g e s 140 m i n u t e s i n F i g u r e 1 2 , w h i l e 

t h e a v e r a g e i s 100 m i n u t e s f o r t h e same g r o u p o f i t e m s i n F i g u r e 2 2 . 

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

i n F i g u r e 9 a r e a l s o p r e l o a d e d w i t h i n f i n i t e b u f f e r c a p a c i t y . 

F i g u r e 2 3 s h o w s , t h e v a r i a b l e s , w h i c h when p r e s e n t , a l l o w t h e 

minimum b a t c h s i z e t o b e e x c e e d e d . T h e i r a b s e n c e i n o t h e r c a s e s i s 

c o n s i s t e n t w i t h a l e s s t h a n minimum b a t c h s i z e . The minimum i s t h e 

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

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

mum l e v e l s . Each e x p e r i m e n t i s c o n s i d e r e d i n d i v i d u a l l y t o e s t a b l i s h 

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

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

t h e s e r u n s . Whenever t h e b a t c h s i z e i s g r e a t e r t h a n e i g h t , b u t l e s s 

t h a n 2 7 , p e r i o d i c m a i n t e n a n c e i s c o n s i s t e n t l y p e r f o r m e d . The a d d i t i o n 

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

d u c t i o n . The i n t e r v a l i n c l u d e s a low o f 2 7 and a h i g h o f 4 4 i t e m s 

b e i n g p r o d u c e d . For b a t c h s i z e s b e t w e e n o n e and 4 4 , r e g u l a r r e p a i r 

t e a m s a r e n o t c o n s i s t e n t l y a b s e n t o r p r e s e n t . H o w e v e r , f o r a l l b a t c h 

s i z e s g r e a t e r t h a n 4 4 , r e p a i r t e a m s a r e p r e s e n t . The p r o d u c t i o n l e v e l 

r a n g e s f rom 56 t o 9 9 . When t h e s y s t e m i s p r e l o a d e d , b u f f e r c a p a c i t y 

i s i n f i n i t e and r e g u l a r r e p a i r t e a m s a r e p r e s e n t . 

4 . 6 . 2 On P r o d u c t i v i t y and A v a i l a b i l i t y 

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

E x a m p l e s o f t h i s c a n b e s e e n i n F i g u r e s 2 0 , 2 1 , and 2 2 . In F i g u r e 2 0 , 

t h e p r o d u c t i o n r a t e f o r t h e f i r s t i t e m i s 3 8 3 m i n u t e s ; i t d r o p s t o 1 8 0 

f o r t h e t h i r d , t h e n g o e s b a c k up t o 320 f o r t h e f o u r t h . I t c o n t i n u e s 

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

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

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

w i t h t h e l a r g e t r a n s i e n t t i m e h a v e c o m b i n a t i o n s o f s h o r t MTTF's and 

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

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

l e v e l s o v e r t h e t i m e i n t e r v a l ( 0 , 1 0 0 0 0 ) m i n u t e s , w h i l e t h o s e r u n s w i t h 

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

F i g u r e 2 2 . In t h e l a t t e r e x a m p l e , t h e t r a n s i e n t s t a t e t e r m i n a t e s w i t h 

t h e p r o d u c t i o n o f i t e m 4 . 
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S t e a d y - s t a t e h a s a s m a l l e r v a r i a t i o n i n p r o d u c t i o n r a t e . The 

s m a l l e r v a r i a t i o n l e a d s t o a s m o o t h e r r u n n i n g s y s t e m , l n F i g u r e s 21 

and 22 t h e v a r i a t i o n i s 50 and 3 0 , r e s p e c t i v e l y . The r e g u l a r i t y o f 

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

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

t h e p r e d i c t a b i l i t y o f t h e s y s t e m . 

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

t h e h i g h e r t h e l e v e l o f p r o d u c t i v i t y . As shown i n F i g u r e s 2 0 , 2 1 , and 

2 2 , t h e l e n g t h o f s t e a d y - s t a t e i n c r e a s e s from F i g u r e 20 t o F i g u r e 2 1 

t o F i g u r e 2 2 , and p r o d u c t i o n l e v e l i n c r e a s e s i n t h e same m a n n e r . 

4 . 7 Module O u t p u t t o Module I n p u t 

The m o d u l a r c o n c e p t , a s p o i n t e d o u t i n S e c t i o n 3 . 3 , i s o n e 

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

shown by Swanson ( 2 9 ) , t h i s a p p r o a c h works f o r o p e r a t i n g a c o m p l e x 

s y s t e m . 

G i v e n t h a t t h e s y s t e m m o d e l e d i n C h a p t e r I I I i s t h e f i r s t m o d u l e 

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

f o r t h e s e c o n d m o d u l e , t o p d r a w i n g i n F i g u r e 2 4 . The d a t a from t h e 

f i r s t m o d u l e was c o l l e c t e d o v e r t h e t i m e i n t e r v a l ( 0 , 1 0 0 0 0 ) i n m i n u t e s . 

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

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

The d e p a r t u r e t i m e s , m, f o r i t e m s from t h e f i r s t m o d u l e a r e 

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

t o i n p u t t h e i t e m s a t t h e p r o p e r t i m e s , t i m e d e s i g n a t e d g e n e r a t o r s a r e 

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

t h e same g e n e r a t o r . 
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F o r e x a m p l e , t h e o u t p u t from one m o d u l e h a s s e v e r a l g r o u p s 

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

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

8 0 0 , t h e r e a r e f i v e i t e m s i n t h a t g r o u p , and t h e e x i t i n t e r v a l i s 1 1 0 

m i n u t e s . The g e n e r a t o r f o r t h a t g r o u p i s t h e GPSS s t a t e m e n t : 

GENERATE 8 0 0 , 5 TIME ( 1 1 0 ) . 

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

800 and f i v e o f them w i l l be g e n e r a t e d , e a c h a t a 1 1 0 m i n u t e t i m e i n c r e ­

m e n t . 

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

g r o u p i s d e p e n d e n t upon t h e u n i f o r m i t y o f t h e o u t p u t from t h e f i r s t 

m o d u l e . 

U s i n g t h e o u t p u t from t h e f o u r t h and s i x t e e n t h r u n s o f t h e f i r s t 

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

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

89 and 4 4 f o r r u n s f o u r and s i x t e e n , r e s p e c t i v e l y . When i n t e r f a c e d 

w i t h t h e s e c o n d m o d u l e , t h e o u t p u t s a r e 89 and 2 3 f o r r u n s f o u r and 

s i x t e e n , r e s p e c t i v e l y . 

The o u t p u t from t h e s e c o n d m o d u l e i s t h e same as t h e f i r s t 

m o d u l e on run f o u r b e c a u s e o f two v a r i a b l e s — p r e l o a d i n g and i n f i n i t e 

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

c o n d i t i o n s . 

In t h e l a t t e r e x a m p l e , b o t t o m d r a w i n g i n F i g u r e 2 4 , t h e f i r s t 

i t e m e n t e r s t h e s e c o n d m o d u l e a t a c l o c k t i m e o f 714 m i n u t e s , w h e r e a s 

i n t h e f i r s t m o d u l e t h e f i r s t i t e m e n t e r s a t t i m e 0 . T h e r e f o r e , t h e 
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e a r l i e s t t i m e an i t e m can b e e x p e c t e d t o d e p a r t t h e s e c o n d m o d u l e i s 

a t t i m e 9 1 4 . B u t , t h e s e c o n d m o d u l e h a s t h e same o p e r a t i n g c h a r a c t e r ­

i s t i c s a s t h e f i r s t . I t w i l l e n c o u n t e r t h e same t r a n s i e n t e f f e c t a s 

t h e f i r s t . The t r a n s i e n t e f f e c t s t a r t s a t 7 1 4 i n s t e a d o f z e r o . The 

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

a f l o w l i n e . The s e c o n d and any s u b s e q u e n t m o d u l e s do e n c o u n t e r t h e 

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

a v a i l a b l e . 

F i g u r e 25 h a s t h e t e m p o r a l o u t p u t f o r t h e m o d u l e c o n f i g u r a t i o n 

a s i t i s i n run s i x t e e n o f t h e f i r s t e x p e r i m e n t . The f i r s t s e q u e n c e 

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

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

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

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

s e q u e n c e o f o u t p u t s . 

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

n o t a r e p e a t o f t h e f i r s t . The i n t e r v a l b e t w e e n t h e f i r s t and s e c o n d , 

and t h e s e c o n d and t h i r d i s 1 0 0 m i n u t e s , e a c h i n t h e f i r s t m o d u l e . 

H o w e v e r , t h e i n t e r v a l b e t w e e n t h e s e c o n d and t h i r d i n c r e a s e s t o 2 1 5 

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

2 3 . 

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

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

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

s i m u l a t e d . The s e c o n d m o d u l e ' s a c t i v i t i e s a r e n o t o b t a i n e d by s h i f t ­

i n g t h e f i r s t m o d u l e o v e r and c l a i m i n g t h e s e q u e n c e o f a c t i v i t i e s 
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F i g u r e 2 5 . P r o d u c t i o n I n t e r v a l - - F i r s t and S e c o n d M o d u l e s 
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i s t h e s a m e . 

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

t h e o u t p u t o f t h e s e c o n d m o d u l e i s t h e s y s t e m ' s o u t p u t . 

4 . 8 C o m p a r i s o n o f A p p l e b a u m ' s and 
S i m u l a t i o n R e s u l t s 

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

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

b a u m ' s m e t h o d o l o g y o n t h e same s y s t e m c o n f i g u r a t i o n . The c o m p a r i s o n s 

w e r e made on t h r e e c o n f i g u r a t i o n s w h i c h c o l l e c t i v e l y c o n t a i n m o s t o f 

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

The f i r s t s y s t e m c o n f i g u r a t i o n e q u a t e s t o t h e t e n t h run i n t h e 

f i r s t s e t o f 3 2 . S u b s y s t e m Al h a s o n e u n i t ; A2 h a s t w o u n i t s ; Bl h a s 

two u n i t s ; and B2 h a s o n e u n i t . T h e r e i s o n e r e p a i r t eam a v a i l a b l e t o 

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

f rom A p p l e b a u m ' s s y s t e m . F o r i n d e p e n d e n c e , t h e f a i l u r e and r e p a i r 

r a t e s o f s u b s y s t e m s m u s t n o t b e d e p e n d e n t . A s u b s y s t e m w i t h two u n i t s 

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

t h u s e v o k i n g d e p e n d e n c e . B u f f e r c a p a c i t y i s o n e , m e a n i n g t h a t i t s 

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

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

"B" i s i n v o l v e d i n e q u i p m e n t s h a r i n g , h o w e v e r , f l o w l i n e "A" i s n o t . 

The s y s t e m i s a t i t s l o w l e v e l , e x c e p t B 2 . Low l e v e l r e p a i r r a t e s 

e x i s t f o r Al and B l . T h i s c o m b i n a t i o n o f f a i l u r e r a t e s and r e p a i r 

r a t e s p l a c e A2 i n a u n i q u e p o s i t i o n ; i t s r e p a i r r a t e i s 1 . 5 t i m e s 

g r e a t e r t h a n i t s f a i l u r e r a t e . To f u r t h e r compound t h i s s i t u a t i o n , 

p e r i o d i c m a i n t e n a n c e i s s c h e d u l e d e v e r y 2 4 0 m i n u t e s and i t i s t o l a s t 
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an a v e r a g e o f 1 8 0 m i n u t e s . 

U s i n g t h e mode l s e t f o r t h b y A p p l e b a u m , t h e r e a r e s e v e r a l f e a ­

t u r e s o f t h e a b o v e d e s c r i b e d s y s t e m w h i c h a r e n o t a c c o u n t e d f o r , among 

w h i c h a r e : ( 1 ) p e r f o r m i n g p e r i o d i c m a i n t e n a n c e , ( 2 ) d e p e n d e n c e due t o 

h a v i n g o n e r e p a i r t e r m f o r s u b s y s t e m s w i t h two u n i t s , and ( 3 ) e q u i p m e n t 

s h a r i n g on a f l o w l i n e . 

The r e s u l t s o f Applebaum and t h e s i m u l a t i o n a r e 0 . 9 2 1 and 0 . 8 3 8 , 

r e s p e c t i v e l y . 

The s e c o n d e x a m p l e run i s 11 from s e t o n e . The m a j o r c h a n g e s 

b e t w e e n t h i s run and t h e p r e v i o u s e x a m p l e a r e : ( 1 ) s u s b y s t e m Al now 

h a s two u n i t s i n s t e a d o f o n e , and ( - ) f l o w l i n e "A", a s w e l l a s f l o w -

l i n e "B" a r e e q u i p m e n t s h a r i n g , ( 3 ) A2 h a s o n e u n i t , ( 4 ) B l ' s f a i l u r e 

r a t e i s a t i t s h i g h l e v e l , w h i l e B 2 ' s f a i l u r e r a t e i s a t i t s l o w l e v e l , 

(5) t h e r e p a i r r a t e s o f Al and Bl a r e a t h i g h l e v e l , and ( 6 ) p e r i o d i c 

m a i n t e n a n c e i s p e r f o r m e d by B l and B2 . 

The r e s u l t s o f t h e s e c o m p a r i s o n s a r e much c l o s e r a t 0 . 9 2 6 and 

0 . 9 0 0 f o r Applebaum and c o m p u t e r s i m u l a t i o n r e s p e c t i v e l y . R e c a l l f rom 

t h e a n a l y s i s t h a t n e x t t o e q u i p m e n t s h a r i n g , t h e p r o d u c t i o n t i m e i n A l 

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

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

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

n o t i n t h i s s u b s y s t e m . 

Example t h r e e i s t h e c a s e o f e a c h v a r i a b l e b e i n g a t i t s h i g h 

l e v e l . The run w h i c h p r o v i d e s t h e s e conditions i s number 32 o f t h e 

f i r s t s e t o f e x p e r i m e n t s . T h i s i s t h e f i r s t e x a m p l e w h e r e b u f f e r 

c a p a c i t y i s i n f i n i t e . The s y s t e m i s c o m p l e t e l y v o i d o f p e r i o d i c 
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m a i n t e n a n c e and t h e f a i l u r e r a t e i s 5 . 3 3 t i m e s g r e a t e r t h a n t h e r e p a i r 

r a t e . Each s u b s y s t e m h a s b u t one u n i t . T h e r e f o r e , t h e i n d e p e n d e n c e 

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

A p p l e b a u m ' s m o d e l . T h i s i s f u r t h e r s u b s t a n t i a t e d b y t h e r e s u l t s from 

t h e c o m p a r i s o n w h e r e Applebaum p r e d i c t e s s y s t e m a v a i l a b i l i t y a s 0 . 9 1 5 4 

and t h e c o m p u t e r r u n s a v a i l a b i l i t y i s 0 . 8 9 8 0 . T h a t i s w i t h i n t h e 

c o n f i d e n c e i n t e r v a l o f + . 0 3 e s t a b l i s h e d d u r i n g t h e v a l i d a t i o n o f t h e 

c o m p u t e r p r o g r a m . 
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CHAPTER V 

CONCLUSIONS AND RECOMMENDATIONS 

The c o n c l u s i o n s , S e c t i o n 5 . 1 , r e a c h e d as a r e s u l t o f t h e r e ­

s e a r c h a r e d i v i d e d i n t o t w o c a t e g o r i e s : ( 1 ) t h o s e l i m i t e d t o t h e mode l 

u s e d i n t h e s t u d y , and ( 2 ) t h o s e w h i c h a p p l y t o s y s t e m s i n g e n e r a l . 

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

ment i s p r e s e n t e d . 

S e c t i o n 5 . 2 p r e s e n t s t h e r e c o m m e n d a t i o n s f o r f u r t h e r i n g t h e 

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

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

5 . 1 C o n c l u s i o n s 

5 . 1 . 1 Model t o S t u d y Complex S y s t e m s 

A model was d e s i g n e d and a p r o g r a m w r i t t e n t o accommodate com­

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

t o s y s t e m a n a l y s i s . The m o d u l e was m u l t i - c h a n n e l w i t h m u l t i - s u b s y s t e r n s . 

The m o d u l e was w r i t t e n w i t h t h e n e c e s s a r y f l e x i b i l i t y t o a d j u s t t o 

l a r g e r s y s t e m s . 

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

b y p a r t s , f o l l o w e d b y c h e c k i n g t h e f l o w w i t h a l l o p e r a t i o n s w o r k i n g 

s i m u l t a n e o u s l y . The m o d u l a r r e p r e s e n t a t i o n was v a l i d a t e d b y c o l l a p s ­

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

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

d a t i o n p r o g r a m and A p p l e b a u m ' s m o d e l y i e l d e d r e s u l t s w h i c h w e r e a l l 
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w i t h i n t h e v a r i a n c e e s t a b l i s h e d f o r p u r e o r s i m u l a t i o n e r r o r . 

The mode l was u s e d t o s t u d y l a r g e c o m p l e x s y s t e m s v i a t h e modu­

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

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

c l u d e d : ( 1 ) p r o d u c t i o n t i m e , ( 2 ) f a i l u r e r a t e , ( 3 ) r e p a i r r a t e , ( 4 ) 

b u f f e r c a p a c i t y , ( 5 ) m a i n t e n a n c e p o l i c y , ( 6 ) l o a d s h a r i n g , (7 ) e q u i p m e n t 

s h a r i n g , and (8 ) p r e l o a d i n g . The r e s p o n s e s f rom t h e mode l w e r e s y s t e m 

p r o d u c t i o n and s y s t e m a v a i l a b i l i t y . 

5 . 1 . 2 The E x p e r i m e n t s 

An e x p e r i m e n t was d e s i g n e d t o t e s t e a c h o f t h e 27 v a r i a b l e s a t 

two l e v e l s b y m e a s u r i n g p r o d u c t i v i t y and a v a i l a b i l i t y . The d e s i g n was 

2 7 - 2 2 

a 2JJJ f r a c t i o n a l f a c t o r i a l d e s i g n . 

The f i r s t f r a c t i o n p r o v i d e d e s t i m a t e s o f 27 c o n t r a s t s . F o r 

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

two f a c t o r i n t e r a c t i o n s h a d t h e g r e a t e s t m a g n i t u d e , 3 2 . 7 5 ; t h e c o n t r a s t 

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

l i n e , A 2 , and t h e a l i a s e d two f a c t o r i n t e r a c t i o n s was s e c o n d w i t h an 

e s t i m a t e o f e f f e c t o f 1 6 . 2 5 . 

F o r a v a i l a b i l i t y , t h e c o n t r a s t c o n t a i n i n g s y s t e m down c r i t e r i a 
_2 

h a d t h e h i g h e s t e s t i m a t e , 6 6 . 1 8 x 10 . The c o n t r a s t i m m e d i a t e l y 

f o l l o w i n g was p r e v e n t i v e m a i n t e n a n c e f o r A2 w i t h a m a g n i t u d e o f 

2 7 . 8 3 x 1 0 " 2 . 

The a l i a s i n g s t r u c t u r e o f an e x p e r i m e n t w i t h 27 v a r i a b l e s h a s 

t o o many two f a c t o r i n t e r a c t i o n s i n e a c h c o n t r a s t t o a s s e s s t h e e f f e c t s 

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

t i o n . T h u s , a f t e r l o o k i n g a t t h e r e s u l t s o f t h e f i r s t f r a c t i o n , t h e 
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m i r r o r image o f t h e f i r s t was c h o s e n as t h e s e c o n d f r a c t i o n t o i s o l a t e 

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

t e a m s f o r p r o d u c t i v i t y was 3 3 . 6 6 , w h i c h i s t h r e e t i m e s g r e a t e r t h a n 

t h e a b s o l u t e v a l u e f o r any o t h e r e f f e c t on p r o d u c t i v i t y . The r e p a i r 

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

v a l u e o f - 1 0 . 7 8 . 

For a v a i l a b i l i t y , s y s t e m down c r i t e r i a h a d t h e g r e a t e s t m a g n i ­

t u d e o f t h e main e f f e c t s . S y s t e m down had a v a l u e o f 6 0 . 5 2 compared 

w i t h t h e s e c o n d h i g h e s t v a l u e o f - 2 0 . 4 3 c o r r e s p o n d i n g t o p e r i o d i c 

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

The t h i r d e x p e r i m e n t was c o n d u c t e d t o a s c e r t a i n i f any o f t h e 

t w o f a c t o r i n t e r a c t i o n s w e r e o f t h e same m a g n i t u d e as t h e main e f f e c t s . 

A f t e r s c r u t i n i z i n g t h e c o n t r a s t s , t h e t h i r d f r a c t i o n was t o i s o l a t e 

r e p a i r t e a m s and i t s two f a c t o r i n t e r a c t i o n s . 

The i n t e r a c t i o n o f r e p a i r t e a m s and p e r i o d i c m a i n t e n a n c e h a d 

t h e h i g h e s t v a l u e d a f f e c t , 9 . 1 4 , f o r p r o d u c t i v i t y . The i n t e r a c t i o n o f 

r e p a i r t e a m s and p e r i o d i c m a i n t e n a n c e f o r B2 r a n k e d h i g h e s t f o r a v a i l a ­

b i l i t y w i t h a v a l u e o f 3 . 3 6 . The m a g n i t u d e o f e f f e c t o f t h e c o m b i n e d 

two f a c t o r i n t e r a c t i o n s was t h e r e s u l t o f summing a l a r g e number o f 

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

To t e s t f o r s i g n i f i c a n c e o f v a r i a b l e s , ANOVA's w e r e c o n s t r u c t e d 

f o r p r o d u c t i v i t y and a v a i l a b i l i t y . The ANOVA f o r p r o d u c t i v i t y s h o w e d 

t h e f o l l o w i n g v a r i a b l e s w e r e s i g n i f i c a n t a t t h e . 0 5 l e v e l : ( 1 ) r e p a i r 

t e a m s , ( 2 ) r e p a i r r a t e o f A 2 , ( 3 ) f a i l u r e r a t e o f B 2 , and ( 4 ) p r e l o a d i n g . 

S u b s y s t e m down c r i t e r i a f o r A 2 , f a i l u r e r a t e o f A l , and r e p a i r r a t e o f 

B2 w e r e s i g n i f i c a n t a t t h e . 1 l e v e l . Wi th t h e e x t r a c t i o n o f o t h e r t w o 
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f a c t o r i n t e r a c t i o n s w h o s e e f f e c t s a r e o f r e l a t i v e l y l a r g e m a g n i t u d e s , 

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

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

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

n o t l i k e l y t o c h a n g e o r b e c o m e d o m i n a n t . 

The ANOVA f o r a v a i l a b i l i t y h a d 12 o f t h e 2 7 v a r i a b l e s s i g n i f i c a n t 

a t t h e . 0 5 l e v e l . I n c l u d e d a s s i g n i f i c a n t w e r e : ( 1 ) s y s t e m down c r i ­

t e r i a , ( 2 ) p e r i o d i c m a i n t e n a n c e o f A2 and B 2 , ( 3 ) p r o d u c t i o n t i m e o f 

t h e f i r s t s u b s y s t e m i n t h e f i r s t f l o w l i n e , Al and A 2 , (4 ) r e p a i r t e a m s , 

(5 ) r e p a i r r a t e o f A 2 , ( 6 ) f a i l u r e r a t e o f B l and A 2 , and ( 7 ) p r e l o a d ­

i n g . 

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

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

5 . 1 . 3 M a x i m i z i n g P r o d u c t i v i t y and A v a i l a b i l i t y 

S t e e p e s t a s c e n t was u s e d t o m a x i m i z e p r o d u c t i v i t y and a v a i l a ­

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

r u n s . The maximum p o s s i b l e was o b t a i n e d b o t h a n a l y t i c a l l y and w i t h 

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

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

t o m a x i m i z e p r o d u c t i v i t y u s i n g s t e e p e s t a s c e n t , a b r a n c h and b o u n d 

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

m a x i m i z e p r o d u c t i v i t y . The p r o d u c t i o n t i m e s , w h i c h d i c t a t e t h e number 

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

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

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

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

maximum o f 99 f o r t h e p r o d u c t i o n run u s e d , t h e l e v e l s o f t h e c o n f i g u ­

r a t i o n c o n s t r a i n t s d i f f e r e d . T h u s , i t c a n b e s e e n t h a t when t h e o b j e c ­

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

v i d e t h e maximum. H o w e v e r , o t h e r c o n s t r a i n t s w i l l d i c t a t e t h e o p t i m a l 

s o l u t i o n f o r m a x i m i z a t i o n . 

5 . 1 . 4 T r a n s i e n t and S t e a d y - S t a t e E f f e c t s 

The l e n g t h o f t i m e t h e s y s t e m was i n t h e t r a n s i e n t s t a t e was 

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

t i m e i n t e r v a l . I f t h e b a t c h s i z e was s m a l l , t h e n t h e t r a n s i e n t p h e ­

nomenon was i n e f f e c t l o n g e r t h a n i f t h e b a t c h s i z e was l a r g e . T h e r e ­

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

t h e t r a n s i e n t phenomenon h a s on p r o d u c t i v i t y . 

F o r minimum b a t c h s i z e s from t h e m o d e l e d s y s t e m , t h e o p e r a t i o n 

was c o n s t r a i n e d b y t h e n e c e s s i t y o f t h e p r e s e n c e o r a b s e n c e o f c e r t a i n 

s y s t e m c o n f i g u r a t i o n c o n s t r a i n t s . F o r i n t e r m e d i a t e b a t c h s i z e s g r e a t e r 

t h a n 5 6 , t h e s y s t e m mus t b e e q u i p p e d w i t h r e g u l a r r e p a i r t e a m s , i n f i n i t e 

b u f f e r s and h a v e p r e l o a d i n g . 

A l t h o u g h some c o m b i n a t i o n s o f s y s t e m c o n f i g u r a t i o n c o n s t r a i n t s 

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

same a v a i l a b i l i t y , t h e two c o u l d b e e q u a l f o r d i f f e r e n t r e a s o n s . T h u s , 

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

m o d e l s o f A p p l e b a u m , B u z a c o t t , ARINC, et_ al_. H o w e v e r , t h e u s e r o f s u c h 

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

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

s i g n i f i c a n t e f f e c t on an e s t i m a t e o f s y s t e m a v a i l a b i l i t y . 
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5 . 2 R e c o m m e n d a t i o n s 

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

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

s t r a i n t s upon t h e mode l d e s e r v e s c o n s i d e r a t i o n . The e c o n o m i c c o n ­

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

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

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

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

a r e a o f s t u d y . The o b j e c t i v e o f s u c h a s t u d y w o u l d b e t o f o c u s upon 

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

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

Time t o f a i l u r e and t i m e t o r e p a i r w e r e a s s u m e d t o b e e x p o n e n t i ­

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

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

o t h e r t h a n e x p o n e n t i a l l y d i s t r i b u t e d t i m e t o f a i l u r e and t i m e t o r e p a i r . 
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COMPUTER PROGRAM 
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APPENDIX B 

PROGRAM SYMBOLOGY 

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

R — I n d i c a t e s t h e f u n c t i o n f o r r e p a i r r a t e . 

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

TUT T o t a l t i m e t h e s y s t e m was o p e r a t i o n a l . 

LASUP An i n s t r u m e n t u s e d t o s a v e t h e t i m e t h e s y s t e m l a s t b e c a m e 
o p e r a t i o n a l . 

CTR A c o u n t e r t o r e c o r d t h e number o f t i m e s t h e s y s t e m w a s down. 

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

VBIA A v a r i a b l e u s e d t o p l a c e t h e t i m e i n i n s t r u m e n t "LASUP". 

N— The number o f u n i t s i n s u b s y s t e m r . 

P E S - - The p r o d u c t i o n t i m e f o r an i t e m i n s u b s y s t e m r . 

F - - D A v a r i a b l e t o c o m p u t e p r o d u c t i o n t i m e i f l o a d s h a r i n g . 

LSAB 1 i f l o a d s h a r i n g ; 0 i f n o t l o a d s h a r i n g . 

S- The t i m e an i t e m m u s t s p e n d i n t h e s h a r e d f a c i l i t y . 

B U F - - The c a p a c i t y o f a g i v e n b u f f e r ( t h e c a p a c i t y i s t h e same f o r 
a l l ) . 

VB— S a f e t y v a l u e v a r i a b l e ; t h e l e n g t h o f t i m e t o g e t i t e m i n t o 
b u f f e r when p r e l o a d i n g . 

L S F — F a i l u r e r a t e when l o a d s h a r i n g and p r o d u c t i o n r a t e i s i n c r e a s e d . 

REP-- The number o f r e g u l a r r e p a i r t e a m s a v a i l a b l e t o a g i v e n s u b s y s t e m . 

VAR R e c o r d o f t i m e t h e n e x t p e r i o d i c m a i n t e n a n c e i s d u e . 

* N o t e : — r e p r e s e n t s t h e f o l l o w i n g : t h e f i r s t - i s t h e f l o w -
l i n e ; t h e s e c o n d - i s t h e i t h s u b s y s t e m , and t h e t h i r d - i s t h e j t h u n i t . 
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PMT-- P e r i o d i c m a i n t e n a n c e i n t e r v a l . 

S T — I n d i c a t e s t h e c u r r e n t c l o c k t i m e . 

S R — I n d i c a t e s t h e c u r r e n t c l o c k t i m e p l u s t h e t i m e t o f a i l u r e . 

V R — V a r i a b l e t o p l a c e t h e c o m p u t e d t i m e o f n e x t f a i l u r e i n S R — . 

S L — I n d i c a t e s t h e c u r r e n t c l o c k t i m e p l u s ( t h e t i m e t o f a i l u r e 
t i m e s a l o a d s h a r i n g f a c t o r ) . 

V L — I n d i c a t e s t i m e t h e n e x t f a i l u r e w i l l o c c u r when l o a d s h a r i n g . 

L O — L o a d s h a r i n g and t h e o t h e r u n i t i s i n o p e r a t i v e . 

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

R D P — R e g u l a r f a i l u r e o r p e r i o d i c p r e e m p t n o t u n d e r l o a d s h a r i n g . 

F U R — U n i t h a s f a i l e d and i s i n r e g u l a r r e p a i r . 

F U C — U n i t i s o p e r a t i o n a l and p e r i o d i c c r e w i s a v a i l a b l e . 

- - i F S u b s y s t e m h a s f a i l e d and i i s t h e number o f u n i t s t h e c r i t e r i a 
r e q u i r e s t o b e i n a f a i l e d s t a t e . 

SYS- S y s t e m f a i l u r e c r i t e r i a f o r t h e i t h r u n . 

PL and PLB Time t o h o l d t r a n s a c t i o n s when p r e l o a d i n g s u c h t h a t t h e 
s y s t e m i s n o t o v e r l o a d e d . 

FK B o o l e a n v a r i a b l e t o c h e c k when p r o d u c t i o n i s n o t i n p r o g r e s s 
b e c a u s e t h e u n i t i s n o n - e x i s t e n t . 

C - - Sums t h e number o f i t e m s c o m p l e t e d from a s u b s y s t e m and w a i t i n g 
t o go t o t h e n e x t s u b s y s t e m . 

VH-- A v a r i a b l e t o p l a c e i t e m s i n a f i c t i c i o u s s t o r a g e a r e a . 

P L - - A c o u n t e r f o r t h e t o t a l number o f i t e m s e n t e r i n g t h e f i c t i c i o u s 
s t o r a g e . 

S H - - A v a r i a b l e t o t a k e i t e m s o u t o f t h e f i c t i c i o u s s t o r a g e a r e a . 

MIN— T a l l i e s t h e t o t a l number o f i t e m s e x t r a c t e d from t h e dummy 
s t o r a g e . 

CAP-- A B o o l e a n v a r i a b l e t o d e t e r m i n e i f an i t e m s h o u l d be e m i t t e d 
from t h e dummy s t o r a g e i n t o t h e q u e u e . 

P — The p r o d u c t i o n a r e a f o r u n i t i i n t h e s u b s y s t e m . 
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T — A s w i t c h t o i n d i c a t e i f t h e u n i t i s i n a f a i l o r o p e r a t e s t a t e . 

P T — A w o r k s t a t i o n i n t h e i t h u n i t o f t h e s u b s y s t e m . 

SH- The w o r k s t a t i o n s h a r e d b y s u b s y s t e m s o f a f l o w l i n e . 

H - - The dummy s t o r a g e a r e a t o p r e v e n t a s y s t e m o v e r l o a d by h a v i n g 
t o o many p a r t s i n t h e q u e u e . 

FAL-- The f a c i l i t y t o d i v e r t i t e m s f rom t h e q u e u e t o t h e dummy s t o r a g e 
a r e a . 

DB- - F a c i l i t y t o p r e l o a d t h e s y s t e m and b u f f e r s . 

DUB-- H o l d i n g a r e a f o r i t e m s t o f i l l b u f f e r s and p r e l o a d t h e s y s t e m . 

A1A2 Queue r e p r e s e n t i n g t h e b u f f e r f o r i t e m s l e a v i n g s u b s y s t e m Al 
and a w a i t i n g e n t r y i n t o s u b s y s t e m A2 . 

A2 Queue r e p r e s e n t i n g t h e b u f f e r f o r i t e m s l e a v i n g s u b s y s t e m A2 
and a w a i t i n g e n t r y t o t h e n e x t s u b s y s t e m i f o n e e x i s t s o r 
a w a i t i n g l i n k - u p w i t h an i t e m o r i t e m s f rom o t h e r f l o w l i n e s . 

- Y - The l i n k - u p f a c i l i t y f o r i t e m s coming from t h e r t h f l o w l i n e . 

NXTB A dummy q u e u e f o r i t e m s from f l o w l i n e B t o be u t i l i z e d d u r i n g 
l i n k - u p . 

AWISH A s w i t c h t o s i g n a l o t h e r f l o w l i n e s t h a t an i t e m from f l o w l i n e 
A i s a v a i l a b l e f o r l i n k - u p . 

BLAB A dummy h o l d i n g a r e a f o r i t e m s f rom f l o w l i n e B u s e d i n l i n k - u p . 

PS A w o r k s t a t i o n i n t h e f a c i l i t y s h a r e d by s u b s y s t e m s o f a g i v e n 
f l o w l i n e . 

B1B2 A q u e u e r e p r e s e n t i n g t h e b u f f e r f o r i t e m s l e a v i n g s u b s y s t e m Bl 
and a w a i t i n g e n t r y i n t o B2. 

F A — F a c i l i t y t o g e n e r a t e f a i l u r e s f o r t h e g i v e n u n i t . 

PAR-- Queue u s e d f o r u n i t s w h i c h f a i l and w i l l b e r e p a i r e d by e i t h e r 
r e g u l a r m a i n t e n a n c e c r e w s o r t h e p e r i o d i c m a i n t e n a n c e t e a m . 

P 0 - - Queue u s e d f o r u n i t s w h i c h f a i l and m u s t r e m a i n down u n t i l 
p e r i o d i c m a i n t e n a n c e i s p e r f o r m e d . 

CREW— The c r e w w h i c h p e r f o r m s p e r i o d i c m a i n t e n a n c e . 

P E T — W o r k s t a t i o n f o r r e p a i r by p e r i o d i c c r e w when e q u i p m e n t f a i l e d 
p r i o r t o t i m e f o r p e r i o d i c m a i n t e n a n c e . 
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M — Time l a s t p e r i o d i c m a i n t e n a n c e was c o m p l e t e d . 

RCRW— The c r e w w h i c h p e r f o r m s r e g u l a r m a i n t e n a n c e on a f a i l and f i x 
b a s i s . 

R T — W o r k s t a t i o n f o r r e p a i r by t h e r e g u l a r r e p a i r c r e w . 

DUM F a c i l i t y t o g e n e r a t e t h e s u c c e e d i n g p e r i o d i c m a i n t e n a n c e (PM). 

D — H o l d i n g a r e a f o r t r a n s a c t i o n c a r r y i n g t i m e f o r n e x t PM; t h e 
t i m e t r a n s a c t i o n i s h e l d e q u a t e s t o t h e i n t e r v a l f o r PM. 

D U — Work s t a t i o n w h e r e p e r i o d i c m a i n t e n a n c e i s p e r f o r m e d . 

COMP F a c i l i t y t o c o m p u t e s t a t i s t i c s f o r s y s t e m a v a i l a b i l i t y . 

DT The l e n g t h o f t i m e t h e s y s t e m was down b a s e d on p r e d e t e r m i n e d 
c r i t e r i a . 

SYSD Time t h e s y s t e m w e n t down. 

SYSU Time t h e s y s t e m came back i n t o a c t i o n . 



183 

APPENDIX C 

NOTES TO THE USER 

C . l E x p a n d i n g and C o l l a p s i n g t h e M o d u l e ' s S i z e 

The c u r r e n t c o n f i g u r a t i o n o f t h e p r o g r a m , A p p e n d i x A, h a s two 

f l o w l i n e s , two s u b s y s t e m s i n e a c h f l o w l i n e , and a maximum o f two u n i t s 

f o r e a c h s u b s y s t e m . The p r o g r a m can be e x p a n d e d o r c o l l a p s e d t o c o n ­

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

t h e s u b s y s t e m ; t h e s u b s y s t e m s i n t h e same s e r i e s form a f l o w l i n e ; a n d , 

a l l p a r a l l e l f l o w l i n e s make up t h e m o d u l e . 

C . l . l E x p a n d i n g t h e S i z e o f a S u b s y s t e m 

The number o f u n i t s i n a g i v e n s u b s y s t e m i s s e t b y p l a c i n g i t 

i n t h e INITIAL s t a t e m e n t s i d e n t i f i e d a s N - - , w h e r e N i s f o l l o w e d by 

t h e i d e n t i f i e r f o r t h e s u b s y s t e m . F o r e x a m p l e , i f s u b s y s t e m A2 h a s 

two u n i t s , t h e INITIAL s t a t e m e n t i s 

INITIAL NA2, 2 . 

A f t e r i n d i c a t i n g t h e number o f u n i t s , f o r any number g r e a t e r t h a n t w o , 

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

gram. 

C . l . 1 . 1 P r o d u c t i o n . A l l u n i t s a d d e d t o t h e f i r s t s u b s y s t e m i n 

any f l o w l i n e h a v e t h e same s t a t e m e n t s as A 1 2 , L i n e s 2 7 7 t h r o u g h 2 9 2 , 

f o r p r o d u c t i o n . A l l s t a t e m e n t s i d e n t i f y i n g t h e s u b s y s t e m A12 a r e 

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

s u b s y s t e m s r e q u i r e t h e same s t a t e m e n t s A 2 2 , L i n e s 317 t h r o u g h 3 3 1 . The 
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a d d i t i o n a l u n i t s a r e i n s e r t e d f o l l o w i n g t h e l a s t u n i t ' s r o u t i n e f o r 

p r o d u c t i o n . 

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

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

I f t h e y a r e t o be t e s t e d , b u t i t i s n o t d e s i r o u s t h a t a g i v e n number be 

a c t i v e i n t h e c u r r e n t r u n , t h e number i n t h e INITIAL s t a t e m e n t i s u s e d 

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

d e a c t i v a t e d u n i t , g r e a t e r t h a n t h e s e c o n d , r e q u i r e s t h e same t y p e s t a t e ­

m e n t s a s L i n e s 2 3 8 and 2 3 9 , w h e r e BV$ FK i s t h e B o o l e a n v a r i a b l e . 

C . 1 . 1 . 2 F a i l u r e and R e p a i r R o u t i n e . The f a i l u r e and r e p a i r 

r o u t i n e , f o r u n i t s o t h e r t h a n t h e f i r s t u n i t , a r e t h e same a s t h e 

s t a t e m e n t s f o r A 1 2 , L i n e s 501 t h r o u g h 5 6 3 . T h o s e m o d u l e s w i t h o u t 

p e r i o d i c m a i n t e n a n c e can remove s t a t e m e n t s 5 3 9 t h r o u g h 5 6 3 and c h a n g e 

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

s u b s y s t e m . In a d d i t i o n t o d e l e t i n g s t a t e m e n t s , t h e b l o c k o f s t a t e m e n t s 

37 t h r o u g h 4 0 a r e s e t f o r any t i m e g r e a t e r t h a n t h e l e n g t h o f t h e r u n . 

The t i m e t o f a i l u r e and t i m e t o r e p a i r d e n s i t i e s a r e a d d e d f o r 

e a c h a d d i t i o n a l u n i t . They a r e i n s e r t e d a t any p o i n t b e t w e e n s t a t e ­

m e n t s 2 and 2 1 0 . 

C . 1 . 2 I n c r e a s i n g and D e c r e a s i n g S u b s y s t e m s 

A d d i t i o n a l s u b s y s t e m s a r e e s t a b l i s h e d by i n s e r t i n g an INITIAL 

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

s y s t e m . The u n i t s a r e l i n k e d up w i t h a b u f f e r b e f o r e g o i n g t o t h e 

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

f o l l o w s t h e s e q u e n c e o f s t a t e m e n t s f o r A2 i n p r o d u c t i o n , and f a i l u r e 

and r e p a i r . The b u f f e r a s s o c i a t e d w i t h t h a t s u b s y s t e m r e q u i r e s t h e 
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i n s e r t i o n o f a c a p a c i t y a s i n L i n e 2 9 . 

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

( 1 ) S e t t h e number o f u n i t s e q u a l t o o n e 

( 2 ) S e t p r o d u c t i o n t i m e a t z e r o 

(3 ) F i x t h e t i m e t o f a i l u r e g r e a t e r t h a n t h e l e n g t h o f t h e 

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

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

s u b s y s t e m . 

C . 1 . 3 C h a n g i n g t h e Number o f F l o w l i n e s 

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

A d d i t i o n a l f l o w l i n e s a r e c r e a t e d i n t h e same manner a s new s u b s y s t e m s , 

w i t h o n e e x c e p t i o n . The f i r s t s u b s y s t e m o f t h e f l o w l i n e h a s t h e same 

s t a t e m e n t s a s Al f o r b o t h p r o d u c t i o n , and f a i l u r e and r e p a i r . 

The l i n k - u p r o u t i n e i s a l t e r e d by h a v i n g t h e COMPARE s t a t e m e n t s , 

as i n L i n e s 334 and 3 3 6 , c h a n g e d t o r e f l e c t t h e c o m p a r i s o n f o r a l l 

o t h e r f l o w l i n e s . Thus e a c h f l o w l i n e c o n t a i n s s t a t e m e n t s a s t h o s e i n 

L i n e s 3 3 3 t h r o u g h 3 4 0 , and t h e r o u t i n e i n f l o w l i n e B w i l l compare a l l 

o t h e r f l o w l i n e s i n L i n e s 4 3 5 and 4 3 7 . 

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

p e r t a i n i n g t o t h a t f l o w l i n e , and by r e m o v i n g a l l i n q u i r i e s i n t h e 

l i n k - u p r o u t i n e . 

C.2 C h a n g i n g O t h e r C o n f i g u r a t i o n C o n s t r a i n t s 

The p r o d u c t i o n t i m e s may b e i d e n t i f i e d a s d i s t r i b u t i o n s r a t h e r 

t h a n c o n s t a n t s , a s t h e y a r e i n A p p e n d i x C. The t i m e t o f a i l u r e and 

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

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

s e t as a c o n s t a n t . The INITIAL s t a t e m e n t can b e c h a n g e d t o a f u n c t i o n 

f o r m a t a s i n L i n e s 2 t h r o u g h 1 7 . The f u n c t i o n can be a n y o n e c o v e r e d 

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

r o u t i n e v i a a HOLD b l o c k . The i d e n t i f i c a t i o n o f t h e f u n c t i o n i s p l a c e d 

i n p a r e n t h e s i s f o l l o w i n g TIME, a s i n L i n e 4 6 4 . 

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

by r e p l a c i n g t h e p r e s e n t d e n s i t y , L i n e s 2 t h r o u g h 1 7 , w i t h t h e d e s i r e d 

d e n s i t y . R e p a i r c r e w s c u r r e n t l y s e r v i c i n g o n e s u b s y s t e m can b e a s s i g n e d 

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

b e s e i z e d b y t h e d e s i r e d u n i t s . 
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