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SUMMARY 

The ob jec t ive of th i s r e s e a r c h is the s c i en t i f i c d e v e l o p m e n t and 

v e r i f i c a t i o n of a new, a d a p t i v e m o d e l of i n t e r n a l s chedu l ing of r e ­

s o u r c e s , wi th the goal of the o p t i m i z a t i o n of c o m p u t e r s y s t e m p e r f o r ­

m a n c e . A g e n e r a l s y s t e m e f f e c t i v e n e s s m e a s u r e i s defined which p a r a -

m e t r i c a l l y e n c o m p a s s e s the p r o t o t y p i c a l s y s t e m e f f ec t i venes s m e a s u r e s 

to be c o n s i d e r e d . The a d a p t i v e i n t e r n a l s c h e d u l e r then s e l e c t s such 

t a s k s for r e s o u r c e a l l o c a t i o n r e q u e s t fu l f i l lment tha t a l o c a l s y s t e m 

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

l ead ing to s e m i - o p t i m i z a t i o n of the g e n e r a l m e a s u r e . The a d a p t i v e 

s c h e d u l e r funct ions a s a s e c o n d - o r d e r exponen t i a l e s t i m a t o r with 

t r e n d d e t e c t i o n . A p r e d i c t o r - c o r r e c t o r a l g o r i t h m funct ions a s the 

a d a p t i v e c o n t r o l l e r by v a r y i n g the e s t i m a t o r ' s p a r a m e t e r s and the t i m e 

of a p p l i c a t i o n of the e s t i m a t o r in r e s p o n s e to the n a t u r e of the s e q u e n c e 

of d e v i a t i o n s b e t w e e n the p r e d i c t e d and a c t u a l v a l u e s of r e s o u r c e u t i l i ­

z a t i o n . In o r d e r to v a l i d a t e the n e w schedu l ing m o d e l , a w o r k l o a d d e s ­

c r i p t i o n in the f o r m of t a s k p ro f i l e d i s t r i b u t i o n s was g a t h e r e d by a sof t ­

w a r e m o n i t o r on the G e o r g i a T e c h B5700 runn ing a l ive job s t r e a m . A 

s i m u l a t o r was deve loped to a l low the c o m p a r i s o n of t he new s c h e d u l e r 

wi th o t h e r n o n a d a p t i v e s c h e d u l e r s shown to be good by v a r i o u s r e ­

s e a r c h e r s , u n d e r v a r i o u s g e n e r a l s y s t e m e f f e c t i v e n e s s m e a s u r e p r o t o -
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t y p e s . The s i m u l a t o r w a s v a l i d a t e d by running it wi th the B5700 

TSSMCP s c h e d u l e r a g a i n s t the B5700 w o r k l o a d job p r o f i l e s . Va lues 

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

B5700 s y s t e m qu i t e w e l l . The r e s u l t s of o t h e r s i m u l a t i o n r u n s show 

tha t the n e w adap t ive s c h e d u l e r is c l e a r l y s t a t i s t i c a l l y s u p e r i o r to o t h e r 

s c h e d u l e r s u n d e r m o s t m e a s u r e s c o n s i d e r e d and is i n f e r i o r to no o t h e r 

s c h e d u l e r u n d e r any m e a s u r e c o n s i d e r e d . 

The o t h e r s c h e d u l e r s c o m p a r e d w e r e the fol lowing: 

B5700 TSSMCP 
R o u n d - R o b i n 
F i r s t - i n - F i r s t - o u t 
I n s t a n t a n e o u s E x p o n e n t i a l E s t i m a t i o n 
C o m p l e t e H i s t o r y . 

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

w e r e the fol lowing: 

T h r o u g h p u t ( t a s k s / u n i t t i m e ) 
CPU Ut i l i z a t i on (CPU) 
R e v e n u e (CPU p lus 1/3 I /O) 
R e s o u r c e U s a g e (CPU p lus I / O p lus CORE) 
I / O U t i l i z a t i on (I /O) 
S y s t e m Ut i l i z a t i on (busy t i m e / t o t a l t i m e ) 
S y s t e m Cos t Nul l i f i ca t ion ( 3 . 14 C P U p lus I / O p lus 8 CORE) 
L a t e n c y ( m e a s u r e of r e s p o n s e t i m e ) . 
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C H A P T E R I 

FOUNDATIONS 

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

T h i s r e s e a r c h h a s a s i t s p r i m a r y ob jec t ive the d e s i g n of a m i c r o -

s c h e d u l e r (an i n t e r n a l r e s o u r c e a l l o c a t o r ) which wil l p e r f o r m s e m i -

o p t i m a l l y with r e s p e c t to s e v e r a l m e a s u r e s of s y s t e m e f f e c t i v e n e s s . 

A s s o c i a t e d wi th t h i s ob jec t ive is the goal of the d e v e l o p m e n t of a m e a n s 

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

s c h e d u l e r s with r e s p e c t to s e v e r a l s y s t e m e f f e c t i v e n e s s m e a s u r e s . In 

o r d e r to a c c o m p l i s h th i s goa l , s i m u l a t i o n was u s e d for the c o m p a r i s o n 

p r o c e s s . Inc luded in the r e s e a r c h is an e x a m i n a t i o n of ex i s t i ng p r o t o ­

typ i ca l m i c r o s c h e d u l e r s and m e a s u r e m e n t t e c h n i q u e s . 

Scope of R e s e a r c h 

The f r a m e w o r k of th i s r e s e a r c h is b a s e d upon the B u r r o u g h s 

B5700 T i m e S h a r i n g S y s t e m , with which the a u t h o r w o r k e d for s e v e r a l 

y e a r s at the G e o r g i a I n s t i t u t e of T e c h n o l o g y . In o r d e r to l i m i t the r e ­

s e a r c h a r e a , the e x t e r n a l s chedu l ing in t e r m s of o r d e r i n g of input t a s k s 

is not c o n t r o l l a b l e by the p r o p o s e d m i c r o s c h e d u l e r . P r e v i o u s r e s e a r c h 

h a s shown tha t e x t e r n a l s chedu l ing is qu i t e a m e n a b l e to s e m i - o p t i m a l 

p r o c e s s i n g by p r e - s c h e d u l i n g t e c h n i q u e s (Grochow, 7ZA, G r o c h o w , 7ZB, 
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Hoffman, 71) . Thus the t a s k s t r e a m is c o n s i d e r e d fixed and t y p i c a l of 

the G e o r g i a T e c h B5700 w o r k l o a d . In o r d e r to f a c i l i t a t e the m e a s u r e ­

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

s y s t e m e f f ec t i venes s m e a s u r e s , only a o n e - C P U s y s t e m conf igu ra t ion 

is c o n s i d e r e d , though the e q u i p m e n t at G e o r g i a T e c h i nc ludes two C P U ' s . 

U n d e r the p r e c e d i n g c o n d i t i o n s , s i m u l a t i o n is u s e d to c o m p a r e m i c r o -

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

Need for R e s e a r c h 

In a d y n a m i c r e s o u r c e a l l o c a t i o n e n v i r o n m e n t , a s is found in 

m o s t m o d e r n d ig i t a l c o m p u t e r s y s t e m s , t he m i c r o s c h e d u l e r is the s i n ­

gle m o s t i m p o r t a n t s o f t w a r e m o d u l e in the p o r t i o n of the o p e r a t i n g s y s ­

t e m which c o n t r o l s the o p e r a t i o n s of the s y s t e m . T h e s chedu l i ng of 

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

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

t e m . P r o p e r s e l e c t i o n t ends to o p t i m i z e the u s a g e of the r e s o u r c e s of 

the s y s t e m and r e d u c e s the to ta l a v e r a g e e l a p s e d t i m e e a c h t a s k r e ­

q u i r e s to c o m p l e t e i t s a s s i g n m e n t . I m p r o p e r s chedu l i ng can so d e g r a d e 

the s y s t e m tha t a m u l t i p r o g r a m m i n g e n v i r o n m e n t b e h a v e s in a s l o w e r 

and l e s s eff ic ient m a n n e r than does a good, s i m i l a r n o n - m u l t i p r o g r a m m e d 

c o m p u t e r s y s t e m (Bowlden , 67, Hoffman, 7 1 , Wulf, 69). 

Th i s d e g r a d a t i o n m a y o c c u r in s e v e r a l a r e a s . One , the m o s t 

f a m i l i a r to m a n y u s e r s , c o n c e r n s the o v e r c o m m i t m e n t of r e s o u r c e s to 
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t a s k s , c a u s i n g p a g e t h r a s h i n g in the c a s e of the m a i n s t o r a g e r e s o u r c e , 

for i n s t a n c e . A n o t h e r c o n c e r n s the v a s t o v e r h e a d i m p o s e d by c e r t a i n 

h a r d w a r e / s o f t w a r e c o n f i g u r a t i o n s even on the s i m p l e s t t a s k s , such a s 

e x p e r i e n c e d by e a r l y i m p l e m e n t a t i o n s of T S S / 3 6 0 / 6 7 which had r e p o r t e d 

95 p e r cent o v e r h e a d ( N i e l s e n , 67) . S t i l l a n o t h e r a r e a c o n c e r n s p e r f o r ­

m a n c e d e f i c i e n c i e s in which the s c h e d u l e r w a s t e s r e s o u r c e s by not a s ­

s igning t h e m wel l o r in a t i m e l y m a n n e r . Effor t spen t in i m p r o v i n g the 

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

the p e r f o r m a n c e of a c o m p l e t e c o m p u t e r s y s t e m . T h e in ten t of t h i s r e ­

s e a r c h is to i n v e s t i g a t e a spec i f i c m e t h o d by which the o p e r a t i o n s of in ­

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

The p h y s i c i s t J a m e s C l e r k M a x w e l l u s e d a dev i ce c a l l e d a 

" d e m o n " to i l l u s t r a t e c e r t a i n t h e r m o d y n a m i c c o n c e p t s . One of t he t a s k s 

c o n s i d e r e d a s g iven to a d e m o n w a s tha t of s e p a r a t i n g hot p a r t i c l e s 

f r o m cool ones by opening a door to a l low hot p a r t i c l e s to p a s s into 

a n o t h e r c h a m b e r , but c l o s i n g it to k e e p cool p a r t i c l e s out of the o t h e r 

c h a m b e r . L a t e r p h y s i c i s t s w e r e ab le to p r o v e t h r o u g h a d v a n c e d t h e r m o ­

d y n a m i c a r g u m e n t s tha t m o r e e n e r g y would be r e q u i r e d in the d e c i s i o n 

p r o c e s s which d i s t i n g u i s h e s the hot p a r t i c l e s f r o m the cool ones than 

could be d e r i v e d f r o m the s e p a r a t i o n of the p a r t i c l e s on tha t b a s i s . 

An a n a l o g o u s a r g u m e n t a p p l i e s in the c a s e of the p r o p o s e d m i c r o -

s c h e d u l e r . If the m i c r o s c h e d u l e r is to s u c c e e d in i t s m i s s i o n , i t s a v e r ­

age o p e r a t i o n a l c o s t a b s o l u t e l y m u s t be l e s s t han the a v e r a g e gain in 
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p r o d u c t i v i t y , wi th r e s p e c t to s o m e m e a s u r e . O t h e r w i s e , it is a s u s e ­

l e s s a s a M a x w e l l i a n d e m o n , p e r f e c t l y c a p a b l e of s e p a r a t i n g good t a s k s 

f r o m bad o n e s , but wi th s u c h o v e r h e a d a s to r e n d e r i t s a c t i o n s fut i le 

on a p r a c t i c a l b a s i s . 

T r a n s l a t e d into s p e c i f i c a t i o n s for the m i c r o s c h e d u l e r , the p r e ­

ceding c o m m e n t s en ta i l the r e q u i r e m e n t tha t the s c h e d u l e r m u s t u s e 

l e s s to ta l we igh ted r e s o u r c e s than it s a v e s if it is to s u c c e e d . Thus 

t h e r e is an a l m o s t con t inuous se t of t r adeof f s b e t w e e n s o p h i s t i c a t i o n , 

s p e e d , c o s t , and r e s o u r c e r e q u i r e m e n t s of the m i c r o s c h e d u l e r . The 

n a t u r e of th i s se t of t r adeo f f s is so c o m p l e x and t i m e - a n d - c a s e v a r i a n t 

tha t the b e s t which can be done , in g e n e r a l , i s to p e r f o r m the b e s t s u b -

o p t i m i z a t i o n p o s s i b l e in spec i f i c c a s e s and to hope tha t s e v e r e p a t h o ­

l o g i c a l c a s e s wil l not o c c u r or wil l be mo l l i f i ed by the i m p r o v e d m i c r o -

s c h e d u l e r (Denning, 70, G r a h a m , 72) . T h i s is the p h i l o s o p h y fol lowed 

in the c u r r e n t r e s e a r c h . 

P u r p o s e of M i c r o s c h e d u l e r s 

In a m u l t i p r o g r a m m e d e n v i r o n m e n t the s y s t e m ' s r e s o u r c e s m u s t 

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

v i d e s the l o g i c a l b a s i s by which the s h a r i n g of r e s o u r c e s is c o n t r o l l e d . 

A good m i c r o s c h e d u l e r a t t e m p t s to k e e p the m o s t c o s t l y r e s o u r c e s of 

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

a v a i l a b l e c o n c e r n i n g the t a s k s in c o n c u r r e n t execu t ion to p e r f o r m th i s 
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c o n t r o l funct ion -when r e q u i r e d . Many u s e F I F O , r o u n d - r o b i n , p r i o r i t y , 

dead l i ne t i m e , and m a i n s t o r a g e r e q u i r e m e n t s to he lp b a s e t h e i r d e c i ­

s i o n s . T h i s can l e a d to qu i t e n o n o p t i m a l p a t t e r n s of r e s o u r c e a l l o c a t i o n 

and m a y r e s u l t in an e l a p s e d t i m e r e q u i r e d to p r o c e s s a g iven se t of 

t a s k s t o g e t h e r l o n g e r than tha t r e q u i r e d to p r o c e s s t h e m s e r i a l l y . S e v ­

e r a l r e s e a r c h e r s have e m p h a s i z e d th i s point c o n c e r n i n g B5700 o p e r a ­

t ions (Block , 7 1 , Bowlden , 67, Wulf, 69) . The m i c r o s c h e d u l e r of th i s 

r e s e a r c h is d e s i g n e d in such a way tha t it wi l l , b a s e d upon h i s t o r i c a l 

and c u r r e n t r e s o u r c e u t i l i z a t i o n s , a t t e m p t to p r o v i d e a ne t gain in s y s ­

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

m e n t in the d e c i s i o n - m a k i n g c a p a b i l i t y of the m i c r o s c h e d u l e r , enabl ing 

it to c o n s t r u c t b e t t e r p a t t e r n s of r e s o u r c e a l l o c a t i o n . Th i s a s s i s t s in 

r e d u c i n g the n o n o p t i m a l s e q u e n c e s of r e s o u r c e a l l o c a t i o n and in a v o i d ­

ing p a t h o l o g i c a l c a s e s . 
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C H A P T E R II 

M I C R O S C H E D U L E R ANALYSIS 

G e n e r a l 

Af te r g rowing wi ld ly for y e a r s , the f ield of c o m p u t i n g now 
a p p e a r s to be a p p r o a c h i n g i t s in fancy . R e c e n t r e v o l u t i o n a r y 
t e c h n o l o g i c a l a d v a n c e s wi l l e v e n t u a l l y t ake us f a r beyond our 
n e w e s t , b i g g e s t , and b e s t c o m p u t e r s . Yet c o m p u t e r s and 
compu t ing have a l r e a d y f a n t a s t i c a l l y i n c r e a s e d our p o w e r to 
know a s wel l a s to do (Horn ig , 67). 

Tha t s t a t e m e n t , m a d e s e v e r a l y e a r s a g o , could a n a l o g o u s l y be 

m a d e t o d a y c o n c e r n i n g the f ie ld of c o m p u t e r p e r f o r m a n c e a n a l y s i s . 

T h e f ield in the p a s t and into the p r e s e n t h a s b e e n c o m p o s e d of a j u m b l e 

of t e c h n i q u e s r a n g i n g f r o m h igh ly p r a c t i c a l and e m p i r i c a l to h igh ly 

t h e o r e t i c a l and e s o t e r i c , wi th l i t t l e g e n e r a l s t r u c t u r e to guide the 

w o r k e r with a r e a l p r o b l e m (Bag ley , 60). 

Within the l a s t few y e a r s , s o m e r e a l effort h a s b e e n m a d e to 

c a t e g o r i z e the m e t h o d s and t e c h n i q u e s of the f ield (Be l l , 72) . A l s o in 

the l a s t few y e a r s , e m p h a s i s h a s shif ted f r o m a h a r d w a r e - o n l y p e r f o r ­

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

ceed ing s e c t i o n s d e s c r i b e the v a r i o u s r e l e v a n t a s p e c t s of p e r f o r m a n c e 

a n a l y s i s . 
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P e r f o r m a n c e E v a l u a t i o n 

P e r f o r m a n c e e v a l u a t i o n m a y be subd iv ided into two a r e a s , p e r ­

f o r m a n c e p r o j e c t i o n and p e r f o r m a n c e m o n i t o r i n g . P e r f o r m a n c e p r o ­

j ec t i on r e f e r s to the e s t i m a t i o n of the p e r f o r m a n c e of a s y s t e m which 

does not ye t ex i s t o r is not a v a i l a b l e for a c t u a l m o n i t o r i n g of p e r f o r ­

m a n c e . The t e c h n i q u e m a y a l s o be u s e d to c o n s i d e r c a s e s which m a y 

not be c o n s t r u c t e d at w i l l , s u c h a s o v e r l o a d s on a t i m e - s h a r i n g o r r e a l ­

t i m e s y s t e m , o r e n v i s i o n e d but a s ye t u n r e a l i z e d w o r k l o a d s . P e r f o r ­

m a n c e m o n i t o r i n g r e f e r s to the g a t h e r i n g of da ta on an ex i s t i ng s y s t e m . 

I t m a y t ake one of s e v e r a l f o r m s , but is n o r m a l l y i m p l e m e n t e d t h r o u g h 

h a r d w a r e o r so f twa re m o n i t o r s in the s y s t e m o r t h r o u g h e x t r e m e l y d e ­

t a i l e d s i m u l a t i o n . Even in the c a s e of s i m u l a t i o n , h a r d w a r e o r s o f t w a r e 

m o n i t o r i n g is u s u a l l y n e e d e d to d e r i v e the n e c e s s a r y s t a t i s t i c s wi th 

which to a c c u r a t e l y b a s e the s i m u l a t i o n . 

P e r f o r m a n c e M o n i t o r s 

I n s t r u m e n t a t i o n in the f o r m of h a r d w a r e and s o f t w a r e m o n i t o r s 

p r o v i d e s the m e a n s by which a runn ing s y s t e m m a y be a n a l y z e d to a d e ­

s i r e d l e v e l of d e t a i l ( R o d r i g u e z - R o s e l l , 72) . They a r e qu i t e often u s e d 

to d e t e c t p e r f o r m a n c e i n a d e q u a c i e s in h a r d w a r e a n d / o r s o f t w a r e c o n ­

f i g u r a t i o n s and thus p r o v i d e the h u m a n with the knowledge r e q u i r e d to 

r e d u c e such i n a d e q u a c i e s ( S c h w a r t z , 6 8 , W a l t e r , 67) . H a r d w a r e m o n i ­

t o r s h a v e the a d v a n t a g e tha t they m a y be a t t a c h e d to the s y s t e m to be 

m e a s u r e d wi thout affect ing the i n t e r n a l o p e r a t i o n of the s y s t e m at a l l 
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(Amiot , 72, A p p l e , 65 , A r n d t , 72 , B o n n o r , 69, S c h u l m a n , 67, S h e m e r , 

72, Stang, 69) . M o s t c o m m e r c i a l m o n i t o r s h a v e f r e e - s t a n d i n g t ape 

d r i v e s on which to r e c o r d the da ta s to l en f r o m the s y s t e m , and they 

have s o m e n u m b e r of i ndependen t input c h a n n e l s which m a y be l o g i c a l l y 

O R ' e d , A N D ' e d , N O R ' e d , NAND'ed , e t c . , t o g e t h e r to c o n s t r u c t s i g n a l s 

which m a y be led to s u m u n i t s , the c o n t e n t s of wh ich a r e p e r i o d i c a l l y 

p l a c e d onto the a t t a c h e d t a p e . A l s o m o s t c o m m e r c i a l m o n i t o r s a r e a c ­

c o m p a n i e d by a F O R T R A N a n a l y s i s p r o g r a m which can t r a n s l a t e the 

m a s s e s of da ta into h u m a n - r e a d a b l e and i n t e r p r e t a b l e f o r m . H a r d w a r e 

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

t o r i n g i n f o r m a t i o n the l o c a t i o n of which d y n a m i c a l l y v a r i e s , a s in the 

c a s e of the B5700; th i s is a m a j o r a d v a n t a g e of s o f t w a r e m o n i t o r s 

( B e m e r , 68) . O t h e r a d v a n t a g e s of s o f t w a r e m o n i t o r s i nc lude the g e n e r ­

a l ly low c o s t to i n s t a l l and the t r e m e n d o u s f l ex ib i l i t y of i n v e s t i g a t i o n 

(Keefe , 68) . The m a j o r d i s a d v a n t a g e of a so f twa re m o n i t o r is a d i r e c t 

c o n s e q u e n c e of the u n c e r t a i n t y p r i n c i p l e : t he c l o s e r a s y s t e m a t t e m p t s 

to m e a s u r e i t s own a c t i o n s , t he m o r e d i s r u p t i v e the m e a s u r e m e n t p r o ­

c e s s i s to the s y s t e m . H o w e v e r , by c l e v e r d e s i g n the d e g r a d a t i o n of a 

so f twa re m o n i t o r m a y be kep t v e r y low and m e a s u r a b l e so tha t i t s ef­

f ec t s m a y be a l m o s t c a n c e l l e d in the a n a l y s i s p h a s e (Arden , 69 , Book­

m a n , 72, S t a n l e y , 69) . A s o f t w a r e m o n i t o r was deve loped for and u s e d 

in th i s r e s e a r c h and is d e s c r i b e d in a l a t e r c h a p t e r of t h i s r e p o r t . The 

m a j o r p r o b l e m s wi th h a r d w a r e and s o f t w a r e m o n i t o r s a r e the s t o r a g e 
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a n a l y s i s of l a r g e v o l u m e s of da ta and the r e d u c t i o n of tha t da t a into the 

i n f o r m a t i o n r e q u i r e d by the r e s e a r c h e r . The p r o b l e m s a r e diff icul t , 

but the r e w a r d s m a y be s u b s t a n t i a l ( B a e r , 72, B o n n o r , 69, C a m p b e l l , 

68 , C a n t r e l l , 68 , F e e l e y , 72, Yeh, 72) . 

S i m u l a t i o n 

S i m u l a t i o n is the m o s t g e n e r a l and power fu l of the m e t h o d s thus 

d e v i s e d for the a n a l y s i s of c o m p u t e r s y s t e m s . It is p r o b a b l y the m o s t 

diff icult to deve lop and u s e p r o p e r l y , but it is p o t e n t i a l l y f a r s u p e r i o r 

to any of the o the r m e a n s , and the p o s s i b l e r e w a r d s for i t s a p p l i c a t i o n 

m a y be the o v e r r i d i n g inf luence in the d e c i s i o n to u s e it ( F i n e , 66, 

H u e s m a n n , 67) . In the c a s e of a s y s t e m which does not ye t e x i s t , s i m u ­

la t ion m a y v e r y wel l be the only m a n n e r in which to a n a l y z e it a c c u r a t e l y . 

T h e s e a r e the r e a s o n s by which s i m u l a t i o n was c h o s e n fo r th i s c u r r e n t 

r e s e a r c h . 

H u e s m a n n a s s e r t s , p r o b a b l y c o r r e c t l y , tha t the s t a t e of the a r t 

wi l l not c u r r e n t l y s u p p o r t a c o m p r e h e n s i v e s i m u l a t o r c a p a b l e of s i m u ­

la t ing any p r o p o s e d c o m p u t e r s y s t e m con f igu ra t i on by m e a n s of p a r a ­

m e t r i c o r a l g o r i t h m i c d e s c r i p t i o n ( H u e s m a n n , 67) . T h i s i s not to say , 

h o w e v e r , t ha t e n t i r e s e r i e s o r c l a s s e s of c o m p u t e r s y s t e m s canno t 

c u r r e n t l y be hand led a d e q u a t e l y ; for i n s t a n c e , S e a m a n and Soucy d e v e l ­

oped a s i m u l a t o r for IBM S / 3 6 0 / 3 7 0 in a l a n g u a g e s p e c i f i c a l l y d e s i g n e d 

for the p u r p o s e , CSS ( S e a m a n , 69). T h e s p e c i a l c o m m e r c i a l p a c k a g e s 

which p u r p o r t to a n a l y z e any ex i s t i ng h a r d w a r e / s o f t w a r e c o m b i n a t i o n , 
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s u c h a s CASE, SAM, S C E R T , e t c . , a r e in a c t u a l i t y not s y s t e m s i m u l a ­

t o r s but m a n i p u l a t e da ta t a k e n f r o m t a b l e s which e m p i r i c a l l y d e s c r i b e 

the b e h a v i o r of c e r t a i n c o n f i g u r a t i o n s of the s y s t e m s in o r d e r to a t ­

t e m p t to d e s c r i b e the spec i f i c s i t ua t i on ( H u e s m a n n , 67) . 

The CASE and S C E R T s y s t e m s i m u l a t o r s a r e the m o s t wide ly 

u s e d c o m m e r c i a l p a c k a g e s for the e v a l u a t i o n of s t a n d a r d , ex i s t i ng c o m ­

p u t e r s y s t e m s ( B a i r s t o w , 68 , Cann ing , 68, C o m r e s s , 67, H e r m a n , 67, 

I h r e r , 67, P o m e r a n t z , 70, S P C , 68 , T h o m p s o n , 68) . They a r e v e r y 

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

t h e i r a p p l i c a t i o n , and the c o s t / p e r f o r m a n c e of the m e t h o d . Many c l i ­

en t s have p u r c h a s e d the u s e of the s y s t e m s for s o m e s u b s t a n t i a l to ta l 

a m o u n t of t i m e , h o w e v e r , and the m e t h o d s cannot be i g n o r e d . 

In c o o r d i n a t i o n with o t h e r t e c h n i q u e s , s i m u l a t i o n m a y be u s e d to 

m o d e l c o m p u t e r s y s t e m s qu i t e a c c u r a t e l y and f lex ib ly (Cann ing , 68). 

F o r ex i s t i ng s y s t e m s , s i m u l a t i o n m o d e l s m a y be a d v a n c e d c o n s i d e r a b l y 

t h r o u g h the u s e of i n f o r m a t i o n ga ined by the u s e of h a r d w a r e and sof t ­

w a r e m o n i t o r s . T h e m o n i t o r output m a y be u s e d a l m o s t wi thout f u r t h e r 

a n a l y s i s , a s in the c a s e of t r a c e - d r i v e n m o d e l i n g (Cheng , 69) . It m a y 

a l s o be u s e d a f t e r m u c h a n a l y s i s , a s in the f o r m of s t e r e o t y p i c a l job 

d e s c r i p t i o n s (N ie l s en , 67) . If ana ly t i c m o d e l i n g t e c h n i q u e s a r e not f e a s ­

i b l e , m a t h e m a t i c a l m o d e l s m a y be u s e d to d e r i v e i n f o r m a t i o n about s y s ­

t e m p e r f o r m a n c e by fol lowing the c h a n g e s of s t a t e r e s u l t i n g f r o m the 

s u c c e s s i o n of even t s affect ing the s y s t e m . T h i s is a c c o m p l i s h e d by u s -
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ing n u m e r i c a l t e c h n i q u e s to fol low the c o r r e s p o n d i n g c h a n g e s in the 

m a t h e m a t i c a l m o d e l (B lake , 64) . 

The s i m u l a t i o n of th i s r e s e a r c h is not of the a l l - e n c o m p a s s ing 

t ype , such a s tha t d i s c u s s e d u n d e r g e n e r a l s y s t e m s r e s e a r c h t o p i c s . 

An e x t r e m e e x a m p l e of th i s is the p r e p a r a t i o n of a t h r e e - e o n s i m u l a t i o n 

of the u n i v e r s e r e p o r t e d l y g iven a s an e x a m i n a t i o n q u e s t i o n a t s e v e r a l 

t e c h n i c a l i n s t i t u t e s . In th i s c l a s s of s i m u l a t i o n , the e n t i r e r e l e v a n t 

u n i v e r s e is c o n s i d e r e d in the m o d e l . I t is r e t i c u l a t e d into i n t e r a c t i n g 

s u b m o d e l s , and each of t h e m is s i m i l a r l y d e c o m p o s e d , a s n e c e s s a r y , 

un t i l e a c h t e r m i n a l m o d e l m a y be a n a l y z e d t h r o u g h s i m u l a t i o n . A l ­

though e a c h s i m u l a t i o n h a s an e x t e r n a l e n v i r o n m e n t , the s u p e r s i m u l a ­

t ion h a s no e x t e r n a l e n v i r o n m e n t and no exogenous func t ions not u n d e r 

c o n t r o l of the s i m u l a t i o n . T h u s , for the p u r p o s e s of the c u r r e n t r e ­

s e a r c h , a l l of the s y s t e m excep t for the s c h e d u l e r i n t e r n a l r e s o u r c e 

a l l o c a t i o n is e x t e r n a l l y d e s c r i b e d p a r a m e t r i c a l l y o r a l g o r i t h m i c a l l y to 

the m o d e l . 

The b a s i s of the c l a s s of s i m u l a t i o n s d i s c u s s e d h e r e is the con­

cept of t i m e . T h e r e a r e two e x t r e m e s in the m e t h o d s of m a i n t a i n i n g 

t i m e in s i m u l a t i o n m o d e l s . It is i m p o s s i b l e in a d ig i t a l c o m p u t e r to 

t r u l y r e p r e s e n t a con t inuous v a r i a b l e such a s t i m e s i nce a con t inuous 

v a r i a b l e would r e q u i r e inf ini te p r e c i s i o n . T h u s a d i s c r e t e r e p r e s e n t a ­

t ion of t i m e m u s t be u s e d . In th i s c a s e , the s t a t e of the m o d e l is ex ­

a m i n e d a t e a c h t i m e i n t e r v a l endpo in t . T h i s h a s a d v a n t a g e s for m o d e l -
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ing con t inuous v a r i a b l e s but is qu i t e ineff ic ient for s lowly chang ing 

m o d e l s and i s qu i t e i n a c c u r a t e in m a n y c a s e s . 

T h e o t h e r a l t e r n a t i v e in t i m e - k e e p i n g is e v e n t - o r i e n t e d s i m u l a ­

t ion . In th i s c a s e , d i s c r e t e t i m e i n t e r v a l r e p r e s e n t a t i o n is u s e d , but 

the s i m u l a t e d t i m e is a d v a n c e d to the next event in the m o d e l at e ach 

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

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

t i o n . In p r a c t i c e , th i s is not a s e v e r e p r o b l e m s i n c e s i m p l e weigh t ing 

f a c t o r s can be e a s i l y app l i ed to r e p r e s e n t the n o n u n i f o r m t i m e s t e p s in 

e v e n t - o r i e n t e d s i m u l a t i o n . 

T h e s i m u l a t i o n m o d e l m u s t be c a p a b l e of l o g i c a l l y hand l ing t r u l y 

p a r a l l e l e v e n t s s i n c e the m o d e l i t se l f e x e c u t e s s e r i a l l y , whi le the s y s ­

t e m be ing s i m u l a t e d in th i s c a s e does no t . A l s o , the m o d e l wi l l not r un 

p r o p e r l y wi thout c o m p r e h e n s i v e d e s c r i p t i o n s of e x a c t l y what s y s t e m is 

be ing s i m u l a t e d . I t m u s t a l s o be c a p a b l e of p r e s e n t i n g i ts a c t i o n s in a 

mean ing fu l f o r m a t for i n t e r f a c i n g i t s i n f o r m a t i o n wi th the r e s e a r c h e r s 

p e r f o r m i n g the i n t e r p r e t a t i o n of the s i m u l a t i o n . 

Of c o u r s e , the c o m p u t e r s y s t e m m o d e l cannot be c o n s i d e r e d d e ­

t e r m i n i s t i c . R e a l i s t i c a l l y , it m u s t be c o n s i d e r e d s t o c h a s t i c . Many a p ­

p a r e n t o p e r a t i o n s of the c o m p u t e r s y s t e m be ing m o d e l e d a r e p r o b a b i l i s ­

t ic in n a t u r e to s o m e ex t en t . It is the r e s p o n s i b i l i t y of the m o d e l e r to 

speci fy the n a t u r e s of the p a r a m e t e r s . 

To h a n d l e p r o b a b i l i s t i c v a r i a b l e s , a l m o s t a l l s i m u l a t i o n s u s e 
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s t r e a m s of p s e u d o - r a n d o m n u m b e r s . A v a r i a b l e wi th a l m o s t any p r o b a ­

b i l i s t i c d i s t r i b u t i o n m a y be g e n e r a t e d by th i s m e t h o d . The r a n d o m n u m ­

b e r s t r e a m is u s e d a s d o m a i n v a l u e s and the d e s i r e d p r o b a b i l i s t i c v a l u e s 

m a y be d e r i v e d f r o m the r a n g e of a p r o p e r l y c h o s e n func t ion . P s e u d o ­

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

modu lo o p e r a t i o n s . An e x c e l l e n t d i s c u s s i o n m a y be found in Knuth 

(Knuth, 69). P s e u d o - r a n d o m n u m b e r g e n e r a t i o n is f a s t , s i m p l e , c o n ­

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

to fit g iven t e s t s of s t a t i s t i c a l r a n d o m n e s s , 

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

t a t i on of t a s k s in the s i m u l a t i o n m u s t be c o n s i d e r e d c a r e f u l l y . Th i s 

r e p r e s e n t a t i o n m u s t speci fy to s o m e d e s i r e d l e v e l of de t a i l the r e a c t i o n 

of the s y s t e m to e v e r y c l a s s of s t i m u l i in the s i m u l a t i o n . T h e n a t u r e of 

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

c i f i ca t ion , but in the s i m u l a t i o n of th i s r e s e a r c h , it t a k e s the f o r m of 

s e t s of p r o b a b i l i t y d i s t r i b u t i o n s . T h i s h a s the d i s a d v a n t a g e t ha t it m u s t 

be d y n a m i c - - a s the load i n c r e a s e s and t i m e p r o g r e s s e s , v a r i o u s d i s ­

t r i b u t i o n s wi l l change d r a s t i c a l l y , fo r i n s t a n c e . Th i s p r o b l e m is o v e r ­

c o m e by p r o v i d i n g for a s e r i e s of d i f fe ren t d i s t r i b u t i o n s a l lowing for a 

l i m i t e d n u m b e r of d i f fe ren t c o n d i t i o n s . T h e n u m b e r and s i z e of t h e s e 

t a b l e s would p o s s i b l y b e c o m e p r o h i b i t i v e a s the s i m u l a t i o n is b r o u g h t 

v e r y c l o s e to the r e a l - w o r l d s y s t e m . 

Th i s is avo ided by the u s e of s t e r e o t y p i c a l t a s k - m i x c o n f i g u r a -
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t i o n s , s i n c e a se t of job d e s c r i p t i o n s d e s c r i b i n g s u b c l a s s e s of t a s k 

t y p e s could be s h a r e d by the t a s k s in s i m u l a t e d execu t i on . U t i l i z a t i o n 

of the s t e r e o t y p i c a l a p p r o a c h should a l low for s i m p l e r s i m u l a t o r c o n ­

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

the m o d e l i n g of a r e a l - w o r l d s y s t e m , not the p r o g r a m m i n g of a c o m p l i ­

c a t e d s i m u l a t o r . 

T h e r e e x i s t c a s e s when c o n s i d e r a b l e s o p h i s t i c a t i o n m u s t be in ­

s e r t e d into the d e s i g n of the m o d e l in o r d e r to dep ic t s u b c o m p o n e n t s of 

the r e a l - w o r l d s y s t e m m o r e a c c u r a t e l y . T h i s is in confl ict wi th the 

t e n d e n c y to m a k e the m o d e l a s s i m p l e a s p o s s i b l e . A t radeoff m u s t be 

m a d e be tween c l o s e n e s s to r e a l - w o r l d s y s t e m and s i m p l i c i t y in the 

m o d e l . T h e e x t r e m e s of t h i s t radeoff a r e t r i v i a l i t y and e m u l a t i o n . 

S o m e w h e r e b e t w e e n the e x t r e m e s l i e s the p r o p e r m i x t u r e , a s was d e ­

c ided in th i s s tudy in the s i m u l a t o r . 

T h i s r e s e a r c h is not c o n c e r n e d wi th spec i f i c h a r d w a r e / s o f t w a r e 

c o n f i g u r a t i o n s a s s u c h . Th i s fac t s i m p l i f i e s the s i m u l a t o r in the a r e a s 

not c o n c e r n e d d i r e c t l y with the m i c r o s c h e d u l e r s u b c o m p o n e n t u n d e r 

c o n s i d e r a t i o n . It a l lows the p a r a m e t r i c s p e c i f i c a t i o n of the o the r a l ­

g o r i t h m s of the o p e r a t i n g s y s t e m . O t h e r w i s e , the m o d e l m i g h t be u n ­

n e c e s s a r i l y c o m p l i c a t e d in the wrong a r e a s . 

T h e o t h e r s e r i o u s c o n c e r n invo lves the p r o c u r e m e n t of a c c u r a t e 

da ta wi th which to d r i v e the s i m u l a t i o n , e s p e c i a l l y for the v e r i f i c a t i o n 

p h a s e . A f a i r l y r e c e n t d e v e l o p m e n t in th i s a r e a c o n c e r n s the u s e of 
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t r a c e - d r i v e n m o d e l i n g (Cheng, 69) . T h i s invo lves obta in ing a c t u a l da ta 

t h r o u g h the u s e of i n s t r u m e n t a t i o n , s u m m a r i z i n g i t , and us ing it in a 

m o d e l of s o m e c o m p o n e n t s of the c o m p u t e r s y s t e m . T h i s m e t h o d is 

powerfu l but su f f e r s f r o m the s a m e p r o b l e m s a s b e n c h m a r k i n g - - w i t h 

ca re fu l s e l e c t i o n of jobs to r u n , p r a c t i c a l l y any d e s i r e d d i s t r i b u t i o n of 

p a r a m e t e r s m a y be o b t a i n e d . H o w e v e r , wi th s c i en t i f i c s e l e c t i o n , r e p ­

r e s e n t a t i v e d i s t r i b u t i o n s m a y be ob t a ined . 

As m i g h t be e x p e c t e d , s i m u l a t i o n h a s p l ayed a m a j o r r o l e in 

s o m e of the m o s t i m p o r t a n t a n a l y s e s of c o m p u t e r o p e r a t i n g s y s t e m p e r ­

f o r m a n c e e v a l u a t i o n . One of the m a j o r e a r l y t i m e - s h a r i n g s i m u l a t o r s 

was d e v e l o p e d by N i e l s e n of S tanford to m o d e l the IBM S / 3 6 0 - 6 7 T i m e -

S h a r i n g S y s t e m ( N i e l s e n , 67) . T h i s s i m u l a t i o n m o d e l is an a id in the 

IBM S / 3 6 0 / 6 7 h a r d w a r e / s o f t w a r e con f igu ra t i on p r o b l e m . T h u s it is d e ­

s igned to f a c i l i t a t e s y s t e m con f igu ra t i on c h a n g e s . T h i s r e q u i r e s h i s 

s i m u l a t o r to be f l ex ib le enough to h a n d l e m u l t i p l e C P U ' s , v a r i a b l e s i z e s 

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

d e v i c e s , and even o t h e r c o m p u t e r s coupled to t he one u n d e r s tudy . T h e 

m o d e l is a l s o m e a n t to t e s t c h a n g e s in p r o p o s e d s o f t w a r e a l g o r i t h m s . 

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

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

m o d e l is not s y s t e m - i n c l u s i v e , a s it does not c o n s i d e r o p e r a t o r s no r 

u s e r s , excep t p a r a m e t r i c a l l y . It i s not t r u l y g e n e r a l , for it only h a n ­

d le s h a r d w a r e / s o f t w a r e c o n f i g u r a t i o n s wi th f ixed t i m e quan t a devo ted 
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to ind iv idua l t i m e - s l i c e s and f ixed p a g e s e g m e n t s devo ted to p r o g r a m s 

and the o p e r a t i n g s y s t e m . T h e only d o c u m e n t e d a p p l i c a t i o n of that 

s i m u l a t o r was begun on the IBM S / 3 6 0 / 6 7 t i m e - s h a r i n g s y s t e m one 

y e a r b e f o r e the h a r d w a r e was d e l i v e r e d and two y e a r s b e f o r e w o r k a b l e 

s o f t w a r e (TSS/360) was r e a d y , and it w a s shown to be qui te a c c u r a t e in 

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

in the c u r r e n t r e s e a r c h to i n v e s t i g a t e c o r e a l l o c a t i o n s t r a t e g i e s in a 

paged e n v i r o n m e n t . It was not u s e d a s a m a j o r s i m u l a t o r b e c a u s e of 

the diff icul ty in changing it to do the g e n e r a l r e s o u r c e a l l o c a t i o n s c h e ­

m a t a a n a l y s i s , e s p e c i a l l y in a nonpaged c a s e . 

A n o t h e r s i m u l a t o r was deve loped by N i e l s e n for the a n a l y s i s of 

the e f f ec t i venes s of c e r t a i n t e c h n i q u e s such a s p r o g r a m r e l o c a t i o n , 

d i sk r o t a t i o n a l de l ay o p t i m i z a t i o n , and swap v o l u m e m i n i m i z a t i o n on a 

p r o p o s e d t i m e - s h a r i n g s y s t e m for the B u r r o u g h s B6700 ( N i e l s e n , 69, 

N i e l s e n , 70, N i e l s e n , 71). S ince the B6700 s y s t e m is b a s e d on v a r i a b l e -

s i z e d p a g e s and a d y n a m i c - o v e r l a y - b a s e d c o r e a l l o c a t i o n s c h e m e , he 

is ab l e to p r e s e n t da ta which p r o v i d e s an i nd i ca t i on of the e f f e c t i v e n e s s 

of tha t type of o r g a n i z a t i o n a s u s e d in a t i m e - s h a r i n g e n v i r o n m e n t . He 

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

B e c a u s e of the s i m i l a r i t i e s b e t w e e n h i s m o d e l ' s c a p a b i l i t i e s and t h o s e 

r e q u i r e d in the c u r r e n t r e s e a r c h , the s t r u c t u r e of h i s B6700 T i m e -

S h a r i n g S i m u l a t o r was u s e d a s a b a s i s for the m a j o r s i m u l a t o r u s e d 

h e r e in the v a l i d a t i o n p h a s e . The s i m u l a t o r u s e d in th i s r e s e a r c h is 
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t hus s i m i l a r to tha t u s e d by N i e l s e n in h i s w o r k for B u r r o u g h s in t e r m s 

of input and output to and f r o m the s i m u l a t o r and in t e r m s of s o m e i n ­

t e r n a l o p e r a t i o n s ; n e v e r t h e l e s s , tha t s i m u l a t o r u s e d in th i s r e s e a r c h 

d i f fe r s s ign i f i can t ly f r o m N i e l s e n in t e r m s of c a p a b i l i t i e s and s t r u c t u r e . 

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

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

g ion . The p r o b l e m s a r e c o n c e r n e d wi th the i n f o r m a t i o n l o s s in the 

t r a n s f e r r a l of the s t r u c t u r e and da ta of the s y s t e m to tha t of the m o d e l . 

M o s t of the s i m u l a t o r s c o n s t r u c t e d h a v e been b a s e d upon p r o b a b i l i t y 

d i s t r i b u t i o n s of v a r i o u s p a r a m e t e r s of i n t e r e s t and e x t r e m e c a r e is r e ­

q u i r e d to p r e v e n t g r o s s l o s s of s t r u c t u r a l i n f o r m a t i o n in the c o n s t r u c ­

t ion of the m o d e l . N i e l s e n ' s s i m u l a t o r s u s e s e t s of s t a t i s t i c a l l y - d e f i n e d 

t a s k p r o f i l e s , a m e t h o d which h a s p r o v e n a s good a s any o t h e r m e a n s 

and b e t t e r than m o s t o t h e r s . A n o t h e r p r o b l e m c o n c e r n s the diff icul ty 

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

s y s t e m s . 

B e c a u s e of t h e s e p r o b l e m s , the G o v e r n m e n t Accoun t ing Office 

r e c e n t l y banned the u s e of s i m u l a t i o n a s a so l e m e a n s of c o m p a r i n g 

h a r d w a r e and s o f t w a r e s y s t e m s for p r o c u r e m e n t a n a l y s i s (GSA, 72, 

High land , 72 , I h r e r , 72, L u n d e l l , 72) . D e s p i t e t h e s e p r o b l e m s of s i m u ­

l a t ion p r o g r a m s which h a v e not b e e n p r o p e r l y d e s i g n e d , e x e c u t e d , o r 

a n a l y z e d , s i m u l a t i o n as a m e t h o d is s t i l l v e r y m u c h a good t e c h n i q u e 

for the a n a l y s i s of c o m p u t e r o p e r a t i n g s y s t e m s when p r o p e r l y h a n d l e d . 
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S t r u c t u r a l P e r f o r m a n c e A n a l y s e s 

S tud ies 

The p r e c e d i n g s e c t i o n of th i s r e s e a r c h d i s c u s s e d the m e t h o d s 

by which p e r f o r m a n c e eva lua t i on m a y be p e r f o r m e d . T h i s s e c t i o n d i s ­

c u s s e s the a c t u a l w o r k which h a s b e e n p e r f o r m e d in the f ield wi th r e ­

s p e c t to the c u r r e n t r e s e a r c h ( B o o k m a n , 72, B r a d l e y , 68). A c o n s i d e r ­

ab l e n u m b e r of r e s e a r c h e r s in t he f ie ld have i nd i ca t ed in the l i t e r a t u r e 

tha t s ign i f i can t i n c r e a s e s in c o m p u t e r p e r f o r m a n c e m a y be r e a l i z e d 

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

the t e c h n i q u e s a t t e m p t to give d y n a m i c a l l y h i g h e r r e s o u r c e p r i o r i t i e s to 

t h o s e t a s k s wh ich u s e l e s s of the r e s o u r c e . T h u s an I / O - b o u n d t a s k 

r e c e i v e s a h i g h e r CPU p r i o r i t y than a C P U - b o u n d t a s k , e t c . T h e t e c h ­

n iques g e n e r a l l y a s s u m e tha t r e c e n t p a s t p e r f o r m a n c e of a t a s k is a 

good i n d i c a t o r of r e c e n t fu tu re p e r f o r m a n c e . F e w of the s t u d i e s r e p o r t e d 

a s y s t e m a t i c effort to a n a l y z e or to s i m u l a t e spec i f i c c o m p o n e n t s of the 

r e s o u r c e a l l o c a t i o n p r o c e s s , wi th N i e l s e n the m a j o r e x c e p t i o n . A l m o s t 

a l l p r a c t i c a l r e s e a r c h e s involved a l t e r a t i o n s in the s y s t e m u n d e r s tudy 

i ndependen t ly of the i m p r o v e m e n t in the i n t e r n a l r e s o u r c e a l l o c a t i o n 

s c h e d u l e r ( m i c r o s c h e d u l e r ) , thus c louding the i s s u e of a c t u a l i m p r o v e ­

m e n t due to t he m i c r o s c h e d u l e r . No r e s e a r c h e r s r e p o r t e d a s u s t a i n e d 

sc ien t i f i c effort to g a t h e r w o r k l o a d d a t a , s t a t i s t i c a l l y p r o c e s s i t , m o d e l 

the c o m p u t e r s y s t e m and c o m p u t e r o p e r a t i n g s y s t e m u n d e r which the 

w o r k l o a d was p r o c e s s e d , and a c t u a l l y c o m p a r e the o p e r a t i o n s of the 
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s i m u l a t e d s y s t e m u n d e r p r o p o s e d c h a n g e s with r e s p e c t to s e v e r a l dif­

f e r e n t s y s t e m ob j ec t i ve m e a s u r e s . 

S c h e r r deve loped a s imp l i f i ed s y s t e m - i n c l u s i v e a n a l y t i c a l m o d e l 

of the MIT P r o j e c t M A C ' s CTSS ( C o m p a t i b l e T i m e - S h a r i n g S y s t e m ) 

( S c h e r r , 67) . A l though h i s a p p r o a c h was c o a r s e , it r e f l e c t e d the b e h a v ­

io r of the a c t u a l s y s t e m v e r y w e l l , p r i m a r i l y b e c a u s e CTSS is a s i m p l y -

d e s i g n e d o p e r a t i n g s y s t e m wi th c e r t a i n s a l i e n t a t t r i b u t e s which , a l m o s t 

by a c c i d e n t , h a p p e n to be v e r y conven i en t to m o d e l ( C o r b a t o , 62) . F o r e ­

m o s t a m o n g t h e s e is a b a s i c r o u n d - r o b i n CPU a l l o c a t i o n s c h e m e , a 

s i m p l e c o r e - s w a p p i n g t e c h n i q u e , and a m e t h o d of po l l ing t e r m i n a l input 

which p r o d u c e s an ( a r t i f i c i a l ) n e g a t i v e exponen t i a l d i s t r i b u t i o n of i n t e r -

a r r i v a l t i m e s . He d e m o n s t r a t e d qu i t e we l l t ha t an a n a l y t i c a l m o d e l 

a c t u a l l y can be g e n e r a l and a c c u r a t e a l s o . 

S t evens u s e d the runn ing a v e r a g e of 

( to ta l C P U t i m e d iv ided by t o t a l I / O channe l t ime) 

a s the i n t e r n a l p r i o r i t y for C P U m i c r o s c h e d u l i n g ( S t e v e n s , 68A). He 

s u g g e s t e d th i s a s an a l t e r n a t i v e to a r t i f i c i a l l y a s s i g n i n g h igh C P U p r i o r ­

i ty to I / O - b o u n d t a s k s to avoid u n n e c e s s a r y d e l a y s in s u c h c a s e s . T h i s 

is s o m e t i m e s known a s the c o m p l e t e h i s t o r y m e t h o d . He no ted an in ­

c r e a s e of 18 p e r cen t in CPU u t i l i z a t i o n and of 100 p e r cen t in t h r o u g h ­

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

to the o p e r a t i n g s y s t e m u n d e r s tudy m a k e s it diff icult to a t t r i b u t e th i s 

i n c r e a s e in p e r f o r m a n c e to i m p r o v e d CPU a l l o c a t i o n s t r a t e g y only . 
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R e h m a n n and G a n g w e r e r e p o r t on the s i m u l a t i o n s tudy of r e ­

s o u r c e m a n a g e m e n t in a t i m e - s h a r i n g s y s t e m u s i n g a t w o - q u e u e - l e v e l 

f o r e g r o u n d - b a c k g r o u n d CPU schedu l ing m o d e l ( R e h m a n n , 68) . T h e y 

u s e d r e s p o n s e t i m e a s the p e r f o r m a n c e m e a s u r e , s i n c e t hey c o n s i d e r 

it to be a n a t u r a l u s e r - o r i e n t e d m a n n e r of m e a s u r i n g the p e r f o r m a n c e 

of the s y s t e m . The s y s t e m s tud ied is nonpaged , m u l t i p r o g r a m m i n g 

and u s e s a c o r e - s w a p p i n g t e c h n i q u e . T h e y no te tha t C a n t r e l l was the 

f i r s t to p r o p o s e us ing a t i m e s l i c e to s e p a r a t e long t a s k s and s h o r t ones 

( C a n t r e l l , 67) . His idea was to se t the l eng th of a t i m e s l i c e so tha t 90 

p e r cent of a l l t a s k s in the e x p e c t e d w o r k l o a d would c o m p l e t e in the 

f i r s t t i m e s l i c e a w a r d e d t h e m . If a t a s k did not c o m p l e t e in the f i r s t 

s l i c e , it w a s m o v e d to a l o w e r p r i o r i t y l eve l so tha t l o n g e r - r u n n i n g 

t a s k s would r e c e i v e CPU a t t e n t i o n du r ing the I /O a c t i v i t y of s h o r t t a s k s , 

o r when no new t a s k s a r e a v a i l a b l e . 

T h e i r s i m u l a t o r for th i s s i t u a t i o n was w r i t t e n in G P S S / 3 6 0 and 

h a n d - v e r i f i e d . The m o d e l was h e a v i l y p a r a m e t r i c i z e d , and they w e r e 

a b l e to t r e a t a l a r g e n u m b e r of c a s e s qu i t e e a s i l y . T h e y a s s u m e t h e i r 

w o r k l o a d d i s t r i b u t i o n for CPU u s a g e is q u a l i t a t i v e l y the s a m e a s tha t 

u s e d by C a n t r e l l and S c h e r r up to 90 p e r cent C P U s a t u r a t i o n ( C a n t r e l l , 

67, S c h e r r , 65). T h e l a s t 10 p e r cen t of the w o r k l o a d d i s t r i b u t i o n s 

w e r e c h o s e n to be t h e o r e t i c a l l y r e p r e s e n t a t i v e of l i gh t , m e d i u m , and 

h e a v y C P U w o r k l o a d s . T h i s c h o i c e was c r u c i a l to the s tudy b e c a u s e 

the m o d e l is e x t r e m e l y s e n s i t i v e to the n a t u r e of C P U w o r k l o a d in the 
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h i g h e s t 10 p e r cen t of the CPU s a t u r a t i o n d i s t r i b u t i o n . If t h e i r a s s u m p ­

t ions w e r e not e x c e s s i v e and t h e i r input was a c c u r a t e , t h e i r r e s u l t s for 

t h e i r CPU schedu l ing m o d e l should be v e r y c l o s e to r e a l i t y , a s s u m i n g 

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

S c h e r r r e p o r t e d on the c o n s t r u c t i o n and a p p l i c a t i o n of a s i m u l a ­

t ion p r o g r a m d e s i g n e d to s tudy the m a i n s t o r a g e f r a g m e n t a t i o n , run 

t i m e d i l a t i on , t h r o u g h p u t , t u r n a r o u n d t i m e , job de l ay , and r e l o c a t i o n 

effects of the t a s k d i spa t ch ing s t r a t e g i e s e m b o d i e d in an e a r l y v e r s i o n 

of O S / M V T runn ing on an IBM S / 3 6 0 / 6 5 ( S c h e r r , 66B) . His m o d e l s i m u ­

l a t e s a v a r i a b l e n u m b e r of job s t r e a m s , e a c h e m i t t i n g t a s k s to the t a s k 

d i s p a t c h e r a t s t a t i s t i c a l l y defined i n t e r v a l s . T h e job s t r e a m a t t r i b u t e s 

change a s the c o r r e s p o n d i n g t a s k s a r e p r o c e s s e d , a s p e r e a c h p r o t o ­

t y p i c a l job s t e p type of d e s c r i p t i o n . E a c h job s t e p is d e s c r i b e d by the 

t h r e e fol lowing d i s t r i b u t i o n s : c o r e s t o r a g e s p a c e r e q u i r e d , C P U t i m e 

r e q u i r e d , and m i n i m u m wai t f a c t o r a l l o w e d . T h e wait f a c t o r is the 

p e r c e n t a g e of the e l a p s e d t i m e tha t the job s t e p would be in the wait 

s t a t e if r u n s e r i a l l y . T h e job s t ep p r i o r i t i e s i n c r e a s e a s the c o r e o c c u ­

p a n c y t i m e i n c r e a s e s . Running t i m e s for a l l excep t the job s t ep with 

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

S c h e r r d e r i v e d f r o m M a r k o v a n a l y s i s of the N - q u e u e - l e v e l s y s t e m he 

c o n s t r u c t e d . He c o n s t r u c t e d an input t a s k s t r e a m t a k e n to be r e p r e s e n ­

t a t i v e of a w o r k l o a d c o n s i s t i n g of F O R T R A N , C O B O L , and s o r t s . T h e 

m i x s t e m m i n g f r o m the t a s k c l a s s e s con t a ined 21 jobs con ta in ing 97 
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job s t e p s . A v e r a g e job s t ep e x e c u t i o n t i m e w a s t aken to be 6 2 . 8 s e c ­

o n d s , and the wai t f ac to r was se t at 65 p e r c e n t . T h e s e f i g u r e s and the 

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

runn ing t a s k s on the IBM S / 3 6 0 / 6 5 o p e r a t i n g u n d e r O S / M V T . S c h e r r 

conc luded with the fol lowing p o i n t s , a m o n g o t h e r s : 

s y s t e m t h r o u g h p u t w a s unaf fec ted by s t o r a g e f r a g m e n t a t i o n , 
though t a s k c o m p l e t i o n o r d e r was h e a v i l y af fec ted by it; 

no t a s k s wi th v e r y l a r g e c o r e r e q u i r e m e n t s w e r e de l ayed 
indef in i te ly , even though h i s c o r e s c h e d u l e r f a v o r e d the 
s m a l l e r t a s k s ; 

d y n a m i c r e l o c a t i o n did not a p p r e c i a b l y i n c r e a s e t h r o u g h p u t ; 

o the r job s t r e a m s w e r e r u n for v e r i f i c a t i o n , and m o s t r e ­
su l t s w e r e qu i te c o n s t a n t - - f o r i n s t a n c e , m a x i m u m m a i n 
s t o r a g e u t i l i z a t i on r a r e l y left t he 8 0 - 9 0 p e r cent r a n g e . 

L e h m a n and R o s e n f e l d , and in a n o t h e r s tudy L a s s e t t r e and 

S c h e r r , e x t e n d e d S c h e r r ' s e a r l i e r s tudy into s e v e r a l a r e a s inc luding 

tha t of O S / T S O ( L a s s e t t r e , 72, L e h m a n , 68). T h e y f ixed e x e c u t i o n t i m e 

of a l l t a s k s for s e v e r a l r u n s in o r d e r to p e r m i t a n a l y s i s in m o r e de t a i l 

of c o r e s c h e d u l i n g . T h i s i m m e d i a t e l y p r o d u c e d an i n c r e a s e in t h r o u g h ­

put of 1 9 p e r cen t b e c a u s e of the s y n c h r o n o u s n a t u r e of t he a r r i v a l s and 

d e p a r t u r e s of t a s k s , but no o the r m a j o r a p p a r e n t e f f ec t s . T h e y a t ­

t e m p t e d i n c r e a s i n g the wai t f a c t o r to 90 p e r cen t for s o m e c a s e s wi th 

no m a j o r ef fects on the r e s u l t s excep t to a l low the e x p e r i m e n t a t i o n of 

m o r e t a s k s r e c e i v i n g CPU a t t e n t i o n in the s a m e t i m e i n t e r v a l . S c h e r r 

a s s u m e d tha t in i t i a l t r a n s i e n t s w e r e u n i m p o r t a n t to f inal r e s u l t s ; they 
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d i s c a r d e d the s t a t i s t i c a l f i gu re r e s u l t i n g f r o m the execu t ion of the f i r s t 

5000 job s t e p s and u s e d the da ta r e s u l t i n g f r o m the next 10000 job s t e p s , 

a m e t h o d s u g g e s t e d by N i e l s e n ( N i e l s e n , 67) . T h e i r r e s u l t s i n d i c a t e 

tha t the s y s t e m n e v e r r e a c h e d s t e a d y - s t a t e but did exhib i t c y c l i c a l b e h a v ­

i o r , which they w e r e a b l e to e x p l a i n . T h e y e x p l o r e d the r e l a t i o n s h i p s 

b e t w e e n th roughpu t and m a i n s t o r a g e c a p a c i t y . A s e x p e c t e d , a s m o r e 

m a i n s t o r a g e is a v a i l a b l e , t h r o u g h p u t i n c r e a s e s ; h o w e v e r , the r a t e of 

i n c r e a s e d e c r e a s e s a s m o r e m a i n s t o r a g e is added by the l a w of d i m i n ­

i sh ing r e t u r n s , wi th a m a x i m u m t h r o u g h p u t dependen t upon CPU s p e e d , 

which a g r e e d with e m p i r i c a l da ta qu i t e w e l l . T u r n a r o u n d t i m e exhib i ted 

s i m i l a r c h a r a c t e r i s t i c s with r e s p e c t to m a i n s t o r a g e s i z e excep t , of 

c o u r s e , tha t t u r n a r o u n d t i m e d e c r e a s e d to a l i m i t c l o s e to the e m p i r i c a l 

r e s u l t a s m o r e m a i n s t o r a g e was a v a i l a b l e . T h e y r e p e a t e d S c h e r r ' s e x ­

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

l a r g e c o r e r e q u i r e m e n t s in e a c h of the job s t e p s . D y n a m i c r e l o c a t i o n 

in th i s c a s e p r o d u c e d s u b s t a n t i a l l y b e t t e r m a x i m u m to t a l job s t e p de l ay 

t i m e s ; though, a s m o r e m a i n s t o r a g e w a s added , the d i f f e r ence d e ­

c r e a s e d qu i ck ly and even tua l l y d i s a p p e a r e d . 

M a r s h a l l p r o p o s e d two i m p r o v e m e n t s in CPU a l l o c a t i o n s c h e d ­

u l ing o v e r t ha t p r e s e n t in S / 3 6 0 / 3 7 0 / O S / M V T which i m p r o v e d t h r o u g h ­

put ( M a r s h a l l , 69) . F i r s t was a r e w a r d - p e n a l t y s y s t e m which r e w a r d e d 

a t a s k wi th a l a r g e r q u a n t u m of C P U t i m e if it g e n e r a t e d an I / O r e q u e s t 

du r ing the l a s t t i m e q u a n t u m but with a s m a l l e r one if it did no t . Second 
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was the u s e of the c u m u l a t i v e r a t i o of 

( to ta l e l a p s e d t i m e m i n u s t o t a l C P U t ime) 

d iv ided by ( tota l e l a p s e d t i m e ) 

a s a c o m p o n e n t of a d y n a m i c C P U t a s k p r i o r i t y c o m p u t a t i o n s c h e m e . 

He found the f i r s t i m p r o v e m e n t ine f fec t ive , p r o b a b l y b e c a u s e the t a s k s 

w e r e unab l e to u s e the add i t i ona l CPU t i m e , but the s econd h igh ly ef­

f e c t i v e , in h i s e n v i r o n m e n t . He a l s o s i m u l t a n e o u s l y r e s t r i c t e d m a x i ­

m u m t o t a l c o n s e c u t i v e q u a n t u m t i m e to five s e c o n d s p e r t a s k , which 

p r o b a b l y had a s m u c h effect (or m o r e ) a s h i s d y n a m i c p r i o r i t y c a l c u l a ­

t ion on c o m p u t e r s y s t e m p e r f o r m a n c e , a s s u g g e s t e d by B a s k e t t 

( B a s k e t t , 70). 

Wulf s tud i ed d y n a m i c C P U and c o r e s chedu l ing on the B5700 

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

t a n e o u s t i m e s a s a C P U u s a g e p r e d i c t o r . He noted tha t the u s e of th i s 

p r e d i c t o r a s p a r t of a d y n a m i c CPU p r i o r i t y a d j u s t m e n t , a long wi th the 

s u s p e n s i o n of t a s k s which a r e a p p a r e n t l y c a u s i n g p a g e t h r a s h i n g , in ­

c r e a s e d C P U u t i l i z a t i o n by 20 -25 p e r cen t and e l i m i n a t e d p a g e t h r a s h ­

ing a s a p r o b l e m . It is not c l e a r what p o r t i o n of the i m p r o v e m e n t was 

due to each mod i f i c a t i on m a d e , n o r tha t the a c t u a l c h a n g e s m a d e w e r e 

e x a c t l y t h o s e spec i f i ed , a s no v a l i d a t i o n p r o c e s s e s w e r e p e r f o r m e d a s 

s u c h . Wulf does i n d i c a t e tha t r e s o u r c e a l l o c a t i o n a l g o r i t h m s should be 

b a s e d on s y s t e m p e r f o r m a n c e m e a s u r e s , such a s t h o s e u s e d in the c u r ­

r e n t r e s e a r c h , and not so le ly upon a t t r i b u t e s of ind iv idua l t a s k s o r the 
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s y s t e m a s a whole in o r d e r to a t t e m p t to o p t i m i z e s y s t e m o p e r a t i o n s a s 

a who le , wi th r e s p e c t to s o m e p r e s e l e c t e d m e a s u r e funct ion (Wulf, 69) . 

S e v e r a l a u t h o r s h a v e s tud ied the u s e of r o u n d - r o b i n s chedu l i ng 

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

s y s t e m m e a s u r e v a l u e s c o r r e s p o n d i n g to v a r y i n g q u a n t u m s i z e s . S e v ­

e r a l of t h e s e , inc lud ing B a s k e t t , h a v e u s e d queue ing t h e o r y to p r e d i c t 

tha t r o u n d - r o b i n s chedu l i ng wi l l p r o d u c e the b e s t t h roughpu t for the s y s ­

t e m when the CPU u s a g e d i s t r i b u t i o n is h igh ly skewed t o w a r d l e s s u s a g e 

a n d t h e t y p e s of t a s k s b e i n g p r o c e s s e d a r e u n l i k e ( B a s k e t t , 7 0 ) . S u c h 

i n f o r m a t i o n is i n t e r e s t i n g h e r e a s a c o m p a r a t i v e da ta s o u r c e . 

S e v e r a l s t ud i e s by S h e r m a n , et a l . , h a v e a s t h e i r goa l the c o m ­

p a r i s o n of v a r i o u s m i c r o s c h e d u l e r s p r o p o s e d in the l i t e r a t u r e u n d e r an 

e n v i r o n m e n t of i n f o r m a t i o n d r a w n f r o m a CDC 6600 t h r o u g h a s o f t w a r e 

p r o b e with the u s e of t r a c e - d r i v e n m o d e l i n g , a s s u g g e s t e d by Cheng 

(Cheng, 69 , S c h w e t m a n , 70, S c h w e t m a n , 72 , S h e r m a n , 7 1 , S h e r m a n , 

72) . Us ing a p r e e m p t i v e s chedu l ing po l i cy and s e l e c t i n g the t a s k e x ­

p e c t e d to c o m p u t e the l o n g e s t b e f o r e v o l u n t a r i l y giving up the C P U , they 

w e r e ab l e to d e r i v e what they c o n s i d e r e d w a s the w o r s t c a s e . Then , 

by defining a t h r o u g h p u t m e a s u r e a s 

( ( t ime for w o r s t m e t h o d ) m i n u s ( t i m e for sub jec t me thod) ) 

d iv ided by ( w o r s t m e t h o d ' s t i m e ) , 

t hey "were ab le to c o m p a r e the m e t h o d s with r e s p e c t to t h r o u g h p u t i n ­

c r e a s e . A s u m m a r y of t h e i r r e s u l t s a p p e a r s a s fo l lows: 
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Method I m p r o v e m e n t 

B e s t ( p r e e m p t i v e ) 1 2 . 8 9 p e r cent 
E x p o n e n t i a l smoo th ing (512 m s bound) 1 0 . 9 3 - 1 1 . 5 3 p e r cen t 

depending on a lpha 
R o u n d - r o b i n (8 m s q u a n t u m ) 10. 08 p e r cent 
C o m p l e t e h i s t o r y (512 m s bound) 9 . 6 3 p e r cent 
R a n d o m g u e s s (512 m s bound) 5. 92 p e r cent 
B e s t ( n o n - p r e e m p t i v e ) 3 . 06 p e r cen t 
F I F O 0. 78 p e r cent 
W o r s t ( n o n - p r e e m p t i v e ) 0. 20 p e r cent 
W o r s t ( p r e e m p t i v e ) 0. 00 p e r cen t 

Cheng s u g g e s t s tha t the t r a c e - d r i v e n a p p r o a c h could a s s i s t in 

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

tion s t e p s (Cheng , 69) . At e a c h s t a g e , the a c t i o n s of the m o d e l could 

be c o m p a r e d wi th the m e a s u r e d r e s u l t s . F u r t h e r m o r e , if the r e a l s y s ­

t e m w e r e a v a i l a b l e for m o d i f i c a t i o n s , i m p r o v e m e n t s could be m a d e in 

i t , and the c y c l e could be r e p e a t e d . H o w e v e r , few such e x p e r i m e n t s 

h a v e b e e n r e p o r t e d in the l i t e r a t u r e , inc luding S h e r m a n ' s w o r k . 

B a t s o n s tud ied c e r t a i n a s p e c t s of m a i n and m a s s s t o r a g e a l l o c a ­

t ion and u s a g e on the B u r r o u g h s B5700 ( B a t s o n , 70, B a t s o n , 71) . In 

one s tudy , he u s e d a so f twa re m o n i t o r to d e t e r m i n e the d i s t r i b u t i o n of 

m a i n s t o r a g e s e g m e n t s i z e u n d e r a n o r m a l w o r k l o a d . T h e m o s t s a l i e n t 

f e a t u r e of h i s r e s u l t s is the l a r g e n u m b e r of s m a l l s e g m e n t s (60 p e r 

cent of the s e g m e n t s in u s e con ta in l e s s than 40 w o r d s ) . A n o t h e r i m ­

p o r t a n t r e s u l t of h i s r e s u l t s is a r e fu ta t ion of the a s s u m p t i o n s m a d e by 

o t h e r r e s e a r c h e r s c o n c e r n i n g the nega t i ve exponen t i a l d i s t r i b u t i o n of 

s e g m e n t s i z e s u n d e r a v a r i a b l e s e g m e n t s i z e s y s t e m ( L u d e r e r , 72 , 
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R a n d e l l , 69). In a n o t h e r s tudy , he u s e d a s i m i l a r so f tware m o n i t o r to 

s tudy the c h a n g e s in t h roughpu t a s s o c i a t e d wi th the s u p p o r t of a v i r t u a l 

m e m o r y s y s t e m . He deve loped a se t of s t a n d a r d b e n c h m a r k p r o g r a m s 

and r a n v a r i o u s c o m b i n a t i o n s of t h e m to d e r i v e v a r i o u s t im ing for 

(v i r t ua l m e m o r y load) v e r s u s ( t ime to c o m p l e t e the s e t of j o b s ) , u s i n g 

s e r i a l job p r o c e s s i n g t i m e s a s a b a s i s for the c o m p u t a t i o n . He r e f e r s 

to R a n d e l l ' s s tudy in which he n o t e s tha t , u n d e r a s s u m p t i o n s of n e g a t i v e 

exponen t i a l d i s t r i b u t i o n , m a i n s t o r a g e f r a g m e n t a t i o n due to round ing of 

r e q u e s t s u p t o t h e n e x t f i x e d - p a g e s i z e b o u n d a r y i s u s u a l l y w o r s e t h a n 

tha t due to c h e c k e r b o a r d i n g e n c o u n t e r e d in v a r i a b l e - p a g e d s y s t e m s 

(Rande l l , 69) . If so , the f r a g m e n t a t i o n due to round ing m a y be v e r y 

bad in s o m e c a s e s , for B a t s o n and the c u r r e n t r e s e a r c h e r found v e r y 

bad c h e c k e r b o a r d i n g in the B5700 m a i n s t o r a g e du r ing t h e i r i n v e s t i g a ­

t i o n s . T h i s c l a s s of s tudy m a y b e c o m e even m o r e i m p o r t a n t , wi th the 

advent of l a r g e n u m b e r s of v i r t u a l m e m o r y c o m p u t e r s , such a s the 

IBM S/370 (IBM, 72). 

R y d e r p r o p o s e d a m e t h o d u s i n g the i n f o r m a t i o n g a t h e r e d in the 

p r e v i o u s t i m e q u a n t u m a s a p r e d i c t o r on wh ich he b a s e d the r e o r d e r i n g 

of a q u e u e of t a s k s wai t ing for the u s e of the CPU ( R y d e r , 70) . T h i s 

f o r m e d an e x p o n e n t i a l l y - s m o o t h e d , p r i o r i t y - b a s e d CPU a l l o c a t i o n 

s c h e m e . A s in o the r s t u d i e s , t a s k s wi th a r e c e n t h i s t o r y of be ing I / O -

bound a r e g iven p r e f e r e n c e in the u s e of the C P U , in o r d e r to m a x i m i z e 

t h r o u g h p u t . His a l g o r i t h m was ef fec t ive ly h e u r i s t i c and b a s e d upon s ix 
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t a s k c h a r a c t e r i s t i c s , inc luding M a r s h a l l ' s s c h e m e ( M a r s h a l l , 69). 

T h i s m i c r o s c h e d u l e r ad jus t ed i t s a c t i o n s to s o m e extent in an a t t e m p t 

to m a k e b e t t e r j u d g m e n t s and p r e d i c t i o n s of t a s k and s y s t e m b e h a v i o r . 

It is not p o s s i b l e to s e g r e g a t e the i m p r o v e m e n t s e m b o d i e d in h i s a l g o ­

r i t h m into t h e i r ind iv idua l effects on the s y s t e m . He m a d e s o m e effort 

to i n c r e a s e C P U - I / O - o v e r l a p t i m e , a sub j ec t of m u c h i n t e r e s t in m a n y 

of the o t h e r w o r k s d i s c u s s e d h e r e , inc luding B a s k e t t and S c h w e t m a n 

( B a s k e t t , 70 , S c h w e t m a n , 70) . He did m e a s u r e the t i m e s a s s o c i a t e d 

with, t h e s y s t e m ' s u s e of t h e m i c r o s c h e d u l e r in a s e t of b e n c h m a r k s , 

and r e c o r d e d r e s u l t s u n d e r the h e a d i n g s of r u n t i m e , id le t i m e , CPU 

t i m e , and C P U - I / O - o v e r l a p t i m e . 

He no ted t ha t , for v a r i o u s b e n c h m a r k e n v i r o n m e n t s c o m p o s e d 

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

t a s k s , the m i c r o s c h e d u l e r p e r f o r m e d qu i t e d i f f e ren t ly in e a c h c a s e . 

In f ac t , for h i s c o m m e r c i a l b e n c h m a r k on the S / 3 6 0 / 6 5 , the t o t a l run 

t i m e i n c r e a s e d by 1 p e r cen t wi th h i s a l g o r i t h m c o m p a r e d to run t i m e 

wi thout i t . In a l m o s t a l l c a s e s , idle t i m e was d e c r e a s e d s ign i f i can t ly , 

whi le run t i m e was d e c r e a s e d l i t t l e o r none , ind ica t ing tha t h i s m i c r o -

s c h e d u l e r was r e q u i r i n g m u c h C P U a t t en t i on c o m p a r e d to the o l d e r 

one . In m o s t c a s e s , C P U - I / O - o v e r l a p t i m e was i n c r e a s e d s ign i f i can t ly , 

due in p a r t to t he i n c r e a s e d C P U r e q u i r e m e n t s p a r t i a l l y induced by the 

m i c r o s c h e d u l e r ' s o v e r h e a d , a s shown in h i s r e s u l t s . 

B e r n s t e i n and S h a r p r e p o r t on a C P U m i c r o s c h e d u l e r d r i v e n by 
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a po l i cy funct ion ( B e r n s t e i n , 71) . T h e y note tha t the r e s o u r c e s e r v i c e s 

r e c e i v e d by a t a s k m a y be c h a r a c t e r i z e d by the weigh ted s u m of un i t s 

of s e r v i c e of e ach r e s o u r c e in the s y s t e m . E a c h c l a s s of t a s k s is c h a r ­

a c t e r i z e d by a d i f fe ren t v e c t o r of w e i g h t s . T h e y s u g g e s t tha t t a s k p r i o r ­

ity should depend upon the d i f f e r ence b e t w e e n the r e s o u r c e s e r v i c e r e p ­

r e s e n t e d by the spec i f i c v e c t o r of we igh t s for the t a s k c l a s s and the s e r v ­

ice the t a s k is a c t u a l l y r e c e i v i n g . T h e y p r o p o s e a m i c r o s c h e d u l i n g t e c h ­

n ique which a t t e m p t s to m a i n t a i n the we igh ted s u m of r e s o u r c e s for a 

t a s k above that spec i f i ed for i t s c l a s s a t that type of e x e c u t i o n . 

T h e t e c h n i q u e was i m p l e m e n t e d in an u n d e s i g n a t e d c o m p u t e r o p ­

e r a t i n g s y s t e m and was c o m p a r e d wi th r o u n d - r o b i n p h i l o s o p h y of C P U 

s c h e d u l i n g . F o r th i s c a s e , the r a t i o of ( a v e r a g e e l a p s e d t i m e ) to ( a v e r ­

age CPU t i m e ) for ba tch t a s k s was i m p r o v e d f r o m a r a n g e of (15 to 20) 

to a r a n g e of (10 to 15). R e s p o n s e t i m e for i n t e r a c t i v e t a s k s was i m ­

p r o v e d as p e r the fol lowing t ab le : 

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

r o u n d - r o b i n 4 . 5 1 0 . 8 1 0 2 . 4 
p o l i c y - d r i v e n 0 . 5 1.7 3 . 8 

T h e C P U u t i l i z a t i o n 

( total C P U t i m e ) d iv ided by ( tota l e l a p s e d t i m e ) 

was i m p r o v e d by about 20 p e r cen t u n d e r s i m i l a r w o r k l o a d . 

S e v e r a l o t h e r c h a n g e s w e r e m a d e in the s y s t e m at the s a m e 

t i m e , s e r i o u s l y t a in t ing the r e s u l t s . T h e t i m e q u a n t u m was s h o r t e n e d 
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to 64 m i l l i s e c o n d s , a p r o c e s s shown by o the r r e s e a r c h e r s to be h igh ly 

effect ive ( M a r s h a l l , 69, B a s k e t t , 70). The r o u n d - r o b i n m i c r o s c h e d u l e r 

wi th a l a r g e t i m e q u a n t u m was shown by o t h e r s to be a r a t h e r poor 

m i c r o s c h e d u l e r , so the g r e a t i m p r o v e m e n t is not s u r p r i s i n g ( S h e r m a n , 

71). 

T h e c o n c e p t of the po l i cy funct ion is r e m o t e l y s i m i l a r to tha t of 

the l o c a l s y s t e m s e f f ec t i venes s m e a s u r e s u s e d in the c u r r e n t r e s e a r c h , 

a s d e s c r i b e d in the next c h a p t e r . L a c k i n g in B e r n s t e i n ' s s tudy i s the 

concep t of p r e d i c t i o n of r e s o u r c e u s a g e for the nex t t i r ae i n t e r v a l . T h e 

c u r r e n t r e s e a r c h goes m u c h beyond h i s s tudy in tha t a r e a . T h e i r 

m e t h o d could be c o n s i d e r e d a s p e c i a l , n o n a d a p t i v e c a s e of the m e t h o d 

p r o p o s e d in the c u r r e n t r e s e a r c h , c o n s i d e r i n g one c l a s s of s chedu l ing 

ph i lo sophy and one m e a s u r e . 

Wi lkes p r e s e n t s a t e c h n i q u e for w o r k l o a d a d j u s t m e n t in t i m e ­

s h a r i n g s y s t e m s in t e r m s of a t t e m p t i n g to p r e d i c t the m a x i m u m n u m ­

b e r of t a s k s a l l o w a b l e to m a i n t a i n c o n t r o l of the s y s t e m in the next 

s m a l l t i m e i n t e r v a l (Wi lkes , 71). He a l s o s u g g e s t s v a r y i n g the n u m ­

b e r of u s e r s of the s y s t e m (as r e p r e s e n t e d by the n u m b e r of c o n c u r r e n t 

t a s k s ) to a t t e m p t to l i m i t the n u m b e r of t a s k s to tha t p r e d i c t e d e a r l i e r . 

A s e v e r e p r o b l e m with th i s a p p r o a c h is s y s t e m s t ab i l i t y in t e r m s of o s ­

c i l l a t i on of the n u m b e r of a c t i v e t a s k s wi th r e s p e c t to t i m e . His p a p e r 

i l l u s t r a t e s a m e t h o d by which a s y s t e m m a y c o n t r o l i t s own a c t i o n s 

t h r o u g h the s chedu l ing of t a s k s . Al though the m e t h o d of c o n t r o l s e e m s 



31 

u n n a t u r a l , it is i m p o r t a n t a s an e x a m p l e of a m i c r o s c h e d u l e r s o m e ­

what r e l a t e d to tha t p r o p o s e d in the c u r r e n t r e s e a r c h . In an e a r l i e r 

w o r k , he p r e s e n t e d a m o d e l of m a i n s t o r a g e a l l o c a t i o n in a t i m e ­

s h a r i n g s y s t e m which a t t e m p t s to p r e v e n t m a i n s t o r a g e o v e r l o a d s in 

a m a n n e r s i m i l a r to tha t p r e s e n t e d to p r e v e n t s y s t e m o v e r l o a d s 

(Wi lkes , 69) . 

B la tny , et a l . , d i s c u s s e d a l i m i t e d a p p r o a c h to the o p t i m i z a t i o n 

of a t i m e - s h a r i n g s y s t e m us ing s i m u l a t i o n (Bla tny , 72). T h e y c o n s i d ­

e r e d only the m e a s u r e s of m e a n cos t of de l ay and m e a n s y s t e m cos t 

p e r t a s k , a s s u g g e s t e d by o t h e r s ( G r e e n b e r g e r , 66, R a s c h , 70). They 

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

f r o m the m e a s u r e s and the e x i s t e n c e of a f in i te m a i n s t o r a g e have been 

shown to p o s e qu i t e a w k w a r d p r o b l e m s for a n a l y t i c a l m o d e l s . T h e only 

r e s o u r c e s c o n s i d e r e d for o p t i m i z a t i o n w e r e a s ing l e C P U , a paged , f i ­

n i t e m a i n s t o r a g e , and an inf ini te m a s s s t o r a g e . U n f o r t u n a t e l y for the 

g e n e r a l i t y of t h e i r r e s u l t s , t hey in i t i a l l y a s s u m e d tha t the m a i n s t o r a g e 

r e q u i r e d is a t r u n c a t e d n o r m a l d i s t r i b u t i o n wi th m e a n and s t a n d a r d d e ­

v ia t ion t a k e n a s m u l t i p l e s of n e g a t i v e exponen t i a l func t ions of CPU 

t i m e . A m u l t i p l e - p r i o r i t y - l e v e l r o u n d - r o b i n f eedback queue ing d i s c i ­

p l ine is a s s u m e d u s e d by the CPU s c h e d u l e r . T h e s i m u l a t i o n s w e r e 

c o n c e r n e d wi th c o n s i d e r i n g v a r i o u s cos t c u r v e s , m i n i m u m t i m e s l i c e 

t i m e s , r o u n d - r o b i n c y c l e t i m e s , m a x i m u m n u m b e r of t a s k s a l lowed in 

c o n c u r r e n t execu t ion , i n t r a - p r o c e s s o p e r a t i n g s y s t e m o v e r h e a d , s i z e 
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of m a i n s t o r a g e , and the s p e e d of the C P U . T h e i r r e s u l t s a g r e e qu i t e 

wel l with G r e e n b e r g e r ' s and K l e i n r o c k ' s a n a l y t i c a l r e s u l t s for s i m i l a r 

s i t u a t i o n s . T h e y a l s o no ted tha t i m p r o v e m e n t s in s y s t e m s p e r f o r m a n c e 

with r e s p e c t to the m e a s u r e s be ing c o n s i d e r e d can be ob ta ined by the 

u s e of v a r i a b l e t i m e - s l i c e t e c h n i q u e s and by the s e l e c t i o n of o p t i m a l 

r o u n d - r o b i n c y c l e t i m e s . 

Denning and E i s e n s t e i n s u r v e y e d and d i s c u s s e d s t a t i s t i c a l m e t h o d s 

usefu l in c o m p u t e r s y s t e m p e r f o r m a n c e e v a l u a t i o n (Denning, 71B, D e n ­

n ing , 72) . T h e i r p a p e r and h i s book r e v i e w the p r i n c i p l e s and de f in i ­

t ions which u n d e r l i e e s t i m a t i o n t h e o r y and deve lop the t h e o r y for a p p l i ­

ca t ion to the p r o b l e m s of the p e r f o r m a n c e e v a l u a t i o n of r e s o u r c e s c h e d ­

u l ing , in t e r m s of the e s t i m a t i o n p r o c e s s e s u s e d in p r e d i c t i v e m i c r o -

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

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

u t i l i z a t i o n and u s e such p r e d i c t i o n s so a s to a s s i g n the r e s o u r c e s a c ­

c o r d i n g to s o m e s c h e m e , such a s l e a s t p r e d i c t e d u t i l i z a t i o n . If t he in ­

f o r m a t i o n thus d e r i v e d i s not u s e d to s c h e d u l e r e s o u r c e r e q u e s t fu l f i l l ­

m e n t , the a l g o r i t h m is not a p r e d i c t i v e m i c r o s c h e d u l e r , but is only an 

e s t i m a t o r . Thus an e s t i m a t o r could be c o n s i d e r e d as be ing c a p a b l e of 

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

s e q u e n t i a l e s t i m a t o r s in the f o r m of s t o c h a s t i c a p p r o x i m a t o r s and c o m ­

p a r e t h e m in t e r m s of e ach a l g o r i t h m ' s a b i l i t y to d e t e r m i n e the va lue 

of s lowly chang ing s i g n a l s in the p r e s e n c e of n o i s y m e a s u r e m e n t s . 
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T h e y note tha t p r e s e n t t h e o r y is fa r f r o m c o m p l e t e , ha s s e r i o u s s h o r t ­

c o m i n g s , but tha t a c t u a l p r e s e n t a p p l i c a t i o n s , such a s in D e n n i n g ' s 

work ing se t c o n c e p t s , a r e advanc ing the t h e o r y and p r a c t i c e of the a r e a 

( A l d e r s o n , 7 1 , A n a c k e r , 67 , B e l a d y , 69A, B e l a d y , 69B, B r a w n , 68, 

D e M e i s , 69, Denn ing , 68A, Denn ing , 68B, Denn ing , 68C, Denning , 

68D, Denn ing , 69A, Denn ing , 69B, Denn ing , 70, Denn ing , 7 I B , Ha t f i e ld , 

72, M a r g o l i n , 72, M o r r i s , 72) . 

The s i m p l e s t e s t i m a t o r , f r o m a c o n c e p t u a l s t andpo in t , is p r o b a ­

bly the m e a n . In th i s c a s e a l l tha t is r e q u i r e d is t he s i z e of the s u b s e t 

and the v a l u e s of e a c h of the e l e m e n t s of the s u b s e t . H o w e v e r , it is 

c o m p u t a t i o n a l l y ineff ic ient and r e q u i r e s a l a r g e a m o u n t of s t o r a g e in 

the c a s e of p o s t fac to a n a l y s i s . It i s a p o o r e s t i m a t o r in t e r m s of s l o w ­

n e s s to change in onl ine a n a l y s i s a s new m e a s u r e m e n t s a r e m a d e and 

i n c o r p o r a t e d into the c o m p u t a t i o n . Th i s i n t r o d u c e s the concep t of r e ­

s p o n s i v e e s t i m a t o r s , which a r e t h o s e wh ich d i s c o u n t the effect of e a r l y 

o b s e r v a t i o n s on p r e s e n t e s t i m a t i o n s . One of the s i m p l e s t r e s p o n s i v e 

e s t i m a t o r s is the exponen t i a l e s t i m a t o r . It h a s b e e n u s e d in m a n y 

c a s e s for such t a s k s as i n v e n t o r y c o n t r o l . It is p a r a m e t e r - d r i v e n and 

we ighs l e s s - r e c e n t m e a s u r e m e n t s e x p o n e n t i a l l y l e s s than m o r e - r e c e n t 

o n e s . If c a r e f u l l y c o n t r o l l e d , th i s p a r a m e t e r c a n be u s e d to m a k e the 

m e t h o d qu i t e power fu l , s i n c e it can be d y n a m i c a l l y v a r i e d to m a k e the 

m e t h o d m o r e o r l e s s r e s p o n s i v e a c c o r d i n g to an i n d i c a t i o n of how wel l it 

i s e s t i m a t i n g fu tu re o b s e r v a t i o n s . If t h i s p a r a m e t e r m u s t r e m a i n f ixed, 
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the m e t h o d can g ive qu i t e bad e s t i m a t i o n s , s i n c e , if it is r e s p o n s i v e , it 

is qu i t e s e n s i t i v e to n o i s e in the m e a s u r e m e n t s , and if it is to be m a d e 

l e s s s e n s i t i v e to n o i s e , i t s r e s p o n s i v e n e s s s u f f e r s . 

A n o t h e r e s t i m a t o r , s u g g e s t e d o r i g i n a l l y by E i s e n s t e i n , is c a l l e d 

the l e a r n i n g o r s t o c h a s t i c e s t i m a t o r ( E i s e n s t e i n , 70) . In t h i s m e t h o d , 

each new e s t i m a t o r is the s u m of the p r e v i o u s e s t i m a t e and the we igh ted 

d i f f e r ence b e t w e e n the p r e v i o u s e s t i m a t e and the p r e v i o u s o b s e r v e d 

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

e s t i m a t e s and c o r r e s p o n d i n g o b s e r v e d v a l u e s , funct ioning a s r e w a r d -

p e n a l t y p a i r s . T h i s e s t i m a t o r is d e s i g n e d to a t t e m p t to d a m p the o s c i l ­

l a t i o n s in the d i f f e r e n c e s b e t w e e n the e s t i m a t e d and the o b s e r v e d v a l u e s . 

It ha s the s a m e p r o b l e m s a s the n o r m a l exponen t i a l e s t i m a t i o n m e t h o d , 

though, in c e r t a i n c a s e s , is r e p o r t e d to p e r f o r m qu i t e w e l l . P a r t i a l l y 

upon h i s w o r k , the d e c i s i o n was m a d e to u s e s e c o n d - o r d e r , r a t h e r t han 

f i r s t - o r d e r , exponen t i a l e s t i m a t i o n . 

Denning s u g g e s t s s t i l l a n o t h e r type of e s t i m a t o r , the mov ing 

window e s t i m a t o r , which he u s e d in h i s w o r k i n g s e t m o d e l (Denning, 

68A). In t h i s m e t h o d , a l l o b s e r v a t i o n s excep t the l a s t T a r e d i s c a r d e d , 

and the e s t i m a t e i s t aken to be the m e a n of the l a s t T o b s e r v a t i o n s . T 

can be p a r a m e t r i c a l l y s e t , j u s t a s can the p a r a m e t e r of t he exponen t i a l 

e s t i m a t o r , to m a k e the e s t i m a t o r m o r e (or l e s s ) r e s p o n s i v e and l e s s 

(or m o r e ) s t a b l e with r e s p e c t to n o i s e . Denning a l s o d i s c u s s e d the 

p r o b l e m s of the c o n s t r u c t i o n of o p t i m a l e s t i m a t o r s for g iven s i t u a t i o n s , 
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d e c i s i o n - m a k i n g b a s e d upon e s t i m a t o r s , and the c o s t - p e r f o r m a n c e 

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

It is upon the b a s i s of the concep t of e s t i m a t i o n tha t the a d a p t i v e 

m i c r o s c h e d u l e r of th is r e s e a r c h i s founded . B a s e d upon r e c e n t l y m e a ­

s u r e d v a l u e s of t a s k and s y s t e m p a r a m e t e r s , the m e t h o d e s t i m a t e s 

n e a r - f u t u r e v a l u e s of t h e s e p a r a m e t e r s . T h e next s e c t i o n s s u r v e y e x ­

i s t ing p r a c t i c a l and p r o t o t y p i c a l m i c r o s c h e d u l e r s , s o m e of which e m ­

ploy e s t i m a t i o n t e c h n i q u e s . 

S p e c i a l C a s e s 

S p e c i a l c a s e s of i n t e r n a l r e s o u r c e a l l o c a t i o n s c h e d u l e r s m a y be 

found by consu l t i ng t he d o c u m e n t a t i o n d e s c r i b i n g a c t u a l i m p l e m e n t a t i o n 

of ex i s t i ng m i c r o s c h e d u l e r s in c u r r e n t c o m p u t e r o p e r a t i n g s y s t e m s . 

T h e s e a r e of i n t e r e s t a s d e s c r i b i n g the s t a t e of the a r t a t the t i m e they 

w e r e c o n s t r u c t e d and a s offer ing s u g g e s t i o n s for the f o r m s of the m i c r o -

s c h e d u l e r s and s y s t e m e f f e c t i v e n e s s m e a s u r e s in t h i s r e s e a r c h . 

The B u r r o u g h s B5700 Da ta C o m m u n i c a t i o n s M C P ( n o n - t i m e ­

s h a r i n g ) S y s t e m m i c r o s c h e d u l e r is b e s t d e s c r i b e d a s hav ing a p r i o r i t y -

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

( B u r r o u g h s , 7 1 , Cann ing , 66) . The C P U is a l w a y s g iven to the t a s k 

wi th the h i g h e s t p r i o r i t y which is c a p a b l e of c o n t i n u i n g . If the CPU is 

t a k e n f r o m a t a s k b e c a u s e of an e x t e r n a l i n t e r r u p t , i t s p o s i t i o n in the 

t a s k queue is left u n c h a n g e d . If the C P U is v o l u n t a r i l y s u r r e n d e r e d , 

i t s new p o s i t i o n in the t a s k queue is beh ind a l l o t h e r s wi th the s a m e 
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p r i o r i t y . N o r m a l l y , a l l u s e r t a s k s e n t e r the m i x with p r i o r i t y f ive , 

though the p r o g r a m m e r can specify a d i f fe ren t p r i o r i t y t h r o u g h c o n t r o l 

c a r d s and the o p e r a t o r can modi fy t a s k p r i o r i t y d y n a m i c a l l y . Al l o p e r ­

a t ing s y s t e m t a s k s h a v e p r i o r i t y z e r o , which is b e s t . See a l s o the d i s ­

c u s s i o n of Wulf ' s w o r k c o n c e r n i n g B5700 C P U a l l o c a t i o n a l g o r i t h m s 

e a r l i e r in t h i s c h a p t e r (Wulf, 69) . 

Main s t o r a g e a l l o c a t i o n is p e r f o r m e d d y n a m i c a l l y on d e m a n d . 

If suff ic ient m a i n s t o r a g e is not a v a i l a b l e for a t a s k to c o n t i n u e , an a t ­

t e m p t i s m a d e to o v e r l a y any o v e r l a y a b l e s t o r a g e which is of suff ic ient 

s i z e for the r e q u e s t . If enough m a i n s t o r a g e is s t i l l not found, the 

t a s k r e m a i n s s u s p e n d e d unt i l such t i m e a s enough m a i n s t o r a g e can be 

found for i t s r e q u e s t . In c e r t a i n p a t h o l o g i c a l c a s e s , th i s m a y c a u s e 

qu i t e s e v e r e s y s t e m d e g r a d a t i o n . N o r m a l m a i n s t o r a g e a l l o c a t i o n is 

F I F O ; h o w e v e r , m a i n s t o r a g e a l l o c a t i o n in a n o - m e m o r y s i t ua t i on is 

p r i o r i t y - b a s e d . See the d i s c u s s i o n of B a t s o n ' s w o r k c o n c e r n i n g B5700 

m a i n s t o r a g e a l l o c a t i o n a l g o r i t h m s e l s e w h e r e in t h i s c u r r e n t r e s e a r c h 

( B a t s o n , 69). 

I / O c h a n n e l a l l o c a t i o n is F I F O in a l l c a s e s . If enough c h a n n e l s 

a r e not a v a i l a b l e , the r e q u e s t is i m m e d i a t e l y fu l f i l led . If enough c h a n ­

n e l s a r e not a v a i l a b l e , r e q u e s t s a r e queued for e a c h d e v i c e type on a 

F I F O b a s i s . T h i s m e t h o d of I / O c h a n n e l a l l o c a t i o n is u s e d by v i r t u a l l y 

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

The i n t e r n a l r e s o u r c e s chedu l ing t e c h n i q u e s u s e d in the B5700 
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M C P a r e so b a s i c tha t m a n y d i f fe ren t a p p r o a c h e s have b e e n shown 

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

no ted e l s e w h e r e in t h i s r e s e a r c h , Wulf and m a n y o t h e r s have r e p o r t e d 

f a i r l y s i m p l e c h a n g e s m a d e to the M C P in the a r e a of r e s o u r c e a l l o c a ­

t ion and amp l i f i ed r e s u l t s for the effort (Bowlden , 67, Wulf, 69). 

T h e B u r r o u g h s B5700 T i m e S h a r i n g S y s t e m M C P u s e s a d y n a m i c 

s chedu l ing a l g o r i t h m u s e d in the v a l i d a t i o n and v e r i f i c a t i o n p h a s e s of 

th i s r e s e a r c h ( B u r r o u g h s , 72) . It u s e s the fol lowing e q u a t i o n s : 

T = 8 t i m e s (C p lu s (4 t i m e s N) m i n u s P) p lus 208 
E = T t i m e s J 

w h e r e 

T = C P U t i m e s l i c e l i m i t in s i x t i e t h s of s e c o n d s 
E = c o r e q u a n t u m t i m e l i m i t in s i x t i e t h s of s e c o n d s 
N = n u m b e r of c o n s e c u t i v e t i m e s t a s k h a s u s e d t i m e s l i c e (<^7) 
C = n u m b e r of 1024 word m a i n s t o r a g e chunks u s e d by t a s k -

P = d e c l a r e d e x t e r n a l p r i o r i t y of t a s k (0 = b e s t , 9 = w o r s t ) 
J = n u m b e r of t a s k s c u r r e n t l y swapped in. 

Thus it d y n a m i c a l l y c o m p u t e s the C P U t i m e s l i c e and c o r e q u a n ­

t u m l i m i t s to be u s e d on the nex t t i m e s l i c e b a s e d upon ( r e c e n t ) h i s t o r y 

of execu t i on of the t a s k , s i m i l a r to tha t d e s c r i b e d by M a r s h a l l a s be ing 

ine f fec t ive , a t l e a s t in the c a s e s he i n v e s t i g a t e d ( M a r s h a l l , 69) . The 

c o r e q u a n t u m r e f e r s to the t i m e of e ach o c c u p a n c y in m a i n s t o r a g e . 

Th i s s y s t e m h a s m a n y of the s a m e a t t r i b u t e s a s the B5700 Da ta 

C o m m u n i c a t i o n s M C P d e s c r i b e d e a r l i e r . It d i f fe rs p r i m a r i l y in i ts 

hand l ing of m a i n s t o r a g e a l l o c a t i o n . T a s k s a r e in i t i a l ly a s s i g n e d an 

a m o u n t of m a i n s t o r a g e equal to the nex t g r e a t e r m u l t i p l e of 1024 w o r d s 
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t han the m a i n s t o r a g e e s t i m a t e a s s i g n e d by the c o m p i l e r or u s e r . T h e n 

the t a s k s e x e c u t e out of th i s s p a c e un t i l the s p a c e is n e e d e d for a n o t h e r 

t a s k or the a s s i g n e d s p a c e is e x c e e d e d in a n o - m e m o r y s i t u a t i o n . T h e 

t a s k is t hen swapped out to d i sk , f r e e i n g tha t m a i n s t o r a g e for u s e by 

o t h e r t a s k s . At a l a t e r t i m e , the t a s k wi l l be swapped b a c k in, p o s s i b l y 

wi th a n o t h e r 10Z4 w o r d s of m a i n s t o r a g e if it was in a n o - m e m o r y c o n ­

d i t ion , though wi th no r e l o c a t i o n , and wil l be a l lowed to con t inue p r o ­

c e s s i n g . If a t a s k r e a c h e s the m a x i m u m a m o u n t of m a i n s t o r a g e a v a i l ­

ab l e on the m a c h i n e and is Ln the n o - m e m o r y s t a t e , it is d i s c o n t i n u e d . 

T h e B u r r o u g h s B6700 M C P u s e s a d y n a m i c c a l c u l a t i o n of i n t e r ­

na l C P U p r i o r i t y wi th s e v e r a l i n t e r e s t i n g f e a t u r e s ( B u r r o u g h s , 69) . It 

u s e s the fol lowing equat ion: 

p r i o r i t y = (A1 t i m e s D) p lus 
(A2 t i m e s TR) p lus 
(A3 t i m e s T E ) p lus 
(A4 t i m e s ( T E - T P ) / ( T P p lus 1)) p lus 
(A5 t i m e s C) p lus 
( A 6 / ( T T - C T ) ) 

w h e r e 

A l t h r o u g h A6 a r e weight f a c t o r s se t by the o p e r a t o r o r by defaul t 

D = d e c l a r e d p r i o r i t y 
TR = t i m e s i n c e l a s t I / O 
T E = e l a p s e d t i m e of t a s k execu t ion 
T P = p r o c e s s o r t i m e of t a s k 

C = n u m b e r of w o r d s of c o r e u s e d by t a s k 
TT = dead l ine ( t a r g e t t i m e ) 
CT = c u r r e n t t i m e ( C T < T T ) . 

T h i s is a h e a v i l y - t i m e - o r i e n t e d and s t a t i c m e t h o d . It does not d i r e c t l y 
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modify i ts a c t i o n s as the s y s t e m b e c o m e s m o r e or l e s s l oaded and 

h e n c e does not h a v e the adap t i v i t y of the m i c r o s c h e d u l e r in t h i s s tudy . 

It does i m p l e m e n t a d y n a m i c i n t e r n a l p r i o r i t y c o m p u t a t i o n and a p p l i c a ­

t ion g e n e r a l l y s i m i l a r to tha t d i s c u s s e d by M a r s h a l l a s being effect ive 

( M a r s h a l l , 69) . 

T h e m a i n s t o r a g e a l l o c a t i o n s c h e d u l e r of the s t a n d a r d B6700 

M C P s o m e w h a t r e s e m b l e s tha t of the B5700 M C P . D y n a m i c m e m o r y 

a l l o c a t i o n is m a d e on d e m a n d . When n e c e s s a r y , l e a s t - r e c e n t l y - u s e d 

s e g m e n t s of c o r e a r e o v e r l a i d to enab le the a l l o c a t i o n of c o r e when a v a i l ­

a b l e , u n u s e d c o r e is insuf f ic ien t for t a s k d e m a n d s . P e r s o n n e l a t the 

U n i v e r s i t y of Ca l i f o rn i a at San Diego h a v e deve loped a v a r i a t i o n of the 

s t a n d a r d B6700 M C P c o r e a l l o c a t i o n s c h e d u l e r which i nc ludes an a t ­

t e m p t to d e t e r m i n e the c u r r e n t w o r k i n g se t of p a g e s of a t a s k and k e e p 

such p a g e s in m a i n s t o r a g e in p r e f e r e n c e to p a g e s not in the c u r r e n t 

work ing s e t (Denning , 68A, Denn ing , 68C, Denn ing , 68D, Denn ing , 7 0, 

Denn ing , 72) . Not enough da ta h a s b e e n g a t h e r e d on the e f f e c t i v e n e s s 

of th i s t e c h n i q u e to dec ide in which c i r c u m s t a n c e s it i s s u p e r i o r to the 

s t a n d a r d m a i n s t o r a g e s c h e d u l e r . B e c a u s e of h a r d w a r e and so f twa re 

d e s i g n , r e l a t i v e l y m u c h m o r e code and da ta a r e o v e r l a y a b l e on the 

B6700 than on the B5700 for s i m i l a r c l a s s e s of t a s k s . 

T h e Univac 1100 s e r i e s E x e c 8 o p e r a t i n g s y s t e m u s e s a d y n a m i c 

m i c r o s c h e d u l e r (Univac , 71) . It is b a s e d upon a m u l t i p l e l e v e l o r g a n i ­

za t ion of t a s k s to be e x e c u t e d , known a s the swi tch l i s t , which is o r -
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d e r e d by p r i o r i t y . T a s k s a t l e v e l L have p r i o r i t y o v e r t h o s e a t l e v e l 

L p l u s 1. T a s k s a t a g iven l e v e l a r e t r e a t e d on a r o u n d - r o b i n b a s i s a s 

f a r a s C P U and c o r e a l l o c a t i o n a r e c o n c e r n e d . Q u a n t u m t i m e Q i s c o m ­

puted by the fol lowing f o r m u l a : 

Q = A t i m e s (1 p lus P / F ) t i m e s T 

w h e r e 

A = t i m e a l l o c a t i o n f a c t o r a s s i g n e d a t s y s t e m g e n e r a t i o n t i m e 
P = a d j u s t e d t a s k p r i o r i t y 
F = p r i o r i t y f a c t o r 
T - 2 to the p o w e r L 
L = swi t ch l i s t l e v e l . 

If a t a s k d o e s not v o l u n t a r i l y r e l e a s e c o n t r o l of the C P U p r i o r 

to Q u n i t s of t i m e , it i s m o v e d to the nex t h i g h e r - n u m b e r e d swi t ch 

l e v e l , t h u s d e c r e a s i n g a d j u s t e d p r i o r i t y P but i n c r e a s i n g sw i t ch l e v e l 

L . T a s k s a r e r e t u r n e d to an in i t i a l sw i t ch l e v e l a f t e r c o m p l e t i o n of 

the cond i t ion for which t hey w e r e v o l u n t a r i l y s u s p e n d e d . 

The m i c r o s c h e d u l e r a l l o c a t e s the C P U a m o n g the p r o g r a m s 

r e s i d e n t in c o r e a c c o r d i n g to the s t r u c t u r e of the sw i t ch l i s t . The C P U 

is g iven to the h i g h e s t p r i o r i t y t a s k r e a d y to r u n . Since the f a c t o r s 

which d e t e r m i n e the s w i t c h l e v e l of a t a s k m a y c h a n g e , a t a s k m a y be 

a l l o c a t e d v a r y i n g quan ta for i t s execu t i on d u r i n g i t s l i f e t i m e . Once a 

t a s k on a g iven sw i t ch l e v e l h a s l o s t c o n t r o l of the C P U , w h e t h e r v o l u n ­

t a r i l y o r no t , it wi l l not be g iven c o n t r o l a g a i n un t i l a l l o t h e r t a s k s on 

t ha t l e v e l h a v e b e e n c o n s i d e r e d for f u r t h e r e x e c u t i o n . 

The m i c r o s c h e d u l e r a l l o c a t e s m a i n s t o r a g e on a c o r e q u a n t u m 
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b a s i s . T h e c o r e q u a n t u m is a funct ion of t a s k s i z e , r un p r i o r i t y , and 

c o m p u t e r u s a g e . A m a i n s t o r a g e p r i o r i t y is kep t s o m e w h a t a n a l o g o u s l y 

to the swi t ch l e v e l of CPU u s a g e . A b a t c h t a s k ' s m a i n s t o r a g e p r i o r i t y 

is n e v e r c h a n g e d . When a r e m o t e t a s k e x c e e d s i t s c o r e q u a n t u m , i ts 

m a i n s t o r a g e p r i o r i t y is d r o p p e d one l e v e l and i t s c o r e q u a n t u m is 

doubled . W h e n e v e r any t a s k e x c e e d s i t s c o r e q u a n t u m , it is m a r k e d as 

a v a i l a b l e for swapping to d r u m . T a s k s a r e a s s i g n e d to m a i n s t o r a g e in 

the o r d e r of t h e i r c o r e p r i o r i t y . T h e in i t i a l m a i n s t o r a g e q u a n t u m is a 

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

l e v e l L p lus 1 h a s tw ice the m a i n s t o r a g e q u a n t u m a s the s a m e t a s k at 

l e v e l L . On the s a m e l e v e l , a t a s k wi th p r i o r i t y A (bes t ) h a s t w i c e the 

m a i n s t o r a g e q u a n t u m as one wi th p r i o r i t y Z ( w o r s t ) . 

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

and CPU e v e r y s ix s e c o n d s . It then a t t e m p t s to ad jus t CPU and m a i n 

s t o r a g e p r i o r i t i e s so tha t a d e s i r e d r e m o t e / b a t c h u s a g e r a t i o is m o r e 

n e a r l y r e a c h e d . To do t h i s , it u s e s an exponen t i a l l y a v e r a g e d h i s t o r y 

of u s a g e for the p a s t few m i n u t e s of o p e r a t i o n and c o m p a r e s m o s t r e ­

cent u s a g e v a l u e s wi th h i s t o r i c a l u s a g e . T h i s is c l a i m e d to avoid in­

s t a b i l i t i e s in the m i c r o s c h e d u l e r due to sudden , h e a v y d e m a n d or b a t c h 

u s a g e . T h i s a p p r o a c h is s i m i l a r to tha t s u g g e s t e d by M a r s h a l l a s b e ­

ing ef fec t ive in h i s r e s e a r c h ( M a r s h a l l , 69). 

Th i s c l a s s of m i c r o s c h e d u l e r is s i m i l a r to s e v e r a l of t h o s e found 

in the l i t e r a t u r e . I t s hand l ing of swi t ch l e v e l s a s r e l a t e d to v o l u n t a r y 
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r e l e a s e of the CPU is a l m o s t i d e n t i c a l to tha t of R y d e r , who found it 

qu i te effect ive (Ryde r , 70) . I t s hand l ing of q u a n t u m t i m e a s r e l a t e d to 

v o l u n t a r y r e l e a s e of the CPU is s i m i l a r to tha t of M a r s h a l l , who found 

it not p a r t i c u l a r l y s ign i f i can t ( M a r s h a l l , 69) . B a s k e t t and S c h w e t m a n 

s u g g e s t tha t r o u n d - r o b i n CPU a l l o c a t i o n is m o s t ef fect ive when CPU 

s e r v i c e t i m e d i s t r i b u t i o n is h ighly skewed t o w a r d z e r o and the t a s k s 

a r e u n r e l a t e d , a s s u m i n g z e r o t a s k swap t i m e ( B a s k e t t , 70, S c h w e t m a n , 

70, S c h w e t m a n , 72) . B e c a u s e of the s p e e d of the 1100 s e r i e s C P U ' s , 

the C P U s e r v i c e t i m e m a y v e r y wel l be h igh ly skewed in m a n y c a s e s of 

t a s k s not e x t r e m e l y C P U - b o u n d , and thus r o u n d - r o b i n C P U a l l o c a t i o n 

m a y be qu i t e ef fect ive in th i s c a s e . 

P r o t o t y p i c a l M i c r o s c h e d u l e r s 

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

s i d e r e d in t h i s r e s e a r c h : 

B5700 T S S M C P , 
r o u n d - r o b i n , 
F I F O , 
i n s t a n t a n e o u s exponen t i a l e s t i m a t i o n , 
c o m p l e t e h i s t o r y , 
adap t i ve m i c r o s c h e d u l e r . 

T h e y w e r e c o n s i d e r e d s i nce they a r e r e p r e s e n t a t i v e of m a n y of 

the t e c h n i q u e s u s e d in ex i s t i ng o p e r a t i n g s y s t e m s and s tud ied in the 

l i t e r a t u r e . 

F o l l o w i n g S c h w e t m a n and S h e r m a n , a l l of the m i c r o s c h e d u l e r s 

i n v e s t i g a t e d h e r e which did not have a m a x i m u m C P U r e s o u r c e u s a g e 
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b u r s t t i m e i n t r i n s i c to the m e t h o d s w e r e modi f i ed to inc lude one s u c h 

a s tha t u s e d by the B5700 T S S M C P m i c r o s c h e d u l e r ( S c h w e t m a n , 70, 

S h e r m a n , 71) . Th i s i m p r o v e s s o m e of the c o m p e t i n g m e t h o d s s i gn i f i ­

can t l y , a s no ted by t h e m and a s d i s c u s s e d l a t e r in t h i s s e c t i o n . 

The f i r s t m i c r o s c h e d u l e r p h i l o s o p h y c o n s i d e r e d was tha t of the 

B5700 T S S M C P , the s a m e tha t w a s u s e d in the v a l i d a t i o n p r o c e s s d e ­

s c r i b e d e a r l i e r . It is b a s e d upon the fol lowing e q u a t i o n s : 

T = 8 t i m e s (C p lus (4 t i m e s N) m i n u s P) p lus 208 
E = T t i m e s J 

w h e r e 

T = C P U t i m e s l i c e l i m i t in s i x t i e t h s of s e c o n d s 
E = e l a p s e d t i m e s l i c e l i m i t in s i x t i e t h s of s e c o n d s 
N = n u m b e r of c o n s e c u t i v e t i m e s the t a s k h a s u s e d up i t s t i m e s l i c e « 7 ) 
C - n u m b e r of m a i n s t o r a g e chunks u s e d by t a s k 
P = d e c l a r e d e x t e r n a l p r i o r i t y of t a s k (0 = h igh , 9 = low) 
J = n u m b e r of t a s k s c u r r e n t l y swapped in. 

A n o t h e r m i c r o s c h e d u l e r ph i lo sophy c o n s i d e r e d w a s r o u n d - r o b i n 

CPU a l l o c a t i o n with no p r i o r i t y . In th i s c a s e , the s y s t e m r e s o u r c e s 

a r e v i s u a l i z e d a s be ing c o n t r o l l e d by f a c i l i t i e s wi th a s s o c i a t e d q u e u e s . 

T a s k s ' r e s o u r c e a l l o c a t i o n r e q u e s t s a r e p l a c e d at the ta i l of the queue 

and a r e fulf i l led f r o m the h e a d of the q u e u e . If the r e s o u r c e a l l o c a t i o n 

r e q u i r e m e n t is c o m p l e t e l y fulf i l led at the end of s o m e p e r i o d of t i m e , 

the t a s k l e a v e s t ha t f ac i l i t y and jo ins the q u e u e of a n o t h e r fac i l i ty ; o t h e r ­

w i s e i t s r e q u e s t is p l a c e d a t t he t a i l of the queue of the c u r r e n t f a c i l i t y . 

V a r i a t i o n s on the b a s i c r o u n d - r o b i n s chedu l i ng t e c h n i q u e w e r e not c o n ­

s i d e r e d b e c a u s e of t i m e and r e s o u r c e r e s t r i c t i o n s on the r e s e a r c h . 
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A n o t h e r ph i lo sophy , s i m i l a r to t h a t of r o u n d - r o b i n CPU m i c r o -

s c h e d u l i n g , is F I F O . l a t h i s s i t u a t i o n , the f a c i l i t y - r e s o u r c e - q u e u e 

a r r a n g e m e n t is a s in the r o u n d - r o b i n c a s e ; h o w e v e r , when an i t e m is to 

be p l aced into the queue of r e q u e s t s wai t ing for the u s e of a r e s o u r c e , 

r a t h e r t h a n be ing p l a c e d at the t a i l of t he q u e u e , it i s p l a c e d a h e a d of 

t h o s e of a l l o t h e r t a s k s which a r r i v e d in the s y s t e m l a t e r than tha t t a s k . 

P h i l o s o p h i e s wi th r e s u l t s by o t h e r r e s e a r c h e r s a r e s i m i l a r to tha t of 

F I F O and L.IFO and r a n d o m g u e s s . The p r i m a r y d i f f e r ence be tween 

t h o s e p h i l o s o p h i e s l i e s in the v a r i a n c e of the r e s p o n s e t i m e , wi th a l l 

having about the s a m e m e a n r e s p o n s e t i m e ; h o w e v e r , F I F O g ives 

s m a l l e r v a r i a n c e s than the o t h e r s and h e n c e is the one s e l e c t e d h e r e . 

I n s t a n t a n e o u s exponen t i a l e s t i m a t i o n was d i s c u s s e d in d e t a i l 

e a r l i e r in th i s r e s e a r c h r e p o r t a s a ph i lo sophy of CPU m i c r o s c h e d u l i n g . 

The b a s i c t e c h n i q u e is to p r e d i c t the l e n g t h of the nex t r e s o u r c e s e r v i c e 

t i m e fo r a t a s k b a s e d on the t a s k ' s i m m e d i a t e p a s t b e h a v i o r and a s s i g n 

the r e s o u r c e to the t a s k wh ich wil l p r o b a b l y u s e it the l e a s t a m o u n t of 

t i m e b e f o r e r e l e a s i n g it for u s e by o t h e r r e q u e s t i n g t a s k s . Though 

Denning no ted tha t i n s t a n t a n e o u s exponen t i a l e s t i m a t i o n is qu i t e p r o n e 

to e r r o r s in m e a s u r e m e n t , S h e r m a n showed tha t , in the c a s e of h i s r e ­

s e a r c h , i n s t a n t a n e o u s exponen t i a l e s t i m a t i o n was f a i r l y ef fec t ive a s a 

m i c r o s c h e d u l i n g m e t h o d , a t l e a s t u n d e r a t h roughpu t m e a s u r e of s y s ­

t e m s e f f e c t i v e n e s s , and the CDC 6600 e n v i r o n m e n t (Denning, 71B, 

S h e r m a n , 72) . T h e p a r a m e t e r , A L P H A , of the e s t i m a t o r is f ixed for 
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t h i s c a s e a t 0. 5, the va lue S h e r m a n found b e s t in h i s r e s e a r c h , giving 

equa l weight to n e w and h i s t o r i c a l d a t a . 

St i l l a n o t h e r m i c r o s c h e d u l i n g ph i l o sophy which h a s b e e n p r o ­

p o s e d is the c o m p l e t e h i s t o r y t e c h n i q u e a s d e s c r i b e d e a r l i e r . It was 

shown by S h e r m a n to be a l m o s t a s ef fec t ive a s the r o u n d - r o b i n t e chn ique 

in h i s r e s e a r c h . In th i s c a s e , the weight g iven to the h i s t o r i c a l p o r t i o n 

of the e s t i m a t o r i n c r e a s e s and tha t g iven to the i n s t a n t a n e o u s p o r t i o n d e ­

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

was the adap t i ve m i c r o s c h e d u l e r of the c u r r e n t r e s e a r c h . It is d e ­

s c r i b e d in d e t a i l l a t e r . 

S y s t e m E f f e c t i v e n e s s M e a s u r e s 

In o r d e r to e v a l u a t e the p e r f o r m a n c e of a c o m p u t e r s y s t e m , s y s ­

t e m m e a s u r e s a r e r e q u i r e d . Many s t u d i e s in t h i s a r e a c l a i m g e n e r a l i t y 

of r e s u l t s wi thout spec i fy ing the s y s t e m m e a s u r e wi th r e s p e c t to which 

the r e s u l t s w e r e ob t a ined . U s u a l l y , t h r o u g h p u t of the s y s t e m in t e r m s 

of the a v e r a g e n u m b e r of t a s k s c o m p l e t e d o v e r a uni t of t i m e is t he i m ­

p l i c i t m e a s u r e u s e d ( S h e r m a n , 71) . O t h e r s h a v e d e s i g n e d m e a s u r e s 

which f i t ted the s i t ua t i on , i g n o r i n g o t h e r p o s s i b l e s i t u a t i o n s . I t was d e ­

c ided to a t t e m p t to avoid t h e s e p r o b l e m s in t h i s r e s e a r c h by c o n s i d e r ­

ing a s e t of p r o t o t y p i c a l s y s t e m m e a s u r e s . 

S ince the a d a p t i v e m i c r o s c h e d u l e r m u s t be r e s p o n s i v e to the n a ­

t u r e of the s y s t e m m e a s u r e c h o s e n , add i t i ona l c o n s i d e r a t i o n s a r e i m -
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p o s e d in tha t c a s e . The o v e r a l l s y s t e m m e a s u r e , o r g lobal s y s t e m ef­

f e c t i v e n e s s m e a s u r e (GSEM), is too g e n e r a l to u s e in a l l c a s e s a s a 

gu ide l ine by wh ich the a d a p t i v e m i c r o s c h e d u l e r m a y func t ion . Thus 

for each m a j o r GSEM t y p e , a l o c a l s y s t e m e f f e c t i v e n e s s m e a s u r e 

(LSEM) m u s t be def ined . In c e r t a i n c a s e s , s u c h a s CPU u t i l i z a t i o n , 

the L S E M wil l be of a s i m i l a r n a t u r e to the G S E M . In o t h e r c a s e s , s u c h 

a s T H R O U G H P U T , it wi l l be of a r a d i c a l l y d i f f e ren t n a t u r e . Though 

only p r o t o t y p i c a l s y s t e m m e a s u r e c l a s s e s a r e c o n s i d e r e d , t h e r e is no 

l og i ca l r e a s o n tha t o t h e r c o m b i n a t i o n s of m e a s u r e s than t h o s e c o n ­

s i d e r e d h e r e could not be u s e d . F o r i n s t a n c e , a c o m b i n a t i o n of 

THROUGHPUT and CPU u t i l i z a t i o n could be e n v i s i o n e d for a spec i f i c 

c a s e . The only l og i ca l p r o b l e m s a r i s e in the c o m b i n a t i o n of q u a n t i t i e s 

of un l ike u n i t s , and with n o n l i n e a r r e s p o n s e to chang ing r e s o u r c e u s ­

a g e s . T h e s e p r o b l e m s m a y be r e s o l v e d in spec i f i c c a s e s , a s no ted by 

Hoffman (Hoffman, 71) . 

S e v e r a l m e a s u r e s of s y s t e m p e r f o r m a n c e w e r e u s e d in the a d a p ­

t ive m i c r o s c h e d u l e r eva lua t i on p r o c e s s in o r d e r to b a s e the c o m p a r i ­

s o n s . R e p r e s e n t a t i v e s a m p l e s of d i f fe ren t c l a s s e s of s y s t e m m e a s u r e s 

w e r e c o n s i d e r e d . T h e y a r e def ined and d e s c r i b e d in the fol lowing p a r a ­

g r a p h s . 

T H R O U G H P U T is a m e a s u r e m a n y r e s e a r c h e r s h a v e app l i ed to 

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

m i c r o s c h e d u l e r s ( S h e r m a n , 72). It is def ined to r e p r e s e n t the n u m b e r 
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of t a s k s which the s y s t e m can c o m p l e t e in an i n t e r v a l of t i m e . A good 

t h r o u g h p u t m e a s u r e is u s u a l l y r e c e i v e d by a s y s t e m which is b i a s e d t o ­

w a r d an e n v i r o n m e n t c o n s i s t i n g of s m a l l e r , s h o r t e r - r u n n i n g t a s k s . 

T h u s the L S E M t e r m for th i s c a s e was 

( (p ro j ec t ed I / O u s a g e for next t i m e i n t e r v a l for t a s k i) d iv ided by 

( p r o j e c t e d m a i n s t o r a g e u s a g e fo r next t i m e i n t e r v a l for t a s k i ) ) . 

Th i s was d e t e r m i n e d to be the b e s t t h r o u g h e x p e r i m e n t a t i o n , a t l e a s t 

for the c u r r e n t e n v i r o n m e n t . Th i s L S E M f a v o r s the s m a l l e r t a s k s 

which r e q u i r e l e s s CPU a t t e n t i o n b e c a u s e of p e r f o r m i n g a r e l a t i v e l y 

l a r g e a m o u n t of I / O a c t i v i t y , a s u s e d by S h e r m a n . 

CPU u t i l i z a t i o n is a n o t h e r m e a s u r e which h a s b e e n app l i ed m a n y 

t i m e s , bo th in t h e o r y and in p r a c t i c e , to c o m p u t e r s y s t e m s (Kimble ton , 

71A). It is not equ i t ab l e to a l l t y p e s of t a s k s , a s is the u s e of no s ing le 

m e a s u r e a s an e s t i m a t o r , s i n c e a s c h e d u l e r b a s e d so l e ly upon it r e ­

w a r d s C P U - b o u n d t a s k s wi th m o r e CPU a t t e n t i o n than it a w a r d s o t h e r s . 

A good C P U u t i l i z a t i o n is g e n e r a l l y r e c e i v e d by such a s y s t e m which 

h a s a r e l a t i v e l y h e a v i l y C P U - b o u n d m i x of t a s k s . Thus the L S E M t e r m 

for the CPU c a s e was 

( p r o j e c t e d C P U t i m e for next t i m e i n t e r v a l for t a s k i) . 

R E V E N U E is a n o t h e r m e a s u r e s i m i l a r to CPU u t i l i z a t i o n which 

is s e n s i t i v e to s o m e c o m b i n a t i o n of r e s o u r c e u t i l i z a t i o n s . P r a c t i c a l l y 

e v e r y c o m p u t e r i n s t a l l a t i o n u s e s a d i f fe ren t m e a s u r e of r e v e n u e . P r o ­

p e r l y i n t e r p r e t e d , m o s t of the m e a s u r e s c o n s i d e r e d in th i s s tudy could 
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be u s e d for r e v e n u e c a l c u l a t i o n p u r p o s e s . The spec i f i c r e v e n u e m e a ­

s u r e s t r u c t u r e c h o s e n w a s tha t u s e d on the B5700 at G e o r g i a T e c h , 

which is a m u l t i p l e of 

((3 t i m e s CPU t i m e ) p lus I / O t i m e ) . 

Thus the f o r m of the LSEM t e r m for t h i s c a s e w a s 

(3 t i m e s (CPU t i m e p r o j e c t e d for the next t i m e i n t e r v a l for t a s k i) 

p lus ( I /O t i m e p r o j e c t e d for nex t t i m e i n t e r v a l for t a s k i)) . 

R E S O U R C E u t i l i z a t i o n is a m e a s u r e tha t is s o m e t i m e s u s e d to 

m e a s u r e how we l l a c o m p u t e r s y s t e m is u s i n g i t s r e s o u r c e s on an o v e r ­

a l l b a s i s ( L u c a s , 71) . It is a s o m e w h a t f a i r e r m e a s u r e than s o m e of 

the o t h e r s when u s e d for e s t i m a t i o n p u r p o s e s , a s it even ly f a v o r s t a s k s 

which u s e the v a r i o u s r e s o u r c e s . The GSEM for th i s c a s e is 

(CPU t i m e p lus I / O t i m e p lus n o r m m a i n s t o r a g e u s a g e ) . 

Thus the f o r m for the c o r r e s p o n d i n g LSEM t e r m was 

((CPU t i m e for nex t p e r i o d for t a s k i) p lus 

( I /O t i m e for nex t p e r i o d fo r t a s k i) p lus 

( n o r m a l i z e d m a i n s t o r a g e u s a g e for next p e r i o d for t a s k i ) ) . 

I / O u t i l i z a t i o n is s e l d o m u s e d a s a m e a s u r e of c o m p u t e r s y s t e m 

p e r f o r m a n c e , but it i s inc luded Ln t h i s r e s e a r c h for c o m p l e t e n e s s 

( L o s a p i o , 72) . A n a l o g o u s c o m m e n t s app ly to it a s apply to C P U u t i l i z a ­

t i o n . The L S E M t e r m u s e d for th i s c a s e was 

( p r o j e c t e d I / O t i m e for nex t t i m e i n t e r v a l for t a s k i ) . 

L A T E N C Y is a m e a s u r e which h a s often b e e n u s e d in the f o r m of 
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r e s p o n s e t i m e m e a s u r e s ( L a s s e t t r e , 72) . A m i c r o s c h e d u l e r b a s e d upon 

th is m e a s u r e f a v o r s the e x t r e m e l y s h o r t - r u n n i n g t a s k s such a s t h o s e 

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

ning t a s k s s u c h a s t h o s e n o r m a l l y e n c o u n t e r e d in b a t c h o p e r a t i o n s . 

The GSEM for t h i s c a s e can be s t a t e d in s e v e r a l m a n n e r s , but tha t u s e d 

for th i s r e s e a r c h is 

(1 m i n u s (effect ive o v e r h e a d t i m e due to queue handl ing) 

d iv ided by ( swap in t i m e ) ) . 

I t s L S E M t e r m can t ake one of s e v e r a l f o r r a s , depending upon the o r i e n ­

t a t ion of the p o l i c i e s of the m a n a g e m e n t of the s y s t e m , but the LSEM 

t e r m u s e d in th i s r e s e a r c h was 

( (p ro j ec t ed C P U t i m e for the nex t i n t e r v a l for t a s k i) d iv ided by 

( p r o j e c t e d e l a p s e d t i m e for the nex t i n t e r v a l for t a s k i)) . 

SYSTEM U T I L I Z A T I O N is a m e a s u r e u s e d qu i te often when c o n ­

s i d e r i n g the u s e of h a r d w a r e m o n i t o r i n g d e v i c e s ( E s t r i n , 67B). It m e a ­

s u r e s the a c t i v i t y of the s y s t e m in t e r m s of the c o m p l e m e n t of the t i m e 

when the s y s t e m is i d l e . It i s a f a i r and use fu l p r a c t i c a l m e a s u r e b e ­

c a u s e if a c o m p u t e r s y s t e m is be ing r u n a l i m i t i n g e l a p s e d a m o u n t of 

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

m a n c e of the s y s t e m s ign i f i can t ly by r e d u c i n g id le t i m e . S e v e r a l r e ­

s e a r c h e r s h a v e shown that t h i s m a y be done in g e n e r a l by a s s i g n i n g a 

r e s o u r c e to tha t t a s k which wi l l u s e it the s h o r t e s t a m o u n t of t i m e b e ­

f o r e r e l e a s i n g it ( S h e r m a n , 7 2). Thus the L S E M t e r m u s e d in th is 
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c a s e was 

( z e r o m i n u s ( (p ro j ec t ed CPU t i m e for next t i m e i n t e r v a l for t a s k i) p lus 

( p ro j ec t ed I / O t i m e for next t i m e i n t e r v a l for t a s k i) p lus 

( p ro j ec t ed m a s s s t o r a g e u s a g e for nex t t i m e i n t e r v a l for t a s k i))) . 

SYSTEM COST N U L L I F I C A T I O N is a m e a s u r e s u g g e s t e d by r e ­

s e a r c h e r s to d i r e c t l y a t t a c k the r e t u r n - o n - i n v e s t m e n t p r o b l e m (Wald, 

67) . It is s i m i l a r to s i m p l e r e s o u r c e u s a g e excep t tha t the va lue of the 

m e a s u r e is p r o p o r t i o n a l to the s u m of the v a l u e s of e a c h of the r e s o u r c e s 

of the c o m p u t e r s y s t e m u s e d by the t a s k s . The coef f i c ien t s w e r e d e ­

r i v e d f r o m 1972 B5700 p r i c e l i s t s in c o n s u l t a t i o n wi th B u r r o u g h s p e r ­

s o n n e l . T h e y r e p r e s e n t the book p r i c e of B5700 c o m p u t e r s y s t e m c o m ­

p o n e n t s , i g n o r i n g s i t e p r e p a r a t i o n , a i r cond i t i on ing , sh ipp ing c h a r g e s , 

m a i n t e n a n c e , and o p e r a t o r s a l a r i e s , which a r e not effected excep t t r i v ­

ia l ly by the m i c r o s c h e d u l e r . Ma in s t o r a g e u s a g e is n o r m a l i z e d to t a k e 

into a c c o u n t i ts d i c h o t o m o u s n a t u r e u n d e r the B5700 T S S M C P . T h u s 

the f o r m of L S E M t e r m u s e d in t h i s c a s e was 

(3 . 14 t i m e s ( p r o j e c t e d C P U u s a g e for nex t t i m e i n t e r v a l for t a s k i)) 

p lus ( ( n u m b e r of I / O pa th s ) 

t i m e s ( p r o j e c t e d I / O u s a g e for nex t t i m e i n t e r v a l for t a s k i)) 

p lus (8 t i m e s ( n o r m a l i z e d p r o j e c t e d m a i n s t o r a g e u s a g e for 

next t i m e i n t e r v a l fo r t a s k i))) . 

In s u m m a r y , the def in i t ions of the v a r i o u s s y s t e m e f f e c t i v e n e s s 

m e a s u r e s c o n s i d e r e d in th i s r e s e a r c h a r e given in the fo l lowing t a b l e . 
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T a b l e 1. S y s t e m E f f e c t i v e n e s s M e a s u r e s 

N a m e 
GSEM 

(Overa l l ) 
L S E M T e r m 

( In s t an t aneous ) 

THROUGHPUT ( t a s k s / uni t t i m e ) ( I /O u s a g e ) / ( c o r e u s a g e ) 

CPU (CPU u s a g e ) (CPU u s a g e ' 

R E V E N U E (3* (CPU u s a g e ) 
+ ( I /O u s a g e ) ) 

(3* (CPU u s a g e ) 
+ ( I /O usage ) ) 

R E S O U R C E ((CPU usage ) 
+ ( I /O u s a g e ) 
+ ( c o r e u sage ) ) 

( (CPU u s a g e ) 
+ ( I /O u s a g e ) 
+ ( c o r e usage) ) 

I / O ( I /O u s a g e ) ( I /O u s a g e ) 

L A T E N C Y (.1- ( (queue handling 
t i m e ) / 
( swap in t ime)) ) 

(CPU u s a g e ) / 
( swap in t i m e ) 

UTILIZATION (1 - id le t i m e ) ( - ( (CPU u s a g e ) 
+ ( I /O u s a g e ) 
+ ( c o r e usage) ) ) 

COST ((3 . 14* (CPU usage ) ) 
+ (4* ( I /O u s a g e ) ) 
+ (8* ( c o r e usage) ) ) 

( (3 . 14* (CPU usage ) ) 
+ (4* ( I /O usage ) ) 
+ (8* ( c o r e usage) ) ) 
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C H A P T E R III 

T H E A D A P T I V E M I C R O S C H E D U L E R 

O p e r a t i o n of M i c r o s c h e d u l e r 

The h e a r t of th i s m o d e l l i e s in the u s e of an h e u r i s t i c , d y n a m i c , 

a d a p t i v e t a s k s chedu l ing t echn ique which a t t e m p t s to s c h e d u l e the a l l o ­

ca t ion of r e s o u r c e s a m o n g the t a s k s at hand in a m a n n e r m o r e condu ­

c ive to s e m i - o p t i m a l s y s t e m o p e r a t i o n than e m b o d i e d in o t h e r m i c r o -

s c h e d u l e r s in u s e today . 

The g e n e r a l goal of the a d a p t i v e m i c r o s c h e d u l e r of th is r e ­

s e a r c h is to a t t e m p t to m a x i m i z e the g e n e r a l s y s t e m s e f f ec t i venes s 

m e a s u r e (GSEM) t h r o u g h m a x i m i z i n g the l o c a l s y s t e m s e f f e c t i v e n e s s 

m e a s u r e (LSEM) a t e a c h d e c i s i o n po in t . It does t h i s t h r o u g h eva lua t ing 

the p r e d i c t e d v a l u e s of L S E M obta ined by t e n t a t i v e l y a s s i g n i n g the r e ­

q u e s t i n g t a s k s to the r e q u e s t e d r e s o u r c e s , then a c t u a l l y m a k i n g the a s ­

s i g n m e n t s wh ich m a x i m i z e the L S E M . T h e p r e d i c t i o n of new LSEM 

v a l u e s is b a s e d p a r t i a l l y upon exponen t i a l e s t i m a t i o n b a s e d upon p r e v i ­

ous v a l u e s of s y s t e m v a r i a b l e s and p a r t i a l l y upon the d i f f e r e n c e s b e ­

tween the m o s t r e c e n t p r e d i c t i o n s and a c t u a l v a l u e s (the c o r r e c t i o n ) . 

At c e r t a i n i n t e r v a l s the p r e d i c t i o n p r o c e s s m a y be p a r a m e t r i c a l l y a d ­

j u s t e d in o r d e r to adap t to chang ing cond i t ions in the e n v i r o n m e n t in 
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which the m i c r o s c h e d u l e r is c u r r e n t l y o p e r a t i n g . 

Th i s m i c r o s c h e d u l e r is in tended to sa t i s fy the de s ign r e q u i r e ­

m e n t s of a h e u r i s t i c , d y n a m i c , a d a p t i v e , t a s k - o r i e n t e d i n t e r n a l r e ­

s o u r c e a l l o c a t i o n s c h e d u l e r , wh ich a t t e m p t s to s c h e d u l e r e s o u r c e a l l o ­

ca t ion so a s to m a x i m i z e the p r o d u c t i v i t y of the s y s t e m . Succeed ing 

c h a p t e r s ve r i fy tha t it a c t u a l l y p e r f o r m s a s e x p e c t e d , t h r o u g h the u s e 

of c o m p u t e r s i m u l a t i o n , us ing da ta c o l l e c t e d f r o m a B5700 c o m p u t e r 

s y s t e m running a s e l e c t i o n of t a s k s d r a w n f r o m the G e o r g i a T e c h e n v i ­

r o n m e n t . 

L e v e l of D e t a i l 

When p r e p a r i n g to m o d e l any s y s t e m , the a n a l y s t m u s t c h o o s e 

the m o d e l ' s w o r l d v iewpoin t c a r e f u l l y . If it is c h o s e n too s m a l l , i m ­

p o r t a n t c h a r a c t e r i s t i c s of the m o d e l wi l l be o b s c u r e d by d e t a i l . If it is 

c h o s e n too l a r g e , the c h a r a c t e r i s t i c s wi l l be o b s c u r e d b e c a u s e of s u m ­

m a r y a c t i o n . The v iewpoin t of a m o d e l ' s s u b c o m p o n e n t s m u s t a l s o be 

c h o s e n c a r e f u l l y for e s s e n t i a l l y the s a m e r e a s o n s . 

T h e m i c r o s c h e d u l e r of th i s r e s e a r c h is a s s u m e d to funct ion a t 

the g e n e r a l l e v e l of de t a i l and point of v iew r e p r e s e n t e d by the fo l low­

ing q u a n t i t i e s : 

- t a s k s t a t e v e c t o r 
- m a i n s t o r a g e s e g m e n t 
- I / O t r a n s a c t i o n 
- C P U i n t e r r u p t p r o c e s s i n g i n t e r v a l . 

T h e fol lowing q u a n t i t i e s a r e c o n s i d e r e d to be on a h i g h e r l e v e l and a r e 
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a s s u m e d to be inc luded in the m o d e l p a r a m e t r i c a l l y o r a l g o r i t h m i c a l l y : 

- o p e r a t i n g s y s t e m a r c h i t e c t u r e (excep t m i c r o s c h e d u l e r ) 
- m a c r o s c h e d u l i n g c h a r a c t e r i s t i c s 
- w o r k l o a d c h a r a c t e r i s t i c s 
- m a s s s t o r a g e r e q u i r e m e n t s 
- m a n a g e m e n t p o l i c i e s and goa l s 
- s y s t e m p r o f i t / c o s t funct ions (GSEM) 
- h a r d w a r e c o n f i g u r a t i o n . 

The following q u a n t i t i e s a r e c o n s i d e r e d to be on a l o w e r l e v e l and a r e 

a s s u m e d to be inc luded p a r a m e t r i c a l l y or i m p l i c i t l y , o r t hey a r e to be 

ignored : 

- m u l t i t a s k i n g i n t e r f e r e n c e in h a r d w a r e 
- s e t of CPU and I / O i n s t r u c t i o n s a v a i l a b l e 
- d y n a m i c and s t a t i c a d d r e s s r e l o c a t i o n d e l a y s 
- e x a c t s t r u c t u r e of t a s k s and job s t e p s . 

The p r e c e d i n g r e p r e s e n t a t i o n a l l ows for the c o n c e n t r a t i o n of a t t e n t i o n 

on the m i c r o s c h e d u l e r i t se l f and a t t e m p t s to avoid the c o n s i d e r a t i o n of 

s u b c o m p o n e n t s of c o m p u t e r s y s t e m s not i m p o r t a n t h e r e . T h e r e m a i n d e r 

of t h i s s e c t i o n p r e s e n t s the m o d e l and a s s o c i a t e d c o n c e p t s , fol lowing 

the l e v e l of de t a i l and poin t of view j u s t p r e s c r i b e d . 

R e p r e s e n t a t i o n of T a s k s 

L o g i c a l l y , t a s k s a r e r e p r e s e n t e d a s p a s s i v e e n t i t i e s a c t e d upon 

by the m i c r o s c h e d u l e r . E a c h t a s k h a s a s s o c i a t e d with it v a r i o u s q u a n ­

t i t i e s which m a y be i n t e r r o g a t e d by a n d / o r changed by the m i c r o -

s c h e d u l e r a s r e a l t i m e p r o c e e d s . Some of the q u a n t i t i e s a r e d i r e c t 

func t ions of t i m e , such a s d e a d l i n e i n f o r m a t i o n . M o s t o t h e r s a r e func­

t ions of a s s i g n e d r e s o u r c e t i m e , such a s C P U and I / O t i m e u s a g e . 
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A c t u a l t a s k i n t e r n a l r e p r e s e n t a t i o n is t r a n s p a r e n t to the m i c r o -

s c h e d u l e r j u s t a s is a c t u a l r e s o u r c e a l l o c a t i o n i n t e r n a l r e p r e s e n t a t i o n . 

Thus the m i c r o s c h e d u l e r is qu i t e a u s t e r e , m a n i p u l a t i n g the t a s k s and 

s y s t e m u n d e r i t s c o n t r o l wi th r e s p e c t to c e r t a i n c o n s t r a i n t s and d r i v i n g 

func t ions , wi thout d i r e c t r e g a r d for t h e i r i n t e r n a l s t r u c t u r e . 

T h i s a p p r o a c h is t aken s i n c e , f r o m the poin t of v iew of the m i c r o -

s c h e d u l e r , the only i m p o r t a n t a s p e c t s c o n c e r n i n g a t a s k a r e i ts e x i s t ­

ence and i t s e x t e r n a l a t t r i b u t e s , not i ts i n t e r n a l s t r u c t u r e . T h i s is 

a l s o a h igh ly r e a l i s t i c v iewpoin t for an a c t u a l i m p l e m e n t a t i o n of such a 

m i c r o s c h e d u l e r a s e n v i s i o n e d h e r e . 

S y s t e m E f f e c t i v e n e s s M e a s u r e s 

One m e a s u r e of the p r o d u c t i v i t y of a c o m p u t e r s y s t e m is 

( (b i l lable c h a r g e ) p e r ( r e a l t i m e uni t ) ) . 

T h i s is c o n s i s t e n t and r e a s o n a b l e s i n c e i n c r e a s i n g the p r o d u c t i v i t y of 

the c o m p u t e r s y s t e m i n c r e a s e s the c h a r g e r e a l i z e d for a g iven t i m e in ­

t e r v a l , s i n c e the s y s t e m is c a p a b l e of execu t ing m o r e j o b s . A s s u m i n g 

tha t s o m e c o n s t a n t , c o n s i s t e n t accoun t ing s y s t e m is in effect and tha t it 

is of the n a t u r e tha t an i n c r e a s e in the u s e of a r e s o u r c e c a u s e s a c o r ­

r e s p o n d i n g i n c r e a s e in the c h a r g e , tha t m e a s u r e will be u sed a s one of 

the s y s t e m ob jec t ive func t i ons , a l s o c a l l e d g loba l s y s t e m e f f e c t i v e n e s s 

m e a s u r e s (GSEM) a s i n v e s t i g a t e d in t h i s r e s e a r c h wi th r e s p e c t to v a r i ­

ous p h i l o s o p h i e s of m i c r o s c h e d u l i n g . 
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Thi s m e a s u r e is too g e n e r a l to u s e d i r e c t l y a s a d e c i s i o n tool 

for a m i c r o s c h e d u l e r . Thus a l o c a l s y s t e m e f f ec t i venes s m e a s u r e 

(LSEM) is r e q u i r e d to be def ined . I t would i d e a l l y be of the n a t u r e tha t 

op t imiz ing it a t e ach point in t i m e would be equ iva l en t to o p t i m i z i n g the 

GSEM for tha t e n t i r e t i m e p e r i o d . T h i s i s , h o w e v e r , i n f ea s ib l e for a 

d y n a m i c , u n p r e d i c t a b l e , n o n a n t i c i p a t o r y s y s t e m b e c a u s e it i s not p o s s i ­

ble at a given poin t in t i m e to m a k e the d e c i s i o n which is known to be 

c o r r e c t a t s o m e l a t e r poin t in t i m e (h inds igh t is a lways b e t t e r than 

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

at e a c h poin t in t i m e at which a d e c i s i o n m u s t be m a d e , hoping tha t 

w o r s t - c a s e s i t u a t i o n s wi l l not o c c u r , wi l l be mo l l i f i ed by the r e v i s e d 

d e c i s i o n p r o c e s s , or wi l l not be s e v e r e enough to c a u s e o t h e r t han t e m ­

p o r a r y d e g r a d a t i o n of the s y s t e m so tha t the m i c r o s c h e d u l e r c a n have 

t i m e to t ake e v a s i v e m e a s u r e s . 

The L S E M ' s u s e d in th i s s tudy a r e a l l def ined to be the we igh ted 

s u m of c e r t a i n s y s t e m and t a s k p a r a m e t e r s eva lua t ed at e a c h i n s t a n t in 

t i m e a t wh ich a d e c i s i o n m u s t be m a d e . By p r o p e r cho ice of the p a r a ­

m e t e r s and w e i g h t s , op t im iz ing an LSEM on an i n s t a n t a n e o u s b a s i s m a y 

be m a d e equ iva l en t to a s u b o p t i m i z a t i o n of a g iven GSEM o v e r a l o n g e r 

t i m e i n t e r v a l . The b e t t e r the d e c i s i o n funct ion of the m i c r o s c h e d u l e r 

i s , the b e t t e r the va lue of t he GSEM which is r e a l i z e d , i g n o r i n g the 

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

The spec i f i c g loba l (and loca l ) s y s t e m e f f e c t i v e n e s s m e a s u r e s 
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c o n s i d e r e d in t h i s r e s e a r c h w e r e d i s c u s s e d e a r l i e r and w e r e r e p r e ­

s en t ed by the fol lowing l i s t of m e a s u r e c l a s s e s : 

- t h roughpu t 
- C P U u t i l i z a t i o n 
- r e v e n u e 
- r e s o u r c e u s a g e 
- I / O u t i l i z a t i o n 
- s y s t e m u t i l i z a t i o n 
- s y s t e m c o s t nu l l i f i c a t i on . 

Note tha t the L S E M ' s a r e a l l dependen t upon r e s o u r c e u t i l i z a t i o n s on ly . 

Thus they a r e a l l e f fec t ive ly c o m p u t a b l e f r o m r e c e n t and h i s t o r i c a l i n ­

f o r m a t i o n , and no fu ture i n f o r m a t i o n s u c h a s t a s k c o m p l e t i o n t i m e is 

r e q u i r e d . O t h e r s y s t e m e f f e c t i v e n e s s m e a s u r e s could be c o n s i d e r e d 

by def ining the c o r r e s p o n d i n g L S E M ' s . F o r i n s t a n c e , a new GSEM 

c o m p o s e d of equa l we igh t s of t h r o u g h p u t and CPU u t i l i z a t i o n could be 

def ined . Of c o u r s e , n o n l i n e a r m e a s u r e v a l u e s and i n c o m m e n s u r a b l e 

un i t s m a y c o m p l i c a t e tha t p r o c e s s . 

The v a l u e s of the c o r r e s p o n d i n g weigh t f a c t o r s a r e d e t e r m i n e d 

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

f r o m po l i cy d e c i s i o n s , and by h e u r i s t i c m e a n s . T h o s e t e r m s known to 

have c o n s t a n t v a l u e s and c o n s t a n t weigh t f a c t o r s in a g iven e n v i r o n m e n t 

should be d r o p p e d f r o m c o n s i d e r a t i o n of t e r m s of the L.SEM. Th i s 

c l a s s of GSEM does not c o n s i d e r l i n e - c o n n e c t c h a r g e s n o r uni t c h a r g e s , 

which a r e a l m o s t independen t of c o m p u t e r p e r f o r m a n c e , and c o r r e ­

sponding t e r m s wil l not a p p e a r in the L S E M . 

The c o n s t r u c t i o n of the L.SEM for a g iven e n v i r o n m e n t is qu i t e 
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i m p o r t a n t s i n c e it l inks the d e s i r e d o p e r a t i o n of the m i c r o s c h e d u l e r to 

m a n a g e m e n t ' s g o a l s for the s y s t e m . C e r t a i n goa l s m a y v e r y wel l be 

conf l i c t ing . F o r i n s t a n c e , f a s t e r t u r n a r o u n d is in conf l ic t with i n ­

c r e a s e d C P U u t i l i z a t i o n ; the f o r m e r is p r o p o r t i o n a l to t he d e c r e a s e of 

i n s t a n t a n e o u s C P U u s a g e w h e r e a s the l a t t e r i s d i r e c t l y p r o p o r t i o n a l to 

to ta l C P U u s a g e . Thus the r e l a t i v e coef f i c ien t s of t h e s e t e r m s m u s t be 

ad ju s t ed to c o n f o r m to m a n a g e m e n t goa l s to r e s o l v e the conf l i c t . 

O t h e r t e r m s and t h e i r coef f i c ien t s in the L S E M which c o r r e ­

spond to t e r m s in the GSEM m u s t be c h o s e n r e l a t i v e to r e s o u r c e u t i l i ­

za t ion so tha t the GSEM is a c c u r a t e l y r e p r e s e n t e d in tha t p o r t i o n of the 

L S E M . T e r m s and t h e i r coe f f i c i en t s in the L S E M which c o r r e s p o n d to 

o t h e r s y s t e m l e v e l s m a y a l s o be c h o s e n to c o r r e s p o n d to m a n a g e m e n t ' s 

g o a l s , even though they do not have d i r e c t r e a l i z a t i o n s a s t e r m s and c o ­

eff ic ients in the GSEM. In g iven s i t u a t i o n s , it is up to a c l e v e r i n d i v i ­

dual to c o n s t r u c t the L S E M for a spec i f i c GSEM. 

The d e c i s i o n , then , can be m a d e in t he m a n n e r d e s c r i b e d e a r ­

l i e r in t h i s s e c t i o n u s i n g the t a s k L S E M p r e d i c t e d v a l u e s for the next 

t i m e i n t e r v a l to d e t e r m i n e which r e q u e s t i n g t a s k is to r e c e i v e u s e of 

e a c h r e s o u r c e n e x t . 

The L S E M need be e v a l u a t e d only in the c a s e s in which a d e c i ­

s ion is r e q u i r e d . Th i s i m p l i e s tha t the a l l o c a t i o n of r e s o u r c e s which 

a r e not s c a r c e i s s i m p l e r than the a l l o c a t i o n of s c a r c e r e s o u r c e s . 

T h u s in the c a s e of m u l t i p l e x e d I / O p a t h s , if f e w e r I / O o p e r a t i o n s of a 
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given c l a s s a r e in p r o g r e s s than t h e r e e x i s t p a t h s and a n o t h e r I / O a l l o ­

ca t ion r e q u e s t i s m a d e by a t a s k , t h e r e is no va l id r e a s o n the r e q u e s t 

should not be i m m e d i a t e l y f i l l ed . If, h o w e v e r , a l l p a th s a r e in u s e , 

the L S E M would be eva lua t ed to d e t e r m i n e in which o r d e r r e q u e s t s by 

d i f fe ren t t a s k s should be f i l led when pa ths do b e c o m e a v a i l a b l e . S i m i ­

l a r c o m m e n t s app ly , of c o u r s e , to C P U , m a i n s t o r a g e , m a s s s t o r a g e , 

and o t h e r such p o s s i b l y s c a r c e r e s o u r c e s . 

T r e n d s in S y s t e m P e r f o r m a n c e 

The m i c r o s c h e d u l e r m u s t be ab le to d e t e c t t r e n d s in s y s t e m p e r ­

f o r m a n c e in t e r m s of v a l u e s of L S E M , i t s t e r m s , and the a t t r i b u t e s of 

the t a s k s in e x e c u t i o n . It is n e c e s s a r y to m i n i m i z e the r e s o u r c e r e ­

q u i r e m e n t s of the m i c r o s c h e d u l e r in o r d e r not to n e g a t e the ga ins m a d e 

by the i m p r o v e d m i c r o s c h e d u l e r . Thus e x t r e m e l y s o p h i s t i c a t e d t e c h ­

n i q u e s , o r v e r y c r u d e ones us ing m u c h s t o r a g e , m a y not be u s e d . 

Th i s a l s o i m p l i e s tha t l a r g e t a b l e s d e s c r i b i n g in de t a i l m a n y s y s t e m 

and t a s k v a r i a b l e s m a y not be m a i n t a i n e d . T h u s p r e d i c t i o n t e c h n i q u e s 

m u s t r e l y on s m a l l n u r a b e r s of r e l e v a n t v a r i a b l e s to p r e d i c t n e w v a l u e s . 

T h e r e is a l o n g - t e r m c l a s s of da t a , s t a t i s t i c a l l y d e s c r i b i n g the 

e n v i r o n m e n t and c u r r e n t s e t of t a s k s . T h e r e is the s h o r t - t e r m c l a s s , 

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

T h e n t h e r e is t he i n s t a n t a n e o u s c l a s s de t a i l i ng the m o s t c u r r e n t v a l u e s 

of the s y s t e m and t a s k v a r i a b l e s . T h e s e t h r e e c l a s s e s of v a l u e s e n t e r 
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into t r e n d d e t e c t i o n and p r e d i c t i o n in the m i c r o s c h e d u l e r of t h i s r e ­

s e a r c h . 

B e c a u s e , at a g iven i n s t a n t in t i m e , a v e r a g e d v a l u e s of s y s t e m 

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

n e a r - f u t u r e v a l u e s t han a r e l e s s r e c e n t v a l u e s , s h o r t - t e r m a v e r a g e s 

m u s t be we igh ted so tha t r e c e n t v a l u e s c a r r y m o r e weight than l e s s 

r e c e n t v a l u e s (Denning, 7 I B ) . The c o n c e p t of we igh ted mov ing a v e r ­

age (or window) is the b a s i s for c e r t a i n t e c h n i q u e s which h a v e b e e n d e ­

ve loped to t r a c k chang ing p a t t e r n s of d e m a n d s in i n v e n t o r y c o n t r o l and 

o p e r a t i n g s y s t e m s ( B u r r o u g h s , 72, Denn ing , 71B, Wulf, 69) . T h e s e 

t e c h n i q u e s a r e s u g g e s t e d in t h i s r e s e a r c h as m e t h o d s u s e d to t r a c k 

changing p a t t e r n s in r e s o u r c e r e q u e s t s and a l l o c a t i o n s . In p a r t i c u l a r , 

exponen t i a l we igh ted mov ing a v e r a g e s , t r e n d d e t e c t i o n , dev i a t i on , and 

m e a n a b s o l u t e dev ia t i on (MAD) a r e u s e d h e r e (Denning , 7 I B ) . E x p e r i ­

m e n t a t i o n i n d i c a t e d tha t exponen t i a l e s t i m a t i o n was m o r e ef fec t ive in 

the i n v e s t i g a t e d e n v i r o n m e n t than o t h e r a d a p t i v e o r n o n a d a p t i v e m e t h o d s . 

E x p o n e n t i a l e s t i m a t i o n is a c o n v e n i e n t c l a s s of we igh ted mov ing 

a v e r a g e for c o m p u t a t i o n in tha t it does not r e q u i r e the k e e p i n g of l a r g e 

t a b l e s of h i s t o r i c a l da ta for e a c h r e s o u r c e of i n t e r e s t in o r d e r to f a c i l i ­

t a t e p r e d i c t i o n . It h a s the c a p a b i l i t y to ad ju s t to c h a n g e , but i t s r a t e 

of r e s p o n s e can be ad jus t ed d y n a m i c a l l y and p a r a m e t r i c a l l y . Th i s p a r a ­

m e t e r is n o r m a l l y r e f e r r e d to as AJL.PHA, but for the p u r p o s e s of th i s 

r e s e a r c h , it wi l l be known a s A. In t h i s m e t h o d , 
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new a v e r a g e = A t i m e s (new va lue) p lus (1-A) t i m e s (old a v e r a g e ) 

w h e r e A is a s c a l a r b e t w e e n z e r o and un i ty e x c l u s i v e l y . A s A a p p r o a c h e s 

uni ty ( z e r o ) , t he a v e r a g e is m o r e ( l e s s ) we igh ted to the new v a l u e s . 

P a r a m e t e r A m a y thus be v a r i e d to c a u s e the m i c r o s c h e d u l e r to be m o r e 

o r l e s s r e s p o n s i v e to changing c o n d i t i o n s . Bounds on A s h a r p e r than 

z e r o and uni ty m a y be p a r a m e t r i c a l l y spec i f i ed to avoid the e x t r e m e 

c a s e s . 

It i s known tha t the u s e of the b a s i c exponen t i a l e s t i m a t i o n t e c h ­

n ique "will p r o d u c e an e s t i m a t e "which l a g s beh ind da ta con ta in ing s y s -

t e m a t i c t r e n d s . T h e a m o u n t of t h i s lag m a y be d e t e r m i n e d f r o m the 

m a t h e m a t i c s of the exponen t i a l smoo th ing f o r m u l a , and a t r e n d c o r r e c ­

t ion m a y be app l i ed to m a k e the e s t i m a t e m o r e a c c u r a t e . By the de f in i ­

t ion of t r e n d , 

c u r r e n t t r e n d - (new a v e r a g e ) m i n u s (old a v e r a g e ) . 

B e c a u s e f l uc tua t i ons in r e s o u r c e r e q u e s t s wi l l c a u s e f l uc tua t i ons in the 

new e s t i m a t e for r e s o u r c e r e q u e s t s , t h e r e is n e e d e d a m e t h o d to e s t i ­

m a t e the t r e n d p r e s e n t in the da ta to c a u s e the d a m p e n i n g of t h i s f l u c t u a ­

t i o n . Thus 

new t r e n d - B t i m e s ( c u r r e n t t r e n d ) p lus (1-B) t i m e s (old t r e n d ) 

is u s e d to f o r m a s e c o n d - o r d e r e x p o n e n t i a l s m o o t h i n g m e t h o d on the 

e s t i m a t e s to d e t e c t t r e n d s , wi th p a r a m e t e r B a s a s c a l a r b e t w e e n z e r o 

and un i ty e x c l u s i v e l y . A new p a r a m e t e r B was u s e d h e r e r a t h e r than A 

b e c a u s e the n o i s e c o n t e n t s of the a v e r a g e s and t r e n d s a r e a s s u m e d to be 
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of d i f fe ren t n a t u r e . 

S ince the ob j ec t ive is to p r o d u c e a r e s o u r c e r e q u e s t p r e d i c t i o n 

for the next t i m e p e r i o d , the new t r e n d m u s t be added to the new a v e r ­

age and the t r e n d lag c o r r e c t i o n . T h u s p r e d i c t e d va lue is def ined by 

the fol lowing equa t ion : 

p r e d i c t e d va lue = (new a v e r a g e ) p lus ((new t r e n d ) d iv ided by (1 -A)) . 

The d e v i a t i o n p r o v i d e s a s i m p l e m e a n s of compu t ing the e r r o r s 

m a d e by the p r e d i c t i o n p r o c e s s . It i s def ined by the fol lowing equa t ion : 

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

It is use fu l in d e t e r m i n i n g how and when to change the v a l u e s of A and 

B and t i m e i n t e r v a l b e t w e e n c o r r e c t i o n s T . If the va lue of the d e v i a ­

t ion is chang ing s igns r a p i d l y , o u t s i d e of s o m e s m a l l t h r e s h o l d , the 

s y s t e m n e e d s damping and A a n d / o r B a n d / o r T should be d e c r e a s e d . 

If it is i n c r e a s i n g or d e c r e a s i n g c o n s i s t e n t l y , A a n d / o r B shou ld be in ­

c r e a s e d and T should be d e c r e a s e d . When the d e v i a t i o n s a r e chang ing 

s i g n s but a r e s m a l l e r than the t h r e s h o l d , the s y s t e m is p e r f o r m i n g a s 

expec t ed and T m a y be i n c r e a s e d , if it is not a l r e a d y a t i ts u p p e r bound . 

T h e exac t m e a n s by which A, B , and T a r e changed a r e g iven in 

C h a p t e r IV. In p a r t i c u l a r , changing T had l i t t l e effect a s long a s the 

f o r m u l a e w e r e app l i ed at c e r t a i n d i s t i n g u i s h e d p o i n t s , a l s o a s d e s c r i b e d 

t h e r e . 

The m e a n a b s o l u t e dev i a t i on is usefu l for d e t e r m i n i n g the a c c u ­

r a c y of the p r e d i c t i o n p r o c e s s and is def ined as fo l lows: 
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MAD = (the s u m of t he a b s o l u t e d e v i a t i o n s of e ach m e a s u r e m e n t ) 

d iv ided by ( n u m b e r of m e a s u r e m e n t s ) 

MAD is not u s e d d i r e c t l y in th i s r e s e a r c h but is u s e d i n d i r e c t l y a s a 

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

One a d d i t i o n a l c o m p l i c a t i o n m u s t be c o n s i d e r e d h e r e . S ince it 

is p o s s i b l e t ha t the t i m e b e t w e e n p r e d i c t i o n s is not c o n s t a n t , a c o r r e c ­

t ion m u s t be m a d e to the p r e d i c t e d v a l u e . Though m a n y t ypes of c o r ­

r e c t i o n s w e r e p o s s i b l e , l i n e a r i n t e r p o l a t i o n w a s u s e d s u c c e s s f u l l y in 

th i s e x p e r i m e n t a t i o n . 

The f o r m u l a e u s e d in the p r e d i c t o r p o r t i o n of the a d a p t i v e 

m i c r o s c h e d u l e r m a y be s u m m a r i z e d a s fo l lows : 

1. AV(T2) = (A t i m e s V(T2)) p lus ((1-A) t i m e s AV(T1)) 
2. CT(T2) = AV(T2) m i n u s AV(T1) 
3 . NT(T2) = (B t i m e s CT(T2)) p lu s ( (1-B) t i m e s CT(T1)) 
4 . PV(T2) = AV(T2) p lus (NT(T2)) 

w h e r e 

T l = p r e v i o u s t i m e 
T2 = c u r r e n t t i m e 
AV = a v e r a g e va lue 
V = c u r r e n t va lue 
CT = c u r r e n t t r e n d 
NT = new t r e n d 
P V = p r e d i c t e d va lue 

and t i m e b e t w e e n a p p l i c a t i o n s ( T 2 - T 1 ) is a s s u m e d c o n s t a n t . 

To c o r r e c t for v a r i a b l e t i m e of a p p l i c a t i o n of p r e d i c t i o n , e q u a ­

t i ons 1 and 3 above m u s t be c o r r e c t e d a s fo l lows : 

F (T3) = MIN ( 1 . 0 0 , MAX ( 0 . 0 0 , 
((F(T2) m i n u s F ( T 1 ) t i m e s (T3 m i n u s T l ) 
d iv ided by (T2 m i n u s T l ) ) p lu s F(T1)))) 



64 

w h e r e F is AV o r N T , 

T3 = c u r r e n t t i m e 
T2 = s u c h t i m e tha t " i n t e r v a l of a p p l i c a t i o n " "would have 

been c o n s t a n t 
T l ~ p r e v i o u s t i m e . 

Given tha t TO = t i m e b e f o r e p r e v i o u s t i m e , then T l - T O = T 2 - T 1 . If 

T3 is b e t w e e n T l and T 2 , the above equa t ion for F f o r m s a l i n e a r i n t e r ­

po la t ion f o r m u l a , and if T3 is g r e a t e r than T 2 , it f o r m s a l i n e a r e x t r a ­

po la t ion f o r m u l a . I n i t i a l l y , t i m e s z e r o and the f i r s t t i m e of a p p l i c a t i o n 

a r e t a k e n a s TO and T l , r e s p e c t i v e l y . In c a s e the e x t r a p o l a t i o n l e a d s 

to a r e s o u r c e u t i l i z a t i o n not b e t w e e n 0. 00 and 1. 00, it i s c o r r e c t e d to 

the n e a r e r e x t r e m i t y . 

T h e s e equa t ions f o r m a s e c o n d - o r d e r , e x p o n e n t i a l l y s m o o t h e d 

s y s t e m which r e m a i n s open to new i n f o r m a t i o n . The c o r r e c t i o n for 

v a r i a b l e t i m e of a p p l i c a t i o n is not found in the l i t e r a t u r e , but s i gn i f i ­

can t ly i m p r o v e s the p r e d i c t i v e p o w e r s of the m e t h o d . A s s u m i n g tha t 

v a l u e s a t s o m e in i t i a l po in t in t i m e m a y be spec i f i ed , the e q u a t i o n s can 

then be i t e r a t i v e l y app l i ed to p r o v i d e new p r e d i c t e d v a l u e s (AV(T)) and 

new t r e n d v a l u e s (NT(T)) at each l a t e r poin t in t i m e at which a p r e d i c ­

t ion is r e q u i r e d . 

In s u m m a r y , t h i s s c h e d u l e r a t t e m p t s to d e t e c t s h o r t - t e r m 

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

v a l u e s with m o s t r e c e n t l y m e a s u r e d a v e r a g e d v a l u e s . By t h i s m e a n s , 

a t a s k which b e g i n s to r e q u e s t m o r e or l e s s of a r e s o u r c e m a y be l o -
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c a t e d and p r o c e s s e d p r o p e r l y . L o n g e r - t e r m t r e n d s m a y be d e t e c t e d 

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

and t r e n d e d v a l u e s , if n e c e s s a r y . It a t t e m p t s to qu ie t m u c h of the 

n o i s e and i n a c c u r a c y of i n s t a n t a n e o u s e s t i m a t i o n t h r o u g h the u s e of 

a v e r a g e s ga ined o v e r s o m e w h a t l o n g e r p e r i o d s of t i m e , a long wi th 

c a r e f u l p a r a m e t e r v a r i a t i o n . T h i s avo ids m a n y of the p r o b l e m s m e n ­

t ioned by Denning wi th r e s p e c t to exponen t i a l e s t i m a t i o n (Denning, 7 I B ) . 

P r e d i c t i o n and C o r r e c t i o n T e c h n i q u e s 

S ta t i c exponen t i a l e s t i m a t i o n and t r e n d d e t e c t i o n in the m i c r o -

s c h e d u l e r would be use fu l to s o m e ex ten t in a p a s s i v e s e n s e . H o w e v e r , 

to m a k e the m i c r o s c h e d u l e r a m o r e a c t i v e c o n t r o l l e r , a p r e d i c t o r is 

r e q u i r e d . The p r e d i c t o r u s e d h e r e u s e s the s a m e m e c h a n i s m a s in the 

t r e n d d e t e c t o r . The a c t u a l t e c h n i q u e u s e d is tha t of e x t r a p o l a t i o n b a s e d 

on exponen t i a l e s t i m a t i o n (Denning , 71A). T h e s e l e c t i o n of e a c h t a s k 

in t u r n is s i m u l a t e d for e a c h r e q u e s t e d r e s o u r c e . T h e p r e d i c t e d L S E M 

is e v a l u a t e d fo r each c o m b i n a t i o n of t a s k s and r e q u e s t e d r e s o u r c e s . 

T h e n , t ak ing into a c c o u n t the p a r a l l e l i s m of e a c h f ac i l i t y , t he m i c r o -

s c h e d u l e r can m o r e p r o p e r l y s e l e c t the t a s k s to which to a l l o c a t e the 

r e s o u r c e r e q u e s t s for the nex t t i m e i n t e r v a l t han can o t h e r n o n a d a p t i v e 

m i c r o s c h e d u l e r s . 

Th i s c o n s t r u c t i o n p r o v i d e s an a l m o s t b u i l t - i n c o r r e c t i o n m e c h a ­

n i s m . If the p r e d i c t o r is c o n s i s t e n t l y u n d e r - o r o v e r - e s t i m a t i n g the 
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va lue of a v a r i a b l e ( s u m of d e v i a t i o n s is not going to z e r o ) , a c o r r e c t o r 

m a y be app l i ed to modify the p a r a m e t e r s A and B of the exponen t i a l 

e s t i m a t o r to m a k e the m i c r o s c h e d u l e r a l i t t l e m o r e r e s p o n s i v e o r to 

d e c r e a s e the t i m e a p p l i c a t i o n i n t e r v a l to m a k e it a l i t t l e m o r e a c c u r a t e . 

In c a s e the p r e d i c t o r is p e r f o r m i n g bad ly , o v e r - and u n d e r - e s t i m a t i n g 

v a l u e s , the p a r a m e t e r s A and B should be mod i f i ed to m a k e the m i c r o -

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

m i c r o s c h e d u l e r a c t s a s a h o m e o s t a t i c s t a b i l i z e r to the m i c r o s c h e d u l e r , 

a l lowing the a d a p t i v i t y to h a n d l e chang ing c o n d i t i o n s , but a l s o s t a b i l i z ­

ing the p r o c e s s . 

The p r o c e s s a s u s e d in t h i s r e s e a r c h is qu i t e s i m p l e , a s it 

m u s t b e . S e p a r a t e A ' s and B ' s a r e m a i n t a i n e d for e v e r y t a s k in the 

m i x and for e v e r y f ac i l i t y of the s y s t e m c a p a b l e of be ing a s s i g n e d to o r 

u s e d by the t a s k s . When a t a s k e n t e r s the m i x , i ts A ' s and B ' s a r e se t 

to p r e d e t e r m i n e d in i t i a l v a l u e s , and the t a s k ' s h i s t o r i c a l i n f o r m a t i o n is 

se t to v a l u e s to r e f l e c t the p r e d i c t e d i n i t i a l n o r m a l i z e d u s a g e of the 

CPU and I / O f a c i l i t i e s and the a c t u a l n o r m a l i z e d i n i t i a l u s a g e of the 

m a i n s t o r a g e f a c i l i t y . In o t h e r c a s e s , f a c i l i t i e s such as t h o s e d e s c r i b e d 

e a r l i e r m a y be u s e d . F r o m a l a r g e n u m b e r of e x p e r i m e n t s wi th v a r i ­

ous v a l u e s for t h o s e in i t i a l p a r a m e t e r s , it was d e t e r m i n e d in the e n v i ­

r o n m e n t c o n s i d e r e d in th i s r e s e a r c h tha t good in i t i a l v a l u e s for the A ' s 

w e r e in the r a n g e of 0 . 4 , for the B ' s w e r e in the r a n g e of 0 . 3 , and for 

the p r e d i c t e d in i t i a l f ac i l i ty u s a g e s w e r e 0. 5 for C P U and I / O . T h e n c e -
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f o r t h , w h e n e v e r the p r e d i c t o r - c o r r e c t o r p r o c e s s is a c t i v a t e d to p r e ­

d ic t a n e w v a l u e for a t a s k / r e s o u r c e u s a g e c o m b i n a t i o n , t he h i s t o r i c a l 

i n f o r m a t i o n and m o r e r e c e n t i n f o r m a t i o n a r e a v a i l a b l e to a l l o w the 

effect ive p r e d i c t i o n of a new L S E M v a l u e for a t a s k . Of c o u r s e , the 

h i s t o r i c a l i n f o r m a t i o n is upda ted e a c h t i m e the p r e d i c t o r - c o r r e c t o r 

p o r t i o n of the s c h e d u l e r is u s e d . By not ing the types of e r r o r s b e t w e e n 

the p r e v i o u s p r e d i c t e d t a s k / r e s o u r c e u s a g e s and the c u r r e n t o n e s , the 

p r o c e s s d e t e r m i n e s in an a l g o r i t h m i c m a n n e r the c o r r e c t i o n s r e q u i r e d , 

if any , to change A , B , and the t i m e i n t e r v a l of app l i c a t i on to m a k e the 

next p r e d i c t i o n s of t a s k / r e s o u r c e u s a g e s , and h e n c e L S E M v a l u e s , 

m o r e a c c u r a t e . 

The e x a c t n a t u r e of th i s c o r r e c t o r a l g o r i t h m is e n v i r o n m e n t -

dependen t ; h o w e v e r , a l a r g e n u m b e r of e x p e r i m e n t s w e r e p e r f o r m e d to 

d e t e r m i n e the b e s t m a n n e r in "which to p e r f o r m the c o r r e c t i o n in the 

e n v i r o n m e n t of th i s r e s e a r c h . I t was d e t e r m i n e d tha t the b e s t m a n n e r 

in which to p e r f o r m the c o r r e c t i o n in th i s e n v i r o n m e n t is r e p r e s e n t e d 

by the fol lowing: 

- c o m p u t e d i f f e r ence b e t w e e n p r e d i c t e d va lue fo r t a s k / r e s o u r c e 
u s a g e and a c t u a l v a l u e . 

-if d i f f e r e n c e is g r e a t e r than t h r e s h o l d , c h e c k s igns of c u r r e n t 
d i f f e r ence and p r e v i o u s d i f f e r e n c e . 

-if t hey h a v e d i f f e ren t s i g n s , the p r o c e s s i s o s c i l l a t i n g and 
m u s t be m a d e m o r e s t a b l e by r e l y i n g m o r e h e a v i l y on h i s t o r ­
i c a l i n f o r m a t i o n ; if A is not a l r e a d y a t i ts l o w e r l i m i t , it is 
d e c r e a s e d by DA (defined e x t e r n a l l y ) ; o t h e r w i s e , if B is not 
a l r e a d y a t i t s l o w e r l i m i t , it is d e c r e a s e d by D B . 
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-if t hey h a v e the s a m e s ign , t he p r o c e s s is not r e s p o n s i v e 
enough to new da ta and m u s t be m a d e m o r e r e s p o n s i v e by 
r e l y i n g m o r e h e a v i l y on m o r e r e c e n t da ta ; A and B a r e 
i n c r e a s e d in an ana logous m a n n e r to tha t d e s c r i b e d p r e ­
v i o u s l y . 

- u s i n g the m o s t r e c e n t l y c o m p u t e d v a l u e s fo r A and B , and 
r e g a r d l e s s of o t h e r t e s t s , p r e d i c t e d t a s k / r e s o u r c e u s a g e 
va lue is g e n e r a t e d and u s e d to c o m p u t e a p r e d i c t e d LSEM 
va lue ; s i n c e the t i m e s b e t w e e n a p p l i c a t i o n s a r e v a r i a b l e , 
l i n e a r i n t e r p o l a t i o n is u s e d to t a k e th i s into a c c o u n t in 
the p r e d i c t i o n p r o c e s s . 

In f u r t h e r e x p e r i m e n t a t i o n , it w a s d e t e r m i n e d tha t , in the env i ­

r o n m e n t c o n s i d e r e d h e r e , the t h r e s h o l d for c o r r e c t i o n could be se t 

s y s t e m - w i d e at 0. 1 with a l m o s t no l o s s in the o v e r a l l p r e c i s i o n of the 

p r e d i c t i o n - c o r r e c t i o n p r o c e s s . S l ight ly b e t t e r r e s u l t s m a y be r e a l i z e d 

in th i s e n v i r o n m e n t by m a k i n g DA a funct ion of the e r r o r b e t w e e n p r e ­

d ic ted and a c t u a l v a l u e s . It was a l s o d e t e r m i n e d fo r th i s e n v i r o n m e n t 

tha t the m o s t ef fect ive t i m e s a t which to apply the p r e d i c t o r - c o r r e c t o r 

w e r e t h o s e at wh ich a known m a j o r change in t a s k o r s y s t e m s t a t u s , 

such a s a swap in o r out o r m a i n s t o r a g e e x p a n s i o n , o c c u r r e d ; t h i s a l ­

lowed the m i n i m i z a t i o n of the o v e r h e a d of the p r o c e s s whi le m a i n t a i n ­

ing i t s a c c u r a c y . The concep t of c o m p u t e d t i m e of a p p l i c a t i o n is b e ­

l i e v e d to be v e r y i m p o r t a n t in s y s t e m s not a s m a i n - s t o r a g e - l i m i t e d a s 

in the B5700 , and thus the e x p l a n a t i o n of the a l g o r i t h m r e t a i n s tha t c o n ­

c e p t . A f l o w - c h a r t dep ic t ing the a c t i o n s of t he p r e d i c t o r - c o r r e c t o r 

p o r t i o n of the a d a p t i v e m i c r o s c h e d u l e r a p p e a r s in F i g u r e 1. 

In s u m m a r y of the o p e r a t i o n s of the p r e d i c t o r and c o r r e c t o r , an 
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a t t e m p t is m a d e to m a k e the m i c r o s c h e d u l e r h o m e o s t a t i c in the s e n s e 

tha t the c o r r e c t o r s u b c o m p o n e n t is c a p a b l e of m a k i n g the o p e r a t i o n s 

m o r e o r l e s s r e s p o n s i v e to c h a n g e s in the e n v i r o n m e n t in r e s p o n s e to 

v a r i o u s s t i m u l i . 

S u m m a r y of O p e r a t i o n of M i c r o s c h e d u l e r 

The m i c r o s c h e d u l e r d e s c r i b e d h e r e func t ions a s the c o n t r o l l e r 

and c o m p a r a t o r in an i n f o r m a t i o n f e e d b a c k c o n t r o l l oop . T h e s c h e d u l e r 

o p e r a t e s on v e c t o r s of t a s k a t t r i b u t e s , a t t e m p t i n g to o p t i m a l l y sa t i s fy 

t a s k r e s o u r c e r e q u i r e m e n t s u n d e r the cond i t ions i m p o s e d by a v e c t o r 

of a v a i l a b l e r e s o u r c e s . It does th i s t h r o u g h the e v a l u a t i o n of the p r o ­

j e c t e d L S E M , a s s u m i n g v a r i o u s c o m b i n a t i o n s of t a s k - r e s o u r c e a l l o c a ­

t i o n s , and s e l e c t s the t a s k s which wil l o p t i m i z e the p r o j e c t e d L S E M , 

w h e n e v e r a d e c i s i o n m u s t be m a d e . T h e p r o j e c t i o n p r o c e s s invo lves 

u s ing a s e c o n d - o r d e r exponen t i a l e s t i m a t i o n p r o c e s s , c o r r e c t e d by r e ­

cent r a t e s of change and r e c e n t t r e n d s . C e r t a i n p a r a m e t e r s of the 

L S E M and of the exponen t i a l smoo th ing funct ion a r e v a r i e d wi th in l i m i t s 

to ad jus t to changing e n v i r o n m e n t a l c o n d i t i o n s . It i s e x p e r i m e n t a l l y 

v e r i f i e d in th i s r e s e a r c h tha t s u c h a m i c r o s c h e d u l e r , in a c t u a l o p e r a ­

t ion , i m p r o v e s the p e r f o r m a n c e of a c o m p u t e r s y s t e m in an e n v i r o n ­

m e n t obeying the g e n e r a l r e q u i r e m e n t s d i s c u s s e d e a r l i e r , and such as 

tha t a c t u a l l y m e a s u r e d in a c t u a l o p e r a t i o n t h r o u g h the u s e of s o f t w a r e 

m o n i t o r s , a s d e s c r i b e d in the next c h a p t e r . 
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C o m p a r i s o n with O t h e r R e s e a r c h 

The d e s i g n of the a d a p t i v e m i c r o s c h e d u l e r of th i s r e s e a r c h was 

m o t i v a t e d by the w o r k of m a n y o t h e r r e s e a r c h e r s . T h e p r i m a r y r e f e r ­

e n c e s w e r e d i s c u s s e d in the l a s t c h a p t e r . T h i s inc luded the c a r e f u l d e ­

s ign and a n a l y s e s of Denn ing , R y d e r , Wulf, B e r n s t e i n , W i l k e s , S h e r ­

m a n , et a l . , and the p r a g m a t i c d e s i g n of v a r i o u s i n t e r n a l s c h e d u l e r s in 

u s e in a c t u a l o p e r a t i n g s y s t e m s . T h i s s tudy con t inues the t a s k of the 

p r e v i o u s r e s e a r c h e r s in the s e a r c h for b e t t e r m o d e s of i n t e r n a l s c h e d u l ­

ing . B e c a u s e of i t s c e n t r a l - c o n t r o l p o s i t i o n in an o p e r a t i n g s y s t e m , 

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

l a r g e i m p r o v e m e n t s in the p e r f o r m a n c e of the o p e r a t i n g s y s t e m a s a 

who le . T h u s m a n y r e s e a r c h e r s and m a n u f a c t u r e r s have expended m u c h 

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

In C h a p t e r II of t h i s r e p o r t , the e f for t s of m a n y r e s e a r c h e r s 

w e r e d i s c u s s e d . E a c h of t h e m r e p o r t e d s t u d i e s of r e s o u r c e u t i l i z a t i o n 

in d ig i t a l c o m p u t e r s . In m o s t c a s e s , spec i f i c r e s o u r c e s chedu l ing 

m e t h o d s w e r e c o n s i d e r e d , s u c h a s the fol lowing: 

- c o m p l e t e - h i s t o r y (S t evens , 68, S h e r m a n , 72) 
- r o u n d - r o b i n ( B a s k e t t , 70, S c h w e t m a n , 70, S h e r m a n , 72) 
-foreground-background (Rehmann, 68) 
- r e w a r d - p e n a l t y ( M a r s h a l l , 69, E i s e n s t e i n , 70) 
- m o v i n g - a v e r a g e (Denning, 70) 
- r a n d o m - g u e s s ( S h e r m a n , 72) 
- F I F O ( S h e r m a n , 72) 
- p r e - e m p t i v e ( S h e r m a n , 72) 
- p o l i c y - d r i v e n ( B e r n s t e i n , 71) 
- l o a d - a d j u s t m e n t ( W i l k e s , 71) 
- e x p o n e n t i a l - s m o o t h i n g (Wulf, 69 , R y d e r , 70, S h e r m a n , 72) 
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- s t o c h a s t i c - e s t i m a t i o n ( E i s e n s t e i n , 70) 
- h e u r i s t i c ( R y d e r , 70 ) . 

In a few c a s e s , the r e s e a r c h e r a t t e m p t e d to deve lop m e t h o d s which 

would p r e d i c t n e a r - f u t u r e r e s o u r c e u t i l i z a t i o n and , a c c o r d i n g l y , 

s c h e d u l e the t a s k s ' r e s o u r c e a l l o c a t i o n (Denning , 70, E i s e n s t e i n , 70, 

S h e r m a n , 72, W i l k e s , 71). A l l of t h o s e p r e d i c t o r s w e r e f ixed-

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

to o p t i m i z e the u s e of only one r e s o u r c e . 

In c o n t r a s t , the m i c r o s c h e d u l e r of t h i s r e s e a r c h is a d a p t i v e in 

t e r m s of changing i ts p a r a m e t e r s in r e s p o n s e to the e r r o r c o m m i t t e d 

in the l a s t p r e d i c t i o n . F u r t h e r m o r e , th i s m e t h o d is s e c o n d - o r d e r in 

i ts exponen t i a l e s t i m a t o r , a t e c h n i q u e c h o s e n to m a k e m o r e a c c u r a t e 

p r e d i c t i o n s and to be l e s s s u s c e p t i b l e to n o i s e . S ince the t i m e of p r e ­

d ic t ions wi l l , in g e n e r a l , not be e v e n l y - s p a c e d , a l i n e a r c o r r e c t i o n is 

app l i ed to a t t e m p t to p r e d i c t m o r e a c c u r a t e l y . To th i s r e s e a r c h e r ' s 

k n o w l e d g e , th i s c o r r e c t i o n for u n e v e n t i m e s t e p s is not c o n s i d e r e d in 

the l i t e r a t u r e but p r o v e s qu i t e ef fect ive in t h i s r e s e a r c h . T h e i m ­

p r o v e d p r e d i c t i o n f o r m u l a e c o n t r i b u t e to the s u c c e s s of t he a d a p t i v e 

m i c r o s c h e d u l e r . M o r e o v e r , the t h r e e m o s t c r i t i c a l r e s o u r c e s , C P U , 

I / O , and c o r e of the s y s t e m and e n v i r o n m e n t at hand a r e t r e a t e d , 

r a t h e r than only one . 

The l i t e r a t u r e l a c k s any g e n e r a l m e t h o d o l o g y for effect ing 

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



74 

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

u t i l i z a t i o n p r e d i c t i o n s to a t t e m p t o p t i m i z a t i o n with r e s p e c t to v a r i o u s 

m e a s u r e s of s y s t e m s e f f e c t i v e n e s s , even though a d i f fe ren t f o r m u l a 

u s i n g the p r e d i c t i o n s m a y be r e q u i r e d for d i f fe ren t m e a s u r e s . 
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C H A P T E R IV 

D E S C R I P T I O N O F SIMULATION M O D E L 

Va l ida t i on T e c h n i q u e s 

P r e d i c t i n g and m e a s u r i n g o p e r a t i n g s y s t e m p e r f o r m a n c e in ­

vo lves a b s t r a c t i n g i n t e r e s t i n g f e a t u r e s , ob ta in ing v a l u e s for s y s t e m 

p a r a m e t e r s , and a n a l y z i n g t h e i r effects on n u m e r i c a l m e a s u r e s of 

p e r f o r m a n c e . M o d e l s m u s t be v a l i d a t e d by c o m p a r i s o n wi th m e a ­

s u r e d p e r f o r m a n c e , and m e a s u r e m e n t s need m o d e l s to give t h e m 

m e a n i n g and g e n e r a l i t y ( Johnson , 70) . T h i s h a s r e s u l t e d in a s p e c t r u m 

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

t e m s to p r a c t i c a l m e a s u r i n g d e v i c e s . At i n t e r m e d i a t e po in t s a r e a n a l y ­

s e s of a c t u a l c o m p u t e r o p e r a t i n g s y s t e m s and syn the t i c t a s k l oads s u i t ­

ab le for c o n t r o l l e d e x p e r i m e n t a t i o n ( B a s k e t t , 70, S h e r m a n , 7 1 , 

S h e r m a n , 72). 

E x p e r i m e n t a l v a l i d a t i o n to an a b s o l u t e c e r t a i n t y is i m p o s s i b l e . 

H o w e v e r , l o g i c a l v a l i d a t i o n of a m o d e l or t e c h n i q u e in an e n v i r o n m e n t 

is p o s s i b l e to a d e s i r e d d e g r e e of c e r t a i n t y . In the c a s e of the c u r r e n t 

r e s e a r c h , th i s m e a n s c a r e f u l m e a s u r e m e n t and s p e c i f i c a t i o n of the e n ­

v i r o n m e n t , fo l lowed by s i m u l a t i o n of a c o n t r o l l e d t e s t c a s e . 

F i r s t , m e a s u r e m e n t m u s t be c o n s i d e r e d c a r e f u l l y a s a concep t 
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in i t se l f . C a r e f u l m e a s u r e m e n t of an e n v i r o n m e n t is i m p o r t a n t , not 

only for the s i m u l a t i o n which fo l lows h e r e , but for any r e a l i m p l e m e n t a ­

t ions of the p r o p o s e d t e c h n i q u e . 

Second, the s i m u l a t i o n m u s t be f o r m u l a t e d p r o p e r l y . If it is 

not , the v a l i d a t i o n and v e r i f i c a t i o n p r o c e s s e s b a s e d upon it a r e q u e s t i o n ­

a b l e . If it i s , i t s con f igu ra t i on m a y be u s e d a s an a id in a c t u a l i m p l e ­

m e n t a t i o n . 

The s e c t i o n s fol lowing d i s c u s s the p r o c e s s e s u s e d to c a l i b r a t e 

and v a l i d a t e the s i m u l a t i o n m o d e l i t se l f and to ve r i fy tha t the a c t i o n s of 

the new m i c r o s c h e d u l e r a r e a s e x p e c t e d , in the s i m u l a t e d e n v i r o n m e n t 

and w o r k l o a d . 

E n v i r o n m e n t a l and W o r k l o a d M e a s u r e m e n t and Mode l ing 

F e r r a r i c o n s i d e r e d the p r o b l e m of the a c c u r a t e c h a r a c t e r i z a t i o n 

and s e l e c t i o n of an ex i s t ing s y s t e m ' s w o r k l o a d for the p u r p o s e of m e a ­

s u r e m e n t , e v a l u a t i o n , and s u b s e q u e n t o p t i m i z a t i o n of p e r f o r m a n c e 

( F e r r a r i , 7Z). He no ted t ha t t h e r e a r e t h r e e following b a s i c t y p e s of 

t e c h n i q u e s for obta in ing the c h a r a c t e r i s t i c s of a w o r k l o a d : n a t u r a l - -

u s i n g the r e a l w o r k l o a d d i r e c t l y ; a r t i f i c i a l - - c o n s t r u c t i n g a w o r k l o a d 

s u p p o s e d l y s t a t i s t i c a l l y equ iva l en t to the r e a l w o r k l o a d ; and h y b r i d - -

a s s e m b l i n g a w o r k l o a d f r o m p a r t s of the r e a l w o r k l o a d . 

M e a s u r e m e n t s to ob ta in n a t u r a l w o r k l o a d s m u s t be long enough 

and r e p r e s e n t a t i v e enough tha t the w o r k l o a d is a c c u r a t e l y p o r t r a y e d . 
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S c h e r r c o l l e c t e d da ta on CTSS for h i s d i s s e r t a t i o n du r ing the p r i m e 

shif t , for about one m o n t h , on 47 d i f fe rent o c c a s i o n s , for a to t a l of 

112 h o u r s ( S c h e r r , 67) . B r y a n r e p o r t e d s t a t i s t i c s t aken f r o m JOSS 

dur ing 20, 000 h o u r s of o p e r a t i o n ( B r y a n , 67) . In the c u r r e n t r e s e a r c h , 

s e v e r a l y e a r s of log da ta w e r e a v a i l a b l e fo r g e n e r a l s t a t i s t i c a l c h a r a c ­

t e r i z a t i o n of the w o r k l o a d , though spec i f i c s t e r e o t y p i c a l t a s k type a n a l y ­

s i s r e q u i r e d l e s s t i m e than was r e q u i r e d by S c h e r r . A n o t h e r p r o p o n e n t 

of n a t u r a l w o r k l o a d u s a g e is Cheng , -who p r o p o s e d t r a c e - d r i v e n m o d e l ­

ing (Cheng, 69) . In th i s c a s e , s o f t w a r e or h a r d w a r e p r o b e s a r e u s e d 

to t r a c e the t i m e and s e q u e n c e of epocha l even t s in the p r o c e s s i n g of 

v a r i o u s t a s k t y p e s as found in a w o r k l o a d . The t r a c e s m a y then be u s e d 

in s i m u l a t i o n m o d e l s d i r e c t l y o r a f t e r f u r t h e r p r o c e s s i n g (Tetzlaff , 72) . 

M o s t of the s y s t e m e v a l u a t i o n t e c h n i q u e s d e v e l o p e d and u s e d a r e 

b a s e d on a r t i f i c i a l w o r k l o a d s . A l m o s t no e f for t s h a v e been m a d e to a c ­

tua l ly c o n s t r u c t a r t i f i c i a l w o r k l o a d s s t a t i s t i c a l l y equ iva l en t to s o m e 

r e a l w o r k l o a d . J o s l i n h a s w o r k e d in th i s a r e a wi th the goa l of b a s i n g 

c o m p u t e r s e l e c t i o n on b e n c h m a r k r e s u l t s ; h o w e v e r , t he n u m b e r of v a r i ­

a b l e s p r e s e n t in an a c t u a l s e l e c t i o n p r o c e s s r e n d e r s such a p r o c e s s 

q u e s t i o n a b l e ( J o s l i n , 66) . S e v e r a l m a n u f a c t u r e r s of p r o g r a m m a b l e 

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

which r u n s in the da ta c o m m u n i c a t i o n s p r o c e s s o r and s i m u l a t e s u s e r 

a c t i v i t y . T h e s e f o r m t r u e a r t i f i c i a l w o r k l o a d s wh ich a r e use fu l for d e ­

bugging h a r d w a r e and s o f t w a r e c o m p o n e n t s of the s y s t e m , but a r e not 
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p a r t i c u l a r l y usefu l for s y s t e m p e r f o r m a n c e o p t i m i z a t i o n excep t in s p e ­

cific c a s e s . S i m i l a r in concep t to tha t is the u s e of s c r i p t s of t i m e ­

s h a r i n g u s e r - s i m u l a t e d input for d r i v i n g t i m e - s h a r i n g s y s t e m s i m u l a ­

t o r s ( S a l t z e r , 70). 

H y b r i d w o r k l o a d s w e r e f i r s t i n t r o d u c e d by J o s l i n u n d e r the n a m e 

of a p p l i c a t i o n b e n c h m a r k s ( J o s l i n , 65) . He s u g g e s t e d a t a s k c h a r a c t e r i ­

za t ion into a n u m b e r of spec i f i c s l o t s . Then t a s k s fa l l ing into the s a m e 

se t of s l o t s a r e r e l a t e d , and s i m i l a r i t y c l a s s p a r t i t i o n s of t he w o r k l o a d 

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

t i v e s of e a c h of t h e s e c l a s s e s can be u sed to c h a r a c t e r i z e the r e a l w o r k ­

load . K a r u s h s u g g e s t e d a m e t h o d s i m i l a r to t h i s excep t tha t the c l a s s e s 

a r e not a s s u m e d known b e f o r e h a n d ; the s y s t e m ' s input and r e s p o n s e s to 

it a r e r e c o r d e d and p layed b a c k d u r i n g s i m u l a t i o n s t u d i e s ( K a r u s h , 69A, 

K a r u s h , 69B, K a r u s h , 70A, K a r u s h , 70B) . Th i s m e t h o d is not c o n c e p t u ­

a l ly d i f fe ren t f r o m t r a c e - d r i v e n m o d e l i n g , but it does i n c o r p o r a t e s y s ­

t e m input a s an en t i ty , and th i s is a d v a n t a g e o u s for t i m e - s h a r e d s y s t e m s 

( L a s s e t t r e , 72) . I t is qu i t e c l o s e l y r e l a t e d to the concep t of a s t e r e o ­

type s i m u l a t i o n m o d e l , a s u s e d in th i s r e s e a r c h , and in the r e s e a r c h 

by D 'Ange lo and Windeknech t (D 'Ange lo , 72). In the l a t t e r s tudy , a s i m u ­

l a t i on m o d e l was def ined b a s e d upon the c o n j e c t u r e t ha t a s o c i e t y of in ­

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

or c o m p o n e n t s of s y s t e m s . Th i s a p p r o a c h is s u g g e s t e d r a t h e r than the 

m o r e c o m m o n l y u s e d a p p r o a c h of spec i fy ing the m e a n and v a r i a n c e of 
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the p a r a m e t e r s of the s y s t e m , a s it should be m o r e a c c u r a t e . 

In o r d e r to v a l i d a t e the s i m u l a t i o n and in o r d e r to a l l ow the i n ­

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

s u r e s , c a r e f u l m e a s u r e m e n t and s t a t i s t i c a l a n a l y s i s of an e n v i r o n m e n t 

is r e q u i r e d . The e n v i r o n m e n t c h o s e n for th i s w o r k was the B u r r o u g h s 

B5700 , now a p a r t of the l a b o r a t o r y of t he School of I n f o r m a t i o n and 

C o m p u t e r S c i e n c e a t the G e o r g i a I n s t i t u t e of T e c h n o l o g y . T h i s c h o i c e 

w a s m a d e for s e v e r a l r e a s o n s , inc lud ing the f a m i l i a r i t y of t h i s r e ­

s e a r c h e r wi th the h a r d w a r e and s o f t w a r e of tha t m a c h i n e and the a v a i l ­

ab i l i t y of it to h i m for t e s t i n g . 

A c t u a l m e a s u r e m e n t w o r k b e g a n wi th the c o n s t r u c t i o n of an i n ­

t e r p r e t e r and o t h e r p r o g r a m s s p e c i f i c a l l y d e s i g n e d to a l low the m a n i p u ­

l a t ion and s u m m a r i z a t i o n of da ta t a k e n f r o m the log accoun t ing t a p e s . 

I n f o r m a t i o n on t h e s e t a p e s d e s c r i b e d the w o r k l o a d of the B5700 s t a r t i n g 

in J a n u a r y , 1967, on a job s t e p b a s i s . E a c h job s t e p e n t r y con ta ins 

the fol lowing i n f o r m a t i o n : 

- job s t e p n a m e 
-job s t ep type ( c o m p i l e , e x e c u t e , e t c . ) 
- a c c o u n t i n g i n f o r m a t i o n 
- s t o p da te 
- s t a r t t i m e 
- s t o p t i m e 
- C P U t i m e u s e d 
- I / O t i m e u s e d 
- job s t e p f in i sh type ( n o r m a l or e r r o r f in i sh , s y n t a x e r r o r s ) 
- m a i n s t o r a g e u s e d 
- m a s s s t o r a g e u s e d 
- t a p e u s a g e 
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A p p r o x i m a t e l y 40 , 000 to 50, 000 job s t e p e n t r i e s w e r e r e c o r d e d for 

e a c h schoo l q u a r t e r of o p e r a t i o n . T w e n t y - t w o q u a r t e r s of w o r k w e r e 

a v a i l a b l e for a n a l y s i s , so about one m i l l i o n job s t ep e n t r i e s w e r e r e ­

c o r d e d on t ape and w e r e c a n d i d a t e s for u s e in t h i s s t u d y . Such a t t r i ­

b u t e s a s t o t a l s , a v e r a g e s , e x t r e m e s , d e v i a t i o n s , e t c . , w e r e thus 

a v a i l a b l e on a job s t ep b a s i s to d e s c r i b e the e n v i r o n m e n t a l w o r k l o a d a s 

a whole in t e r m s of i n f o r m a t i o n d e r i v a b l e f r o m the above d a t a . 

O t h e r a n a l y s e s of the da ta d e t e r m i n e d the r e l a t i v e p e r c e n t a g e s 

in the w o r k l o a d of e a c h c l a s s of job s t ep type and job s t e p f in i sh da i ly 

for e a c h y e a r of i n v e s t i g a t i o n . A s could be e x p e c t e d , the s t r u c t u r e of 

the da i ly w o r k l o a d s changed due to l a r g e n u m b e r s of f a c t o r s . H o w e v e r , 

t h e r e a r e n o t i c e a b l e week ly , q u a r t e r l y , and y e a r l y cyc l i c f a c t o r s due 

to the n a t u r e of the u n i v e r s i t y e n v i r o n m e n t of the c o m p u t e r s y s t e m . 

O the r m a j o r n o n c y c l i c c h a n g e s w e r e due to c o m p u t e r c e n t e r po l i cy 

c h a n g e s , s u c h a s the change a s of Ju ly , 1971 , of offer ing p r e f e r e n c e to 

s m a l l jobs ( those tha t r e q u i r e no m o r e than two m i n u t e s e a c h of C P U 

t i m e and I / O channe l t i m e ) . T h e s e da i ly v a r i a t i o n s w e r e too u n r e l i a b l e 

to u s e in the s i m u l a t i o n to r e p r e s e n t t he o v e r a l l w o r k l o a d , a s e x p e c t e d , 

so y e a r l y a v e r a g e da ta w e r e u s e d i n s t e a d . 

T h e p r e c e d i n g p a r a g r a p h s h a v e d i s c u s s e d how the w o r k l o a d w a s 

c h a r a c t e r i z e d a s a who le , in t e r m s of job s t ep c l a s s e s and the r e l a t i v e 

we igh t s wh ich should be app l i ed to each c a s e . A s usefu l and n e c e s s a r y 

a s th i s i s , a l one it i s not suf f ic ien t . D e s c r i p t i o n s of o t h e r q u a n t i t i e s , 
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such a s t a s k c h a r a c t e r i s t i c s , m u s t a l s o be d e r i v e d and canno t be d e t e r ­

m i n e d f r o m job s t e p s u m m a r y i n f o r m a t i o n only . T h u s a s o f t w a r e 

m o n i t o r i n g s y s t e m w a s deve loped s p e c i f i c a l l y for th i s r e s e a r c h by th i s 

a u t h o r ( P a s s , 71) . In i t s m a j o r f o r m , it a l l ows a B5700 u s e r to d y n a m i c ­

a l ly m o n i t o r and a n a l y z e a n o t h e r job s t e p u n d e r v a r i o u s c o n d i t i o n s . It 

was u s e d in the c u r r e n t r e s e a r c h to a s s i s t in the d e r i v a t i o n of m o s t of 

the job s t ep p r o f i l e d i s t r i b u t i o n s r e q u i r e d by the s i m u l a t o r f r o m which 

the l a t t e r c o n s t r u c t e d the t a s k d e s c r i p t i o n s . It ha s a l s o b e e n u s e d on 

a p r a c t i c a l b a s i s by p e r s o n n e l at Oak land A r m y B a s e to a n a l y z e the p e r ­

f o r m a n c e of t h e i r B 5 7 0 0 ' s t h r o u g h the c h a r a c t e r i z a t i o n of p r o b l e m s in 

and i m p r o v e m e n t s to t h e i r l o n g e s t runn ing and l a r g e s t p r o d u c t i o n p r o ­

g r a m s . A s of t h i s w r i t i n g , t h e i r w o r k c o n t i n u e s ; h o w e v e r , in p e r f o r ­

m a n c e ga ins due to o t h e r s i m i l a r s y s t e m s such a s L E A P and P R O G L O O K 

for the IBM S / 3 6 0 / 3 7 0 u n d e r O S / 3 6 0 , 10 to 20 p e r cen t i m p r o v e m e n t s 

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

The p o r t i o n of the s o f t w a r e m o n i t o r which d y n a m i c a l l y m o n i t o r s 

o t h e r t a s k s i s c a l l e d SNOOPY. It is p a r t i a l l y con t a ined in the o p e r a t i n g 

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

m e n t s , the iden t i f i ca t ion of the job s t ep be ing m e a s u r e d , the m a i n s t o r ­

age a d d r e s s of an I / O buffer a r e a in -which the o p e r a t i n g s y s t e m can 

s t o r e r e s u l t s , and the logic to p e r f o r m the I / O o p e r a t i o n s when r e q u i r e d . 

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

of the job s t e p and r e t u r n s the fol lowing i t e m s of i n t e r e s t into the buffer 
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a r e a of the d r i v e r : 

- n a m e of ident i f ied job s t ep (- 1 if none) 
- c o m p i l e r f l ag , on if job s t e p is c o m p i l a t i o n 
- p r o c e s s o r B f lag , on if job s t e p is runn ing on p r o c e s s o r B 
- c u r r e n t s e g m e n t n u m b e r 
- c u r r e n t a d d r e s s in s e g m e n t 
- t i m e of day 
- C P U t i m e u s e d 
- I / O t i m e u s e d 
- M C P o v e r l a y a b l e m a i n s t o r a g e u s e d 
- M C P n o n - o v e r l a y a b l e m a i n s t o r a g e u s e d 
- job s t ep code m a i n s t o r a g e u s e d 
- job s t ep da ta o v e r l a y a b l e m a i n s t o r a g e u s e d 
- job s t ep da ta n o n - o v e r l a y a b l e m a i n s t o r a g e u s e d 
- o t h e r job s t e p s ' o v e r l a y a b l e m a i n s t o r a g e u s e d 
- o t h e r job s t e p s ' n o n - o v e r l a y a b l e m a i n s t o r a g e u s e d 
- t i m e s i n c e l a s t s y s t e m f a i l u r e . 

The job s t ep p o r t i o n of the p r o g r a m t r e a t s th i s i n f o r m a t i o n 

p l a c e d into i t s buffer a s b l o c k e d l o g i c a l r e c o r d s and w r i t e s p h y s i c a l 

t a p e r e c o r d s when the buffer is fu l l . S ince the job s t ep u s e s d o u b l e -

buf fer ing and a p r o p e r cho ice of b lock ing r a t i o , t ape I / O n e v e r i n t e r ­

f e r e s wi th the r e c o r d i n g of da t a c o n c e r n i n g the o t h e r job s t e p . In 

a c t u a l o p e r a t i o n , one t ape I / O was done e v e r y 15 to ZO s e c o n d s . 

SNOOPY is a l w a y s r u n a t a h i g h e r p r i o r i t y than the job s t e p be ing 

m o n i t o r e d . By the m a n n e r in which the n o r m a l B5700 C P U schedu l i ng 

a l g o r i t h m a s s i g n s the CPU to t a s k s , w h e n e v e r SNOOPY is r e q u e s t i n g 

a r e a d i n g , it wi l l be p e r f o r m e d i m m e d i a t e l y b e f o r e the o t h e r job s t e p 

is r e i n i t i a t e d a f t e r an i n t e r r u p t ( B u r r o u g h s , 72). 

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

c o n c e r n i n g a g iven job s t e p , u n d e r v a r i o u s c o n d i t i o n s . T h e i n t e r f e r -
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ence due to SNOOPY is so s m a l l it m a y be sa fe ly i g n o r e d . Th i s was 

ve r i f i ed in s e v e r a l c o n t r o l l e d e x p e r i m e n t s in which SNOOPY w a s in­

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

and no o t h e r job s t e p s w e r e a l lowed on the s y s t e m . Job s t e p t i m e s for 

the r u n - a l o n e s i t ua t i on w e r e in a l l c a s e s p r a c t i c a l l y i d e n t i c a l wi th t h o s e 

for the SNOOPY s i t u a t i o n . C o r e r e q u i r e m e n t s for SNOOPY w e r e c o n ­

s t an t at about 1300 w o r d s , once p r o g r a m code and I / O buf fe r s had b e e n 

b r o u g h t into c o r e i n i t i a l l y . So l i t t l e i n t e r f e r e n c e was no ted in t e r m s of 

C P U , I / O , and m a i n s t o r a g e tha t the r e s u l t s in the f o r m of job t r a c e s 

should be a c c u r a t e , wi th a c c u r a c y a p p r o a c h i n g tha t of h a r d w a r e m o n i ­

t o r i n g . H a r d w a r e m o n i t o r i n g was not p o s s i b l e in t h i s c a s e not only b e ­

c a u s e of i t s e x p e n s e and u n a v a i l a b i l i t y but a l s o b e c a u s e the d y n a m i c n a ­

t u r e of m a i n s t o r a g e a l l o c a t i o n on the B5700 would s e v e r e l y l i m i t the 

t ypes of da ta which could be g a t h e r e d . In p a r t i c u l a r , s e g m e n t and a d ­

d r e s s i n f o r m a t i o n would p r o b a b l y h a v e b e e n i m p o s s i b l e to g a t h e r with 

a h a r d w a r e m o n i t o r , a s would have b e e n t o t a l m a i n s t o r a g e u s a g e . 

Once the t r a c e h a s b e e n p r o d u c e d for a g iven job s t e p o r s e t of 

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

t ion in mean ing fu l f o r m s b e c o m e s the nex t p r o b l e m . Cheng s u g g e s t s 

u s i n g the i n f o r m a t i o n a l m o s t in i t s r a w f o r m to f a c i l i t a t e t r a c e - d r i v e n 

m o d e l i n g (Cheng , 69). T h i s a p p r o a c h is i n t ended to so lve the i n h e r e n t 

d i c h o t o m o u s d i l e m m a of s i m u l a t i o n m o d e l s of m a n y a s s u m p t i o n s on one 

hand o r e x t r e m e d e t a i l on the o t h e r . In t r a c e - d r i v e n m o d e l i n g , the 
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w o r k l o a d and the r e s p o n s e s of the s y s t e m to the w o r k l o a d a r e supp l i ed 

a s input to the m o d e l . T r a c e - d r i v e n s i m u l a t i o n e l i m i n a t e s o r s i m p l i ­

f ies the t a s k s of spec i fy ing s o m e s y s t e m p a r a m e t e r s and coding the d e ­

t a i l s of s y s t e m o p e r a t i o n . He s u g g e s t s the c o n s t r u c t i o n of a job p r o ­

file l i b r a r y , con ta in ing the t r a c e s of m a n y job s t e p s of m a n y d i f fe ren t 

t y p e s . T h e n , the s i m u l a t o r can be i n s t r u c t e d to s e l e c t c e r t a i n c l a s s e s 

of p r o f i l e s f r o m the l i b r a r y for the s i m u l a t i o n of an o p e r a t i n g s y s t e m 

runn ing u n d e r tha t w o r k l o a d . T h i s a p p r o a c h is e n t i c i n g , for the m o d e l ­

e r ' s w o r k is r e d u c e d s ign i f i can t ly , and the c h a n c e s of hav ing a c c u r a t e 

s i m u l a t i o n r e s u l t s a r e g r e a t l y e n h a n c e d . U n f o r t u n a t e l y , C h e n g ' s 

m e t h o d h a s s e v e r a l o p e r a t i o n a l f l a w s . One , of c o u r s e , i s tha t a t r a c e -

d e s c r i b e d w o r k l o a d is va l id only on a g iven c o m p u t e r s y s t e m conf igu­

r a t i o n runn ing u n d e r a g iven o p e r a t i n g s y s t e m , and thus the u s e of 

t r a c e - d r i v e n s i m u l a t i o n as a p r e d i c t i v e , not d e s c r i p t i v e , m o d e l is 

l i m i t e d . To th i s r e s e a r c h e r , t h e r e is a m o r e s e r i o u s f law, h o w e v e r , 

in the l o s s of knowledge and in s igh t into the a c t u a l i n t e r n a l o p e r a t i o n s 

of s o m e of the a l g o r i t h m s r e p r e s e n t e d by the s i m u l a t e d o p e r a t i n g s y s ­

t e m . R a t h e r than r e q u i r i n g the m o d e l e r to exp l i c i t l y define m a n y of 

the a l g o r i t h m s , the da ta i t se l f is u s e d to i m p l i c i t l y define t h e i r o p e r a ­

t i o n s . Denning a l s o n o t e s tha t too often, an a l g o r i t h m is c o n s i d e r e d a 

b l a c k box wi th input and output hav ing m y s t i c a l r e l a t i o n s h i p s , def ined 

q u a n t i t a t i v e l y , when a m o d e l e r r e a l l y should f i r s t open the box and 

s tudy i ts i n t e r n a l w o r k i n g s , even r o u g h l y , b e f o r e s e t t l i n g for n o n -
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q u a l i t a t i v e m e t h o d s (Denning, 71). T h u s , u n f o r t u n a t e l y , C h e n g ' s 

m e t h o d was put a s i d e but not f o r g o t t e n . 

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

t ion of w o r k l o a d for the p u r p o s e of s i m u l a t i o n m o d e l i n g ( N i e l s e n , 67A, 

N i e l s e n , 67B, N i e l s e n , 71). In an e a r l y s i m u l a t o r , he p r o p o s e d the 

u s e of p a r a m e t r i c i n s t r u c t i o n s e q u e n c e s to d e s c r i b e the w o r k l o a d . 

E a c h p a r a m e t r i c i n s t r u c t i o n s e q u e n c e was in t ended to c a p t u r e the e s ­

s e n c e of the s t r u c t u r e of a c l a s s of t a s k s and u s e r s . A s p e c i a l d e s c r i p 

t ion l a n g u a g e , d e s i g n e d as a s e t of i n s t r u c t i o n s , w a s deve loped for the 

p u r p o s e of the e x p r e s s i o n of the d e s c r i p t i o n of the s e q u e n c e s of s t a t e s 

and a c t i v i t i e s of the c l a s s of t a s k s and u s e r s . E i g h t i n s t r u c t i o n t y p e s 

w e r e u s e d to spec i fy the d e s i r e d b e h a v i o r of a t a s k du r ing i ts s i m u ­

l a t ed e x e c u t i o n . T h e s e spec i f i ed the fol lowing c l a s s e s of t a s k - o r i e n t e d 

b e h a v i o r a l a c t i v i t i e s : 

- i n t e r - a c t i v i t y de l ay t i m e s 
-page a c c e s s i n g 
- t e r m i n a l I / O i n t e r a c t i o n s 
- o t h e r I / O i n t e r a c t i o n s 
- a c c e s s i n g s e r i e s of p a g e s . 

Six a d d i t i o n a l i n s t r u c t i o n t y p e s a p p e a r e d in the d e s c r i p t i o n s of the 

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

i n s t r u c t i o n s c o m p r i s i n g the p s e u d o - t a s k d e s c r i p t i o n . Th i s c l a s s of i n ­

s t r u c t i o n s was ab le to p e r f o r m the fol lowing t ypes of s i m u l a t e d a c t i v i ­

t i e s : 

- I / O d e v i c e a l l o c a t i o n and d e a l l o c a t i o n f r o m pool of un i t s 
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- s p e c i f i c a t i o n of s h a r e d t a s k p a g e s 
- c o n s t r u c t i o n of t a s k d e s c r i p t i o n s a c c o r d i n g to g iven s t r u c t u r e s . 

By the m a n i p u l a t i o n of a few p a r a m e t e r s to the m o d e l d e s c r i b i n g the 

c l a s s e s of u s e r s to be c o n s i d e r e d , the w o r k l o a d m a y be r e a d i l y changed 

to r e f l e c t d i f fe ren t p r o p o r t i o n s of t y p e s of u s e . T h i s m e t h o d looked 

qu i t e good to t h i s r e s e a r c h e r , and N i e l s e n ' s s i m u l a t o r was a c t u a l l y run 

(with da ta supp l i ed by N i e l s e n ) . H o w e v e r , the a m o u n t of work r e q u i r e d 

to p r o d u c e an a c c u r a t e se t of d e s c r i p t i o n s of a d i f fe ren t e n v i r o n m e n t 

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

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

s y s t e m s , s u c h a s the B5700 . H e n c e , a n o t h e r p o s s i b l e so lu t ion m e t h o d 

was put a s i d e . 

N i e l s e n , hav ing a p p a r e n t l y r e a l i z e d the s a m e p r o b l e m s w e r e 

h a m p e r i n g the u s e of h i s e a r l i e r s i m u l a t o r , r e d e s i g n e d and r e w r o t e the 

o r i g i n a l s i m u l a t o r u n d e r c o n t r a c t wi th B u r r o u g h s to s tudy the p r o p o s e d 

d e s i g n of a t i m e - s h a r i n g s y s t e m for the B6700 c o m p u t e r s y s t e m (N ie l ­

s e n , 69, N i e l s e n , 70, N i e l s e n , 71) . In t h i s s i m u l a t o r he u s e d a m u c h 

m o r e s i m p l e a p p r o a c h to t a s k d e s c r i p t i o n . D i s t r i b u t i o n s a r e c o l l e c t e d 

r e f l e c t i n g the fol lowing: 

- a t t r i b u t e s of t a s k s 
- e x e c u t i o n t i m e b e t w e e n I / O o p e r a t i o n s 
- e x e c u t i o n t i m e b e t w e e n t e r m i n a l I / O o p e r a t i o n s 
- s i z e of I / O o p e r a t i o n s 
- th ink t i m e of u s e r s at t e r m i n a l s 
- t o t a l t a s k execu t ion t i m e 
- m a i n s t o r a g e s i z e r e q u i r e m e n t s 
- n a t u r e of o v e r l a y r e q u i r e m e n t s 
- s i z e of o v e r l a y s e g m e n t s . 
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E a c h job s t e p is then c h a r a c t e r i z e d by a s e r i e s of t a s k d e s c r i p ­

t i o n s , which a r e spec i f i ed a s s u c c e s s i v e a t t r i b u t e d i s t r i b u t i o n s of the 

fo rego ing c l a s s e s . T h e r e can be a s m a n y d i s t r i b u t i o n s a s d e s i r e d . 

By n u m b e r i n g e a c h d i s t r i b u t i o n , t hey can be e a s i l y r e f e r r e d to for t a s k 

d e s c r i p t i o n p u r p o s e s and they can be s h a r e d for s i m i l a r d e s c r i p t i o n s . 

When a t a s k be longing to a p a r t i c u l a r job c l a s s type is to be o r i g i n a t e d , 

i ts spec i f i c n a t u r e is c o n s t r u c t e d by r e f e r r i n g to the v a r i o u s d i s t r i b u ­

t ions and p a r a m e t e r s of the s y s t e m and job s t e p c l a s s . T h u s even 

t a s k s f r o m the s a m e c l a s s wil l not be i d e n t i c a l . T h i s p r o c e s s p r o ­

duces rough ly the s a m e type of t a s k d e s c r i p t i o n as does N i e l s e n ' s e a r ­

l i e r s i m u l a t o r . T h i s a p p r o a c h looked p r o m i s i n g for the c u r r e n t r e ­

s e a r c h . A v e r y e a r l y and b a s i c copy of h i s SIMULA m o d e l was r u n on 

the B5700 with da ta d e s c r i b i n g B6700 cond i t i ons and a p p e a r e d s a t i s f a c ­

t o r y a s a v e r y b a s i c s t a r t i n g po in t , though a v e r y s u b s t a n t i a l a m o u n t of 

w o r k was r e q u i r e d to c o n v e r t it to a f o r m a c c e p t a b l e to t h i s r e s e a r c h . 

In fac t , the f inal s i m u l a t o r does not w o r k l ike N i e l s e n ' s s i m u l a t o r , and 

the s o u r c e l i s t i n g only v a g u e l y r e s e m b l e s i t . H e n c e , th i s r e s e a r c h e r 

f ee l s tha t it is t r u l y a new s i m u l a t o r . 

A n o t h e r p r o g r a m was then w r i t t e n to a c c e p t the t r a c e output of 

SNOOPY and to c o n v e r t it to a f o r m f r o m which the n e c e s s a r y d i s t r i b u ­

t i ons could be d e r i v e d for e a c h job s t ep c l a s s . (The p r o g r a m was 

n a m e d L U C Y , s i nce LUCY often is the p s y c h i a t r i s t ( ana lys t ) of SNOOPY 

and the o t h e r c h a r a c t e r s of the P E A N U T S c o m i c s t r i p . ) LUCY is c a p -
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a b l e of p r o d u c i n g a n a l y s e s of the SNOOPY t r a c e s in t e r m s of job s t e p 

p r o f i l e s by any of the c l a s s e s of da ta p r e s e n t in the t r a c e r e c o r d s . By 

runn ing SNOOPY on a suff ic ient n u m b e r of r e p r e s e n t a t i v e job s t e p s of 

i n t e r e s t and a n a l y z i n g the r e s u l t s wi th LUCY, p e r f o r m a n c e i n f o r m a t i o n 

was g a t h e r e d . F i l e I / O i n f o r m a t i o n not p r o d u c e a b l e by SNOOPY and 

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

t h e m with LUCY output . O t h e r d i s t r i b u t i o n s w e r e d e r i v e d by d i v e r s e 

m e a n s , such a s the u s e of the STATISTICS opt ions of the B5700 M C P 

and T S S M C P and the a n a l y s i s of m a s s s t o r a g e and t ape u s a g e e n t r i e s 

p r e s e n t in the accoun t ing log with r e s p e c t to n u m b e r of r e c o r d s and 

open t i m e ( B u r r o u g h s , 71). By t h e s e m e a n s the n e c e s s a r y d i s t r i b u ­

t ions w e r e g a t h e r e d t o g e t h e r for u s e in the s i m u l a t o r . 

M u c h of the o t h e r e n v i r o n m e n t a l and t a s k da ta for the s i m u l a t o r 

could be e n t e r e d p a r a m e t r i c a l l y ; h o w e v e r , d e s c r i p t i o n of t he s p e c i f i c , 

n e c e s s a r y d e t a i l s of h a r d w a r e and s o f t w a r e s t r u c t u r e s on the B5700 r e ­

q u i r e d s ign i f i can t c h a n g e s in the o r i g i n a l s i m u l a t o r i t se l f . F o r i n ­

s t a n c e , m o d e l e d B6700 I / O m u l t i p l e x o r s t r u c t u r e a l l ows for s e v e r a l 

m u l t i p l e x o r s with I / O p e r i p h e r a l c o n t r o l l e r s a t t a c h e d to a s m a n y m u l t i ­

p l e x o r s a s d e s i r e d and a s m a n y I / O d e v i c e s a s d e s i r e d a t t a c h e d to an 

I / O p e r i p h e r a l c o n t r o l l e r . T h i s m o d e l e d s t r u c t u r e is not conven ien t 

for the m o d e l i n g of the B5700, which h a s up to four I / O m u l t i p l e x o r s , 

any of which can s e r v i c e any I / O dev i ce on a f loat ing b a s i s . T h u s I / O 

s t r u c t u r e in the s i m u l a t o r was changed to r e f l e c t tha t of the B5700. 
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CPU schedu l ing in the s i m u l a t o r was a l s o changed to r e f l e c t t ha t of the 

B5700 T S S M C P d e s c r i b e d e a r l i e r in th i s r e s e a r c h ( B u r r o u g h s , 72). 

S e v e r a l o t h e r c h a n g e s w e r e m a d e to t r a n s f o r m the B6700 T i m e S h a r i n g 

S y s t e m s i m u l a t o r into a B5700 T i m e S h a r i n g S y s t e m s i m u l a t o r . U n f o r ­

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

m a d e , the s p e e d of the s i m u l a t o r was d i s t r e s s i n g l y s low and r e s p o n d e d 

l i t t l e to any a t t e m p t s to speed it u p . W h e r e a s N i e l s e n r e p o r t e d t i m e s 

of five to t en m i n u t e s to s i m u l a t e one m i n u t e of t i m e , now s ix ty to 

n i n e t y m i n u t e s -were r e q u i r e d ( N i e l s e n , 7 1 ) . T h u s a n e n t i r e r e w r i t e 

was i n i t i a t e d , emp loy ing s e v e r a l m a j o r s e t s of r e v i s i o n s to the a l g o ­

r i t h m s to s p e e d t h e m up and g a t h e r m o r e i n f o r m a t i o n than was o r i g i n ­

a l ly r e c o r d e d and r e p o r t e d , and us ing U1108 SIMULA r a t h e r than 

B5700 SIMULA. When th i s effort w a s c o m p l e t e d , the t i m e s (on the 

U1108) w e r e qu i t e s ign i f i can t ly b e t t e r . W h e r e a s the B5700 s i m u l a t o r 

r e q u i r e d twen ty m i n u t e s to c o m p i l e and s ix ty to s i m u l a t e one m i n u t e of 

t i m e , the U 1 1 0 8 - b a s e d s i m u l a t o r r e q u i r e d one m i n u t e to c o m p i l e and 

c o l l e c t ( l i nk -ed i t ) and t w o - t o - t h r e e m i n u t e s to s i m u l a t e one m i n u t e of 

t i m e . T h e s i m u l a t o r i t se l f c o n s i s t e d of about 3350 s o u r c e c a r d i m a g e s 

and occup ied about 57, 000 w o r d s of Ul 108 m a i n s t o r a g e out of 65 , 384 

w o r d s p o s s i b l e m a x i m u m s i z e . Da t a occup ied o v e r 375 c a r d i m a g e s , 

and e a c h s e p a r a t e run r e q u i r e d f r o m one to fifty c a r d i m a g e c h a n g e s . 

T h i s i m p r o v e m e n t was i m m e d i a t e l y fol lowed by t h e effort to 

ve r i fy tha t t he new s i m u l a t o r did r e a l l y m o d e l the B5700 . T h i s v e r i f i -
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ca t ion was m a d e u s i n g the job s t e p p r o f i l e s a l r e a d y g a t h e r e d and s u c h 

p a r a m e t e r s t ha t the s i m u l a t i o n was o r g a n i z e d a s s i m i l a r l y a s p o s s i b l e 

to the o r g a n i z a t i o n of the a c t u a l B5700 c o m p u t e r s y s t e m when s t a t i s t i c s 

and job s t e p t r a c e s w e r e g a t h e r e d . T h e m e t h o d by which the de t a i l ed 

s i m u l a t e d t r a c e s a r e r e c o n s t r u c t e d is d i s c u s s e d l a t e r in th i s c h a p t e r . 

T h o s e a t t r i b u t e s of the s y s t e m which w e r e m e a s u r e d by o b s e r v a t i o n of 

the a c t u a l s y s t e m and w e r e d i s p l a y e d on t he output of the s i m u l a t o r 

m a t c h e d qu i te c l o s e l y . T h e m o s t i m p o r t a n t c o r r e l a t i o n s a p p e a r in the 

l i s t be low. 

P a r a m e t e r S y s t e m S i m u l a t i o n 

12% 15% 
44% 4 9% 
76% 80% 
22% 18% 

1.5% 2% 
0 . 5 % 0% 

78% 82% 
9% 11% 

7 5% 80% 

- C P U u t i l i z a t i o n 
- I / O u t i l i z a t i o n 
- I / O 1 
- I / O 2 
-I /O 3 
-I /O 4 
- (d i sk l / 0 ) / ( a l l I /O) 
- C P U / e l a p s e d t i m e 
- s y s t e m u t i l i z a t i o n 
- a v e r a g e swapping r a t e 0 . 3 0 / s e c o n d 0 . 3 6 / s e c o n d 
- m a i n s t o r a g e u t i l i z a t i o n 30% 3 5% 

O t h e r p a r a m e t e r s d i s p l a y e d by the s i m u l a t o r but not e a s i l y m e a s u r a b l e 

on the a c t u a l s y s t e m w e r e c h e c k e d fo r r e a s o n a b i l i t y . By t h e s e m e a n s , 

the o p e r a t i o n s of the s i m u l a t o r s i m u l a t i n g the B5700 s y s t e m w e r e e x ­

p e r i m e n t a l l y v e r i f i e d . 

B5700 T S S M C P C h a r a c t e r i s t i c s 

The B5700 T i m e Sha r ing S y s t e m a s m o d e l e d and a n a l y z e d in th i s 
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r e s e a r c h is b a s e d on the B5700 h a r d w a r e and T i m e S h a r i n g S y s t e m 

M a s t e r C o n t r o l P r o g r a m (TSSMCP) , p lus a s s o c i a t e d s u p p o r t p r o g r a m s . 

The B5700 h a r d w a r e is qu i te d i f fe ren t f r o m m o s t o t h e r h a r d w a r e s y s ­

t e m s in s e v e r a l m a n n e r s . I t s m a i n s t o r a g e is l i m i t e d to 3 2 , 7 6 8 w o r d s , 

e ach of which h a s 48 b i t s , d iv ided into e ight 6 -b i t c h a r a c t e r s . H o w e v e r , 

f a c i l i t i e s in the h a r d w a r e and s o f t w a r e i m p l e m e n t a v a r i a b l e - s i z e - p a g e -

o n - d e m a n d s t r a t e g y , i n c r e a s i n g the v i r t u a l m a i n s t o r a g e s i z e to a l m o s t 

one m i l l i o n w o r d s p e r p r o g r a m . T h e I / O p a t h s a r e c o m p o s e d of up to 

f o u r m u l t i p l e x o r s , a n y of w h i c h m a y b e a t t a c h e d t o a n y of t h e u p t o 32 

di f fe ren t I / O d e v i c e s on a fully f loa t ing b a s i s . A m e m o r y e x c h a n g e a l ­

lows up to s ix s i m u l t a n e o u s a c c e s s e s to m a i n s t o r a g e , though only one 

s i m u l t a n e o u s a c c e s s p e r 4 , 096 w o r d m e m o r y m o d u l e is a l l o w e d . One 

or two c e n t r a l p r o c e s s i n g u n i t s ( C P U ' s ) a r e a l l owed , though one CPU 

only is a s s u m e d in t h i s r e s e a r c h . P r e l i m i n a r y i n v e s t i g a t i o n s , inc lud ing 

e x t r a m e a s u r e m e n t and s i m u l a t i o n s , showed tha t t he s y s t e m could not 

e f fec t ive ly u s e a s e c o n d C P U when runn ing u n d e r t he T S S M C P . 

Ma in s t o r a g e is p a r t i t i o n e d into two p r i m a r y a r e a s , n o r m a l l y 

a s s u m e d equa l in s i z e . The l o w e r a r e a c o n t a i n s the r e s i d e n t and t r a n ­

s i en t p o r t i o n s of the T S S M C P , the c o m m a n d - a n d - e d i t i n t e r f a c e with r e ­

m o t e u s e r s (CANDE), and p e r i p h e r a l h a n d l e r s , such a s p r i n t e r backup 

and load c o n t r o l r o u t i n e s which spoo l p r i n t e r / p u n c h output and c a r d in ­

put f r o m and to d i s k or t a p e . T h e u p p e r a r e a c o n t a i n s the u s e r t a s k s 

which m a y be swapped out of and into m a i n s t o r a g e to and f r o m d i sk 
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s t o r a g e . T h e d i v i s i o n b e t w e e n t h e s e a r e a s is t e r m e d the f e n c e . The 

o p e r a t o r m a y change i t , wi th s o m e diff icul ty , though the fence is n o r ­

m a l l y n e v e r m o v e d f r o m 16, 384 w o r d s . Af t e r runn ing a c e r t a i n a m o u n t 

of t i m e , a t a s k is i n t e r r u p t e d . If it h a s e x h a u s t e d i ts CPU or c o r e q u a n ­

t u m l i m i t for the p a r t i c u l a r t i m e s l i c e , o r it a t t e m p t s to p e r f o r m a t e r ­

m i n a l i n t e r a c t i o n but canno t , o r it cannot find enough s p a c e to b r i n g in 

a r e q u i r e d s e g m e n t , it i s e l ig ib l e to be swapped to d i s k . At s o m e l a t e r 

point in t i m e , it m a y be swapped b a c k f r o m d i sk to m a i n s t o r a g e , p e r ­

h a p s wi th m o r e m a i n s t o r a g e a s s i g n e d to i t . Ma in s t o r a g e above the 

fence is a l l o c a t e d in 1,024 w o r d s e t s , c a l l e d c h u n k s . The m a i n s t o r a g e 

s p a c e for a t a s k is c o m p o s e d of a s e t of one o r m o r e con t iguous c h u n k s . 

When swapping is p e r f o r m e d , i n f o r m a t i o n ex i s t ing b e f o r e the swap out 

is swapped b a c k into the s a m e a d d r e s s e s , though e x p a n s i o n in the n u m ­

b e r of chunks m a y o c c u r in e i t h e r i n c r e a s i n g or d e c r e a s i n g m e m o r y a d ­

d r e s s e s , u n l e s s the t a s k is a l r e a d y occupying a l l of m a i n s t o r a g e above 

the f e n c e . 

T h e f o r m u l a e for compu t ing the C P U and c o r e q u a n t u m l i m i t s 

for e a c h t i m e s l i c e a r e the fol lowing: 

T = (((N t i m e s 4) p lus C m i n u s P) t i m e s 8) p lus 208 
E = T t i m e s J 

w h e r e T , E , N , C, P , and J a r e as fo l lows: 

T = C P U q u a n t u m l i m i t in s i x t i e t h s of s e c o n d s 
E = c o r e q u a n t u m l i m i t in s i x t i e t h s of s e c o n d s 
N = n u m b e r of c o n s e c u t i v e t i m e s the t a s k h a s b e e n swapped 

for u s ing up a q u a n t u m l i m i t (<7) 
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C = n u m b e r of c o r e chunks u s e d by t a s k 
P = p r i o r i t y of the t a s k (0 = h igh , 9 - low) 
J = n u m b e r of t a s k s c u r r e n t l y swapped in . 

As a c o n s e q u e n c e of the n a t u r e of the h a r d w a r e and s o f t w a r e of 

the B5700 o p e r a t i n g u n d e r the T S S M C P , s e v e r a l i t e m s a r i s e wh ich m a y 

not be a p p a r e n t f r o m the p r e c e d i n g d i s c u s s i o n . One m a j o r r e s u l t is 

t ha t n o r m a l l y only two o r t h r e e t a s k s a r e p r e s e n t in m a i n s t o r a g e above 

the f ence , thus l i m i t i n g m u l t i p r o g r a m m i n g and m a k i n g s econd p r o c e s s o r 

u s a g e inef fec t ive in g e n e r a l . A n o t h e r r e s u l t is tha t the s ing le I / O p a t h to 

the d i s k c a u s e s the d i sk to be a l i m i t i n g r e s o u r c e in m a n y c a s e s , c o m ­

p a r a b l e to the s l o w n e s s of the C P U ' s and c o r e and the s m a l l s i z e of the 

m a i n s t o r a g e . B e c a u s e of t h i s , o p t i m i z i n g the I / O channe l u s a g e s e m i -

o p t i m i z e s the d i s k u s a g e by the s y s t e m . 

The S i m u l a t o r 

G e n e r a l 

C o r r e s p o n d i n g to tha t of the m i c r o s c h e d u l e r which is the objec t 

of th i s r e s e a r c h , the s i m u l a t i o n ' s l e v e l of d e t a i l and poin t of v iew a r e 

r e p r e s e n t e d by the fol lowing q u a n t i t i e s : 

- t a s k s t a t e v e c t o r 
- m a i n s t o r a g e s e g m e n t and t i m e - s h a r i n g chunk l eng th 
- I / O t r a n s a c t i o n 
- C P U i n t e r r u p t p r o c e s s i n g i n t e r v a l 
- m a s s s t o r a g e s e g m e n t l e n g t h . 

The fol lowing q u a n t i t i e s a r e a t a h i g h e r l e v e l than the m i c r o s c h e d u l e r 

and a r e r e p r e s e n t e d in the s i m u l a t i o n p a r a m e t r i c a l l y o r a l g o r i t h m i c a l l y : 
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- o p e r a t i n g s y s t e m a r c h i t e c t u r e (excep t m i c r o s c h e d u l e r ) 
- m a c r o s c h e d u l e r 
- w o r k l o a d c h a r a c t e r i s t i c s (job s t ep p r o f i l e s ) 
- m a i n s t o r a g e r e q u i r e m e n t s 
- m a n a g e m e n t p o l i c i e s and goa l s 
- s y s t e m p r o f i t / c o s t func t ions (GSEM) 
- h a r d w a r e con f igu ra t i on . 

The fol lowing q u a n t i t i e s a r e r e p r e s e n t e d in the s i m u l a t i o n p a r a m e t r i c a l l y 

or i m p l i c i t l y s i n c e they a r e on a l o w e r l e v e l than tha t of the m i c r o -

s c h e d u l e r : 

- d y n a m i c and s t a t i c a d d r e s s r e l o c a t i o n de l ays 
- e x a c t s t r u c t u r e of t a s k s and job s t e p s . 

The fol lowing q u a n t i t i e s a r e exp l i c i t l y i g n o r e d in the s i m u l a t i o n a s h a v ­

ing an i m p l i c i t effect on the m i c r o s c h e d u l e r in t h i s c a s e : 

- m u l t i t a s k i n g i n t e r f e r e n c e in h a r d w a r e 
- e x a c t se t of CPU and I / O i n s t r u c t i o n s a v a i l a b l e . 

Ma in s t o r a g e s e g m e n t s i z e is a s s u m e d v a r i a b l e and is c o m p u t e d f r o m 

one of the t a s k p r o f i l e d i s t r i b u t i o n s when r e q u i r e d . T h e t i m e - s h a r i n g 

chunk s i z e is s e t a t 1024 w o r d s to c o r r e s p o n d to tha t u s e d by t he B5700 

T S S M C P m a i n s t o r a g e a l l o c a t i o n a l g o r i t h m . The b a s i c CPU i n t e r r u p t 

p r o c e s s i n g i n t e r v a l is a s s u m e d to be one m i l l i s e c o n d , a l though tha t 

v a l u e i s n e v e r u s e d a s such in the s i m u l a t o r ; the m i l l i s e c o n d is u s e d 

only a s a unit to s impl i fy input and output of p a r a m e t e r s . 

T h e C P U , I / O , and m a i n s t o r a g e f a c i l i t i e s w e r e the ones m o n i ­

t o r e d m o s t c a r e f u l l y in th i s r e s e a r c h for i n c l u s i o n in the L S E M . In 

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

for s i m i l a r u s e . 
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R e c o n s t r u c t i o n of T a s k C h a r a c t e r i s t i c s 

The s i m u l a t o r u s e s the i n f o r m a t i o n c o n c e r n i n g e a c h t a s k s t e r e o ­

type to p e r f o r m the m a c r o s c h e d u l i n g and m i c r o s c h e d u l i n g of the w o r k ­

load in such a m a n n e r tha t c e r t a i n s t a t i s t i c a l p r o p e r t i e s of a s i m u l a t e d 

e n v i r o n m e n t m a y be c a r r i e d o v e r into the s i m u l a t i o n . The w o r k l o a d 

was a n a l y z e d f r o m log accoun t ing da ta and d e c o m p o s e d into the fo l low­

ing se t of m a j o r c l a s s e s : 

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

T h o s e m a j o r c l a s s e s w e r e t hen f u r t h e r subd iv ided into s u b c l a s s e s , 

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

by the m e a n s d e s c r i b e d e a r l i e r to p r o d u c e the fol lowing i n f o r m a t i o n for 

e a c h t a s k s t e r e o t y p e : 

- d i s t r i b u t i o n of t i m e b e t w e e n fi le I / O ' s 
- d i s t r i b u t i o n of t i m e b e t w e e n o r i g i n a t o r I / O ' s 
- d i s t r i b u t i o n of f i le s i z e s in r e c o r d s 
- d i s t r i b u t i o n of de l ay t i m e s for o r i g i n a t o r input o p e r a t i o n s 
- d i s t r i b u t i o n of t a s k e x e c u t i o n t i m e s 
- d i s t r i b u t i o n of t a s k s i z e s in chunks 
- d i s t r i b u t i o n of s e g m e n t s i z e s in w o r d s 
- d i s t r i b u t i o n of t i m e b e t w e e n s e g m e n t r e q u e s t s a s funct ion of 

r a t i o of t a s k ' s c u r r e n t m a i n s t o r a g e s i z e to c u r r e n t 
a l l o c a t e d s i z e 

- n u m b e r of t i m e s to r e p e a t o p e r a t i o n queue b e f o r e r e g e n e r a t i o n 
- n u m b e r of e n t r i e s to p l a c e on o p e r a t i o n queue on each 
r e g e n e r a t i o n 

- for e a c h I / O d e v i c e poo l , t he n u m b e r of I / O d e v i c e s r e q u i r e d 
and the p e r c e n t a g e of t a s k ' s f i le I / O r e q u e s t s which wil l 
r e f e r to t h o s e d e v i c e s 
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- p r i o r i t y a s s o c i a t e d with t a s k s t e r e o t y p e . 

The t e r m " o r i g i n a t o r , " a s u s e d in t h i s r e s e a r c h r e p o r t , r e f e r s 

to a l og i ca l o r p h y s i c a l dev i ce which p r e s e n t s t a s k s to the s y s t e m to be 

execu t ed and a c c e p t s d o c u m e n t a r y i n f o r m a t i o n p e r t a i n i n g to the t a s k s 

which have been e x e c u t e d . A s e n d - r e c e i v e r e m o t e t e r m i n a l would s a t ­

isfy the def in i t ion of o r i g i n a t o r . 

The r e l a t i v e n u m b e r of o c c u r r e n c e s of the t a s k s f r o m each s u b ­

c l a s s in the w o r k l o a d was e n t e r e d to the s i m u l a t o r in the f o r m of d i s ­

t r i b u t i o n s for e a c h c a s e c o n s i d e r e d . D e t a i l e d d i s t r i b u t i o n s m a y be 

found l a t e r in t h i s r e s e a r c h . When a t a s k is to be s e l e c t e d , t h i s d i s t r i b u ­

t ion is c o n s u l t e d to d e t e r m i n e which of the t a s k s t e r e o t y p e s is to be i n ­

c luded in the s i m u l a t e d m i x . T h e n the i n f o r m a t i o n d e s c r i b e d above is 

u s e d to g e n e r a t e an in i t i a l o p e r a t i o n queue for tha t t a s k s t e r e o t y p e . By 

the m e t h o d of g e n e r a t i o n , the o p e r a t i o n q u e u e s of t a s k s f r o m the s a m e 

s t e r e o t y p e wi l l be s i m i l a r , but not i d e n t i c a l . T h i s o p e r a t i o n q u e u e is 

a r e c o n s t r u c t e d r e p r e s e n t a t i o n of the t r a c e s of the o p e r a t i o n s of t a s k s 

be long ing to tha t s t e r e o t y p e , d e s c r i b i n g in de t a i l the f i le I / O o p e r a t i o n s , 

o r i g i n a t o r I / O o p e r a t i o n s , c o m p u t a t i o n p e r i o d s , de l ay t i m e s , o v e r l a y 

o p e r a t i o n s , and m a i n s t o r a g e e x p a n s i o n s to be p e r f o r m e d by tha t t a s k 

in the next few s e c o n d s of s i m u l a t e d t i m e . The u s e of the q u e u e is c o n ­

t r o l l e d by p a r a m e t e r s of the t a s k s t e r e o t y p e d e s c r i b e d a b o v e . Th i s 

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

v e s t i g a t o r s in o p e r a t i n g s y s t e m s i n v e s t i g a t i o n s (Cheng , 69, Noe , 70, 
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Noe , 7 1 , Noe , 72, S h e r m a n , 71). The c o r r e c t n e s s of t h i s t e c h n i q u e 

was p r o v e n in the p h a s e of the i n v e s t i g a t i o n involved wi th the v a l i d a t i o n 

of the s i m u l a t i o n m o d e l . 

T h e fol lowing is in tended to exp la in the m e a n s by -which the 

t r a c e s r e p r e s e n t e d by g iven t a s k s t e r e o t y p e c l a s s e s a r e r e g e n e r a t e d , 

by m e a n s of an e x a m p l e . Once a t a s k s t e r e o t y p e h a s b e e n s e l e c t e d 

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

a r e c o n s u l t e d to g e n e r a t e an o p e r a t i o n q u e u e . D i s t r i b u t i o n s a r e s t a t e d 

in t e r r a s of c o n s t a n t , i n c r e m e n t , and we igh t ing h i s t o g r a m . A s s u m e 

the fol lowing s a m p l e da ta p e r t a i n i n g to the t a s k s e l e c t e d : 

-40 i t e m s to p l a c e on o p e r a t i o n queue 
-30 t i m e s to r e p e a t o p e r a t i o n q u e u e b e f o r e it i s r e g e n e r a t e d 
- p r i o r i t y of t a s k is 2 
-half the exp l i c i t I / O o p e r a t i o n s of the t a s k r e f e r e n c e the c a r d 

r e a d e r and the o t h e r half r e f e r e n c e the p r i n t e r 
- c a r d r e a d e r speed is 1400 c p m 
- p r i n t e r speed is 1100 1pm 
- I / O s p e e d is 1 w o r d p e r 8 . 3 3 m i c r o s e c o n d s ( m a x i m u m ) 
- d i s t r i b u t i o n of t i m e b e t w e e n fi le i / O ' s (in m i l l i s e c o n d s ) : 

c o n s t a n t = 1 0 ; i n c r e m e n t = 5; 
h i s t o g r a m = . 2, . 3 , . 6 , . 8 , 1.0 

- d i s t r i b u t i o n of t i m e b e t w e e n o r i g i n a t o r I / O ' s : 
c o n s t a n t = 125; i n c r e m e n t = 75; 
h i s t o g r a m = . 15, . 3 0 , . 6 0 , . 8 0 , . 9 0 , . 9 5 , 1.0 

- d i s t r i b u t i o n of f i le s i z e s (in r e c o r d s ) : 
c o n s t a n t = 0; i n c r e m e n t = 150; 
h i s t o g r a m = . 5, 1.0 

- d i s t r i b u t i o n of de l ay t i m e s for o r i g i n a t o r input o p e r a t i o n s : 
c o n s t a n t = 1000; i n c r e m e n t = 500; 
h i s t o g r a m = . 1, . 2 , . 3 5 , . 6 5 , . 8 0 , . 9 0 , 1.0 

- d i s t r i b u t i o n of t a s k execu t i on t i m e s : 
c o n s t a n t = 3500; i n c r e m e n t = 1000; 
h i s t o g r a m = . 2, . 5 , . 8 , 1.0 
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- d i s t r i b u t i o n of t a s k s i z e s (in chunks ) : 
c o n s t a n t = 5; i n c r e m e n t = 1; 
h i s t o g r a m = . 15, . 3 5 , . 6 5 , . 8 5 , 1.0 

- d i s t r i b u t i o n of s e g m e n t s i z e s (in w o r d s ) : 
c o n s t a n t - 50; i n c r e m e n t = 50; 
h i s t o g r a m = . 2, . 6 , . 7 5 , . 8 5 , . 9 0 , . 9 5 , 1.0 

- d i s t r i b u t i o n of t i m e b e t w e e n s e g m e n t r e q u e s t s a s funct ion of 
r a t i o of t a s k ' s c u r r e n t m a i n s t o r a g e s i z e to c u r r e n t a l l o c a t e d 
s i z e : 

c o n s t a n t ~ 70; i n c r e m e n t = 30; 
h i s t o g r a m = . 05 , . 3 0 , . 7 0 , 1 .0. 

Us ing the f i r s t five d i s t r i b u t i o n s d i r e c t l y and the l a s t t h r e e i n d i r e c t l y , 

the o p e r a t i o n queue is c o n s t r u c t e d and m i g h t a p p e a r a s fo l lows: 

- c o m p u t e for 15 m i l l i s e c o n d s 
- r e a d f r o m c a r d r e a d e r 
- c o m p u t e for 75 m i l l i s e c o n d s 
- r e a d f r o m t e r m i n a l , de l ay 2 . 5 s e c o n d s 
- c o m p u t e for 30 m i l l i s e c o n d s 
- w r i t e on t e r m i n a l 
- c o m p u t e for 45 m i l l i s e c o n d s 
- w r i t e on p r i n t e r 

- ( r e p e a t 30 t i m e s up to 40th i t em) 
- ( r e g e n e r a t e q u e u e ) . 

A s no ted p r e v i o u s l y , th i s c l o s e l y r e s e m b l e s a c t u a l t r a c e - d r i v e n output 

f r o m o t h e r r e s e a r c h e r s ' w o r k (Noe, 7 1 , S h e r m a n , 7 1 , S h e r m a n , 72) . 

D u r i n g e x p e r i m e n t a t i o n , in o r d e r to d e t e r m i n e how s e n s i t i v e the 

r e s u l t s of the s i m u l a t i o n w e r e to s m a l l c h a n g e s in the w o r k l o a d , the 

s t a r t i n g r a n d o m n u m b e r in the p r o c e s s u s e d to s e l e c t new t a s k s was ef­

f e c t i v e l y c h a n g e d , giving a s t a t i s t i c a l l y equ iva l en t but d i f fe ren t w o r k ­

load . T h e r e s u l t s p r o v e d qu i t e s t a b l e , v a r y i n g only s l i gh t ly when th i s 

w a s done , a s i s d e m o n s t r a t e d in t a b u l a r f o r m . When a d i f f e ren t , b a t c h -
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o r i e n t e d d i s t r i b u t i o n was u s e d , the r e s u l t s v a r i e d s o m e w h a t m o r e , a s 

d e m o n s t r a t e d in the s e c t i o n d e s c r i b i n g the r e s u l t s of the e x p e r i m e n t s . 

V e r i f i c a t i o n of M i c r o s c h e d u l e r 

In o r d e r to ve r i fy tha t the new m i c r o s c h e d u l e r does have the p o ­

t e n t i a l of i m p r o v i n g the p e r f o r m a n c e wi th r e s p e c t to a t l e a s t one m e a ­

s u r e , of a c o m p u t e r o p e r a t i n g s y s t e m tha t e m p l o y s it v e r s u s one tha t 

does not , the s i m u l a t o r d e s c r i b e d in the p r e v i o u s s e c t i o n s w a s s t r u c ­

t u r e d to run a n u m b e r of e x p e r i m e n t s u s ing the t a s k and s y s t e m p r o f i l e s 

and p a r a m e t e r s d e r i v e d as d e s c r i b e d e a r l i e r . With th i s m i c r o s c h e d u l e r 

e m b o d i e d in the s i m u l a t o r , c o m p a r i s o n s w e r e m a d e b e t w e e n it and o t h e r 

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

s u r e s a c t u a l l y u s e d in r e a l i t y . T h e p u r p o s e of th i s s e c t i o n is to d e ­

s c r i b e the e x p e r i m e n t s which e m p i r i c a l l y v e r i f i e d the e f f ec t i venes s of 

the m i c r o s c h e d u l e r . 

One of the i m p o r t a n t i t e m s c o n s i d e r e d d u r i n g f inal e x p e r i m e n t a ­

t ion was the o p e r a t i n g s y s t e m o v e r h e a d due to e a c h m i c r o s c h e d u l i n g 

p h i l o s o p h y . K e r n e l s w e r e c o n s t r u c t e d for e a c h s c h e d u l e r in SIMULA 

in o r d e r to r a n k and quant i fy t h e m . G e n e r a l l y , t hey w e r e r a n k e d as 

fo l l ows , wi th r e s p e c t to i n c r e a s i n g o v e r h e a d , for e ach c u r r e n t t a s k in 

the s y s t e m : 

- r o u n d - r o b i n 
- F I F O 
-B5700 
- i n s t a n t a n e o u s e x p o n e n t i a l 
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- c o m p l e t e h i s t o r y 
- a d a p t i v e m i c r o s c h e d u l e r . 

SIMULA was c h o s e n for the k e r n e l s s i n c e it r e s e m b l e s the B5700 

A L G O L d i a l e c t E S P O L in which the B5700 T S S M C P was w r i t t e n . F o r 

o t h e r c a s e s , s i m i l a r k e r n e l s could be w r i t t e n and a n a l y z e d in a s s e m b l y 

l anguage of p a r t i c u l a r c o m p u t e r s y s t e m s . 

A l a r g e n u m b e r of e x p e r i m e n t s w e r e p e r f o r m e d wi th the s i m u ­

l a t o r a s equ ipped wi th the v a r i o u s m i c r o s c h e d u l i n g p h i l o s o p h i e s and 

s y s t e m e f f e c t i v e n e s s m e a s u r e s to e x p l o r e the c h a r a c t e r i s t i c s of the 

adap t iv i t y of the n e w m i c r o s c h e d u l e r u n d e r g iven w o r k l o a d s . 

As noted e a r l i e r , s o m e of t h e s e w e r e involved wi th v a r i a t i o n of 

in i t i a l v a l u e s and bounds for A, B , and the t i m e of a p p l i c a t i o n , and for 

in i t i a l h i s t o r i c a l i n f o r m a t i o n v a l u e s , a long wi th the d e t e r m i n a t i o n of 

the exac t n a t u r e of the p r e d i c t o r - c o r r e c t o r p o r t i o n of the m e t h o d , s u c h 

a s the m e t h o d of chang ing A , B , and t i m e of a p p l i c a t i o n , and of the o p t i ­

m a l s e t t i ng of the c o r r e c t o r t h r e s h o l d . It was d e t e r m i n e d tha t bounds 

on A should inc lude the r a n g e ( . 3 5 , . 45 ) and B should i nc lude the r a n g e 

(. 25 , . 35) for b e s t o p e r a t i o n in the m e a s u r e d w o r k l o a d . F o r a b a t c h -

o r i e n t e d w o r k l o a d , the bounds on A should inc lude ( . 4 0 , . 50) and on B 

should inc lude ( . 3 0 , . 4 0 ) . In e i t h e r c a s e , a t h r e s h o l d of 0. 1 and DA 

of 0. 1 and DB of 0 . 0 5 w e r e found o p t i m a l for e i t h e r w o r k l o a d in t h i s e n ­

v i r o n m e n t . The fixing of A o r B at a g iven v a l u e , or in a g iven r a n g e 

o u t s i d e of t h o s e m e n t i o n e d a b o v e , thus r e m o v i n g s o m e of the adap t i v i t y 
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f r o m the m e t h o d , c a u s e d the MAD to i n c r e a s e s ign i f i can t ly for a run 

and the m e a s u r e v a l u e s to d e c r e a s e c o r r e s p o n d i n g l y . 

The t h r e s h o l d and DA, DB v a l u e s w e r e tuned by independen t 

v a r i a t i o n and e x p e r i m e n t a t i o n . Making DA and DB funct ions of the e r ­

r o r c o m m i t t e d in the l a s t t i m e i n t e r v a l of a p p l i c a t i o n s e e m e d in tu i t i ve ly 

p r o m i s i n g , but showed no s ign i f i can t i m p r o v e m e n t o v e r c o n s t a n t DA 

and D B , even u n d e r s e v e r a l d i f fe ren t t h r e s h o l d s . In p a r t i c u l a r , the 

t a b l e s be low d e m o n s t r a t e s o m e of the r e s u l t s of a n u m b e r of e x p e r i ­

m e n t s i n v e s t i g a t i n g v a r i a b l e DA dependen t upon the e r r o r c o m m i t t e d . 

In both c a s e s , t he s y s t e m m e a s u r e u s e d w a s T H R O U G H P U T . A l s o , in 

bo th c a s e s , the t h r e s h o l d was s e t to 0 . 1 , and the c h a n g e s m a d e w e r e 

l i n e a r . 

B5700 W o r k l o a d B a t c h - O r i e n t e d W o r k l o a d 
DA T H R O U G H P U T DA T H R O U G H P U T 

. 0 9 0 . 2 5 5 . 0 9 0 . 0 2 2 2 

. 0 9 5 . 2 5 7 . 0 9 5 . 0 2 2 3 

. 1 0 0 . 2 5 9 * . 0 9 8 . 0 2 2 3 * 

. 105 . 2 4 0 . 100 . 0223 

. 1 1 0 . 2 2 3 . 1 0 5 . 0221 
. 1 1 0 . 0 2 1 8 

In c o m p a r i s o n wi th f ixed DA = 0. 1, v a r i a b l e DA, a l l e l s e c o n s t a n t , p r o ­

v ided a T H R O U G H P U T m e a s u r e a t b e s t s l igh t ly w o r s e than t h a t p r o v i d e d 

by a f ixed DA. The b e s t v a l u e s p r o v i d e d by v a r i a b l e DA a r e m a r k e d in 

the t a b l e above wi th a s t e r i s k s . 

An i m p o r t a n t r e s u l t for th i s e n v i r o n m e n t was tha t it is not p r o f i t ­

ab le to p e r f o r m a p r e d i c t o r - c o r r e c t o r e x c e p t at t h o s e po in t s at which 
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it i s known t h a t the c h a r a c t e r i s t i c s of the t a s k m i x a r e chang ing , s u c h 

a s on a s t o r a g e swap in o r out or m a i n s t o r a g e e x p a n s i o n . S e p a r a t e 

e x p e r i m e n t s w e r e p e r f o r m e d to c h e c k th i s in which the t i m e i n t e r v a l 

was v a r i e d f r o m one m i l l i s e c o n d to ten m i n u t e s ; no s ign i f ican t d i f f e r ­

ence was n o t e d . T h i s is f o r t u n a t e , for it l e a d s to l o w e r o v e r h e a d ; such 

m a y not be the c a s e in o t h e r e n v i r o n m e n t s , 

The o r i g i n a l v e r s i o n of the p r e d i c t o r - c o r r e c t o r p o r t i o n of the 

a d a p t i v e m i c r o s c h e d u l e r con ta ined the a s s u m p t i o n tha t the t i m e b e t w e e n 

a p p l i c a t i o n s would be so n e a r l y c o n s t a n t tha t i n t e r p o l a t i o n would be u n ­

n e c e s s a r y . When it was d e t e r m i n e d tha t s u c h would not be the c a s e , a 

l i n e a r i n t e r p o l a t i o n a l g o r i t h m w a s i n s e r t e d into the p r e d i c t o r - c o r r e c t o r 

a l g o r i t h m to m a k e the p r e d i c t i o n s m o r e a c c u r a t e . Though it i n c r e a s e d 

the o v e r h e a d s l i gh t l y , it i m p r o v e d t he a c c u r a c y of p r e d i c t i o n about 10 

p e r cen t for the c u r r e n t e n v i r o n m e n t , and thus was wel l w o r t h the s m a l l 

i n c r e a s e in o v e r h e a d . 

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

with the adap t i ve one of th i s r e s e a r c h on an e x p e r i m e n t a l b a s i s . One 

of t h e m was b a s e d upon D e n n i n g ' s n o n a d a p t i v e m o v i n g - w i n d o w a p p r o a c h 

to w o r k i n g se t d e t e r m i n a t i o n (Denning , 68 , Denn ing , 7 I B ) . It was 

m a d e a d a p t i v e by v a r y i n g the s i z e of the m o v i n g window depend ing upon 

the s i z e of the e r r o r b e t w e e n p r e d i c t e d and a c t u a l t a s k / r e s o u r c e u s ­

a g e s . A n o t h e r was b a s e d upon the n o n a d a p t i v e s t o c h a s t i c e s t i m a t o r of 

E i s e n s t e i n which i nc ludes a p e n a l t y funct ion which i s in t ended to c o n t r o l 
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the p r e d i c t i o n p r o c e s s in the p r e s e n c e of da ta wi th t r e n d s (Denning, 

7 I B , E i s e n s t e i n , 70). It was m a d e a d a p t i v e by v a r y i n g the coef f ic ien t 

of the pena l t y funct ion depend ing upon the s i z e of t he e r r o r p r o d u c e d b e ­

t w e e n p r e d i c t e d and a c t u a l u s a g e s . Af te r tuning e x p e r i m e n t s w e r e p e r ­

f o r m e d , e a c h p e r f o r m e d about a s we l l a s the nonadap t i ve exponen t i a l 

e s t i m a t o r wi th A L P H A = 0. 5, but f a r s h o r t of the p e r f o r m a n c e of t he 

adap t i ve m e t h o d of t h i s r e s e a r c h . 

One of the i m p o r t a n t a s p e c t s of the f inal e x p e r i m e n t a t i o n was 

the q u e s t i o n of a d e q u a t e s i m u l a t e d run t i m e v e r s u s cos t of s i m u l a t i o n 

r u n s . S ince the run t i m e of the n o n a d a p t i v e s i m u l a t i o n c a s e s was about 

t w o - t o - t h r e e m i n u t e s to s i m u l a t e one m i n u t e of t i m e and tha t of the a d a p ­

t ive c a s e s was s o m e w h a t w o r s e , the r u n t i m e r e q u i r e d for s t a t i s t i c a l l y 

s ign i f i can t r e s u l t s was a c r i t i c a l q u e s t i o n b e c a u s e of p o s s i b l e b u d g e t a r y 

l i m i t a t i o n s . T h r o u g h c o n s u l t a t i o n with a s t a t i s t i c i a n and s tudy of s t o ­

c h a s t i c p r o c e s s e s , t e n - m i n u t e s i m u l a t i o n r u n s w e r e s e t up in which the 

m e a s u r e funct ion v a l u e s w e r e m o n i t o r e d e v e r y two s e c o n d s , wi th the 

f i r s t half m i n u t e of s i m u l a t e d run t i m e d i s c a r d e d . Af t e r t h r e e m i n u t e s 

of m o n i t o r e d s i m u l a t i o n t i m e , the c u m u l a t i v e m e a n s of the m e a s u r e 

funct ion v a l u e s v a r i e d i n s ign i f i can t ly up to t en m i n u t e s of s i m u l a t e d 

t i m e . H e n c e , t h r e e m i n u t e s of m e a s u r e d s i m u l a t e d t i m e w a s u s e d a s 

a s t a n d a r d for s u b s e q u e n t f inal r u n s . T h e s t a t i s t i c a l b a s i s for be ing 

ab l e to p e r f o r m one l o n g e r e x p e r i m e n t (per s y s t e m e f f e c t i v e n e s s m e a -

s u r e - m i c r o s c h e d u l e r c o m b i n a t i o n ) , r a t h e r than m a n y s h o r t e r o n e s , i s 
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e r g o d i c i t y . 

The s m a l l p r o b l e m of e n s u r i n g a c c u r a c y of the i n t e r m e d i a t e 

m e a s u r e m e n t s i s o v e r c o m e by a l lowing the a c c u m u l a t i o n of p a r t i a l c o m ­

p le t i ons of t a s k s . F o r r e s o u r c e u t i l i z a t i o n s , t h i s p r e s e n t s no d i f f icu l ­

t i e s , s i n c e they m a y n a t u r a l l y be s t a t e d in p e r c e n t a g e s . F o r the 

t h r o u g h p u t m e a s u r e , the s i m u l a t i o n h a s a l r e a d y s e l e c t e d a C P U t i m e 

r e q u i r e m e n t for e a c h t a s k , and tha t is u s e d a s a b a s i s for d e t e r m i n i n g 

the c o m p l e t i o n f a c t o r of e a c h t a s k , in t e r m s of 

((CPU u s a g e for t a s k i) d iv ided by (CPU l i m i t for t a s k i ) ) . 

F i n a l e x p e r i m e n t a t i o n c o n s i s t e d of s i m u l a t i o n of e a c h of the 

m i c r o s c h e d u l i n g p h i l o s o p h i e s wi th r e s p e c t to e ach of the s y s t e m e f fec ­

t i v e n e s s m e a s u r e s u n d e r two s t a t i s t i c a l l y d i f fe ren t w o r k l o a d s . T h i s 

en t a i l ed a qu i t e c o n s i d e r a b l e n u m b e r of e x e c u t i o n s of the s i m u l a t o r , in 

t e r m s of i n v e s t i g a t i n g and tuning r u n s . E a c h c o m p l e t e se t of e x p e r i ­

m e n t s r e q u i r e d one r u n p e r n o n a d a p t i v e m i c r o s c h e d u l e r , p lus one run 

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

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

n u m b e r s of o t h e r c a s e s ; h o w e v e r , the c a s e s c o n s i d e r e d should be r e p ­

r e s e n t a t i v e of m a n y o t h e r i n t e r e s t i n g c a s e s , and the a m o u n t of c u r r e n t 

e x p e r i m e n t a t i o n is fe l t to be qu i t e a c c e p t a b l e a s far a s a c c u r a c y of r e ­

su l t s i s c o n c e r n e d . 

T h e fol lowing t a b l e s p r e s e n t the r e s u l t s of t h e s e e x p e r i m e n t s . 

The f i r s t se t of e x p e r i m e n t s w a s p e r f o r m e d us ing the w o r k l o a d a s a c -
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t u a l l y m e a s u r e d on the B5700 at G e o r g i a T e c h , whi le the second u s e d 

a b a t c h - o r i e n t e d w o r k l o a d . The f i r s t s e t of e x p e r i m e n t s was r e p e a t e d 

with d i f fe ren t i n i t i a l r a n d o m n u m b e r s in o r d e r to t e s t the s e n s i t i v i t y of 

the r e s u l t s to the exac t m i x of t a s k s t e r e o t y p e s ; the p e r c e n t a g e r e s u l t s 

he ld c o n s t a n t in a l l c a s e s to wi th in 3 p e r cen t ; the adap t i ve m i c r o -

s c h e d u l e r was s t i l l s u p e r i o r in e v e r y c a s e ; and no m a j o r c h a n g e s w e r e 

no ted in t e r m s of i n t r a - n o n a d a p t i v e m i c r o s c h e d u l e r c o m p a r i s o n s . The 

b a t c h - o r i e n t e d t a s k s t e r e o t y p e m i x p r o d u c e d d i f fe ren t r e s u l t s , no t ab ly 

a n i m p r o v e m e n t in r o u n d - r o b i n p e r f o r m a n c e , a s e x p e c t e d f o r a m o r e 

C P U - b o u n d s y s t e m . By f r e q u e n t m o n i t o r i n g , it w a s o b s e r v e d tha t the 

c u m u l a t i v e m e a n s of the s y s t e m m e a s u r e v a l u e s by the end of t h r e e 

m i n u t e s of m e a s u r e d s i m u l a t e d t i m e w e r e v e r y s t a b l e , a s in the c a s e 

of the o t h e r w o r k l o a d . 

A s e x p e c t e d , and a s shown f r o m p r e l i m i n a r y r e s u l t s , the a d a p ­

t ive m i c r o s c h e d u l e r ' s a c t i o n s c a u s e d the s i m u l a t e d o p e r a t i n g s y s t e m 

con ta in ing it to r e c e i v e s o m e w h a t b e t t e r s y s t e m ob jec t ive m e a s u r e 

v a l u e s than did t h o s e con ta in ing the n o n a d a p t i v e m i c r o s c h e d u l e r s . T h e 

r e s u l t s a r e s c a l e d so tha t the v a l u e s c o r r e s p o n d i n g to the a p p l i c a t i o n of 

the a d a p t i v e m i c r o s c h e d u l e r a r e uni ty, fo r e a s e of c o m p a r i s o n . The 

a c t u a l v a l u e s p r o d u c e d by the p r o g r a m a r e s u c h tha t they a r e m e a n i n g ­

ful only a s r a t i o s . 
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E x p l a n a t i o n of W o r k l o a d A n a l y s e s 

The fol lowing t a b l e s p r e s e n t the p r i m a r y r e s u l t s of th i s r e ­

s e a r c h . The v a r i o u s m i c r o s c h e d u l e r s a r e r e p r e s e n t e d by the c o l u m n s 

of the t a b l e s and the v a r i o u s g loba l s y s t e m e f f ec t i venes s m e a s u r e s 

(GSEM's ) c o n s i d e r e d a r e r e p r e s e n t e d by the r o w s . F o r e ach m i c r o -

s c h e d u l e r / G S E M c o m b i n a t i o n , t h e r e a r e two n u m b e r s . The f i r s t is 

(the va lue of the GSEM) d iv ided by (the va lue of the GSEM for the AMS) , 

and the s econd is the va lue of the GSEM. In the c o m p a r i s o n c o l u m n , 

the f i r s t c o l u m n r e p r e s e n t s the i m p r o v e m e n t r e a l i z e d by the AMS ove r 

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

p r o v e m e n t o v e r the w o r s t . 

E x p l a n a t i o n of Work load D i s t r i b u t i o n s 

The f i r s t c o l u m n p r e s e n t s the r e l a t i v e we igh t s of the given 

c l a s s e s of t a s k s , and the s econd c o l u m n p r e s e n t s the c u m u l a t i v e 

w e i g h t s . O r d e r i n g of the t a b l e s is i r r e l e v a n t . Da ta for the f i r s t t a b l e 

was d r a w n f r o m h i s t o r i c a l a c c o u n t i n g d a t a . Da ta for the s e c o n d t ab l e 

was a r t i f i c i a l l y g e n e r a t e d to r e p r e s e n t a b a t c h - p r o d u c t i o n - o r i e n t e d 

w o r k l o a d . 
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T a b l e 2 . B5700 Work load A n a l y s i s 

B5700 Round I n s t C o m p l C o m p a r i s o n s 
N a m e TSS Robin F I F O Exp H i s t AMS B e s t W o r s t 

E s t MS MS 

T H R O U G H P U T . 7 9 . 6 9 . 6 9 . 77 . 7 3 1. 00 2 1 % 3 1 % 
. 21 . 18 . 18 . 2 0 . 19 . 2 6 

CPU . 7 8 . 7 6 . 7 6 . 8 1 . 7 8 1.00 19% 24% 

. 25 . 24 . 24 . 2 6 . 25 . 32 

R E V E N U E . 8 1 . 7 8 . 8 0 . 8 5 . 8 1 1. 00 15% 22% 

. 21 . 20 . 2 0 . 22 . 21 . 2 6 

R E S O U R C E . 8 6 . 8 1 . 8 1 . 8 8 . 8 5 1. 00 12% 19% 
. 22 . 21 . 21 . 23 . 22 . 2 6 

I /O . 8 9 . 7 7 . 8 8 . 9 0 . 8 8 1.00 10% 23% 

. 0 7 9 . 0 6 8 . 0 7 9 . 0 8 0 . 0 7 9 . 0 8 9 

4% 13% L A T E N C Y . 9 0 . 9 4 . 9 6 . 9 1 . 8 7 1.00 
. 8 3 . 8 6 . 8 8 . 8 4 . 8 0 . 9 2 

UTILIZATION . 6 4 . 8 5 . 8 2 . 6 4 . 6 9 1.00 
. 5 2 . 6 9 . 6 7 . 5 2 . 5 6 . 8 1 

COST . 8 1 . 8 0 . 7 7 . 8 7 . 8 1 1.00 13% 23% 
. 2 9 . 2 8 . 2 7 . 3 0 . 2 9 . 3 5 
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T a b l e 3 . B5700 W o r k l o a d A n a l y s i s 
(Different R a n d o m N u m b e r s ) 

B5700 Round I n s t C o m p l C o m p a r i s o n s 
N a m e TSS Robin F I F O Exp H i s t AMS B e s t W o r s t 

E s t MS MS 

T H R O U G H P U T . 8 0 . 7 0 . 7 0 . 7 6 . 7 3 1. 00 20% 30% 

. 21 . 18 . 18 . 20 . 19 . 2 6 

CPU . 7 7 . 7 6 . 7 6 . 8 0 . 7 8 1. 00 20% 24% 
. 25 . 24 . 24 . 2 6 . 25 . 32 

R E V E N U E . 8 0 . 7 9 . 8 0 . 84 . 81 1. 00 16% 2 1 % 
. 2 0 . 20 . 20 . 22 . 21 . 2 6 

RESOURCE . 87 . 81 . 8 0 . 8 7 . 85 1. 00 13% 20% 
. 22 . 21 . 2 0 . 2 3 . 22 . 2 6 

I / O . 8 8 . 7 8 . 8 7 . 9 0 . 8 7 1. 00 10% 22% 

. 0 7 8 . 069 . 077 . 081 . 078 . 089 

L A T E N C Y . 9 1 . 9 5 . 9 5 . 9 1 . 8 7 1.00 5% 13% 

. 8 3 . 8 6 . 8 7 . 8 4 . 8 0 . 9 1 

UTILIZATION . 6 5 . 8 5 . 8 3 . 6 4 . 68 1. 00 15% 36% 

. 52 . 6 9 . 6 7 . 52 . 5 6 . 8 1 

COST . 8 0 . 8 0 . 7 6 . 8 7 . 8 2 1.00 13% 24% 
. 2 9 . 2 8 . 2 7 . 30 . 29 . 3 5 
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Table 4. Batch-Product ion-Or iented Workload Analysis 

B5700 Round Inst Compl Compar isons 
Name TSS Robin FIFO Exp Hist AMS Best Worst 

Est MS MS 

THROUGHPUT .65 .78 .65 .74 .80 1.00 20% 35% 
.015 .018 .015 .017 .018 .022 

CPU . 7 4 . 8 9 . 7 5 . 8 2 . 7 5 1. 00 1 1 % 26% 
. 17 . 20 . 17 . 19 . 17 . 23 

R E V E N U E . 75 . 8 6 . 7 5 . 8 0 . 7 6 1. 00 14% 2 5 % 
. 15 . 17 . 15 . 16 . 15 . 20 

R E S O U R C E . 7 8 . 8 9 . 8 2 . 8 6 . 7 9 1. 00 1 1 % 2 2 % 
. 17 . 20 . 18 . 19 . 17 . 22 

I / O . 8 6 . 9 2 . 9 0 . 8 5 . 8 8 1. 00 8% 15% 
. 076 . 080 . 078 . 074 . 076 . 087 

L A T E N C Y . 8 5 . 9 1 . 8 8 . 8 5 . 8 6 1. 00 9% 15% 
. 7 2 . 7 7 . 7 5 . 7 2 . 7 3 . 8 5 

UTILIZATION . 7 4 . 8 4 . 6 7 . 6 2 . 6 5 1. 00 16% 3 8 % 
. 37 . 4 2 . 33 . 31 . 32 . 50 

COST . 7 8 . 9 0 . 8 4 . 9 0 . 7 7 1. 00 10% 2 3 % 
. 22 . 26 . 25 . 2 6 . 22 . 28 
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T a b l e 5. B5700 W o r k l o a d D i s t r i b u t i o n 
( N u m b e r of T a s k s ) 

S m a l l A L G O L / G T L . 1 5 . 1 5 

M e d i u m A L G O L / G T L . 0 5 . 2 0 

L a r g e A L G O L / G T L . 0 1 . 2 1 

S m a l l COBOL . 0 3 . 2 4 

M e d i u m COBOL . 0 2 . 2 6 

L a r g e COBOL . 0 1 . 2 7 

DYNAMO . 0 1 . 2 8 

S m a l l F O R T R A N . 1 0 . 3 8 

M e d i u m F O R T R A N . 0 5 . 4 3 

L a r g e F O R T R A N . 0 1 . 4 4 

S m a l l E x e c u t e I / O . 1 0 . 5 4 

S m a l l E x e c u t e C P U . 1 2 . 6 6 

L a r g e E x e c u t e I / O . 0 2 . 6 8 

L a r g e E x e c u t e C P U . 0 1 . 6 9 

S m a l l F i l e M a i n t e n a n c e . 0 1 . 7 0 

L a r g e F i l e M a i n t e n a n c e . 0 2 . 7 2 

S y s t e m s P r o g r a m s . 0 2 . 7 4 

T a p e / D i s k - P r i n t e r . 2 6 1.00 
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T a b l e 6. B a t c h - P r o d u c t i o n - O r i e n t e d Work load D i s t r i b u t i o n 
( N u m b e r of T a s k s ) 

L a r g e C P U Bound . 1 5 . 1 5 

L a r g e I / O Bound . 1 5 . 30 

L a r g e COBOL C o m p i l a t i o n s . 1 5 . 4 5 

L a r g e F O R T R A N C o m p i l a t i o n s . 1 5 . 6 0 

L a r g e F i l e M a i n t e n a n c e . 2 0 . 8 0 

L a r g e A L G O L C o m p i l a t i o n s . 2 0 1.00 
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C H A P T E R V 

CONCLUDING REMARKS 

S u m m a r y 

T h e ob jec t ive of t h i s r e s e a r c h was the d e v e l o p m e n t and v e r i f i c a ­

t ion of a new m o d e l of op t im iz ing c o m p u t e r p e r f o r m a n c e t h r o u g h the u s e 

of a d a p t i v e i n t e r n a l r e s o u r c e a l l o c a t i o n s chedu l i ng t e c h n i q u e s . The 

m e t h o d of a t t a c k e n t a i l e d the d e t a i l e d d e s i g n of s u c h a t e c h n i q u e , a long 

with i t s v e r i f i c a t i o n in a g iven e n v i r o n m e n t t h r o u g h the u s e of s i m u l a ­

t i o n . Th i s t e c h n i q u e is b a s e d upon the def in i t ion of a l o c a l s y s t e m ef­

f e c t i v e n e s s funct ion connec t ing the r e l e v a n t v a r i a b l e s of the s y s t e m a c ­

c o r d i n g to a po l i cy d e s c r i b i n g the s y s t e m ob jec t ive func t ion . T h i s l o c a l 

m e a s u r e is then u s e d a s a goa l t o w a r d which the i n t e r n a l s c h e d u l e r may-

w o r k , us ing a p a r a m e t r i c m o v i n g - w i n d o w e s t i m a t o r in the f o r m of a 

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

t ion , and v a r i a b l e - p e r i o d c o r r e c t i o n a p p l i c a t i o n . T h e s i m u l a t i o n w a s 

v a l i d a t e d with r e s p e c t to da ta d r a w n f r o m an a c t u a l s y s t e m u n d e r a r e a l 

w o r k l o a d , and the new schedu l ing m o d e l w a s c o m p a r e d to s e v e r a l o t h e r s 

u n d e r v a r i o u s s y s t e m ob jec t ive f u n c t i o n s . 

A l though no g e n e r a l c o n c l u s i o n s can be b a s e d on e x p e r i m e n t a l 

r e s u l t s , it is fel t tha t the r e s u l t s have shown tha t , in the c a s e s t e s t e d , 
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the m i c r o s c h e d u l e r did p e r f o r m a s expec t ed a g a i n s t a v a r i e t y of r e p r e ­

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

e f f e c t i v e n e s s m e a s u r e s . T h e only c o n c l u s i o n s which can be d r a w n a r e 

c o n c e r n i n g the va l i d i t y of the m o d e l for t h o s e m e a s u r e s and in the s p e ­

cif ied e n v i r o n m e n t . F u r t h e r r e s e a r c h a n d / o r a c t u a l i m p l e m e n t a t i o n 

would be r e q u i r e d to b a s e f ina l g e n e r a l c o n c l u s i o n s c o n c e r n i n g the a c ­

t i v i t i e s of th i s m o d e l , and t h e s e a r e the t o p i c s of the fol lowing s e c t i o n s . 

F u r t h e r R e s e a r c h 

As with any de t a i l ed r e s e a r c h in a f ie ld a s r i c h and deep a s t h i s 

one , th i s r e s e a r c h h a s opened s e v e r a l new q u e s t i o n s and r e s e a r c h t o p ­

i c s . T h e q u e s t i o n of the o p t i m a l t r a d e o f f s be tween s i m p l i c i t y , s o p h i s t i ­

ca t ion and f u r t h e r o p t i m i z a t i o n of m i c r o s c h e d u l i n g m o d e l s is d i s c u s s e d 

in the nex t s e c t i o n . The effect of p r i o r i t i e s , add i t i ona l C P U ' s and da ta 

p a t h s on the v a r i o u s m e a s u r e v a l u e s , e s p e c i a l l y tha t of s y s t e m cos t 

nu l l i f i ca t ion , is c o m p l i c a t e d but would be qu i t e i n t e r e s t i n g u n d e r the 

u s e of the m i c r o s c h e d u l e r of th i s r e s e a r c h . If a m a t r i x of s y s t e m cos t 

nu l l i f i ca t ion v a l u e s for ( n u m b e r of C P U ' s ) v e r s u s ( n u m b e r of da t a pa th s ) 

v e r s u s ( n u m b e r of chunks of m a i n s t o r a g e ) w e r e i n v e s t i g a t e d for r e a s o n ­

ab ly s m a l l v a l u e s of e a c h , an o p t i m u m h a r d w a r e con f igu ra t i on for t h o s e 

r e s o u r c e s could be d e t e r m i n e d in spec i f i c c a s e s . T h i s type of r e s e a r c h 

should be m o r e p r a c t i c a l , a c c u r a t e , and g e n e r a l than tha t of a s i m i l a r 

n a t u r e done by Wald with ana ly t i c m o d e l i n g (Wald, 67) . A n o t h e r p o s s i ­

b l e a r e a of r e s e a r c h would be the i n v e s t i g a t i o n of m o d i f i c a t i o n s to the 
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a p p r o a c h of the m i c r o s c h e d u l i n g of f a c i l i t i e s with such m u l t i p l e r e ­

s o u r c e s tha t the a n o m a l i e s such a s t h o s e m e n t i o n e d by G r a h a m could 

not o c c u r ( G r a h a m , 71). T h e s e a r e p a t h o l o g i c a l s i t u a t i o n s with r e ­

spec t to s y s t e m p e r f o r m a n c e in tha t adding m o r e r e s o u r c e s to be c o n ­

t r o l l e d by a f ac i l i t y a c t u a l l y d e c r e a s e s s y s t e m p e r f o r m a n c e with r e ­

s p e c t to t h r o u g h p u t m e a s u r e s . St i l l a n o t h e r l a r g e a r e a of r e s e a r c h 

would be the d e v e l o p m e n t of m o r e a u t o m a t i c m e a n s by which the sof t ­

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

t e m running an a c t u a l w o r k l o a d could be u s e d to d e t e r m i n e the job s t ep 

p r o f i l e s for the type of s i m u l a t o r u s e d h e r e . One a l s o w o n d e r s what 

c l a s s e s of s i m u l a t o r s o r o t h e r a n a l y t i c a l too l s would be s u p e r i o r to 

tha t u s e d in t h i s r e s e a r c h . In t h e s e r e s p e c t s a v e r y s ign i f i can t a m o u n t 

of t ed ious m a n u a l and p r o g r a m m i n g w o r k was r e q u i r e d to p e r f o r m the 

t a s k s in t h i s r e s e a r c h of w o r k l o a d c h a r a c t e r i z a t i o n s and job s t e p p r o ­

file c h a r a c t e r i z a t i o n and a n a l y s i s . I s t h e r e not a b e t t e r way? 

O t h e r poss ib ly - f ru i t fu l a r e a s of f u r t h e r r e s e a r c h l ie in the i m ­

p r o v e m e n t in the p r e d i c t i v e p o w e r s of the adap t i ve s c h e d u l e r wi thout 

i n c r e a s i n g i ts o v e r h e a d or s o p h i s t i c a t i o n and in the i n c r e a s e in the g e n ­

e r a l i t y of the e n v i r o n m e n t in which the s c h e d u l e r is a s s u m e d to o p e r a t e . 

T h e s e a r e a s a r e h igh ly i n t e r r e l a t e d s i n c e c h a n g e s in the e n v i r o n m e n t 

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

s u c h a s v a r i a b l e t i m e of a p p l i c a t i o n , o p t i m u m r a n g e s for the p a r a ­

m e t e r s of the p r e d i c t o r - c o r r e c t o r p r o c e s s , con f igu ra t i on of the a l g o -
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r i t h m i tse l f , e t c . The s i m u l a t o r in i t s c u r r e n t f o r m is s o m e w h a t 

f i r m l y a t t a c h e d to the B5700 T i m e S h a r i n g S y s t e m p h i l o s o p h y , though 

c e r t a i n a r e a s of i n t e r e s t could be i n v e s t i g a t e d -with s o m e a m o u n t of 

d i f f icul ty . T h i s i n c l u d e s the u s e of a d a p t i v e C P U and m a i n s t o r a g e 

quan ta and o t h e r m a i n s t o r a g e a l l o c a t i o n s t r a t e g i e s , r a t h e r than tha t 

u s e d by the a c t u a l s y s t e m , a s is c u r r e n t l y r e p r e s e n t e d in the s i m u l a ­

t o r . O t h e r c o r e - s w a p p i n g s y s t e m s , such a s tha t r e p r e s e n t e d by 

O S / 3 6 0 / M V T - T S O and U1108 E X E C 8, could be s i m u l a t e d wi th tha t 

s i m u l a t o r only -with c o n s i d e r a b l e di f f icul ty , and paging s y s t e m s would 

be even m o r e diff icult to s i m u l a t e with tha t s i m u l a t o r , though o t h e r 

s i m u l a t o r s a r e a v a i l a b l e for the a n a l y s i s of pag ing s y s t e m s , such as 

N i e l s e n ' s o r i g i n a l one ( N i e l s e n , 67) . T h e r e is s o m e in tu i t i ve e v i d e n c e 

tha t s y s t e m s wi th v e r y l a r g e m a i n s t o r a g e , thus a l lowing a l a r g e n u m ­

b e r of t a s k s c o n c u r r e n t l y in e x e c u t i o n , m a y benef i t to a l a r g e ex ten t 

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

In a s o m e w h a t d i f fe ren t a r e a of e x t e n s i o n , D e n n i n g ' s work ing 

se t t e c h n i q u e s could be i m p l e m e n t e d with a d a p t i v e t e c h n i q u e s s i m i l a r 

to t h o s e d i s c u s s e d h e r e . S o m e w o r k in tha t r e g i o n h a s b e e n done a l ­

r e a d y by Denning and o t h e r s (Denning, 72, M o r r i s , 72) . E a r l y i m p l e ­

m e n t a t i o n s of the w o r k i n g s e t c o n c e p t s h a v e shown i ts w o r t h but h a v e 

not g e n e r a l l y b e e n s u c c e s s f u l excep t in spec i f i c s i t u a t i o n s ( B u r r o u g h s , 

69) . 

A s no t ed s e v e r a l t i m e s e a r l i e r , the s y s t e m e f f e c t i v e n e s s m e a -
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s u r e funct ion is a s s u m e d o p t i m i z e d to the ex ten t tha t the p r o p e r cho ice 

is m a d e by the m i c r o s c h e d u l e r a t the l a r g e s t p o s s i b l e n u m b e r of d e c i ­

s ion p o i n t s . A t e m p t i n g e x t e n s i o n to the m o d e l would be to i m p r o v e 

the m i c r o s c h e d u l e r ' s d e c i s i o n funct ion , p e r h a p s in s o m e r a d i c a l f a s h ­

ion, s u c h a s p e r i o d i c a l l y runn ing a l i n e a r p r o g r a m m i n g a n a l y s i s of 

c u r r e n t t a s k s v e r s u s r e s o u r c e s . Such e x t e n s i o n s m u s t be c a r e f u l l y 

p lanned and a n a l y z e d , for the p r o d u c t i v i t y ga ined by so m u c h diff icul ty 

m a y be m o r e than l o s t t h r o u g h an i m p r o p e r m i c r o s c h e d u l e r . 

The l a w of d i m i n i s h i n g r e t u r n s a p p l i e s to the i m p r o v e m e n t of 

s c h e d u l e r s (Denning , 7 l B ) . With a r e a s o n a b l e a m o u n t of s o p h i s t i c a t i o n 

and a s m a l l a m o u n t of r e s o u r c e s devo ted to i t , a m i c r o s c h e d u l e r can 

be c o n s t r u c t e d wh ich d i s p l a y s a c o n s i d e r a b l e i m p r o v e m e n t o v e r a b a s i c 

m i c r o s c h e d u l e r . E a c h i n c r e m e n t of i m p r o v e m e n t a f t e r the f i r s t r e ­

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

and r e s o u r c e s . Thus any i m p r o v e m e n t s in an a l r e a d y good d e c i s i o n 

funct ion m a y be s i n g u l a r l y difficult to m a k e . R y d e r ' s p a p e r is a r e l e ­

van t w a r n i n g to t h o s e who would u s e e x t r e m e l y s o p h i s t i c a t e d m i c r o -

s c h e d u l e r s ( R y d e r , 71) . A s no ted p r e v i o u s l y , h i s m i c r o s c h e d u l e r a l g o ­

r i t h m s r e q u i r e d m u c h of the CPU r e s o u r c e ; so m u c h , in fac t , t ha t in 

one e n v i r o n m e n t , a c o m m e r c i a l one , t he s y s t e m r a n m o r e s lowly in 

e l a p s e d t i m e with h i s s c h e d u l e r than wi thout , for the s a m e m i x , a r e ­

duc t ion in t h r o u g h p u t . Such p r o b l e m s canno t be f o r e s e e n b e f o r e a c t u a l 

i m p l e m e n t a t i o n or c a r e fu l s i m u l a t i o n . Denning n o t e s tha t the r e l a t i o n -
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sh ip of s o p h i s t i c a t i o n to c o s t of m i c r o s c h e d u l e r s is a l m o s t u n e x p l o r e d 

and m a y be qu i t e t r e a c h e r o u s (Denning , 71B). 

M e t h o d s of I m p l e m e n t a t i o n 

T h o s e m e a n s u s e d to a c t u a l l y p r o d u c e a m i c r o s c h e d u l e r which 

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

the i m p l e m e n t a t i o n m u s t be execu t ed in c o o r d i n a t i o n with expec t ed or 

m e a s u r e d e n v i r o n m e n t a l d a t a . N o r m a l l y , only the m o s t c r i t i c a l r e ­

s o u r c e s of a s y s t e m should be o p t i m i z e d ; th i s m a y u s u a l l y be done by 

o p t i m i z i n g the C P U m a i n s t o r a g e , and I / O r e s o u r c e a l l o c a t i o n t e c h ­

n i q u e s , for t h e s e a r e a l m o s t a l w a y s the s c a r c e s t and m o s t e x p e n s i v e 

r e s o u r c e s of the s y s t e m . 

The con f igu ra t ion of the L S E M m u s t be c a r e f u l l y c o n s i d e r e d . 

S o m e of i t s t e r m s should have c o r r e s p o n d e n c e s in the s y s t e m ob jec t ive 

func t ion . O t h e r s m a y be c h o s e n to b i a s the s y s t e m t o w a r d spec i f i c 

u s e r h a b i t s s u c h a s s m a l l e r t a s k s . T h e b o u n d s , and i n c r e m e n t s of the 

exponen t i a l e s t i m a t o r p a r a m e t e r s A and B m u s t a l s o be c o n s i d e r e d . 

F o r A or B too n e a r 1, the m i c r o s c h e d u l e r m a y be u n s t a b l e , whi le for 

A o r B too n e a r 0, it m a y be u n r e s p o n s i v e to changing cond i t ions in the 

e n v i r o n m e n t . F o r t h i s r e s e a r c h , c e r t a i n in i t i a l v a l u e s , b o u n d s , and 

i n c r e m e n t s for A and B and v a l u e s for the t h r e s h o l d w e r e u s e d with 

s u c c e s s . In o t h e r e n v i r o n m e n t s , o t h e r v a l u e s m a y be r e q u i r e d . 

In s u m m a r y , the i m p l e m e n t o r of th i s m i c r o s c h e d u l i n g t e c h n i q u e 
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in a r e a l s i t u a t i o n m u s t a t t e m p t to m a i n t a i n s i m p l i c i t y , whi le a l s o a t ­

t e m p t i n g to a c c u r a t e l y p o r t r a y the a t t r i b u t e s of the e n v i r o n m e n t in 

which it is e x p e c t e d to func t ion . M a n y c u r r e n t m i c r o s c h e d u l e r s i m ­

p l e m e n t e d in o p e r a t i n g s y s t e m s a r e so p o o r in a c t u a l o p e r a t i o n (even 

though they m a y be v e r y c o m p l e x ) tha t even a m i c r o s c h e d u l e r e m b o d y ­

ing only s o m e of the c o n c e p t s d i s c u s s e d in th i s r e s e a r c h wi l l p r o b a b l y 

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

( S h e r m a n , 7 1 , S h e r m a n , 72 , Wulf, 67). 
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