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A b s t r a c t  

A r e l a t i v e l y  h igh  l eve l  a n a l y t i c a l  mode l  f o r  c o m -  

p u t e r  s y s t e m s  s e r v i n g  bo th  b a t c h  and  i n t e r a c t i v e  u s e r s  

i s  p r e s e n t e d .  The  mode l  is  unus ua l  in i t s  e m p l o y m e n t  

of an endogenous  p r i o r i t y  s c h e m e  to r e p r e s e n t  a c l a s s  

of s t r a t e g i e s  fo r  c o n t r o l l i n g  s e r v i c e  to the  two types  of 

c u s t o m e r s .  N u m e r i c a l  m e t hods  deve loped  by V. L. 

Wa l l ace  a r e  used  to g e n e r a t e  s t e a d y  s t a t e  p r o b a b i l i t y  

d i s t r i b u t i o n s  fo r  the  i n f in i t e  s t a t e  M a r k o v  cha in  f o r m e d  

by the  mode l .  Data  f r o m  the  Mich igan  T e r m i n a l  Sys -  

t e m ,  which  i nc ludes  a load c o n t r o l l i n g  m e c h a n i s m  of 

the  type  mode l l ed ,  is  u sed  to v a l i d a t e  the  mode l .  

F i n a l l y ,  add i t i ona l  p a r a m e t e r  s t u d i e s  i n d i c a t e  t ha t  the  

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

in a r e a s o n a b l e  way. 

INTRODUCTION 

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

vide bo th  b a t c h  and i n t e r a c t i v e  s e r v i c e  to t h e i r  u s e r s .  

In such  s y s t e m s ,  conf l i c t s  may a r i s e  be t w een  the  two 

m o d e s  of s e r v i c e ,  s i n c e  jobs  of bo th  types  c o m p e t e  fo r  

the  s a m e  s e t  of r e s o u r c e s .  In p a r t i c u l a r ,  if  the  b a t c h  

load i s  s u b s t a n t i a l ,  i t  can  c a u s e  r e s p o n s e  t i m e s  fo r  

i n t e r a c t i v e  jobs  to b e c o m e  i n t o l e r a b l e .  T h i s  e f fec~  

t ive ly  r e d u c e s  the  i n t e r a c t i v e - b a t c h  s y s t e m  to a b a t c h -  

only one u n l e s s  s o m e  c o n t r o l  is  p l aced  on the  load 

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

in  the  i n t e r a c t i v e  s u b s y s t e m  a r e  g iven  a b s o l u t e  p r i o r -  

i ty ,  t u r n a r o u n d  fo r  ba t ch  jobs  may  b e c o m e  u n a c c e p t -  

ab ly  high.  

F r o m  the  o p e r a t i n g  s y s t e m ' s  po in t  of v iew,  i t  

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

p r o c e s s o r  be  t r e a t e d  equa l ly ,  r e g a r d l e s s  of w h e t h e r  

the  c o m p u t i n g  r e q u e s t  was i n i t i a t e d  f r o m  an  i n t e r a c t i v e  

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

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

b e t t e r  b a s i s  fo r  d i s c r i m i n a t i n g  a m o n g  t h e m  than  t h e i r  

s o u r c e s ,  s i n c e ,  f o r  e x a m p l e ,  a heav i ly  c o m p u t e  bound 

(or  I / O  bound) r e q u e s t  may  be  i n i t i a t e d  e i t h e r  i n t e r -  

a c t i v e l y  o r  v ia  the  b a t c h  s t r e a m .  N o n e t h e l e s s ,  i t  m u s t  

be  r e c o g n i z e d  t ha t  a d m i t t i n g  a s i n g l e  a d d i t i o n a l  b a t c h  

job in to  c o m p e t i t i o n  fo r  the  p r o c e s s o r  wil l  g e n e r a l l y  

load the  s y s t e m  m u c h  m o r e  heav i ly  than  a d m i t t i n g  an 

add i t i ona l  i n t e r a c t i v e  job:  fo r  the  b a t c h  job,  " th ink  

t i m e s "  wil l  be  z e r o  and  i n p u t / o u t p u t  t i m e s  wil l  g e n e r -  

a l ly  be  s h o r t e r  than  fo r  the  i n t e r a c t i v e  job .  M o o r e  (13) 

found t h a t  the  load i m p o s e d  by a s i n g l e  b a t c h  job was 

rough ly  e q u i v a l e n t  to t h a t  of 5 to 15 t e r m i n a l  jobs .  

T h e s e  po in t s  s u g g e s t  t h a t  a r e a s o n a b l e  way to b a l a n c e  

s e r v i c e  b e t w e e n  i n t e r a c t i v e  and b a t c h  jobs  i s  to c o n t r o l  

the  e n t r y  of jobs  in to  the  r a c e  fo r  the  p r o c e s s o r  a t  

l e a s t  p a r t i a l l y  on the  b a s i s  of the  s o u r c e  of the  job as  

wel l  as  on the  c u r r e n t  l e v e l  of p e r f o r m a n c e  of the  s y s -  

t e m .  

In s o m e  r e s p e c t s  th i s  type  of c o n t r o l  a l g o r i t h m  

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

g r a m m i n g  in o r d e r  to keep  the  s y s t e m  f r o m  b e c o m i n g  

s a t u r a t e d .  P r e v i o u s  work  d i r e c t e d  t o w a r d  t h i s  end is  

p r i m a r i l y  r e p r e s e n t e d  by the  d e v e l o p m e n t  of the  w o r k -  

ing s e t  po l icy  (5, 6, 7) in which  the  d e g r e e  of m u l t i -  

p r o g r a m m i n g  a t  a g i v e n  t i m e  i s  c o n t r o l l e d  by  the  s i z e  
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of the  b a l a n c e  s e t ,  t ha t  i s ,  the  s e t  of jobs  a l l  of whose  

work ing  s e t s  will  f i t  in to  r e a l  m e m o r y  a t  a g iven  t i m e .  

Al though  a n u m b e r  of a p p r o x i m a t i o n s  to work ing  s e t  

r e p l a c e m e n t  p o l i c i e s  have  b e e n  i m p l e m e n t e d  (8, 14, 16), 

c u r r e n t l y  a v a i l a b l e  h a r d w a r e  m a k e s  p r e c i s e  m e a s u r e -  

m e n t s  of work ing  s e t  s i z e  d i f f i cu l t .  M o r e  r e c e n t l y ,  an 

a n a l y t i c a l  mode l  which  i n c l u d e s  a c o n t r o l  swi t ch  to 

r e g u l a t e  the  d e g r e e  of m u l t i p r o g r a m m i n g  has  been  d e -  

ve loped  (3, 4) and ex tended  to i nc lude  an adap t ive  c o n -  

t r o l  (1). T h i s  ex tended  v e r s i o n  was s i m u l a t e d ,  bu t  no 

a d d i t i o n a l  ana ly t i c  r e s u l t s  w e r e  p r e s e n t e d .  Both the  

work ing  s e t  and c o n t r o l  s w i t c h  m o d e l s ,  h o w e v e r ,  a l low 

only one c l a s s  of jobs  and bo th  con ta in  m o r e  low l eve l  

s y s t e m  d e t a i l  than  the  mode l  i n v e s t i g a t e d  be low.  

T h i s  p a p e r  p r e s e n t s  a M a r k o v i a n  queue ing  m o d e l  

w h i c h a l l o w s  two types  of a r r i v a l s ,  r e p r e s e n t i n g  b a t c h  

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

c o n t r o l  a l g o r i t h m  s u c h  t ha t  good r e s p o n s e  to i n t e r a c t i v e  

r e q u e s t s  is  m a i n t a i n e d  whi le  a m i n i m a l  l eve l  of b a t c h  

t h r o u g h p u t  i s  e n s u r e d .  T h e r e  i s  a s t r o n g  e m p h a s i s  on 

keep ing  the  m o d e l  s i m p l e  and g e n e r a l ,  f o r  p u r p o s e s  of 

w i d e r  a p p l i c a b i l i t y  (10). P a r a m e t e r  va lues  ob ta ined  

f r o m  the  Mich igan  T e r m i n a l  Sys t em a r e  used  to conduc t  

s t u d i e s  with  the  mode l ,  and the  r e s u l t s  of the  s t u d i e s  

a r e  c o m p a r e d  with ac tua l  s y s t e m  m e a s u r e m e n t s .  

STRUCTURE OF THE MODEL 

The  p r i m a r y  goa l  of th i s  mode l  i s  to r e p r e s e n t  a 

c o n t r o l  a l g o r i t h m  fo r  a d m i t t i n g  jobs  of two d i f f e r e n t  

types  in to  the  r a c e  fo r  the  p r o c e s s o r ,  so  the  ac tua l  

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

fo r  s h a r i n g  the  p r o c e s s o r  a m o n g  the  jobs  which  have  

b e e n  a l lowed to c o m p e t e  f o r  it) wil l  no t  be  p r e s e n t e d  

in de t a i l .  A d m i s s i o n  of a job to the  s e r v e r  in th i s  

mode l  could thus  c o r r e s p o n d  to the  e n t r a n c e  of the  job 

in to  the  r eady  l i s t  of a m o r e  de t a i l ed  mode l .  Al l  of 

p r o c e s s i n g  t ha t  t akes  p l ace  o n  a job a f t e r  i t  e n t e r s  the  

r e a d y  l i s t  will  be  r e p r e s e n t e d  h e r e  by a s i m p l e  expon-  

en t i a l ly  d i s t r i b u t e d  s e r v i c e  t i m e .  Since the  c o n t r o l  

a l g o r i t h m  we wil l  be  c o n c e r n e d  with g e n e r a l l y  m a i n t a i n s  

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

t i m e ,  the  s t a t i s t i c s  of p r i m a r y  i n t e r e s t  a r e  the  m e a n  

s y s t e m  r e s i d e n c e  t i m e  and queue  leng th  fo r  b a t c h  jobs .  

C o n s e q u e n t l y ,  the  a s s u m p t i o n  of a s i n g l e  s e r v e r  with  

s e r v i c e  e x p o n t e n t i a l  fo r  e ach  job shou ld  not  b i a s  r e s u l t s  

u n r e a l i s t i c a l l y .  

T h e  b a s i c  s t r u c t u r e  of the  mode l  i s  shown in F i g -  

u r e  1. A f in i te  c apac i t y  queue  i s  u sed  to r e p r e s e n t  the  

c u r r e n t  n u m b e r  of t e r m i n a l s  a c t i v e  in the  s y s t e m ;  the 

capac i ty  of the  queue  can be  though t  of as  c o r r e s p o n d i n g  

to the  {finite) n u m b e r  of input  p o r t s  which  the  s y s t e m  

s u p p o r t s .  An in f in i t e  c apac i t y  queue  i s  used  to mode l  

b a t c h  jobs  wai t ing  fo r  s e r v i c e .  Since t h e r e  a r e  two 

queues  and only one s e r v e r ,  an a l g o r i t h m  is  r e q u i r e d  to 

def ine  f r o m  which  queue  the  s e r v e r  c h o o s e s  the  nex t  job 

to be  s e r v i c e d .  In m o s t  queue ing  m o d e l s ,  p r i o r i t i e s  a r e  

def ined  s t r i c t l y  by the  type  of the  job (9): fo r  e x a m p l e ,  

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

o r  v ice  v e r s a .  TbAs type of p r i o r i t y  d i s c i p l i n e  i s  ca l l ed  

exogenous ,  s i n c e  the  o r d e r  of s e r v i c e  i s  def ined  s t r i c t l y  

by the  e x t e r n a l l y  def ined  p r i o r i t i e s  of the  jobs .  The  

d i s c i p l i n e  u sed  in th i s  m o d e l ,  h o w e v e r ,  wil l  be  e n d o g e n -  

ous:  the  nex t  job to be  s e r v i c e d  wil l  be  d e t e r m i n e d  on 

the  b a s i s  of the  s t a t e  of the  s e r v e r ,  the  l eng ths  of the  

two q u eu es ,  and a s p e c i f i e d  d e c i s i o n  a l g o r i t h m .  

T h e  s e r v e r  s t a t e  i s  de f ined  to be  the  n u m b e r  of 

c o n s e c u t i v e  i n t e r a c t i v e  jobs  which  have  been  s e r v i c e d  

(up to a f in i t e  l imi t ,  L - l ) .  T h u s ,  a t  e a c h  s e r v i c e  

c o m p l e t i o n  the  s e r v e r  i s  in one of L p o s s i b l e  s t a t e s ,  and 

t h e r e  a r e  n T jobs  in the  i n t e r a c t i v e  t e r m i n a l  queue and 

n s jobs  in the  b a t c h  queue .  The  t r i p l e  ( n T , n  B, S) 

(where  S d e n o t e s  the  s e r v e r  s t a t e )  d e f i n e s  the  s t a t e  of 

the e n t i r e  s y s t e m  a t  a d e p a r t u r e  epoch .  If we i n t r o d u c e  

the  add i t i ona l  a s s u m p t i o n s  of P o i s s o n  a r r i v a l s  to e a c h  

queue  with r a t e s  ~T and 2~ B and exponen t i a l  s e r v i c e  

t i m e s  with r a t e s  ~T and ~B fo r  t e r m i n a l  and ba t ch  

j obs ,  r e s p e c t i v e l y ,  then  the  mode l  de f ines  an in f in i t e  

s t a t e  M a r k o v  cha in .  

In o r d e r  to c o m p l e t e  the  s p e c i f i c a t i o n  of the  mode l ,  

the  t r a n s i t i o n  funct ion  a m o n g  s t a t e s  m u s t  be  def ined .  

T r a n s i t i o n s  due to job a r r i v a l s  a r e  s p e c i f i e d  as :  

b a t c h  a r r i v a l :  (nT, nB,  S) -~ (nT, n B +1, S) 
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interactive 
terminal 

arrival: (n T, n B, S ) ,  (min ( n T + I , M ) ,  nB,  S) 

w h e r e  M is  the  capac i t y  
of the  t e r m i n a l  queue  

If an a r r i v a l  to the  t e r m i n a l  queue  o c c u r s  when M t e r -  

m i n a l  jobs  a r e  a l r e a d y  wai t ing ,  t ha t  a r r i v a l  i s  los t .  

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

to spec i fy ,  s i n c e  when a s e r v i c e  c o m p l e t i o n  o c c u r s ,  

the  d e c i s i o n  a l g o r i t h m  m u s t  be  u sed  to d e t e r m i n e  

w h e t h e r  a t e r m i n a l  o r  b a t c h  job wil l  be  c h o s e n  fo r  

s e r v i c e .  We wil l  now def ine  t h i s  a l g o r i t h m  and i n d i c a t e  

the  m o t i v a t i o n  f o r  i t .  

A s s o c i a t e d  wi th  e a c h  s e r v e r  s t a t e  S, t h e r e  i s  a 

b r e a k p o i n t  b S. T he  f i r s t  b r e a k p o i n t ,  b o, i s  de f ined  to 

be  z e r o ,  and the  l a s t ,  bL_  1 has  the  va lue  +c~. The  

s e q u e n c e  of b r e a k p o i n t  va lues  i s  expec t ed  to be  n o n -  

d e c r e a s i n g ,  a l t hough  th i s  i s  no t  a r e q u i r e m e n t .  A t  a 

s e r v i c e  c o m p l e t i o n ,  the  s e r v e r  obeys  the  fo l lowing 

a l g o r i t h m :  

1. If bo th  queues  a r e  n o n - e m p t y  and the  s e r v e r  

i s  in s t a t e  S, then  

a.  If nT_>b S, s e l e c t  the  n e x t  job to be  

s e r v i c e d  f r o m  the  i n t e r a c t i v e  t e r m i n a l  

queue  and s e t  S ' - 'S  + 1. (The n e x t  

s t a t e  i s  (nT-1 ,  n B, ra in  ( S + I ,  L - l )  ). 

b .  If n T < b  S, c h o o s e  the  nex t  job f r o m  

the  b a t c h  queue  and s e t  S ~ 0 .  (The 

nex t  s t a t e  i s  (n T,  nB_ 1, 0) ). 

2. If only the  t e r m i n a l  queue  i s  n o n - e m p t y ,  

c h o o s e  a job f r o m  i t  and s e t  S~--min 

( S + I ,  L -  1). (The nex t  s t a t e  i s  (nT_ 1, 0, 

min (S + I~L - i) ). 

3. If only the batch queue is non-empty, choose a 

job from it and set S--0. (The next state is 

(0, nB_ 1, 0) ). 

4. If both queues are empty, set S--0 and enter 

a distinguished idle state until the next arrival. 

At the time of the arrival, reapply this algor- 

ithm. 

The  m o t i v a t i o n  f o r  th i s  s c h e m e  is  the  r e q u i r e m e n t  

t ha t  the  b a t c h  s t r e a m  r e c e i v e  v a r y i n g  d e g r e e s  of s e r v i c e  

depend ing  on the  s i z e  of the  t e r m i n a l  load a t  a g iven  

t i m e .  A m i n i m u m  l eve l  of s e r v i c e  fo r  the  b a t c h  s t r e a m  

is  g u a r a n t e e d  by  the  f ac t  tha t ,  even  u n d e r  s a t u r a t e d  

cond i t i ons ,  one b a t c h  job wil l  be  p r o c e s s e d  f o r  e v e r y  

L - 1 t e r m i n a l  jobs  ( s i n c e  b L _ l = C ~ .  T h e  e f f ec t  of the  

b r e a k p o i n t  v e c t o r  and p r i o r i t y  a l g o r i t h m s  i s  to r e p r e -  

s e n t  the  s e r v e r  as  q u e r y i n g  and r e s p o n d i n g  to the  s y s t e m  

s t a t e  a f t e r  e a c h  d e p a r t u r e :  i f  S t e r m i n a l s  have  b e e n  

s e r v i c e d  in a row and the  t e r m i n a l  queue  s t i l l  e q u a l s  o r  

e x c e e d s  b S, the  c u r r e n t  b r e a k p o i n t ,  (i. e . ,  the  t e r m i n a l  

queue  i s  " too long")  s e r v i c e  a n o t h e r  t e r m i n a l  and i n c r e -  

m e n t  S. O t h e r w i s e ,  s e r v i c e  a b a t c h  job and r e s e t  S to 

z e r o ,  i n d i c a t i n g  t h a t  a b a t c h  job ha s  e n t e r e d  s e r v i c e .  A 

po l icy  u n d e r  t h i s  a l g o r i t h m  c o r r e s p o n d s  to f ix ing the  

n u m b e r  of s e r v e r  s t a t e s ,  L, and the  v a l u e s  of the  

b r e a k p o i h t s  b 0,  b 1, . . . .  bL_  1. By chang ing  the  po l icy  

u sed ,  d i f f e r e n t  c o n t r o l  a l g o r i t h m s  m a y  be  m o d e l l e d .  

In (10) the  n u m e r i c a l  t e c h n i q u e s  d e v e l o p e d  by  

Wa l l ace  (17) a r e  shown to be  a p p l i c a b l e  to the  d e t e r m i -  

na t ion  of the  s t e a d y  s t a t e  p r o b a b i l i t y  d i s t r i b u t i o n  of the  

mode l .  The  m e a n  queue  l eng th s  f o r  b a t c h  and  t e r m i n a l  

jobs  can  be  d e t e r m i n e d  f r o m  th i s  d i s t r i b u t i o n ,  and  by 

app ly ing  L i t t l e ' s  t h e o r e m  (12) the  m e a n  s y s t e m  r e s i -  

d e n c e  t i m e s  can  a l so  be  de f ined .  The  d e r i v a t i o n s  of 

t h e s e  r e s u l t s  a r e  o m i t t e d  fo r  the  s ake  of b r e v i t y .  A 

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

and  t h i s  p r o g r a m  was used  to g e n e r a t e  the  r e s u l t s  g iven  

be low.  

BEHAVIOR OF THE MODEL UNDER T E R M I N A L  
SATURATION 

If i t  is  a s s u m e d  t h a t  the  t e r m i n a l  queue  i s  a lways  

ful l  and t h a t  the  b a t c h  load i s  f a i r l y  heavy  (i.  e . ,  the  

b a t c h  queue  i s  r a r e l y  empty ) ,  t hen  the  P o i l a c z e k -  

K h i n t c h i n e  t h e o r e m  fo r  the  M / G / 1  queue  may  be  app l ied  

to find the  m e a n  " w o r s t  c a s e "  b a t c h  t u r n a r o u n d  t i m e .  

U n d e r  t h e s e  a s s u m p t i o n s ,  a r a n d o m  v a r i a b l e  can  be  

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

t i m e :  th i s  v a r i a b l e  wil t  be  the  s u m  of L exponen t i a l  

r a n d o m  v a r i a b l e s  ( r .  v. ) of p a r a m e t e r  t~ T (the t e r m i n a l  
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s e r v i c e s )  and one exponen t i a l  r . v .  of p a r a m e t e r  /~B" 

The  L a p l a c e  t r a n s f o r m  of the  b a t c h  e f fec t ive  s e r -  

v ice  t i m e  d e n s i t y  i s  then  g iven  by: 

~T L ~B 
f* (s) = 

('PT +s) L (~B +s) 

The first two moments of this density are then 

E(S)- L + 1._ 
lIT ]1 B 

E(S2 ) = l /B  2 L +]ITZ + (L]3 B +PT )2 

( P B  /IT)Z 

Apply ing  the  P o l l a c z e k - K h i n t c h i n e  t h e o r e m ,  the  m e a n  

s y s t e m  r e s i d e n c e  t i m e  fo r  a b a t c h  job is  g iven  by 

E(WB ) = I~B + )~B (lIB 2 L +PT2 + (LM~ 3 +~T)2) 

2//T ]1 B (]IT ]d B -)kB(L]I B + lIT) ) 

APPLICATION OF THE MODE L TO THE MICHIGAN 
T E R M I N A L  SYSTEM 

In o r d e r  to a s s e s s  the  u s e f u l n e s s  of th i s  r e l a t i v e l y  

g e n e r a l ,  h i g h - l e v e l  mode l ,  i t  has  been  used  to r e p r e -  

s e n t  the  Mich igan  T e r m i n a l  Sys t em.  T h i s  l a r g e  s c a l e  

i n t e r a c t i v e  and  b a t c h  s y s t e m ,  which  has  been  i m p l e -  

m e n t e d  on the  IBM 360 /67  and 370 /168 ,  i s  d e s c r i b e d  in 

(2, 10, 13, 15). I t  i n c l u d e s  a load l eve l ing  a l g o r i t h m  

which c o n t r o l s  the  n u m b e r  of b a t c h  s t r e a m s  (ba tch  job 

i n i t i a t o r s )  on the  b a s i s  of c u r r e n t  s y s t e m  p e r f o r m a n c e .  

M e a s u r e m e n t s  of CPU ac t i v i t y ,  pag ing  ac t i v i t y ,  and 

d i sk  and c h a n n e l  I / O  ac t iv i ty  a r e  c o m b i n e d  in a w e i g h t -  

ed s u m  which  de f i ne s  a c u r r e n t  load f a c t o r  f o r  the  s y s -  

t e m .  T h i s  load f a c t o r  i s  c o m b i n e d  with weighted  va lues  

of the l a s t  s e v e r a l  load f a c t o r s  compu ted  to p r o v i d e  

exponen t i a l  s m o o t h i n g  of the  f ina l  load f a c t o r .  The  

s y s t e m  d e c i d e s ,  on the  b a s i s  of th i s  f ina l  load f a c t o r ,  

w h e t h e r  to i n c r e a s e ,  d e c r e a s e ,  o r  l eave  unchanged  

the  n u m b e r  of b a t c h  i n i t i a t o r s .  (In fac t ,  the  a l g o r i t h m  

is  m o r e  c o m p l e x  than th i s ,  s i n c e  b a t c h  i n i t i a t o r s  a r e  

no t  a l l  i d e n t i c a l :  e ach  i n i t i a t o r  looks f o r  a c e r t a i n  

c l a s s  of b a t c h  jobs  to i n i t i a t e ,  b a s e d  on execu t ion  t i m e  

e s t i m a t e s ) .  

S t a t i s t i c s  f r o m  15 d i f f e r e n t  p e r i o d s ,  r a n g i n g  f r o m  

t h r e e  to e igh t  h o u r s  in  length ,  w e r e  g a t h e r e d  in o r d e r  to 

d e t e r m i n e  r e a s o n a b l e  va lues  f o r  a r r i v a l  and  s e r v i c e  

r a t e  p a r a m e t e r s  in  the  m o d e l  and to p r o v i d e  a y a r d s t i c k  

fo r  the  m o d e l ' s  p r e d i c t i o n s .  D e t a i l s  of the  c o l l e c t i o n  

m e t h o d s  and va lues  o b s e r v e d  can  be  found in (10, 11) 

and wil l  no t  be  r e p e a t e d  h e r e .  We note  t ha t  s y s t e m  

b e h a v i o r  s e e m e d  to fa l l  in to  t h r e e  g e n e r a l  c a t e g o r i e s ,  

def ined  by  m e a n  CPU u t i l i z a t i on  and b a t c h  queue  length:  

1. Light ly  loaded:  0 % < C P U - < 6 0  %; B a t c h  Queue  = 0 

2. M o d e r a t e l y  loaded:  60%< C P U <  90%; 0 < B a t c h  

Queue  <_ 5 

3. Heav i ly  loaded:  90%_<CPU; B a t c h  Q u e u e > 5  

F o r  e a c h  of the  15 m e a s u r e m e n t  p e r i o d s ,  the  

a r r i v a l  and s e r v i c e  r a t e s  of b a t c h  and t e r m i n a l  jobs  

w e r e  d e t e r m i n e d .  S e r v i c e  r a t e s  w e r e  b a s e d  on o b s e r v -  

ed job  CPU r e q u i r e m e n t s  only ,  s i n c e  the s y s t e m  be ing  

m e a s u r e d  was in fac t  g e n e r a l l y  C P U - l i m i t e d .  The  

va lues  f o r  M (capac i ty  of the  t e r m i n a l  queue) ,  L 

( n u m b e r  of s e r v e r  s t a t e s ) ,  and the  b r e a k p o i n t s  w e r e  

d e t e r m i n e d  on the  b a s i s  of p r e l i m i n a r y  s t u d i e s .  Since 

the  c o s t  of c o m p u t i n g  the ana ly t i c  so lu t ion  i s  p r o p o r -  

t iona l  to the p r o d u c t  of M and L, t h e r e  was a s t r o n g  

m o t i v a t i o n  to keep  t h e s e  two mode l  p a r a m e t e r s  as  

s m a l l  as  p o s s i b l e  wi thout  i n t r o d u c i n g  too m u c h  e r r o r  

in to  the  r e s u l t s .  The  va lues  f ina l ly  c h o s e n  a r e  shown 

in T a b l e  1. F o r  the heav i ly  loaded p e r i o d s ,  L = 4 and 

M = 10 w e r e  c h o s e n ,  and a r e d u c t i o n  to M = 5 fo r  the  

l ight ly  loaded  p e r i o d s  p r o v e d  to y ie ld  su f f i c i en t ly  

a c c u r a t e  r e s u l t s .  

The  va lues  p r e d i c t e d  by  the  model  fo r  the mean  

and the  s t a n d a r d  dev ia t ion  of the  ba t ch  queue  leng th  a r e  

shown in T a b l e  2, nex t  to the  o b s e r v e d  v a l u e s .  

Since the  a n a l y t i c a l  r e s u l t s  f o r  p e r c e n t  n o n - i d l e  

CPU depend  only on the  a r r i v a l  and s e r v i c e  r a t e s  

(which w e r e  d e r i v e d  f r o m  the  data)  the  c l o s e  a g r e e m e n t  

b e t w een  mode l  and da ta  f o r  th i s  p a r a m e t e r  i n d i c a t e s  

t ha t  the  f in i t e  l eng th  of the  t e r m i n a l  queue  in the  model  

did not  s e r i o u s l y  b i a s  the  r e s u l t s .  The  m e a n  b a t c h  

queue  l eng ths  p r e d i c t e d  by the  a n a l y s i s  show the  s a m e  

t r e n d s  a s  the  o b s e r v e d  v a l u e s ,  a l t hough  they tend to 

u n d e r e s t i m a t e  t h e m .  F i g u r e s  2, 3, and 4 d e t a i l  the  

c o r r e s p o n d e n c e  be tween  the  p r e d i c t e d  and o b s e r v e d  

v a l u e s .  In F i g u r e  2, a r r o w s  po in t  f r o m  p r e d i c t e d  to 

o b s e r v e d  v a l u e s .  When CPU u t i l i z a t i o n  i s  be low 90%, 
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the  a b s o l u t e  e r r o r  i s  no t  l a r g e ,  a l t hough  t h e r e  i s  a c o n -  

s i s t e n t  u n d e r e s t i m a t e  of b a t c h  queue  l eng ths  in the  p r e -  

d i c t i o n s .  In the  l igh t ly  loaded  p e r i o d s ,  t h i s  t endency  to 

u n d e r e s t i m a t e  i s  due in p a r t  to the  s i n g l e  s e r v e r  a s -  

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

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

mode l  i s  def ined  to have  twice  the  s e r v i c e  r a t e  of the  

a c t u a l  C P U ' s .  In l igh t ly  loaded  p e r i o d s ,  the  a c t u a l  

s y s t e m  wil l  have  only one CPU b u s y ,  which  wil l  have  a 

s e r v i c e  r a t e  ha l f  t ha t  of the mode l .  

When the  CPU u t i l i z a t i on  i s  above  90%, the  o b -  

s e r v e d  da t a  b e c o m e  m u c h  m o r e  d i f f i cu l t  to p r e d i c t ,  and 

the  va lues  p r o j e c t e d  by the  m o d e l  v a r y  in bo th  d i r e c t i o n s  

f r o m  o b s e r v e d  s t a t i s t i c s .  F i g u r e  3 shows  the  da ta  

po in t s  wi th  e r r o r  b a r s  i n d i c a t i n g  d i s t a n c e s  of one s t a n -  

d a r d  dev i a t i on  in e a c h  d i r e c t i o n  f r o m  the  o b s e r v e d  

m e a n s .  F r o m  th i s  po in t  i t  i s  c l e a r  bo th  t h a t  the  p r e -  

d ic t ed  m e a n s  a l l  fa l l  wi th in  one s t a n d a r d  d e v i a t i o n  of the  

o b s e r v e d  m e a n s  and t h a t  the  s t a n d a r d  d e v i a t i o n s  o b -  

s e r v e d ,  e s p e c i a l l y  in the  heav i ly  loaded  r e g i o n s ,  a r e  

qu i te  l a r g e .  

Two e x p l a n a t i o n s  a r e  p o s s i b l e  f o r  t h e s e  o b s e r v a -  

t i o n s .  F i r s t ,  the  m e a n  b a t c h  queue  l eng th  m ay  not  be  

d e s c r i b a b l e  as  a s i m p l e  func t ion  of the  CPU u t i l i z a t i on .  

Th i s  i s  p a r t i c u l a r l y  t r u e  when the  load i s  heavy ,  s i n c e  

o t h e r  b o t t l e n e c k s  may  a p p e a r  in  the  s y s t e m .  In th i s  

c a s e ,  the  m e a n  b a t c h  queue  l eng th  may i n c r e a s e  whi le  

CPU u t i l i z a t i on  s t a y s  f ixed.  Secondly ,  when the  s y s t e m  

i s  heav i ly  loaded ,  the  b a s i c  e x i s t e n c e  of a s t e a d y  s t a t e  

d i s t r i b u t i o n  i s  ca l l ed  i n t o  q u e s t i o n .  A look a t  the  a c t u a l  

s t r u c t u r e  of MTS heavy  p e r i o d s  i n d i c a t e s  t h a t  they a r e  

of ten c h a r a c t e r i z e d  by a r i s i n g  d e m a n d  f o r  i n t e r a c t i v e  

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

the  b a t c h  queue  g r o w s  in length ,  fo l lowed by a d e c r e a s e  

in t e r m i n a l  u se  (a round  d i n n e r  t i m e ,  fo r  e x a m p l e . )  As  

the  a r r i v a l  r a t e  of t e r m i n a l  jobs  d e c l i n e s ,  the  b a t c h  

queue  i s  p r o c e s s e d  m o r e  qu ick ly  by  the  s y s t e m ,  so  the  

CPU u t i l i z a t i on  r e m a i n s  h igh un t i l  the  b a t c h  queue  i s  

dep l e t ed .  T h u s ,  the  heav i ly  loaded  p e r i o d s  may  be  

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

F i n a l l y ,  F i g u r e  4 c o n t r a s t s  a s m o o t h  c u r v e  which  

f i ts  the  p r e d i c t e d  da t a  va lues  wi th  a j agged  l ine  p r o d u c e d  

by  c o n n e c t i n g  the  da ta  po in t s  de f ined  by the  s y s t e m  

m e a s u r e m e n t s .  D e s p i t e  the  d i f f e r e n c e  in d e t a i l ,  the  

m o d e l  does  r e f l e c t  the  g loba l  c h a r a c t e r i s t i c s  of the  

s y s t e m .  

ADDITIONAL P A R A M E T E R  STUDIES 

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

s t u d i e s  w e r e  m a d e  to r e l a t e  the  e x p e c t e d  s y s t e m  r e s i d -  

ence  t i m e  ( t u rna round )  f o r  b a t c h  jobs  to the  a r r i v a l  

r a t e s  f o r  b a t c h  and  t e r m i n a l  j o b s .  The  m e a n  s y s t e m  

r e s i d e n c e  t i m e  fo r  b a t c h  jobs  (E(WB)) can  be  ob ta ined  

f r o m  the  m e a n  n u m b e r  in  s y s t e m  via  L i t t l e ' s  T h e o r e m  

(L = kW-). In e a c h  c a s e ,  a r r i v a l  and s e r v i c e  r a t e s  w e r e  

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

r a t e  f o r  b a t c h  jobs  was then  v a r i e d .  S t a t i s t i c s  c h o s e n  

fo r  these" s t u d i e s  i nc luded  two l ight ,  t h r e e  m o d e r a t e ,  

and two heavy  p e r i o d s .  

F i g u r e  5 shows  the  r e s u l t s  of t h e s e  s t u d i e s .  T h i s  

g r a p h  d i s c l o s e s  a s h a r p  d i v i s i o n  of the  s y s t e m ' s  p e r f o r -  

m a n c e  in to  two a p p a r e n t  r e g i o n s  of o p e r a t i o n .  T h e  

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

c u r v e s ,  c o r r e s p o n d s  to p e r i o d s  in which  E(WB) i s  v e r y  

s e n s i t i v e  to c h a n g e s  in b a t c h  a r r i v a l  r a t e .  T h i s  s e n s i -  

t iv i ty  i s  due to the  r e l a t i v e l y  heavy  i n t e r a c t i v e  load on 

the  s y s t e m ;  so  t ha t  i f  the  b a t c h  a r r i v a l  r a t e  i s  i n c r e a s e d ,  

the  queue  l eng ths  (and h e n c e  r e s i d e n c e  t i m e s )  gro~- 

r ap id ly .  C o n v e r s e l y ,  in t h o s e  c a s e s  in  which  E(WB) i s  

r e l a t i v e l y  i n s e n s i t i v e  to the  b a t c h  a r r i v a l  r a t e ,  the  

i n t e r a c t i v e  load i s  l igh t  and the  s y s t e m ,  as  a who le ,  i s  

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

can  be  hand led  with only a s m a l l  i n c r e a s e  in E(WB).  

I t  i s  a l s o  n o t e w o r t h y  t ha t  t h o s e  c a s e s  o r i g i n a l l y  

c l a s s i f i e d  as  m o d e r a t e  p e r i o d s  fa l l  in  bo th  r e g i o n s  of 

o p e r a t i o n ,  i n d i c a t i n g  t ha t  the  i n i t i a l  d i v i s i o n  of s y s t e m  

s t a t e s  in to  t h r e e  c a t e g o r i e s  i s  f i n e r  than  r e q u i r e d .  T h e  

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

in to  "good t u r n a r o u n d "  and "bad  t u r n a r o u n d "  r e g i o n s  

has  c o n s i d e r a b l e  i n t u i t i v e  appea l ,  s i n c e  MTS b a t c h  

u s e r s  of ten o b s e r v e  t h a t  t u r n a r o u n d  i s  e i t h e r  v e r y  s h o r t  

(a few m i n u t e s )  o r  e l s e  r e l a t i v e l y  long (an h o u r  o r  m o r e ) .  

286 



This  b i fu rca t ion  of the opera t ing  reg ion  sugges t s  

that,  i f  s i m i l a r  s tudies  were  run in wMch the t e r m i n a l ,  

r a t h e r  than batch ,  a r r i v a l  r a te  were  v a r i e d  and E(WB) 

obse rved  as  a function of this va r i a t ion ,  the resu l t ing  

pol t  would contain a knee.  The  knee would c o r r e s p o n d  

to that  point  at  which t e r m i n a l  s e r v i c e  would begin to 

s a t u r a t e  the s y s t e m ;  batch wait ing t imes  would r i s e  

rapidly  beyond this point,  because  of the p r i o r i t y  p laced  

on t e r m i n a l  s e r v i c e .  

Two such s tudies  were  made,  one co r r e spond ing  to 

a l ight ly loaded pe r iod  dur ing which the t e r m i n a l  a r r i v a l  

r a te  was g radua l ly  increased~ and the o the r  using data  

f r o m  a heavi ly  loaded per iod ,  s u c c e s s i v e l y  d e c r e a s i n g  

the t e r m i n a l  a r r i v a l  r a t e .  The r e su l t s  of t hese  s tud ies  

a r e  shown in F i g u r e  6. In both c a s e s ,  the cu rve  fo r  

E(WB) begins  to r i s e  sha rp ly  as the a r r i v a l  r a te  b e -  

comes  g r e a t e r  than . 030 jobs p e r  second.  Since only 

the con t ro l  a lgo r i t hm was spec i f i ed  in the des ign  of the 

model ,  this r e s u l t  d e m o n s t r a t e s  the m o d e l ' s  ab i l i ty  to 

r e a l i s t i c a l l y  r e f l e c t  the s y s t e m ' s  behav io r .  

C ONC LU SION 

That  the model  developed h e r e  is  capable  of r e -  

p r e sen t ing  c o m p u t e r  s y s t e m s  which include a lgo r i t hms  

fo r  cont ro l l ing  s e r v i c e  d e l i v e r e d  to batch and i n t e r -  

ac t ive  u s e r s  has been d e m o n s t r a t e d  by the val idat ion 

and p a r a m e t e r  s tud ies .  This  has been shown to be 

t rue  desp i te  the m o d e l ' s  r e l a t i ve ly  high leve l  and the 

numerous  a s sumpt ions  made to e n s u r e  i ts  m a t h e m a -  

t i ca l  t r ac t ab i l i t y .  Although the p r i m a r y  cont ro l  

a l go r i t hms  p o r t r a y e d  in the mode l  des ign  a r e  those  

which f avo r  t e r m i n a l  s e r v i c e  o v e r  batch as the i n t e r -  

ac t ive  load i n c r e a s e s ,  the mode l  can eas i ly  be adapted 

to r e p r e s e n t  o the r  p r i o r i t y  s c h e m e s .  F ina l ly ,  the endog-  

enous p r i o r i t y  m e c h a n i s m  p r e s e n t e d  he re  can be used to 

study those  l ower  l eve l  por t ions  of comput ing ha rdware  

where  m o r e  than one c l a s s  of r eques t s  is  s e r v e d  but 

p r i o r i t i e s  a r e  not  d e t e r m i n e d  so le ly  as a function of the 

r e q u e s t  c l a s s .  
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Table 1. Summary of Parameter  Studies 

Data Max 

From ~Term 
Peried (M) 

1 5 

2 5 

3 5 

4 5 

5 5 

6 5 

7 5 
i0 

8 5 

9 5 
i0 

i0 5 
1O 

II "].0 

12 I0 

13 I0 

14 I0 

15 I0 

)T IB ~J'r PB 

.01063 .02465 .07524 .20454 

.01014 .02063 .05739 .1741 

.01509 .03028 .06717 .13116 

.02319 .03542 .05890 .17083 

.02633 .04994 .11210 .14831 

.03269 .06769 .1085 .18359 

.0370 .03522 .08522 .]0421 

.04926 .03111 .09279 .i!.~38 

.04324 .04056 .07724 .11227 

.04833 .03826 .11354 .07448 

.04565 .03426 .08602 .09284 

.04906 .04778 .08846 .11962 

.045L7 .03772 .08848 .08e50 

.04532 .03622 .08509 .0808] 

.04544 .03528 .07779 .08594 

For all cases 
L = 4 
Breakpoihts = 3,2,3,~ 

Parameter Studies 

Single ~:ode Model 

% 

non- Std. 
E(W B ) idle E(LB) Dev. 

8.4 26.2 .206 .53 

11.3 29.6 .233 .59 

18.2 45.5 .552 1.02 

30.8 59.8 1.09 1.95 

18.8 57.1 .938 1.47 

23.9 66.9 1.62 2.39 

55.4 76.1 1.95 2.72 
64.5 77.4 2.27 3,26 

53.4 78.2 1.66 2.35 

145.2 89.1 5.89 7.09 
251.5 91.8 10.2 12.3 

184.8 91.9 7.07 7.94 
290.1 93.9 ii.I 12.2 

180.7 89.7 6.19 7.73 

368.4 95.1 17.6 18.8 

280.5 94.4 13.4 15.1 

911.1 97.8 33.0 32.0 

1173.5 98.6 41.4 38.9 

Table 2. Analytic Model-System Data Comparison 

% CPU Mean Std. Dev. 
Collection Non-idle Batch Q Batch Q 

Period Data Model Data Model Data Model 

1 26.31 26.2 .374 .206 .65 .53 

2 29.52 29.6 .405 .233 .63 .59 

3 48.90 45.5 .823 .552 1.23 1.02 

4 60.33 59.8 2.08 1.09 3.68 1.95 

5 57.36 57.1 1.65 .938 1.88 1.47 

66.91 66.9 2.27 1.62 3.51 2.39 

7 79.1 77.4 3.39 2.27 5.64 3.26 

8 80.51 78.2 1.80 1.66 1.76 2.35 

9 9i.95 91.8 12.2 10.2 9.46 12.3 

i0 93.95 93.9 10.34 ii.i 8.84 12.2 

ii 90.02 89.7 19.4 6.19 16.] 7.73 

12 95.32 95.1 25.8 17.6 14.4 18.8 

13 94.67 94.4 27.3 13.4 26.0 15.1 

14 98.30 97.8 50.1 33.0 37.8 32.0 

15 99.43 98.6 13.8 41.4 9.6 38.9 

Analytic Mode] - System Data 

Comparison 
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Single Node Model Structure 

Interactive Jobs 
T 

Batch Jobs B P 

Batch Queue - infinite capacity 

Maximum # terminals in system = M 

Single Server, which has a state associated 
with it: 

State 

idle 

0 

1 

2 

L-I 

Meaning 

no jobs in system 

serving batch job 

serving ist consecutive terminal 

serving 2nd consecutive terminal 

serving L-ist consecutive terminal 

System State: (T,B,S) 

Figure i.  Single Host Model 
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Figure  5. P a r a m e t e r  Studies-Mean Batch Wait vs. Batch Ar r iva l  Rate 
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