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P r e f a c e

1~
This report  is the result of a study to determine

t he  applicabi lity of the product form s o l u t i o n  of Closed

Qu cueing Network Models for The DECsystem— 1O . I believe that

this work will enable personnel of the Air Force Avionics

Laboratory to more  effectively utilize this class of model

for perfo rmance evaluation. I hope that this study will lay

a foundation for continued improvement of the DECsyste m— 1O

Closed Queuein g Network Model.
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lnc r e a s t : a ’  t n f l u e o c e  ov o r  ill ,isnect i ;  c i ’ : :anage: ient  in the

A i r  F o r c e .  ~v e r  the 1 .:s’. t a ’  d c c :  .ie s  , c o : : a a ’ .  er st~~uc Lures

and o j ’ : a t  ion h a v e  o h a a . oJ 4 n.. a ’ : a t ica ~~1 .  The i nc r e a s e d

c C  : i c l o n i:  c a : l . ’j t C ~’ s v s t e  is has  o f t e n  been

b’~ the  t n~~ra J a ~~t to:: o f ’ b o o  c o :a a ’ . c x  s \ s t e : S .  Fue

Inc re a s e a  coo , ’ t : t c r  ~ v a t c : , :  oonp l e \ i tv  ! U O t \ @ S  it J it ’f~ cu lt. ui

a .1 c i  st  . i : i d  w h ich C no to n  :: os U i no c t. I. v tl C Ce~’ U the opera  u to ::

c t  t no s vs c:: . e p r.  a c  ~ s o co::: Cuter  pci’ t era.: to  C

CV .1 1 J o t  ion sec <a t .~~ i c:: I Cv t hese C o o t  o rs

i’hc ~‘ i a s t  s t e p  c t  a c o o p u t o r  p e r f o r m aico e v a lua t ion

V i  “ tJ  •_ 0 i a o n  t I C t ho to isa i c  o C pe :‘ f o r :  : :oc ~a w h I oh a re

moat  t o n o r t  a n t  . ‘ : : e se  m e o s a r e a  lay  i : : c 1 5 4 I c  r c s p o a s e  t m e ,

• r e so u r ce  at tli:..1 t o a  , c o a t , ~ nJ :i ,iay c’thcr :;

wh :ch ire g e n i a l  t o  o a t  :ir~ or :::co:: t a g i  al c a l  v or s pe c i f i c

modes of  ccn:’u t or o p e n a ’ .  i on .  Ia :; I he . Ics’.ro,i pe rf c  r : r a n . e

‘ r e , i sa rcs  hav e  been id o : it i t ’i,’J . t I e  nex t ,  s t e p  is t o  s~ lec t  a

t ime .<h ich can  be a pp1 i c i  to the Jc:~ rod s y s t e m .

Cae  a p p ro a c h  to cc ’ae u te ; ’  :~e r C o r : i  t o o  ev .il:i.tt ~on is

the ti o C mc I e I in , *
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3. Modi f ’ i ca t ions  were made to the data structure of

the Fortran program which implemented the model. This

permitted the program to be run from the time —sharing

terminals at the Air Force In stitute of Technology.

14 . Severa l  fo rms  of Clos ed Qu eue i ng N e t w o r k  Mo dels

were investigate d for application to the DECsyste rn—1O . The

results were summarize d in tabular form and an anal ys is

performed on the observed errors of each m odel .

1. 14 Order of Presentation

Cha pter II of this report dt’~scr ibe s the hardware and

software charact e ristics of the DECsyst em —1O at the Avionics

Labora to ry .  The hardt ~are descr ip t ion includes the phys ica l

conf igurat ion and the parameters  of the individual

resources .  So f twa re  c h a r a c t e r is t i c s  include a desc r ip t i on  of

the Operat ing Sys tem resource a l loca t ion  procedures and a

rev i ew  of the per’ forma nce eva lua t ion  tools whic h are

a v a i l ab le on the sy s t e m .

Chapter III presents the development of a closed

form so lu t i on f o r  ~1oseii q ue u ein j~ network models. The clas s

of mo dels to be used Ia this report allow .r, different , c la s se s

of customers and four types of s e r v i c e  ce nt e r  L t i  i’e p re sent

the computer resources. The i~i tp l i ea t ic ’na of a s sump t i ons

r e5ju ired for solution are anal y :’ . ’! as they n ’e .Iate to the

fl ECsyst em— 1O .

Ch ap ter  IV p r e s e n t s  t i t i - co mp utatio n ai ly efficient

5
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a lgor i thms for per formance mea sures ,  The l imi tat ions on the
( U

a pp l i c a t i o n  of these a l g o r i t h m s  is also p resen te d in t he

chapter.

Cha pter V presents the results of application of

v a r i o u s  s t r u c t u r e s  of c lose d q u e u e i n g n et w o r k  mode l s  to the

DE Csystem—1O. Each model correspond s to a particul a r

re presentation of the system . The resul ts of eac h

* co n f i g u r a t i o n  of the mo del are  d is c usse d a s we l l as

comparisons between representations.

Ch a p t e r VI p r e sen t s  the  c o n c l u sions  a nd

recommendations for future study.
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Chapter II
H.

DEC~,y,s tern- lU C o m p u t e r  System

Qu a n t i t at ive me asu res  of com pu te r  s y s t e m  pe r f o r m a n ce

are only meaningful when  system configuration is specified .

The system configuration includes all hardware and software

• char acteristics. In general , the number of possible

configurations is very large , e v e n  tho u gh t he pe r f o r m a n c e

effects are usually due to a sm all fraction of the total

nu m ber of param eters (Ref 5; L I )  . The c om pu t e r  pe r f o r m a n c e

evaluation work by lcKenzie (Ref 1) includes a

description of hardware and software characteristics of th~

i”EC systent— lO located at the :‘t ir Force Avionics Laboratory.

( The  addition of 512K words of core mneir.Dry is the only

signific ant h a r d w a r e  change since ‘lc<e n oie ’ s w o r k .  In order

to avoid excessive references to earlier works , a brief

description of the hardware confi guration will he presented

with emphasis placed on those areas relevent to this study.

A more detailed presentation of selected portions of the

Operating System and performance tools will also be

presented to establish a :iore co rnp i-~~e background for

r: :csystem— Io model validation discussed in Chapter V.

11 .1 DECsyst enim — 1O h ardware

The con f ig ura t ion  of the AFA I , DECsyste i ; i - 10 is shown

iii Figure 1. The dual processor  s’.’ rt ern u t i l i zes  two  K i l o

7 
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central processor’ units , w h i c h  prov ide p rocess ing  scrv  ice to

timesharing, batch , and real— time users. Components of

spec ial in teres t  for  th is re po r t  ~.re: the central

processors , the core memory and mass storage devices.

11.1.1 Processors

The KIlO processor’s are joined in a

pr imary / secondary  con f ig u ra t i on .  Both p rocessors  have

access to all core memory. However , only tiit ’ pr imary

processor m a y  perform the norm:i al 1/.” fun ctions. The

secondary processor may on ly  perform I/O associ atcd w ith

real — ti n e processin g . The secondary proces rom’ does not

p e r f o rm  t iny res o u rce  a l l o c a t i o n .  Therefore the m ajority of

the Oper atin g ~v s t o m  overhea d will l~e asao~ iated with the

pr imary p r o c e s so r .  ‘~hen a job running on the secondary

processor  re luir c a  .1/0 , ,he j oh is st opped , re tu rned  to the

.inI O o c ; t t ~~t ice t ’t ’ t ’  ex e c u t i o n  b y only the pr imary

p r o c es s o r .

II. 1.2

S ince  the a.I t udy by ~1cKeni a ie ( i 5 e f  1) ,  the core

a.tor~ì ‘~c has been exp ami l ed  w i t h  ohe add it i c’i of  5 1 . ‘K w o r d s .

‘I’l;o ~ia it )  n”mory of the  AFAL  DECs vs t e tn i — 10 now cons i s t s  of two

L~’pe:; of ;:lc ; .non ’y un i ts ;  four HIK u n i ts  of Cig ital Equipment

Corporation ( D E C )  ; ;e l . tor ’y (Ro C C ; ‘TOC-3~ 4—O 1 ~) and one 512K

un i t of A a i p e ,<  Cor~ o;’at i on  mc::loi ’y (Ref 3;3) . The uni ts

have the foll owing pa r .imneters

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -
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DEC A M P E X

word Length 36 bits 36 bits
Memory  Si ze 5 1 2K wor d s 5 12K wor d s
Cycle Time 1000 nsec 920 nscc

The addition of faster memory causes the required processing

t ime for a job to decrease . The amount of decrease is

dependent upon the s t ruc tu re  of’ the job and the n u m ber of

memory re fe rences .

11 .1.3  t’Iass Storage

Two disk systems , RPO3 and RPOI4 , are used by the

DECsystem— 1O. Four RP33 disk units are interfaced through

the M X 1O m e m o r y  mult .ip lexor channel , while four high speed

4 RPO~1 disk units are connected through an ~1U—i 0  control  unit.

These disk units have the following characteristics (Pef

2;7OC—38~4— O 1g)

R P O 3  ~PO 14

~urtber of Units 14 14
Ca p a c i t y  (Mi l l ion I~o rds )  10. ‘~14 20.00
T r a n s f e r  Ra te  (word  s / s e c )  66 , ~~7 173 , ~7l
Average  A c c e s s  Time ( s e e )  1 4 1 . 5 36.8

Of spec ia l  concern to this stud y is t h e sys tem use of each

disk t ype .  One RPO 3 until is used for sy s tem f i l es , wh i le  one

RPO4 unit is used for swapp in g .  Under heavy  load cond i t ions ,

interference may result for either disk  type .

10
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II. 1. R e a l— ri me Pr’oc ’ .s inp, t ’ t’cct :;  on IL a rd - ,
~ar ’ e

. O f l  t ’ j ~ur.it t O r i

McKenz ie ’s work provides a comprehensive discussion

cf problems arisin g from re al— tim e program m ing applications.

The excessive swapping overhead induced by real—time

p rogram ’s use of memory has been nearly e li m inated by the

add ition al core storage . !Iowever , future applications may

re  luire in c r o as i ng ly  l a rge  amounts of core and again

restrict tim e— shar ing user’ ’ s access to me m o r y .  Another

c o ns e q u e nc e  of r e a l — t i me  p r o ce s s  imig is the til location of a

s ing le processor  to t i m e— s h a r i n g  use rs .  The d e d i c a t e d  use of

t h e  se cond a ry  p roce s sor ’  is i n ve s t i g a t e d  further’  in this

study.

11.2 D~~~s v s t e ; i — l O  O a c r a i  ing ~v s t ~~m

The TOP~~— 1 O  e o e r a t  ing s y s t e m , or M~ ’~ ‘~‘ ‘~ , pe r t o r ms

the accountin g , schedu lin g , r es o u rc e  a l lo c a t io n , ari d service

routines necessary to ape r a t e  in a ‘ru It 1 pr cg  ra m n a  i ng , t i flC —

shar i ng env i ronme n t ( Re C ‘I ) . Nume rous t sh ies  mn C queues

a m’e ma ~rita m e d  by the s y s t e m  in end en t o  per Cc rm the

r’ oqu i red func t i ons .  The ~ CNI ~~~ ma i :ita i:ns control of all

p r’oc e i r i g  ~v r’espund i rig to  a c leek i n  e rn’aj - gener .r t ed Co r

e.m ch p r c e e s s cr .  ‘he c l oc k s  a re  m ’ wn .-it . 1 rn~’ C r e~~acn cy  . The

int e r r upt s  t h e r e f o r e  b r a c k e t  a t ime s l ic e  1,nO s e c o n d  1))

lengt h . This no , i s :mr ’ e o f ” 0 1  mao • ca led a j i  ~‘ t’y , wi 11 nc ’ov e

use t’s wh en d i ac i t ~S i fl ~~ 5 vs  I. a : :  o p era ’, io n

1 1
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There are a v ,u r ’ i et y  of  m ed u l e s  an d  prog rammi s w i t h i n

the Operating System which permit it to perform its required

t a sks .  Am on g t hese are the Contro l  Cyc l e  m o d u l e s , including

r e s o u r c e  a l l o c at io n mo d ul es , and various evaluation tools

which enable system perfor ma nce measurements to be obtained .

11.2 .1 Control Cycle

Beginning with the clock tick interrupt , every

s ix t ieth  of a sec on d , the c y c l i c  rou t ines  of the M O N I T O R  are

executed and then control is returned to the user program .

The a c t i v i t y  o f  the contro l  c y c l e  t a kes  on added impor tance

for this s tudy .  One of’ the pr i na m ’y  d a t a  ga the r ing  prog rams ,

M ETER , u t i l i zes  code l o ca t e d  in s t r a t eg i c  modul es w i th in  the

MO N ITOR.  The majo r ’  MON ~T OR modu les a c t i va t e d  dur ing eac h

clock tick are: ~LO. K , C0MC.~N arid g C i h E P 1  . The sequence of

these modules is sno .~n in Fig ure .! .

- ‘I C K 1

I— 
c

-t

i’ i gs re  C.  C o n t ro l  C’~c l e  ~ e qn.m e m m c e

1 0
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11 .2.1. 1 Cloekl

In CLOCK 1 , the basic accountin g functions of the

M ONITOR are performed . If a user program was running , the

accumulated time since the last accounting up date is added

to the job ’s run total in the MONITOR’ s Pro ce ss Da ta B lock .

when there are no jobs ready to run , a Monitor routine

called the Null program is given control of the processor.

It ’ the Null pro gram was running, the time is added to the

total Null job time in the CPU Data Block. If the Null

i”ro. ’r”ai was running and there was  m t 1 east one job in any of

the run queues which could not be run for some reason , then

tne tim e is considered “ Lost”  CPU t ime .  One s i tua t ion  where

Lost  t ime may occur  is when a job has been swapped out to

U d isk and is scheduled to run bef o re  it can be swapped back

into  memory .  If no jobs were in a run queue wh i l e  the Null

p r o g r a m  was  p roces sed , the t ime is c o n s id e r e d  “ Idle” time

(Ref ‘i). This time is used to calculate the CPU

u ti l is at io n  . In addition to the accounting function , CLOCK 1

is entered at the end of the control cycle to perform

c o n t e x t  sw i tch ing  if needed . Context sm.~tch ing is the

- ‘ process of saving user register ca tents arC pointe” ‘s. This

is required only if a new job h a s  been selected by the

scheduler. ~hen the accounting functions are comp lete ,

CLOC K1 ca l ls  a rout ine w h ich  determin es if there are any

commands waiting to be p rocessed . If there ~rc c o m m a nds

wa it’kn g, con trol is passed to the command processor rcuti ..

CON C O N .

13
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I I . 2 . 1 . C C a ’ r . i  ,irid P r o c  es

The Com m and Pr ocessor is the MON ITOH module

respon sible for’ i n t e r p r e t i n g  the  user ’s re q uest f rom the

termin a l and then p~iss ing comi t r’cl t o  the prop er routine to

S at is fy the comma and . Aft c r the  user has emi t. ered a comma nd

t r a m  the t e rmin ,ml , t he c o m ma nd is stored in .m buffer -
‘

intern al to the MONI i ’OR  . it’ the re are c omnm ,tnds in the

but ’ Ce r’ , herr COM ~‘ON w i l l  ac t  Iv a e rent  t r i es  wh i c h w i l l  gather

the d a t a  ne o e : .s a rv  fo r’  l iter r e f e r e nc e  to  the app rop r ia te

use r ’  ‘ s t er;n ~na1 . ‘he co mr:a,mi d p ro c es s o r  w i l l  net p rocess  more

t bar r  one ce:.:m.nid during  each  con t ro l  c v c  1€~ . It’ mere t han o n e

oemi:nami j  is  w. i  nt . i r i ’ ,  , t he co:n:n mmnd pr’ oe esso  r w i l l  he c ~il led

d an in sac c ~‘ s a iv e c ye 1 e a t a process the rem a~ rt i ng command s —

This is c e r n a i s t a r i t  w i t h  t h e  b a s i c  M ON I T O R

h ‘La so ph v wh to h i a t o r’ ira t he c on t no! a c 1 e qu c m~ 1 ~ a

c cm:; ’ 1 a’, I err  ,m ’ :~i j l low  t he ase r’ crc’, m’ ,i mns the :‘:ai or it y at’ t he

cc esa  i r ig t i ne . S . o :me ce::r :’mtrr d s m av r’ oqu I rc a c re  t I me t ham is

des i rab le  t o  be t ak e m:  dur in ’ , t h e  c e n t ra l  cy c le .  These

command a a rt” se t  up ,i :; spec i .il NON I l’OR rout  inca , a nd a re run -‘

C a r  rig t he a ser ‘ s t i ac s i ice  as one a C t l i t ’ I ISCI ’  ‘ S j Ohs

scin•:~ i
The ¼’ n e ~1ul er , S C O F C  I , ~ a lh~’ ‘‘ NI FO~ medul e

r capon si hi e Ce r ce n t  :‘ a ll  i r i g  I he .~ 
‘ ‘ c at I en a t’ a ys t em

r ’ c a au r c e s  anon:’, use r j ot ’~ . ~
‘ : n t ’ C C C s \  S - “ C ~~ a

‘n il t i prog m’ .i : r :’i rig a ~ st  era wh to  h ~
- em il t. S : u i ” r e  mm~ as a... ‘ “ to

r es ide in ca re  w i t h  c er ic  u’’ r ent  anon  .r t to rn  . It is t he fun ct io

- p .  V . .~~~~~~~~~ - .-—-’-- .~~- — -.- -~~~- p~
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of the schedu ler to deter m in e wh ich job will run d ur ing  eac h

t i me  s l i ce .  Wh en swapp ing  occurs , as is per m i t ted at AFAL ,

then jobs may res ide in  core or on secondary  s torage dev ices

such as the R PO Z 4 d i sks .  Because of this situation , the

scheduler mu st not. onl y decide wh ich  job will run , but also

call a Swapper routine to det ermine which jobs will be

swapped to or from seco ndary  s to r a g e  and when this swapp ing

w i l l  o c c u r .

The overall objectives for the scheduler  a r e :

1) Provide for sharing the mach ine ’s
r e s o u r c es  amon g the user j obs  s o that each
rec e i v e s  his share  on a t ime ly  b a s i s .

2)  P r o v id e  f is t  response  ca p a b i l i t y  for
V jobs that requ i re  c o nv e r s a t i o n a l

i n t e rac t i on .

3) P r o v i d e  a v e r y  fas t  r ’es ponse
c a p a b i l i ty  for  j obs  per i’o r m i n g  tasks that
requi re “ rea l t ime ” i n t e rac t i o n .

~~) M a ke e ff i c i e n t  use of ’ all s y s t e m
resou rces  (~~ef 7 ; 1 ) .

To meet these o b j e c t i v e s , the sc heduler uses a

ma.i i f i cat . ton  of the Round Robin ( R R )  a lgor i thm , one of the

most wide l y  used sche- lu l  ing a lger it hmns for tim e— shared

computer system s. Tire st r u c t u re  fo r  the Round Robin s y s t e m

is shown in Figure 3. N ew i~ ’ a” rivin g cL~stomers take their

p lace  at the back o f  the qu e ue and p r og r e s s  to t h e  head of

the queue in f i r s t — c o r n e — f i r s t ~~~e rv e  fa .~nion ( R e f  3; 1tn~~)

~h en a job is ready to receive service, it is alloc ated a

se r v i c e  limit cal led a quantum . If the job st i ll r’o lu:l

se rv i ce  whe n the qua ntu m has exp i red , it is re turned to t Lc

15 
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end ci ’ time same queue and the c yc l e  is repeated . The job

w i l l  cont inue to a l t e rna te l y  w a i t  in the queue and rece i ve

se rv i ce  until i ts s e r v i c e  de m ands are s a t i s f i e d , at which

time it wi l l  m ove to another queue . A spec ia l  case of the

Round — Robin queueing discipline is Processor Sharing (PS).

For a PS resource , the service time quantum approache s zero.

Each customer receives an in finit e ly small amount of service

bef’ore returning to t h e  end of the quc ue.  The cus tomers  are

t h en equ a l l y sha r in g the resour ce.

I)

~~‘w A r r i v n l 1.a,~~~~~~~~~~

’ ’ ” ’

~~~~~~~~~~~~~~~~ 

‘

~ 

—

Figure 3. Round—Rob in  Queue

The Round — Robin  queue , d e s i g na ted  PQC , Is e s p e c i a l l y

w e l l  su i t ed for a t i m e — s h a r i n g  enm ~ t ro n meni t  as is enm ~’o u at e r e d

on the DEcsyatem— 10. It ~~~~ ts good t . rm r rm. rom a nd t ime for

sm il 1 jobs even though v e r y  l a r g e jobs may be on t he s y s t e m

( R e f  7 ; 2 )  . It a lso g i v e s  eac h  j ab  in s u c c e s s i o n  an e q u a l

16
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a p p o n ’t u n i t y  to use t i re  r’ e c o u r ’ ce  a r3s oc  t o t e d  w i t h  the queue .

Ric h at ’ the jobs  r ec e i v e  a “fa i r  shar ’~’” of the resou rce

cap.ic i t y .  In th is ins tance , “fa i r  share ” means that no job ,

reg m r ’d lean of i ts se rv ice r’oqu i remmie nts , may take ove r  the

re a a m u ’ c c .  D if f e re n t  mis ers  m a y  have  d i f t t ~r ing op inions on

wh at  is a “fa i r  s ha re ” for their p ar’ tic u l ar jobs. Some jobs

may require much less s e rv  ice th in wou ld  be a! loca~ ed to

them in) the Rou nid — I~obin a lgo r ’ i t h m .  Par’ these j o bs it might

be co ns i de red  un fa i r’  to  r ’ e q r r i r e  them to wi l t  in the queue

Car 1 nr ’g e t m m m c qua r:  turn w h ichi the ~
‘ w i l l  riot i i i  11 y ut iii ze

Ini t a r a ct iv e  j obs  are one c l as s  of job wh ich

genera l 1.y h a ve  sma l l  p r ’ c ’ e : ;s i r r p ,  n’equ i r i m a n t s  . The ‘F ex i .

Pd i tor’ and Co r’ rec  tor ( I’ RCO ‘I is an x .u:irp l a or ’ an i nt c rac  t iv e

job. Vo n ’  this t ype  j o b , a f a s t  r o s p ) n m s e  t ime c a pa b i l i t y  i.e

des i ‘ L i  . ~hcn the user ’  en ten’ s a ‘I’ V~ O a o:;rr:ia nd , lie ax pec t’.a 0

~iUi ek r ’as po nse  , ( p re t ’cr ’a b ly  less  than 5 s e c o n d s )  . The t i me

req uired to cycle through t h e  I’~~.’ queu e ~~ i i  be highly

lep rid ent upon the n u m b e r  at ’ j o b s  in t he  q u u c  . It’ the

‘ y . ; t e n m  is he iv i  1 y loaded , the tim e n ’equir ’d t o  e cU’ through

C. ’ cou ld e a s i ly  be a e v o m ’ a l  t i m e s  t h e  d c s i n ’ o d  r~~~ pon ise

To meet this m’eq u i ro r : ia n t  for ’  t’. i st  er r ’ € s p ’nm -;e tune

C r’ ammo 11 job a , .1 no t imer  j  i’  ire , P~ 1 , I a U ‘. I . Th -n ii cue w i l l

hav e a hig her  p r i e r ’  ity than 1 - C C .  A t He lu.ir ’ i 0:1  15 :115)

e~ tjh1 i s h re d  t’or j ob s  in r.~ 1 . low ’v c r , I i ’  P CI  q u r a t u : :  w i L l

gene rd  lv be much s m a u l  i c r  than that r ’ c e i v c d  in PC’

Re t ’ 7 ; C) . It’ a j cub n ’ e i u  m e  a in ‘r ’o Sc rv ice uft - r’ i a PQ 1

‘ m u  it  nmm:1 hi -; cx p 1 r’ cC , t ii a I t. w I 11 be r’ aq ua i i  ‘ 1  t -~~ the h a ’  K a C

I !
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the PQ2 queue . In this manner , all jobs  r ece i ve  a small

burst of se rv i ce  whi le in the PQ1 queue . Jobs which s t i l l

require serv ice  enter the Round Robin cyc le  for PQ2 , where

they remain until completed .

Cer ta in  progra m s may require even fas te r  response

and bet ter  per formance than is obta ined by using PQ1 .  To

s a t i s f y  this c l ass  of prog rams , add i t iona l  high pr io r i t y

q ueues are es tab l i shed . They are labeled IIPQ1 through IIPQ1 5

( R e f  7 ; 6 ) .  The L ine  Pr in te r  Spooler and ce r ta in  computer

per fo rmance  eva lua t i on  pm’ ~grams are e x a m p les of the type of

job which require these queues .  If not in use , the Line

Printer Spooler is swapped to secondary  s to rage .  When

p n ’ i n t i nmg is requ i red , the spooler  must be swapped into core

ahead of other user joii~ and must have access to the ~P U

a nea l  of urer j o bs so that the output buf fer  m a y  be i’ili’~d .

P e r f o r m a nc e  measur ing program -; o f t e c  requ i re  rap id~ - icces s  to

MP~ ITOR d a t a  t~ bi es . If high priority queues were riot

avj i l~~ble , the ePE pro gran~is wou l d  have  to wa i t  in the PQ1

queu~ 
;- m nd possibly lose d a t a .  Jobs in the 111gb Pr io r i ty

queues may acquire a Li sys te m resources  ahead of user

pro g r n: i s .  Howeve r , those  jobs  w h i c h  a re  permn i t t ed  into HP Q

are generally 1/0 bound jobs so that most of  the CPU

C :lpaC ity is avail able to the us e r j o b s .

The f inal  o b j e c t i v e  of  t h e  sch elul er is to o pe ra te

the sys tem as e f f i c i e n t l y  as poss ib le  w i t h i n  the p rev ious l y

m entioned performance constr aints. One approach i s  to

balance the CPU and I/O bounq jobs in core so that

18 
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mult iprog ramming is nnade most e f f i c i e n t  by over lapp ing  I/O

w i t h  processing.  When the p r i m a r y/ s e c o n d a r y ,  -dual  processor

conf igurat ion is used , add it ional consider’at . ions must be

included in the scheduling philosophy. Since the secondary

p rocessor , C PU1 , has no I/O capability for time— sharing

u sers , i t woul d b e d e s i r a b le to pr oc ess CPU boun d jobs on

that processor .  That approach would permit I/O bound job s or

jobs wi th small p rocess i ng requi rements to be run on the

primary processor. This approach) is incorporated into the

scheduler so that cons idera t ion  is g iven the type of job

assigned to each  p rocessor .  Jobs to be run on CPUO are

se lected in order from the f ront  of tile higest p r ior i ty  run

queues as fo l lows : IIPQ1 through IiPQ 1 5 , PQ1 , and f inal ly PQ2.

— 
Using the assumption that jobs which have a l ready  run for a

relatively long period of time will be CPU bound , the jobs

to be run on CPU 1 ire se lec ted  fro m the front cut ’  the lower’

p r i o r i t y  run queues in the following or’der: PQC , PQ 1 , and

f ina l ly  the LIPQ ‘ s. Another ’ fac to r  is the real  i zat ion  that a

compromise m ust be ach ieved  be tween throughput and short

term response.  One a t ’ the control l ing cons ide ra t i ons  for

th is  compromise is the number of ohs in the sho r t t ime run

q ueue , PQ 1 , and the lori L; run queue , PQC. The n u m ber of jobs

in each queue is d i r ec t l y  depe nden t  upon the s ize  of the

quantum a l locat ion in each queue .

11.2 .2 Quantum Run Time

Til e f low of  jobs through the p roc e ssor  run ~u~ ues is

19
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( great ly  a f f ec ted  by the amount of se rv i ce  they rece i ve

before be ing requeued and also by the length of time they

are permitt to remain in main memory.  The job ’ s quantum

run t ime is decremented while the job is being processed .

The in— core protect time is decremented if the job is

scanne d b y the schedu le r , w h e t h e r  or not  i t  is be ing

serv iced . The in— core protect time affects processing of

jobs in a n o t h e r  m a n n e r  as w e l l .  When the in— core protect

time ex pires , the job is requeued to the end of PQ2. This

may occur  wel l  be fo re  i ts a l l o t e d t ime qu a n t u m  has  ex pi re d ,

an d even if the job is not actually swapped to secondary

storage.

Qu an t u m  run  t i me is com pute d b y the f o l l o w i n g

f o r m u l a :

QU A N T U M  R U N  t I I N [Ql I X ,QAD+(SIZE*QML )/QRANG )

Size is the job ’ s s ize in K ( 102 h w o r d s ) .  QMX , QAD , QML and

QRAN G are Operat ing System parameters which are stored in

~1ONITOR tables wi th values spec i f ied  for each queue and w i th

the option to change the va lues , depending upon which

swapping dev i ce  is used . For the synthetic jobs used in this

s tudy ,  the quantum run a l loca t ions  a re :  3 jiffies for Ni ,

and 30 j i f f i es  for PQ2 .

A similar formula is used to de te rm ine  i n — c o r e

pro tec t  t ime. In this case the ~li n i mi u m Core ‘ Isage V unic t  ion ,

MCUF , is def ined as fo l lows:

( MCU1” ( PROT * S IZE )  + PHOTO

20
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~~u r  and PRO1’~
) ar ’ e im ite rn ial  ~iuni to r  p i m ’ a m i c t e r s . T i re  cur rent

paramete rs  at AFAL produce an in-core  protec t t ime value of

2 seconds , 120 jiffies , fo r  the syn thet ic jobs of t h i s

stud y .

The det en ’iun inat ion of quantum run t ime for eac h queue

and in—cure p ro tec t  t ime can have a prot ’aund e f f e c t  on

system per formance.  For PQ 1 , the q uant umn run t ime is a

measure of the t ime the job n’ ece i ve s  rapid sarv i c e  a f te r

en ter i  ag the s y s t e m .  when this quant um - i  e x p i r e s , the job is

r e qu e u e d  to the  en d  of PQC where tt receives a new run

quantum . However , the job ’ s i n— c o r e  p r ’o tec t  h i s  been

decreased . This p r o c e I a r ’ e  perm i ts  s m m , m l  1 f m : .t job s  to m’ e c e i v e

excep t i ona l  serv ice sahedul  i rig respo n:e  end al reduces

swapping since the l un ge r ~obs are :;t il 1 permitted to

rece ive  sonne s e r v i c e  in PC . > bef o re  t hey are sus ’ .1p:’ ’u
~ out

( Re f  ‘4 ) .

For j o b s  in PCC , t ;:e 1uan t run:r m ’ sn t ime 1 1 1  I n ) — L o ~~e

p ro tec t  t ime c o m m t r ’ o l  I lie b ias  of ’ the schedule r ’  fa r I/ O

versu s  CPU j obs .  It ’ bath p i r . u m e t ers  are i nc n ’ e a s e 1 , t hie n ’c

w i l l  be a d e c r ’ ~ r .;e in t H’  numbe r  a t ’ j a bs  who s e  t i~’u s l ice

ii as cx p1 m’ed . A~ ‘or ’  C n i y , a w n  pp 1 rig u ‘ leo r’ e i s e  and

through put should i ;ym ’ a~ e ( bee luI : .~ of  I’: ~uc~~d o v c m h c , n d  in

s w a p p i n g ) .  R e s p o n s e  ~s ~‘ a g r i 1 e l  in th is i n m s t i m n c e  l c c .un~~e

jobs w i l l  tend ta w r i t  Longe r ’  t o  s w i p  into  e o r e  . f l e c n ’ e a s i r r g

the two pa r a m e t ’ m ’ s  W~ IL h u v e  the o p > s i t c ’  e f t ’o ct  an

t hroughput and r e s p a n s ’  . The ra t i o  a t ’ the t w o  p i r .nc -~ta r ’ s i s

a lso i rnpor t . i im t .  l a n g e : ’ I m n a n t u r m run t i m e s  f i v e ’ ’  Ch’ d lO b 5 ,

whi le longer in — c o r e  p r’o tcc t  Li n e ;  fav or ’ 1/ >) j ob

-~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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I’wo ~i l di tio n a l  r’e~~t n e t  ions ar’e p1 ~‘ eui ann swa pp ing

( R e f  ‘4 ) :

1) Re a l — t i ne  jobs m a y  not be swapped
out of co re .

?)  Job:; w i t h  i nco m ple te  I /O reques t  m a y
not be s w a p p e d  out o f  c o r e .

The schedule r’ cal is up the swapping n’ ou t ine wh i c i n  selects

jobs to be swa pped  into or out of core , with in the

r as tr’ ic t ion s stated above  . J o b s  t o  b~ swapp e d  i n  a re

s e l e c t e d  from t he  f’ r’on t of the run queues ni ord en of

pri ority: 1I PQ’ s , PC1 , ar id I C . ’ . Jobs La he swapp e d  out ire

se lec ted  from the en d c m ’ the run queues t’rom l o w e s t  to

h ighiest p r i o r i t y :  PC.~ , PC i , and 1IPQ ‘ s

~ys t e n  To o ls

Thr ee pert’o m’m-r: mmr’e me.isur ing p n ’apm ’ n:ns  a r t >  a v a i l ab l e

on the D i’:L~~ y s t e r 1 —  10.  1’liev am ’ u ’ ~~~ ~
‘ .\ 1 , l ’R \C K , r in d  ~- 1V i ~:H .  In

add it ion , the :C I~ 11’ i prog ram pa r’:n Is  t i re i ru I t o r r e a ua

e x e c u t i o n  of’  sev e r ’  ii cop ies a t’ .n i rmg a pm ’ ag ~‘am . f x  a n t  on

c u t’ v a r ions c omb i not- ion a a t’ prag n ’ am a ml an ‘, wtt in a ne a t t- lie

pe r f o r ’ m a nc e  m :re >s ur in prcug m ’ rm n:; ml low s t i r e  ca l  lu ’> t  ion  a t’

d a t m  led in foru at t :11 on sv :; t a~ per ’ t ’a r : un : r c  -‘  i n  -C cm ’  ~‘ a :  I r ’a ii ad

c o m m i t  t i 0 mi s

II.~~.3. 1 fCRIP T

~C i t PT is a sys t em pr’ ae :‘ en w } m  I mm pa i’m i t  a ii mmnie n’ a u a

c o p i e s  of  a pncug r m m  t o  be ax a> ’ ut c i  . Fe m’ t I m  i a I t idy , tw o

bas ic  prcugr ’a ma we re  used ma ‘ ‘ n  t h at  i > ‘ wo m ’ I \  load . Us t rig

:~ C H I PT , Li p t o  1 d c >  p i> ’ - ; a t ’ e n ’  ii i ’ m n inn  c n u n b~’ 1 ~ ad arm I

1
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p n c tid e t c l an v pa a . in odd it ion , ammo o f ’ t i m e per ’  t ’o m m m c  e

: - r ’ m a u n ’  inig pr’ og ra mn n; ca n  be in i t i a t e d  each  t in mi& ’ so that the

i’ ea rl t i mm , per t’or rna m iu ’ e d at.a would  be a mea sure for a known

g immmt i l t amnt ’ o rma e x a a u t i o n r  c t ’ sev er’m l “ s c r i p t s ” pe rmit

mn ,
- 

~‘ a:mmh i not ion c t ’ job a; 1 inn i ted an 1 y by t lie sys tem: m ‘ s

c i i ’  i t y .

Uhu ’ ~~‘?~ ~
‘ .\ 1’ p r ’ e g r m m m m  pra~’ rd es  the r is e r ’  or comnipt i t e r

‘ a i t a r ’ n o r m - e m ’ :~ tm g e nna r ’i l a\ ;tan: m status i nt o n ’ n n m t . i c u n

b. ’ :  - : ‘
~~ 

t O .~ n ’, j f l> ’ n >  the a v s t a : , m  , a use r’  may us > ’ t h e  ~Y STA T

ce: - :~. . m i l  t o  d at  a u~~~. :  n -  t he number ’  a t ’ ,j abs an t i m e  sy  at  e l m mmmd

H’ c a m  - ‘a nt ~Im: l i  1. c m . ’ r, i l l > ’ t i me  p it i~ lost  t i n m n e~ . 1Hn it e d

r a t  j o in  a b a > ,  I e a c h  use i’ is m l so l v i  i i  ii’ 1 a . T im e ~Y S iA~’

n m  nn ’ o v  >,.~~as > c c ~ use r ’ s t a b  : : r n n n n t u e : ’  , ~rc n , r ’ o n . m — l r ’ c  ‘ - ‘ i.

mi n i t e n  , . in i - I  1 - :
~ n ‘a .  :1 a. > i v ,  I ,mb I a i a t h u  r ime .ini

I no a t ’ t tm ne nm  > , n, n ’ , m  . n c t n  user’ is m ’ u m m n r  r ig m in t t ine :‘c . nn - : J . ‘t ad

S 11~~m t- i  n> ’ 5 [ t r e e  I ~> f - n5 ~~’ ‘g  a’; t a t h > -  a a t  en -n . \ n ;  at.  ho ‘ - a  asu r’ a of

I - - C H i n  ~:; :‘ r ’ ov  1 . 1  l v  ~~ H - k m ’ i s  a l is t i ng  of

1 .‘ t - ~ V C d I V  a t ’ a ‘ii i , mn1 ~’ i m m i I a t ’ u ’ ee an o r cu e a t o n ’  ‘ n . ’ ii >1 i ak

at  r’ nrc t n i t - ’ . n~ I
’ a~~ec 1.1 m m  ‘ n ’ - ’ at to I. ti ‘ V - ~ t a n ‘n :1 r i m  gem ’  in ; t im e

.m . mourn t a t ’ a w i  p- 1:1 . ‘; a m e t ’  in sod , ‘~ t m ’  u:m 1 .‘c ’ m a used , a w a s p  in

ro t  L a , v i m ’ t u m l  ~- o : e  s i v e d  I ’~ ::h.m m ’ i n a, inr . i  c> > ‘ r~~~ e ,lob s t ’ .e

i la t’ I P . a A I C -‘c a p n’ >v id a ii a t ’ : m  I i t :  I’.- m ’ n: mt  I - ‘ n i umm d ‘n’

cue t i n n  I I a m  ‘ ‘ f l  a I i mn a . > > 
~~c v e t ’  , ,i ‘ :  ‘i’ > ’ 1 1 cx  r t ’ 1> ’ i i ’  .‘g r’ Wi I S

n n > .’u ’.1t ’~I to g it h ier ’  t i n t ’ >1 i t o  n a > I e > l  r’or :n re ’ la l  v o l  ii it : - ~~~ .

~ u ’s  i n’ e l  f i ax ft 1 It  v i n ;  p r’ov Id -1  t’ v t I n > ’ .‘> m ’K pm ‘gr in - n

- - ______ —~~ - - -  --- - - - -- - — - - - - -—--- ----- - ---- .-~~~~~ - - - ~~~ --— I- ~~~~~
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I I. P . 3 . 3  rr’ ick

The TRACK program may be used to monitor the

pr ’ogress ari d performance of ind i v i d u a l  jobs or it may be

used to measure the pe r fo r m ance  of the ent i re  sys tem.  For

this s t u d y ,  the TRACK pr og ra m mi was  used only  to gather da ta

on sys tem per’ fo r mnmne e.  The progra m per f o rm s a “peek” at

se lec ted per fo rma nce paramete r ’ s at int e r va l s  s pec i f i ed  by

the user. T R A C K  is infi i nm ted by e nt-er ’ ing a command str ing

w : m i e h  spec i f ies  requ i rem. re n ts  such a s :  t ype  of ’ m ’ apo r ’ t , use of

hi in prior i tv  queue , lock in core , len gth at’ p eek i n t e r v a l

and r mnnnnbu .’r of  in it e r ’va ls  used in each report (Ref 9).

Tim e r epo r t  g e n e r ,m t e d  by T R A C E  w i l l  include a

f r e q ue n c y  di stn ih ut ion f r  :nnoat p a r a m e te r s  u n an m au r ed  as well

as the a v e r a g e  v a l u e  m d  at mrndar ’ d  d e via t i on  for ’  each

p n r an . iete r  . Inn t’o rnn nnt ion c o m n > ’ e r ’ m m i n g  C P U  I n e r t  o r~i a n m c e  wa s

es~ ec ia l iy  impor tant.  La t im is  s t u d y .  The T b A C K  int ’oi’ n m : n t - i o n

t’or e ach  proc e ssor i n c l u d e s :  pe rc  em i t Null time , pe n ’ ce n t  L o s t

t i nnn a , m in d per cent t ime  s pent  f a r  overhead . Addition a l

nneasur ’ c: - n e m r t s  usefu l  for mode l va l i d a t i o n  ar’ e t i ne  n n m : m b e r ’  at’

job s in the run qua ues , and t i m e a amber of ’ jobs in T I i)  w i  i t

queues o t h o r  than 1-cl etype

later ’

The la te r  f a c i l i t y  or ’ nnr  ts t h e  i :- ip lemn c mn t :ìtioni of

“meter  pa ints ” through out the’ ~
H’ t i ’ R  , >> i nen ’ av e , ’  .m V al ire on J

event  of p o t en t i a l  i n te rest  may occ ur’ , The t-~e ter ’  m a c i l i ty  is

used to :;el ea t and c o l le c t .  par’ Ic n ’ - ’ n a : n - ’e at it t s t  ic a I’r’~~:um -
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~to~: Il’ t)R . I t  allow s pm’ iv ii aeed usen ’— n n o>l e pm ’ o.g m , m . s  t o  c o l lec t

sys tem data for p e r t o r ’ nn~m nca  a n>a l ys is or tu rn ing  of  j obs  or  of

the sys te m . The ‘- l ater  fa c ility is  cap ab le of ’ providing

s imp l e  s t a t i s t i c s  or raw d . ito .  The r a w  d a t a  ou tpu ts  requ i re

proce ss ing and Fe r ’ nnn a t t i rig ,i t’~~a r’ tine pro ‘, r’ inn has 1> ~‘an run

~1owev en , da ta in t im is fo I’m ~ i’OV . P as a mao m’ e d et n u t  - ‘-I p ie tur e

a >‘ the ays  ten o p e rat i o n  and is .nore dea l  r ab le  for t~he ea r l y

s t a g e s  01’ C PE mode l  d a v e ]  op m o nt

The t ’ le ter  t’ac 111 Lv is c orn pr i sad of t. hr ee :1 ccli an i sin s

wh ich ar’ e used for time co l l e ct ion  and  d ispositio n of’

pe r for : iami c e , Io t - n  ( R e f  ~
) ; I’I . 1) :

1 )  Me t  en ’ Pu tn t s are ~ha”t  s e c t i o n s  of
c o.i a ( a :‘t. e n on ni v ta-a inn  a t m  cc t L e n s )  icc at ad
t h r ’ o u -  hou ’. t t n a  Md Ii i’> 1h . -: CO P  a t e a t  for
ac t  iv a t  i n a I’ i t s  p o rt  .‘nn i nm’ sac ion ct ’ code

m i n d  it ’ ia t v~’ , c .~m a a :‘~~ t o t ’  Pc in t ~o ut irma

~
) t a t  ‘i ’ Pa in t  Pe n t . m n l >? a ire shan’ t , f ia t

rota t. i n as Hr icli nr’ . ’c a .’> S ~ne m et em’ v ~ 1 imes
be !~o m’e p 1.-na i ng co r n  ‘c 1 t I n e  Me (- -en ’ C in.nm n ; i e  1

3) Me t e r Ch ; n i :na i nn  a re  f a s t  ro u t  i m m e s
Hi ich .n j a m > a s e  a t ’ I lie r-’ r ’o ( ’esse , I  V . 1 1 l i e s  i r ite  a
b.i t’t’> -n r w ider ’  us C.’ ’  c-a n t r’ ol

~h e  hut’ t’er’ used to ac - ma - n i t  .mt : e r - r e t e r ’ .ad d a t a  is la~’~it ad in tine

;ne t e r ’ inn g j o b ’ s c a r e  i.mi mge . ‘line ‘- ; at.a r ’ inn g ,;ob uses time

h i b e r n a t e  mon i to r  ca l l  to synch r ’on i : ’e  t Ine , i c c n m : - n m r l a t i e : m  ,imid

p raee .;s i np  of ’ >1a j .~ . ‘l im e but ’ t’e r ’ length  s s e t  t o  arm integ ra l

pan-: e r o t ’ two so t i n t  I id ax i ag may t’ a ‘em ’ Fe r a n  c. i by a s i mp l e

:iudulo oper’ o t  i on . The ‘tPMII ’LH P ou ’s net  g u m r d  .m > ’. ; innn t but ’t’er

ov en ’  F low , but do es  pr av ide t in e Hi he rn ia t e  t’unm c t ie Ii . ah en

rge a:’lourn t a a t ’ P .m t a  cu re  raqui red , t ha nra Inc n’ i rig ,ne b inl a y

have to he ni .ne e.1 ii a ii ;hm p H e r -  it. y > 1 1 r ~~1Ie in on’der t o

pm’ >av aim t b uf f e r ’  am ’ i teov  en .

-— - -- --~~~
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The data gather ing rout ines used in this va l ida t ion

study in cluded thre e meter points:

1) M eter point 1 , Job State Queueing .
This point is located in SC IIED1 at the point
w imere destination queue has bee;. determined .

2)  M e t e r  po i n t  2 , C o n t e x t  Sw i t c h i n g .
This point is loca ted  in CL iCK ] w h e r e  it  h a s
determ ained that a differe nt job is to be
r u n .

3) Meter  point 500 , ~nni t  S ta t e  Code.
This po int  is l o c a t e d  in ~C~IE t )  1 where  a
c h a n g e in state code has been n- e-qutr ’ed .

.~t ien raw da ta  is co l l ec ted , it :n’.m st  be r e c e i v e d  and buffe red

as it is gerner ’ated . In order’ to avoid losing data , a routine

w h i c h  locked  in me m ory  m us t  be provided so that the data

nay be dumped o nto  s e c o n d a r y  s t o r a g e .  I f  the rout  m e  is not

locked in m e m o r y ,  it. may not La s w n m p p e d  beak into core in

time to nna ke the t rans fe r  wh e n the system is exper ienc ing  a

high swappin g rate.

11.3 Summ nm ary

The DEC syste nn— 1O is a dual processor computer system

w i th  ni cu nnn plex Oper ’a t ing Sys tem which pern :nits t i m e — s h a r i n g ,

batch and r e a l — t i m e  use rs  to share t.ha resources of the

sy stem . The c o m p l e x i t y  of the sys tem a ’ i  :-;o s  not  so much from

t he hardware  c o n f ig u r a t i o n  as fro nni the O p e r a t i n g  Sy s t e m

wh ich  a t t emp ts  to both o p t i m i z e  r e s o - n ’ee pe n ’ fo r ’ aa nc e  ar id

provide some degree of oq ualit to the users.

The s y s t e m  m easur ing  t o o ls  p rov ide  va r~ o,na l ev e l s  of

i nfo r ma t ion  w h i c h  nmn :-iy be use t’ul t’ar’ pe r for m n cum n c e ev a luatio ni .

P 6



- - ~“‘~~~~ 
- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~ - ~~~~~~~~ ~~~~~~~~~~~~~ ~~~~~~~~~ ~~~~~~~~~~~~~~~~~

A desirable goal of a performance model is that it require

only readi ly ava i lab le  sys tem informat ion in order to make

acceptable predictions of the system performance. In or d er

to fully develop the model , it is often necessary to obtain

detailed information of the systemn . The DECsyste ri— 1O

prov ides  eva lua t ion  tools  which  present  both leve ls  of

infor m ation which g rea t l y  a ided this v a l i d a t i o n  e f f o r t .

P 7 H4- 
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Closed Queuein g Network Model

The paper by M c K enzie (Ref 1) used several Closed

Queueing N etwork Models to evalu a te the performa nce of’ the

D E C s y s t e m — 1O  at the Air  Force Av ion i cs  La bo ra to r y  (AFAL ). In

order to valid a te mn odels of this type under v a r i o u s  w o r k l o a d  —

cond i t i ons , a thorough unders tand ing of the assumpt ions and

solut ion techniques of tIn e model is d e s I r a b l e .

Tin e solution of the C losed  Queue ing  N e t w o r k  Models

used in t h i s  m’epcr t  is based on t he  w o r k  o f  Baskett , Chandy,

Munt z , ari d Palacios (Ref 11) . Tln~ s c l a s s  o f  model is an

extension of earlier works  by Jackson ( R e f  12) and Gordon

and Me w ali (Ref 13 ). The solution technique of Gordon and

~e-well is presente d inn ~ppeniJ ix A . In th is c h a p t e r ’  the w o r k

of I3askett , e t .  al . is r’eviewed to provide the b ackg roum nd

for a d iscuss ion  ct’  t in e assu m pt ions  w h i c h  nest  d i r ec t l y

a f f e c t  the a u p L i ca t i o n  of this c l ass  of model to the

DECsys te nn—10 .

1 t i . 1  wor k of  t3a s ket t

Bns ke t t , e t .  al .  have e x t e n d e d  ear l ier’  wo r’ ks to

a l low d i f fe ren t-  c l a s s e s  of c u s t o a n c c s .  A m ’ ep res en t a t i onn  of a

C losed ~ue uein n; M etwork Model is shown in Fi g u r ’e ~I The

introduction of multiple custo me r classes overco me s the

l imi ta t ion of p rev ious  works  w h i - nh n’ e-qu ired t h at  all

2~

__________ 
_ _ _ _  A
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e n n : ; t . a n m e r ’ ; belong  t o t i m e  son ic  c l i .-;:; . ( ‘ m n ’ ; t . o m mmn ’ r : ;  r e c e i ve

aer ’v  ice ~m t the r’ t’ so ui’ c a:; in ) t im e n i a t w i  r ’ k .r c ’aor’ i i nm g to nan

ax po r mem n t i ni l se rv  ic e t i m i m e d r st  n’ Lb Ut iom m ape -a i f ’  i ad ía r’ ene ii

n odt ’ in the n e t w o r k  . Mc i nn : ; er ’ v i c e  t i m ine for a 1 a: ; :; r

-a ustommna rm ; at nod a I m 5 ‘, iv a r m  by  1 / ii 
~ 

Mc m v ( ‘ m i e n  t o f  a LI:; t anner:;

ii at. W e en re n ; ’  Un’ cc: ; i ,s a pec: i t ’ i ed I’ y a I’ i x ad ti’ arm a i t -  I a im rn a t .  r’ I x

I p - I wh e re  p , , is the pm ’ eb mb i 1, i t . -~’ t l i n t , . n c i  ~nas rI n ’ ; j :; m m ’  ;j n ;

‘ i n  :;t a: m en ’ I cnn V i n n  n ’ t. ii e i tin sa n’  v I.’ a ca n I an w 1 1 -a in ;n n m a, a to ; m

a i ran; s ‘ us t ommi e m ’ r ind  t o ’ I .~~ I iii’ I ii acm ’  v i c e  ‘ a r m t a n ’  . Cmi a t.onn e m’s

w I t.h i n n a a, iv cnn -a 1 mn ; . ;  .n n ’ ’  c ia  son ’  i I’ ‘ml by t l it ’ :; , mmr ne a ’  n’v i ’ e  t , imne

d t n t .  r i but. j ann arm . i  t i m e a,n:a~.’ 1 n’ . n m n : ;  it. i a r m pr’ .. m b . n i  i i  i t .  i ‘: ; . Tine

p h .  in ;  1:; a 1’ t im I, :; p.m pen’ in ; I o w . m  NI:; V , m I i d m 1. I a r m a I’ Li me rued ci

t ’~ r’ a us terrier’ a wim I- ‘ I n  do m a I. ..‘ h , n m i  ‘~ 
a ‘ 1 a 5:; . 1 . ,n L am co r: i ‘ m i t  nt i ann .m 1

~‘on ns 1.1 cr’ ni t toi l  w i  1 1 cx pm ’ e:n’. I y p I’ aim It it. a 1 na: ; ‘ i m ; nn u > n a S . ‘I’m I a

a j un p1 y mmm c a rm a Lii. nI i n ’  U win a rm n ’t a

‘l’h a a:; a urn p1 I ann o I’ c x  p e nn  ann I. i , I n : ’  n’ V cc  t I rime

. 1 is In  I but. ton:; i a no t  v - I iii t o n ’  a I I mm ’ n ; o t n n ’ c c ’ n ;  w in I ’  h a n’e

I I I..~ I y - t o .n I I’’° in ’ ml .i comm p m i t .  en ’ a y:n t~ e ra  m d c i  . Ac lanai :; y n ; t .a mi n

nrc .  n a n n r’ anne m m Is  ar m I i i’  I c In i ri m Ta r ’ mm m j i m  a i ~y at.  ann i mmd i a ~~~~. e l  t. i n n  I.

t i me : ; cm ’V i c e  t, inmne : ; Fa r ’  t tm ~n t . n ’.yn ; l. ’nn m ’ a S w in ’I I nip, -. i r ’ n n ; - i  we r e

im yp ’ r ’ t ’ x ~c mmcm 1. I a I ( He I’ 1 1 ; 1 h f )

‘c ix ( R~’ 1’ ) ii i:; :;t m ’ . L~m m t . b m a t  . i n i  \‘ : ; c ’ m ’  V I ‘a t. I mim e

P m a t r ’  i but i a n  w i t  in i’ , nt  b u n  l ip! . n ’ c ’ t’ r . m n m n ; t ’ n ’ min u n i v he

apn ’ a:a’ u t  ad m n ; . n  acm ’  i es o 1’ -a x ‘ c m n e m m  I. m a 1~ .1 i n t - n ’  I I’ . mi t  i ol in ; . Time

— 
(‘II: ; Laru a r’ s m m a ‘ nv a nit • a en’ v m ’  a ~‘a mm 1 - an ’ m~ 

- ‘  ii I a

a pn’ ‘nm’ i t .  ad I m u Lb I:: (‘ni n Ui I m l  ,n n t ’ ‘ c ’ m c i  I) V I I - ‘ at np. a 0

:;e rv j e , ’ ali t i i  t o L l . I ’ m gmni ’ a H m l  l n m : ; t  n ’ ,n ta : ;  . n a c t  “ 1 ’ n t

n)
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which mu ay be used to represent time service time distribution

of a service center , The probability that a customer

r ec e i v i n g se rv i ce at the  i t h  c en t e r  is in th e l t h sta g e of’

service is given by (Ref 11 ):

A~~~l ~~~~~ ( 1 )

Usin g the co n cept of classes of customers and the

m e t h o d  of stages , Bask e t t , et. al. prese n t the equilibrium

s t a t e  solution for a queuein~ ne twork  w i th  four’ a l l owab le

types of service center. These four types of’ serv ice

• centers are (Ref 11 ):

Type 1: 3 in n ~ le server , F irst-Come -F irst -Serve (FCFS)

qu euein~; discipline , all classes m ust have the samne

e x p o n e n t i a l  se rv i ce  t ime d i s t r i bu t ion .

Type 2: 3in .:~ie server , Processo r ’  S ima rin i g ( PS )

queue inn; disc ipi inc , di ffereni t’. c l a s s e s  of  c u s t o n m e r s  nim ay have

different servic e tim e dist r’ jbuti onms . All service tim e

.1 istnib ut I -a mi s n - must  hove  r . i tional  Lapi :mcc T rans form.

Type 3: Infinite servers ( tS) , no e m ,; to m nen w a i t s  for’

serv ice s i n c e  t h e r e  are at 1 c , i~~t . OS m o m m y  sen~’e r ’ s  J~

c n m n a t o m ; ’~’s .  Pi n~f a m’ emt .  c I .ns ,~e:; oP ;
~ni,-~t.om ners ‘ i -  hov e  unique

s o n y i~ ’a  t u n e  d ist r  i H u t - i o n m ~ so l~~a.; In ;  the i is t r ’ i bu tie r a  have

m’ .mt iot i - i l  La p l a c e  T m ’ a n n - ; n’um’~nn ’-
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Type L i :  Si ngle se rve r , Preen mi p t i ve—Resu m n e Las t—Come—

F i r s t — S e r v e  ( LCFS )  queueing d isc ip l ine , each c lass  m a y  have

a d is t inc t  se r v i ce  t ime d i s t r i bu t i on  w i th  ra t iona l  Laplace

Trans fo rm ,

Serv ice  cen te rs  w i t h  mul t ip le  s e r v e r s  and queue dependent 
Is e r v i c e  ra tes  wi l l  be cons idc red  a f t e r  the d evelopnnent of

tine solution for the network of single s e r v e r s  c e n t e r s .

111,2 N e t w o r k  S ta te  i~e p r e s cnt at io n

The stn -nte of a nmod el may be described at various

F levels of zm b ,s tr’act i on m. For exa m p le the state may be

s p e c i f i e d  by the t o t a l  nu m be r of cus tomer s  in the system u ,

t li ~ nuu mb e r of c u st o m e r s  a t  each resource , or a detailed

de. -; - e r ip t  ion 01’ the order ing  and c h a m ’ ac t e n is t i c s  of’ the

cu stou n e n’ s ,mt each n’eso u r ’ce .

hasket t  a t .  al .  rep r’e se n t  the s t a t ~e o f ’ tine m i no d e l by

a ve c to r ’  ( x 1 , x~ , . . . ,x.,1 ) whe r e  x~ repr’ese nt s the condition of

t b ’  ith sony ice center. The method of descr ib ing  a c cn mt e r ’ s

c o n d i t i o n  d e p e r m d a  on tine type  of  c e n t e r .

If the s e rvi ce center is FCFS then

x 1 ~ (x 11 , x~ -. , . . . , x~~ ~

wher e  n~ is time nmmu n he r of customer’ s at center i and x~~ is

the class of’ customer which is in the j t~h positi on ot~ the

FCFS order. The sin gl e server’ center is c o ns i d e r e d  at this

po int .  Thcn’ a fo re , only  the f i r s t  c u st c r : r c ; ’ in t i me queue is

- (  se rved  while the n ’emna tr md er one w a iting. 

—-.~~~~~~ - - - - .  ~~
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If  the s e r v i c e  cen te r  is either PS or IS , the

c e n t e r ’s con dition is described by:

x~~~(v 11 ~V j 1~

where  V i r  i s a ve c tor (m ir ,m 2r ,...,rmu
~~ r). ‘rhe lth component

of 
~ir ’ is the num ber of c la ss  r c u s t o m e r s in cen t e r  i an d

in the ith stage of service. Each class of customer may have

its service time distribution represented by a different

nu :nmber of stages. Therefore , U ir  is the  nu m b er of stag es for

ciass r customers at the ith center. All customers in tine PS

c en t e r  con t inu al ly re ce ive some am o u n t  o f serv ic e f rom  the

single server. The percentage of full server capacity which

each  customer receives is dependen t  upon the  to ta l number of

custome r ’s at the center. Customers at. an IS se r v i ce  center

receive full server capacity since there are at least as

m an n y servers as customers.

If the service center’ is gov~ r’ned by Pr’ eennnp tive—

Resume LCFS discipline , them the center ’ s condition is

descr ibed by:

x ( (r ,nu , (r~ , m.n 2 ) , . . . , (r~ ,r .m ) )

where n 1 is tine number’ of customers at the ith cemnt e r an.i

( m ’ ~ ,r n . )  describes the j th c u s t . o r m e r  in LL~FS o rde r ;  n’ 
,~ 

is the

class of the customer and :lt - is t h e  st nm g e of service the
J

cu stom er occupies.

The state description for a closed q u e u e l n g  network

with multiple classe s is much more com plex than that used

for the single class ru c o d e l jen ,c~’ibed in Ap p cm~ i i x ~ . For the

31i 
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sy stem w i t h  m u l t i p le c lasses , the s t a t e  d escr i p t i on  must

cons ide r  a l l  p a r t i t i o n s  of the c u s t o m e r s  amon g the se rv ice

cen te rs  and the o r d e r i n g  an d c h a r a c t e r i s t i c s  of the

customers at each center. The concept of an equilibrium

con di t ion however , is ve r y s i m i l a r .  The e q u i l i b r i u m  s ta te

p ro b a b i l i t i e s  mus t  s a t i s f y  the  f o l l o w i n g (Ref  1 1) :

v states , S . P(S~~)[r a t e  of f l ow  f rom S~ to S i] =

all s ta tes  P (3 1 )-[r a t e  of f low out  o f ’  S
i,
]

5’.3
Chandy (Ref  16) calls these equations the global balance

equations. Ue also defines a set of local balance equations

which require that each term on the r ight—hand side be equal

to a particular subset of terms on the left—hand side. Thus ,

“a local  ba l a n ce equ a t i o n  e q u a tes t he r ate of f l o w  into  a

s t a t e  by a c u s t o m e r  entering a s tage of ser ’v ice to the f low

out of that stage due to a customer leaving that stage of

serv ic e” (Ref 11;252). The examples presented by Baskett ,

et .  al. spec i f y  a local balance equation for each c lass of

c u s tomer  and cac h  se rv ice  center  where each center  has only

one stage of se rv i ce .

The solution for the multiple c lass  model y ie lds a

set of simultaneo us equat ions similar to those found for the

sing le  c lass  m od el .  These a re  p r e s e n t e d b y Won g as

(Ref 17):

M R

e . p . , e i= 1 ,2. ..M (2)
j = 1  ~~~~~~~ 

j s  js;ir ir r= 1 ,2. . .R
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where e jr is e quiva l ent to Pjr X i r  in  t h e n o t a t i o n  use d in

A ppendix A ,

The stea d y st a te so l u t i o n  for  t h e d e t a i l e d s ta tes  is

presented as (Ref 11 ;253 ):

P(x l , x 2, . . . , x Nl ) Cf 1 (x 1 )f 2(x 2).~~.f ~.1 (x~1) ( 3 )  *

where C is the normal iz ing constant  which causes  the s teady

state probabilities to sum to one over all feasible states.

Each funct ion , £ 3, , is dependent upo n the type of queueing

discipl ine at se rv i ce  center  i. For a FCFS se r v i ce  center ,

n.
1 fl~~f 1( x i) [

~
_] 
[r[e .

~~~] 
(LI)

For a PS s e r v i c e  ce n t e r ,

R u i r
VT fl I &~ir A jrll m~iir 1 1

f~ (x 1) = n i !I I I I I Ir z l ~~ L ~
‘irl J m Iki !

Fo r an IS serv ic e c e n t e r ,

R u .
T I  1—1i r ~-~ A . im , 1

f 1(x ~ ) 1 1 1 1 ir’ i n 1  in 
_____ 

(6 )
r = 1 l~~1 I ii. I m

L m l  J in

For a Pree mu pt i ve— Re s u r me LCI’S s e r v i c e  cen te r ,

n.

—- - 

f ( ~~) :f l  e~~~~1~~~~~ —~~~~~ 

—
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The specification of all feasible states using the

d e ta i l ed  s ta te  d escri pt ion is e x t r e m e l y  t i m e  co n s u m i n g  s ince

al l  com b i n a t i o n s  of c u s t o m e r s  m u s t  b e cons i d ered as wel l  as

t he pe r m u t a t i o n s of cu sto m ers  w i t h i n  a par ti c u l a r  serv ice

center. In order to alleviate this problem , Ba sk e t t , et. al.

(Ref 11 ) have developed an agg regate state description .

The aggregate state is specified by S~ = 
~~~~~~~~~~~~~~~

where y. = (n. ,n. ,.. . ,n . ) a n d  n . is t h e  n u m b e r  of’ c lass  r
i ii i2 i R  in

c u st omers  a t s e r v i c e c e n t e r  i . The wor kloa d pa r amete r  for

t he m u l t i p le c lass  mo de l i s U = (n 1, n2 , . .  .,n R ) .  The s teady

state probabilities are describ ed by the produc t form

so l u t i o n .

P(S~ y 1 ,y 2, . . . ‘~~M~ 
Cg 1 (y

1 )g 2 (y 2 ) (8)

w h ere , if the service center is F CF S then ,

n~~! 
~~~ n ir !

[ej r] 
i~~( ~~~~~~~~ (9)

i f t h e s e r v i c e  cen ter  is PS or Preemptive — R~- sume LCFS then ,

R

g. (y.) = n , !1] 
1 

( 1 0)
1 1 ~‘ r= 1 n .  ! 1

~irir
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if the se rv i ce  center  is IS t h e n ,

g. (y. ) fl (11 )
~ ~‘ r =1 °ir !L~

’ir

The g. ( Y . ) are determined by summing the f. over all states

shich have mn cus tonners at c - ~miter 1. C in Eq (8 )  is the
1

mnorsm al izat io nn cons tan t  which insures that the sum of the

probabilities over all states will equal one. The

nn or smaiization n constant is dependent upon the nature of the

workload , t he r e f o r e :

(?~) = 
~ ~y 1 ) g 2 ~~~~ ‘H (y,1 ) (12)

all feas ib le
s t a t e s

y l+ 
~
‘2~~’

One  f o r m  of queue depe ndent  s e r v ic e  d is t r ibu t ion

wi l l  be of spec ia l  interest. Let Fl jr (Si ) be the rate at

wi nich one server at tin e ith c e n t e r  i.s se rv ing  c lass  r

customers when ~~~ (n il ,n~ 2 ~~~~~ ~hen Hir (S
~ 

)
~~

f
~~

( n
~~

)

where f j, (nj, ) is an  a r b i t ra r y  p o si t i v e  fu’ n~~ion of the t~~t3i

number of  c u s t o m e r s  a t  tin e ith center ’ . then tin e 
~ 

(S 1 
) i n

Eq (8) are replaced by: -

g ! ( S . ) = g . ( S . / I I t’~ (j )  ( 1 3)

38 
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T h i s  f o r m  m a y  be used w i t h  service center types 1 ,

2 , or LI (Ref 17;3 1). Other forms of the queue dependent

se rv i ce  r a t e s  are  p r e s e n t e d by Bas ke t t , et . al . (Ref 11 ) .

111.3 Consequences of Multiple Classes

An im por t an t  assu mp t ion of the  s o l u t i o n  for  the

s i n g le c l a s s  mo d el , Appendix A , is that the traffic

intensity for a given wo r’kload remained constant in the

steady state condition. This assumption permitted the

i n t r o d u c t i o n  of a m ew v a r i a bl e , Q(n 1 , n 2,...n ,1 ) in Eq ( 3 2 ) .

The traffic intensity is defined as X~ = A
1/ Il i .  The mean

service time for a server at tin e ith service center is given

by 1/p ~, , and the m ean ar r i v al r a te  of cu s t o m e r s  to th at

cennter is A~~~ . For a computer sys te m , is tine mean t ime the

server  ( resou rce )  at cen te r  i tax es  to s a t i s f y  the

requ i rements  of a customer  if the full capacity of the

se rve r  is devo ted  to that cus tomer .  It is assumed that this

tim e do-es not change with the workload or tine number of

customers in the queue ,

when more than one class is considered , t in e t r a f f ic

i n t e n s i t y  f o r  e ach c lass  b ecomes , X ir  = A
ir~~~ ir ~ 

The  m e a n

service time and mean arrival rate are now specified for

each class at the i th  se rv  ice center . The s e r v i c e  timne is

still dependent  upon the requi rements of the custo mer and

t he capacity of the server. However , t ine a r r i v a l r at e m a y

n ow show a dependence upon the number ’ of c us tomers  from

39
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other ’  cl asses p re sent at tine queue and cnn the queuein g

dis c ipline. As noted earlier , in the ste ad y state

con d i t ion , the number of customers of a particul ar class

arrivin g at the ith serv ice cem nter m ust equal the num mi ben in

that class departing the center. ~hen processor sharing is

used , the number of class n departures is given by:

P ( S~ )Pir..!L
n~

where n. /n. is the fra ction n of’ the s e rve r ’  c a pa c i t y  d e v o t e d

to class r customers. :\n id entic a l expre ssion m a y  be used

f-o r a F~ FS service c e n t e r ,  t n this c ms c , n, /n, representsin 1

tine pr’ohabil ity that a class r custom er is tine sinngle

customer rec ei v i rm ; scr’ ’.’ice at the ith c e n t e r .  For the

general case , the pm’ubab i l  ity  t ha t  c lass  n’ custo mer ’ s are

m’ e c ei vi nlg service is ~;ivon by :

m m ! in

R

s~~1 
rn
~ 5 / is

w h i c h  s pec i  :‘ ies the f ’ r a c t io nm o f ’ t o ta l se rv  ice r eqmn i r ’ e mn e mn t

devote d to class r customers. [‘or the single class of

c u s t o m - e r ’  model or w inen customers h i v e  ida nn t i cal  se n ’v  i-c e t im e

r e -~ ~n rer’ ient s , tin is f ra~ t ion ned uc os to t ime e , m r ’ l ien’ t’o no used

for  the PS service cennten . Tine solut ions to t i ne b a l a n c e

equatio n s ire valid only if the customers :mt - .n F,~FS ser ’ v ice

c -~ m n ter have Identic al sony ice 1. t~ re m ’e qu i m ’e~;r an t . ~h omn t i n e

!l 0 
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a c n ’v i e e  t ime n’eq uirermen t s at a FCFS center  are not

idenntica l , the local balance equatio nn s are inconsistent

(Ref 11;253).

Althou gh a closed form solutionn is mnot possible

using the technique of local bal ance , som e form of

approximation may be possible. Iterative procedures have

been used to give approximate results for a fixed workload .

Baskett , et. al , (Ref 11 ) used tine pr ’edicted arrival rates

to compute the mea n s e r v i c e  t i~ime and t rans it ion

probab i l i t i es  f-or an “ av e m ’ age ” c u s t o m e r .  Clnenn ( R e f  18)

used an iterative approach to predict perforn m nance for a

model with queue dep enndent transition probabilities.

When customers at a FCFS sen’v ice center’ do mnot have

i den t i ca l  s e r v i c e  time d i s t r i b u t i o n s, t lnenn so~’ie c o r r e c t i o n

to the mean se n ’v i ce  t i me of  each c l ass  is requ i red .  Consider

t w o  c l as ses  of c u s t o m e r s ;  one w i th  a la rge mean service

time , the other’ witin a sm all mn eam n serv ice time. Tin e ti m e inn

the queue for the large job will be less than it wou ld be if

all the s e r v i ce  t i~~cs were  l arge .  This arises from the

s:-i J icr wa i t  t uue requ i red  win i Ic a sod job is se rv i ced .

The o pp o s i t e  is true fo r’ sma ll  j o b s .  Th ey w i l l  tend to w a i t

lom i cm’ in the queue t inan wou ld  be m’ equ i r ’ e~l if all tine jobs

.
~

e re  30, 1 I I  . There fore the mean w e rv ice  t, tr io f o r  1 ar’gc jobs

needs to be decr’easod and tine rica n ser~’ ice t ine  t’on’ small

jobs ne- ’Js to be incre ased if a c c u n a t e  pr’ o d i c t t o n s  ar ’e to be

m a d e  . The . m m c u n  t of’ c tm a rm g c wil l Li ~‘pe rid n:~ cn : the amo unt of

so’ vet ’ capacity devoteJ t o  each C l  135 nn~1 ~e r i .m; r r itude of

the d i f t ’e r e r r c e s  in serv toe r’equir e: -r~ rnts

~~~~
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lit .LI ~erv  ice  Tine .\ djus t men t

Tin e applicability of’ the product fonnn solution

depe nds  in large part upon how we l l  the nestr ’ ic t ions on the

queueing types are adhen ’ed to. In particular , the

r e s tn ic t i o m n  requ i r ing equal  s e r v i c e  t ime d i s t r i bu t i ons  for

each class of customer at a ECES service center will

ger’ner ui ,ly not be met at a ser’v ice center with a Round — Robin

scinedul ing d isc  ipi imn e . Even thou gin customers m a y  be

a l l o c a t e d  equa l t ine  qua ntu m for p r o c e s s i m n ,; at tine r esou rce ,

ti ne ar-mo wn t of  se rv  ice requ i red  cnn tine las t  v i s i t  to tine

so rv en ’ will usual lv v a r y  w i t h  d i f f e r e n t  c u s t o m e r s , or even

w ith c u s tc r : i c ns  in tine s irr i c c l a s s .  Cons ide r  a work lo ad

consist in-~ of  tw o  c l a ss e s  o f  e r s t o r i n e r ’ s ;  the f i r s t  c l a s s  of

cust -onor s have a m ean sen ’v  ice  n’eq u i re mem n t o f  7 umni ts  w h i l e

the s o c o r m i c lass  has a r e i u i r e m e m n t fo r’ 10 un i ts  of  s e r v i c e .

i t ’ t he sc l e d  ul i m g  a ~ go m’ i thr’m usc 1 gus a qua ntum of 7 urn i ts to

e a c h  c l a s s  of  c us t o m e r ’  dur ing eacin visit , then tine service

~1 t s t r~~but ion m ’equire: -ien t s for a FCFS ser’v cc cennt er are

s -a~ isfi ed . In this in stan ice , tine pn’obab i 11 t. t ha t  a c l a s s  r

cus t om - icr is r ccciv jug ser’v ice at t he  ith s c m - v  cc  c e n t e r  is

fin~~
u i . ~owever , if t h e  scinedul ing algorithm assigns a time

quantum of ‘(0 um n its to botin classes , then this simple

e x p r e s s  ion t’um ’ the p robab i l i t y  of  n ’ o c e iv  i’ mg se r v i c e  is no

lomn ,;en’ a p p l i c a b l e .  In genera l , the pm ’o ba b ii ity of a class r

customer’ ceing the on-c r ece i v  ing se rv  ice at a F C F S  s i n g l e

s e rve r  center  is e x p r e s s ed  as the r’a~~io  of  t c ta l  c las s  r

- - - -~~~~~~~~~~~~~~ - - -~~~~~~~~~~ - -
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se r v  ice r e q u i r e d  it  t h a t r ’e so un’ce  d i v  ided by the t o t a L

ser’vice r’equired by all classes at the resource.

The i rnvolved  schedul ing procedures  implemented on

the PECsy stenn — 1O introduce additional connp lication ’rs which

hinder the d i rec t  app l i ca t i omn of  a closed queue ing network

model ,  This is espec ia l l y  true when the sys tem is in the

duil  p rocessor  conn f i gu ra t  ionn . The customer’s in PQ1 , wi th

thei r  small  t ime quan twrm a l l oca t i on, r’ e c e iv e  pre fer ’en t i :n i

ass ignment to C PUO , the pr i m- mary  p r o c e ss o r .  Cus t omers  in PQ2

am ’e scan ned first for a l l o ca t io n  of  CP U1  , the s e c o n d a r y

processor. In add i t i on , the count for inn— core—prot ect time

nay cause a custunner to be reque ued ev e nn though its

a l l oca t e d  p rocess ing  q uant imo has not e x p i r ed . For the

synt i n-at  ic  j o b s  used for this val id at io n i  s t udy , the i n — c o r e —

p r o t e c t  t i m e ex p i r ’ a t  ion caus ed  re q u e u e i m n g  only c lum’ ing the

f i rs t  t Une  q ucm n tu rn in PQ2

The service r e q u i re me n ts  o f  a c u s to m e r  in N~2 cann be

viewed as co ns is t i n- ;  of tine po r t io n  which uses the full

q inn a turn a l l o c a t i o n s  arm d the rem a m d  en’ no rti o nn for the  la st

p as s  t hrou;in  t he round rob m r -i c v c l - c . h ic in p i nt  of  the to ta l

~~~ s e r v i c e  requ i rement  co rn be c a . n s i l e r ’  l , m s in indiv idua l

customer’ to the FCFS service con t c r .  The ~ it e r a ct i o n  of the

po ”t ia l  serv ice requin’enents for each  c l a s s  a t ’ cus t a r i e r

causes some portion to n’enm im in the queue longer than

expec ted if true Processor’ Sha m’ j a g  w h e r e  used . S im i l a r l y ,

other por tions nay co mplete  se rv  c -c f ’as t en ’  tinan e x p e c t e d  for

a PS serv ice center.

-L 
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- ii ’ t ’ e a n’ r’ e in t it ’ll t ’ is ’ t~’ t’ S i’ e sin II- w im en , i - a i r  st - on - n en u n:;

a s n nm , n i 1 n’ c m mn o in~ler ’ po rt i on  whi ic there .nre mn ;imn y cus to mn e m’ s

win i .’ in ins:~ full q u a n t u m  ni b e  at lions . ‘i’m is po i u t  I s

ii l t i s t r ,mted  by a w o r k l t ’.nd - a onm s i st in ; at’ a :;int ’je c lass  of

‘‘us t ,omn mer s w i r h  n mlennm sen v i’ ’ ‘ r’e qin I l’e r m nc m m t. a I’ ~ 1 tin it :; . it ’ the

in c ry  i - nc I. i m i n c quamn t .unn is se t  at ~0 u in i t n; , I hen I Inc c u n s t o m mn c r’ s
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C ina pten IV

Computer Pen fo rmance  Measures

The solutionn of the equi l ib r ium s t a t e  prob;mbili t ies

presented in Chapter III permi ts  time ca lcu la t ion  of sys tem

performance measures such as m r m a r ’ m;inal queue length

distributions for each queue , r e s o u r c e  u t il iaa t i onn  , and m ean

response time. This cha pter  p resen ts  co nnputat iona i ly

e ff~~ ient algor ith nr n s (‘on comput lug the nme an ann ival rate ,

and the resource u t i l iz at i o n , U~ .. These a lhor i thms nrcin’ i n

not applicable to inTl tin e service c e n te r ’ s d i s c u ss e d  in

C i n :mpter  III , but they unay be used w i t h  m:naa y mode ls  of’

i n t e r e s t so that co i : rput it  ionn r e- I u i n’ c m e n t ;  nmm ny he neduco( i .

IV .  1 Ncr’ma l ic ;r tionn Camm: ;t~~m t  Ca icm n I , i t i o nn

Inn order  to o b t a i n  the cquil ib n i nm ; m s t a te

probabilities , t ine i; ~,(S  ~
) must be - ‘a l - c uT  a ted  t’or ill the

scr’v ice cen te n ’s  md ill :;tates o f  tine c e n t e r ’ . Inn , i - hd i t i o ; n

t Im e normalization constant . must be dete rum ir m a I l v  : ;mrn::; i nmg tin e

produc t form so lu t ion oven ’  all. t’e a s  hic sl it ~‘:; , If C( N ) is

co : iputed  inn a str i i gim t—t ’orwm n’ d lamin a r , t h e  nuiou nn ’. o f ’

cta ’ ipnnt mt i o n  increo : -’cs  pr ’o por ’ t ianm , i l  Ic t he t a I n T n nu : m bcm ’  of

s t i  tes  in the ma,h ci . I t ’ t he net we m’ l< is a la SOtl - m m m i I, Inc

c tr : ; to nmn e r’ s do riot c han ge  c l a s s , m m d ‘v c n ’ y  n u s t - a m . e r ’  v i s i ts

e v e r y  se rv ic e  cent -er , ti ien n tine number o i ’ s t a t  en : is g i v e n  by

( R e f  1 7;~l 3 ) :

— - -~~ 
- - 

~~~~~ - - — — -
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For model-s of in te res t , the s tn ’ a i g ht—fo rwa rd  computat ion of

C(N) may becomne innpr ;n ct ic a l. hong (Ref’ 17 ) and IieKenzie

(Ref 1) present a comput nti on na L ly m ore efficient method

for determm n in in~ C(N) . Two restrictions are placed on the

use of this method ( R e f  17; ’17 ) :

1) Customers (10 m a t  cha rnge class

2) Every class of custonner visits every
s e r v ic e c e rm t e r

Adjustments may be m a d e  in  the m n e t w o n ’ k ’  s state descn ’iption

La overco :nme the first restr’ ictia n , whi le  r e la t i v e l y  minor

cha nges  in the co.uputat  ian :11 method w i 1 pe m ’ nm it customer

c lasses  which do not v i s i t  e v e r y  s e r v i c e  c e n m t e r ,  ‘f ine p n ’ og r :n mm

deve loped  by Mc kenz ie  ( R e f  1)  requ i res  t in .nt hot im

r’est r  let ions be irn e t- . For t ine pur~)ose of  t h i s  t h es i s  , t hese

restrictions were not un n’ea san na b ie  . ~Iom ’ e de ta i led  rm nod ~’ Is ,

t lnosc  mode l ing  a g reete r ’  v a r ie t y  01’ s s te r :m r ’esau r ’ ces  , may

req u im ’e  that c lass  changes  he pe runit t ed or that t’e r ta inn

cn lasses do not v i s i t  all sen ’v ice cen nt t ’rs , These m ;motlc ’ i : ;  w i l l

requi re  that tine prog ni mm r m be tro d f ’ ied to I nnc lude the

n lt m ’r’ m ’i n t c  p roced ures  sug ;es t . ed  by s— a n n - ; ( R e t ’ 17 ;  b O )

IV ,  2 Queue T ,en1 -, td m Ca icul  al lan

A f t e r  th e equ Il ibr ium rm s t a t e  probah i  lit ies am id

nor’ u m a l i z n t  ion const ,m nn t h ive been c a l c u l a t e - i , t I , ,  : n o n ’ g j n n . n ’

14 7
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queue length d is t r ibu t ions  a n d  expected number of customers

can be computed for each resource and each c lass of

customer ,  The probabi l i ty that there are n
~ 

customers at the

ith se rv i ce  center is g iven  by ( R e f  17 ;5 14 ) :

P~ (n~~) P~~(S~~) ( 1 5)
all S

such that
n , +nn • + .  . ,+n , ~n ,

ii i2 iR 1

The probability that there are n i
r class r customers at the

ith se rv i ce  center  is g iven by:

~ i~~~ ir ~ 
P 1( S~~) ( 16 )

all s t a t e s
such that tinere
ai’ e n i n  c lass  r
customers at service
ce nte r  i

The  expec ted  numbem- of to ta l  cus tomers , n ., and e x p e c t e d

number of c lass r c u s t o n m e r s , n , , at the ith s e r v i c e  cen ter
ir 

-- -

are easily computed fronn Eqs (15) ari d (16).

IV. 3 Resoun’ce Ut ii ization Calcul at .- i o n

For a s irngle serve r ’  sa m ’v ice c& -c - t e r ’  , n’esa ur~:c

utilizat ion , U. , i s  t h e  fraction of’ a unit t u n e  i rnt i ’ m ’ v a lir
that the server  at ith cen nte r  is busy se rv i ng  c l a ss  r

c u s t o m e r s .  ~hen the s e r v i c e  cor nIer  is type 1 , 2, on’ ~4 , U j n.

is comp~ ted by: 

-- --~~~~~~~~ - -  - - -
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)~~~~~~~~~~ ( 17 )

all  S i

where f ir /n. ~O w h en an d n 1 a re b oth zero . This ra t io  is

the fra c t ion of se rver  ca p a c i t y  re c e ive d b y c lass r

c ustomers when t h e i th cen te r  h a s a P S discipline. For F CFS

or Preempt ive—Resume LCFS centers , t h e  r a t i o  i s  t h e

pro babi l i t y  th a t  a cl ass r cus tomer  is ge t t i n g f u l l  c apa ci t y

of the ith service center. This assumes that the service

time distributions meet the restrictions describe d in

Chapter III.

If the serv ice  center  is single server  and has a

constan t serv ice  ra te , then a sin’nplier express ion  for

resource ut i l izat ion is possible.  Resource  ut i l izat ion may

be expressed as (Ref 17;55):

U ir~ A in / P ir  (18)

Wong (Ref 17) expands on this expressio n after he proves

that the arrival rate is given by:

CUl ) -

A , e . (19)ir

wh ere ~ ~~~~ 1’~~2’ 
“ ~~~~~ 

,•~~N ,1 ) , which  pe rmits  tine

utilization to be expressed by: 

~~~~~~~~~ ‘_~~~~~~~~~~~~ - --~~~~~ - -~~~~- - - ~~~~~~~~ --~~-- -~~~
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( C(N) Fe j r
C ( N_ r ) L PI r

When serv ice cen te r  i conta ins a , i d e n t i cal
£

r esources , the uti liz ationn , U jr~ 
is the ave rage  measure of

the utilization of the individual resources , Therefore:

A ir (21)
a 1 1’ir

If tine serv ice center  inas a PS (1 isc .tpl m e , linen the

following expressionn holds , even far m ultiple classes of

cus tomers :

C( 1J ) J”C~~. 1
U ir I I ( :?2)

C(:-t ”m ) ~a .  ii~ ]I in

For service center’s of’ t y p e  1 or h , th is e x p r e s s i o n  does not

apply. The uti li~ ntion , U jr~ 
must be computed by Eq ( 17 ) .

The s t r a i gh t—fo rwa rd  approach must also be used when t ine

se rve rs  have s t a t e  dependent  s e r v i c e  r a t e s .  The p rocesso rs

on ti-ne DECsy ster ;i— 1O at. the Air  Force  A v i o n i cs  L a b o r a t o r y  are

not iden tical . The operating system ovem’h ” .; i on tine pn’ innary

p rocessor  is cons i s ten t l y  higher 1:-han t hat cm ’ the secondary

p r o c e s s o r .  In addi t ion , the sec L- nJ am ’ y n m mu : ’t stop pm ’oce ssing

a customer which initiates an 1/,’ reques t since c-ni ly time

prim ary has the rnor nna l I/O c a pa b i l i t y .  Beca use of’ t h e s e

f ea t u r e s , the mo del for the prim ary /secondar y conn ’iguration

s’hould be state dependent in order to accurate ) y ref.i est the

physical system.

50
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The user ter mn innals in a t i m e—sh a r in g  computer sys tem

are represented by arm Infinite Server  ( IS)  se rv i ce  ce n te r .

Thi s ty pe of serv ice center  has an exp res s ion for  resource

- ‘  utilization similar’ to tine expression s for the other service

cen ter types. In an IS service center , t inere are at leas t

N s e r v e r s  dedicated to the N class n custom ers in ther r
sys tem . If the IS se rv i ce  center  were rep resen ted  as having

N r identical se rve rs  t Fmen n the u t i l i za t ionn would be

A , / N  ii . . h owever  it is nnotat ional iy  more conven ient  toir r ir
e x p r e s s  the u t i l i.at ion  as ( R e f  17 ; 5 8 ) :

A .ir (2 3 )
• ir 

~ir

w inene U jr will be the wan number’ of c lass  r cus tomers  at

t h e  ith center when it. is arm IS serv ice center. Th e m n the

utili zation can he e x p c e s s e d  as :

C( N ) e .
( ‘ ~L~ )in 

C ’ N ’’~ ~~~~
‘ / ir

These expression ) for A , and U , allow for niio n ’e
ir

e f f i c i en t  computat ion of tine mean a rn ’ iva i  ra te  and r’esoun’ -ae

utilization. T h e  values or ’ C (N~~~) a r e  d e r i v e d  in the

it e n’a t i ve  process  usc- i by ~- c ~~e m nz i c  
- 

(I~e t ’ 1) to ca lcu lat - e

the normal iza t ion  c o n s t a n t .  ~~: - an tii~ ~‘e m ’v i ce  center  is of

the type discussec above , t i m e  va lues of  C ( N~~
’) can be

• retained and the less e f f i c i e n t  co :mputf l ioni s requ i red  by

Eq ( 1 7) can be avo ided .

-t
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I V .~4 Response Time Calculation

When A ir h as b een ca lcu late d , the res ponse t ime for

class r customers can be determined . Response time is the

amoun t of t ime a cus tomer  spen d s i n the n etw o r k outs id e of

the IS service center representing the terminals. This is

shown in Figure 6. The mean number of class r customers

“tininkin g ” at the terminals is given by 
~ jr~ 

The nu nn ber of

c lass  r cus tomers  inn the remainder of the network  is N r_ f l
i r •

From L i t t l e ’s formul a (R e f  19), t h e  m ea n res po nse t ime is

given by:

Tir (25)

IV. 5 Summary

The number of possible states for a Closed Queuein n g

Network  Model inc reases  c o ns i d e r a b l y  w i th  the add i t ion  of

se rv i ce  centen ’ s or the spec ic i ca t i on  of mul t ip le c l a s s e s .

The d i rec t  computat ion of the nor m a l iz a t i o n  cons tan t  o f  the —

product for m solut ion and resource  uti~~iznt ion requi res that

spec i f ic  va lues be s u m m ed  ov e r all poss ib le  s t a t e s .  In order

h to reduce the computational require mnie nt s for solution of

th ese mo dels , a l t e r n ate m e t h o d s ha ve  bee n pr e s en t e d to

determ ine tine normal ization cornstant , m ean arr ival  ra te am n d

52
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r e s o u r c e  uti lizat ion. These met ho d s do re quire that

ad ditional assumptions be m ade concerning the model .

However , they are applicable to most models of interest.
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Chapter  V

Mo del Val id at ion

Tim e concept  of model va l ida t ion  is tr ot  easi ly

defined . However , “the v alida tion ought to establish some

degree of confidence that tine mm odel produces results which

su f f i c ien t l y  mirr’or the s ign i f icant  a t t r i bu tes  of the sys tem

being mrnode led (Ref 21 ;139 ). ” The tim m n e limitations of this

work prohibit the use of detailed hypothesis testing

tec inniques which should be used to make a f inal model

selection. Since this report is pri ma rily concerned with

perform m nance for time —shar in g  use rs , value ju - 1g~ e n ts  b a s e d  on

response time errors wi ll be the bas is  for eva luat ing  the

qual i ty  of a model.

It is not possible to validat e all comb ina t i ons  of

s y s t e m  c h a r a c t e r i s t i c s  wi th absolu te  c e r t a i n t y .  In any case ,

many of the resource conn l’ igurat ionn and wor~ loacl co nnb irnat ions

w o uld be of l i t t le value to understanding tine real s y s t e m .

The validation effort sino -ild be d i r ec ted  t owards  common

sy s te m con f i gu ra t i o n s and ‘ -ansonable work load

c h a r a c t e r i z at i o n s .  Tin e model v a l i d a t i on  ef f o r t  i nves t iga tes  —

the sop1 ication of seve ra l  Closed Que nn irm g netwo r k  ~- 1ode 1s to

the ~ECsyst eri— 10 dual processor system . In addition , the

single processor confi gur a tion is examined as w e l l  as t in e

:ippl i-aat ion of a model to represen t  t ime sys t e m whe n swa p p ing

occurs.

55
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The valid a ti on of t ine C lose d Queue ing Networ k Mo del
I’ is p e r f o r m e d  with the use of a synthetic workload . The

workloa d is d evelo ped us ing the SCRIPT p ro g ram to run

d up l icate co p ies of se lecte d synthet ic jobs . Each job cycles

thr ough a pred eterm ine d se quen ce of su b rout ine c alls . The

cy cle  s t a r t s  w i th the  job in a sleep s t a t e wh ich is use d to

mo del te lety pe thi nk tinne . Af ter  the sl ee p st ate , a CPU

subroutine is called a specified number of times. Finally ,

the job makes a specified number of calls to a disk I/O

subroutine which writes a single block of data onto a

designated RPO3 disk file. ~hen tin e disk I/O is comp leted ,

the job returns to the sleep state which represents user

think t ime. Numerou s co m bi nat io ns of processing and I/O

requirements are possible with synthetic jobs of this form .

One restriction of the synthetic jobs which  is not required

of real jobs is that process ing and disk I/O are sequential.

Although processing arid I/O may ove r l ap  when d i f f e re r m t jobs

are invo lved , process ing and I / O  wi th in  a s i ng l e  job do not

overl ap. This restriction on the synthetic workload

coincides with the queueing model r e st~ 1-ation prohibit ing a

customer from using two r e s o u r c es  at one t ime.

The overhead introduc e-i by t~~e Operating System is

represented by increasing tine process ing  se rv i ce

requirements by the amount of se rv ice  time which would be

lost to overhea d , Because the Oper ating System overhead is

n o t  equa lly div ided between the two p rocessors , they wi l l

not be cons idered  as ident ical  s c r v - ~r - s .  The use of  s ta te

56
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dependent service rates does permit realistic modeling of

t hi s as pect of the pr oces so r s .  Customers  in PQ2 a r e

considered first for assignment to the secondary processor.

Therefore  the ove rhea d of C P U 1 , approxim ately 5% , is use d to

deter nmi m ne the increase inn se rv i ce  time requi rements of each

customer in P~~~~2 . The overhe ad of the pr imary processor  is

much higher , approxi m ately 12~~. Be cause of the la rger

o v e r h e a d  on C P U O , the s e r v i c e  ra te  is mult ipl ied by 1. 93

when two or m ore cus to mers  are present  in the queue . The

service time require m ent of customers in PQ1 is increased by

an amount determined by CPUO overhead.

This va l i da t i on  s tudy  cons ide rs  two bas ic  qu e s t ions

ra ised by Giar- :mo ( R e f  2 1 ) :  -

1) Do time s e r v i c e  t ime assumpt ions
introduce a basic d i s to r t i on?

2)  Can t he logic of job process ing  be
s u f f i c i e n t l y  mode led  as a n- ne twork  o f  queues?

The validation effort considers numerous workload

co~abinnat io ns and the bas ic  p rocesso r  conf igura t io rn s

av a i l a b l e  on the D E C s y s t - e m — 1 O .  Al though d isk  I/ O  is included

inn the wo rk load  requi rements , t i-ne main emphasis  of this work

is directed towards accurately m o z e l i n g  the process ing

capabilities of the system . The involved scheduling and

queueing procedures a s s o c i a t e d  c ith the p rocesso rs  j u s t i f y

detailed analysis of’ this a r e a .  A t o t n i  of  21 e x p e r i m ents

~~~ were conducted to va l i da te  t~ie models examn ined in this

repor t .
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i’::mc h v a l i d a t  iom r e x p e r i r m i e n t  co r ns  ide r ’s  a s p e c i f ic

model con f igun’~it ion .mm n d comb that ions of two or three

synthetic uork loads ,  i’he work lo .m d s  cons ist  of va r i o us

comm n b i m m a t  io m n s of custm nner s f r o m  onn o or’ two ela:;ses . Each

c usto mon c lass m a  a p re l  e t c r ’ m n i mmcd p roc e s s  i nm g annd d i ak I/O

req u r ’en m nen t s . T ine n.nd i v  it i ua  I cx pe r’ i m m m e m i t ’ ;  W i  Ii n m m . n l  yze the

e t ’ t ’ec t.a of  d i f fe  r’c n t mm umm ibe r a of ’  oUs t -ar t i e r : ;  f rom e m - a  in c lass

mmm d c h mmn ~y:; inn t ime proc e as i mm ~’ n’eq u rem e m n t a  - a t ’ t i n e  classes

I’ o t’ the jabs e xecm nt ~e 1 in - n t in t S v a l i d a t i o n  w o rk  , t h e

D ECa y a t e m—  1 0 r ’ u mm queue i a c o m m a id  cred i mn two port  torn: ;  , i’Q 1

and ~~~~ g t n o e  jobs in e a ’ i n  qu - ne • m r ’ e  hand led d i  t ’ t’e r ’ o r m t ly  by

t~ inc se ined u en’ , a m m - m t  i n n ’ a 1, aue t. i c~m m c om nc  er ii:; li-a w p m ’ 01’ e : ; : ;  or

1II .1&~ m m ’  i nig should be r’ c p r e a ’ m n t  ~I. Ti ne : m e l e  Is ev il u m i  ed in t h is

r cpo n’ t use two sepe r ite :;o m v ic e  c e m n ~ ens in on ~‘ c a s e  and inn

inc o t ime n’ , .m a i m e  ac r’ v ice c cnn t or t o r’ c pm ’ cs - ’ mm t t. inc queue a

w In i elm t ’e rm ,n t t i ne pm’ - a ’  1 5 5 )? ’  r’o 501??’ c i ’

V . 1 l’w U-ad ‘ Pr  -mc e a so m ’ Mod e 1

E x pen’ i mmcm L a 1 I,. 1 m m ’ L -m m m - l i ( m t n v  e:~ t. i ‘, a t -c d  t lie a 1’ i cc  L a f

d i t ’ t’c m ’ c n i t -  IJ~ I r’ Li -a ii a a r m • n :;p o ’  ii’ -a r n - a l e  1 a 1’ t i c  PECa v a t - c m —  1 0

in the J t i m  l proc easo m ’  c~m n m Ci m ,tmr ’  it ion . V.ioh cx i-er i mor n t .

c o m m  :; i d e n ’ s  c cinbi n m , m t ions of ’  t i n e  s v mm L i m et  ic j o bs  w i t - in

p red a t o  m ’ min I ned pn’oc e: ;  a I rig a n m i  / )  nc ’ ii in cmn ’n I- a . Tine imod ci

c - ann f I mm n it  i - a t m  u,~ ’ i r ’o r’ t In I a S c ’ n’ Ic a c) I cx ~c ’ t’ i - n ‘ 1 1 - a  tS l.a e

m mlii it. i r 1 e ae n’ v en ’ mode 1. mm : c ’ I  by Mc ke mm t o  ( fle t’ 1 )  . Ti n i a

- i  - a l e  I , in- awn in 1 I arc 1 , r epr -  c a ’  tn t  a t ne t. c t  ypi ’ by in n

I—
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Inf inite Server service center. The processors are

represented by a serial co :mbination of two service centers.

ft s in g le server  FCFS center  s e rv i ce s customer s in P Q1 as

they depart the teletype node. Customers in PQ2 are

serv ice d by a mul t iple server  Processor  Shar in g c e n t e r .  D i sk

I/O is represented by a single server FCFS center with

fee db ack to represen t  mul t ip le di sk c a l l s .  The serv ic e

times an d transition probabilities in Figure 7 are those

use d for ex per iment 6 .

V.1.1 Experiment 1

Experiment 1 investigates the application of the

model shown in Figure 7 for a work load which cons i s t s  of a

single class of job with the following characteristics:

Think Time 300.0 jiffies
Processor Service 7.6 jiffies
Disk I/O Cal ls 3

The resu l ts  of this exper imnent  are shown in Table I, where

the workload consisted of 20 jobs for part 1 and 10 jobs for

part 2. The workload closely rm atches the service time

distribution requirement placed on a FCFS service center.

A l t hou g h the m od el u ses a Processo r ~haring se rv i ce  center

to represent  the p roces s ing  in PQ2 , tLm r’eal sys tem ’ s round—

robin schedulj n~ more c los e ly  m ’ esem b l cs  a ECES cen te r  w i t h

feed b ack , as discussed in Chapter IL l. This concept of the

actual system will permit a better understanding of the

results of this va lijatio n study. Although the equal service
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times of the jobs would seem to exactly satisfy the

re quirements  for a FCFS s e rv i ce  center , the sequenc ing of

jobs through PQ 1 an d P Q2 may cause the jobs to h a v e

d i f f e r i n g servi ce re qu i rements de pen di ng on whi ch cyc le  of

the Roun d— Robin sequence they are in. In this example eac h

job will receive 3 jiffies of service while in PQ1 and the

remain ing L
~.6 jiffies while in PQ2; service time

com pens at ion for overhea d w ill be ig nore d for th is

discussion. The minimum PQ2 time quantum is larger than the

serv ic e re q u i rement  rem ai n ing af te r  the jo b l eaves  P Q1 .

The re fo re , eac h job w il l r ece ive two rel a t i v e l y  e qu al bursts

of serv ice from th e proc essors , one of 3 ji f f ies an d the

ot her of ~4.6 jiffies. This factor contributes to the

ex t r emely  low res ponse t ime error  shown fo r both wo rk loa d s.

V.1.2 Exper imen t  2

The wor kloa d f or ex per im ent 2 cons i s t s of a s i n g le

c lass  of cus tomer s w i th the fo l l o w i n g  char ac t e r ist ic s :

Think time 300.0 jiffies
Processor Sen-vice 30.6 jiffies
Disk I/O Calls 10

The result s of this experimnen t are shown in T: mhle II for 20

jobs and 10 jobs in part 1 and part 2 re.5;:ectively . The

response time error has increased f o r  both workload levels.

The process i ng re q u i rement  of the jobs i n th is ex pe r imen t

produce processing cycles of differin g length , e v e n  thou gh

the total service tines of the jobs are identical . The PQ1 

- -~~~~~~~~~~~~~~~~~~ .
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t i m e  sl ice is 3 ji f f ies , wh ile the remainder received in PQ2

is 27.6 jiffies. The assumption of’ the model is that all

jobs either rece ive equal serv ice of the res ource , f o r

Processor Sharing , or that the probabi l i ty  of receiv ing

service is equal for all, jobs , for a FCFS resource. The

di f fe r ing quantum a l lo cat ion s preven t  th is assum p t ion fr om

be ing met .  I t owever , the priority assignment of jobs in PQ1

to CPUO , and jobs in PQ2 to CPU 1 does compensate somewhat by

providing for jobs in PQ1 a nnore equal probability of

receiving service. McKenzie (Ref 1) discusses one

procedure to help alleviate this problem . In effect , the

time that jobs in PQ2 wait for jobs ii PQ1 is added to the

total service time. However , this procedure does not address

all aspects of the problem . The service time needs to be

decreased by some amoun t because jobs in P.~2 on the real

wor ld  system must wa i t  for a job w i th  a t in~ s l i ce  of’ o n l y

27.6 rather than the 30.6 assumed by the c~odel. ~)ffsettin~

this adjustment  is the added tine that jobs irs P’~fl, w i t h  a 3

j i f f y  time s l ice , must wa i t  for jobs  fro::i rQ2 wh ich  may have

been assigned to both p r o c e s s o r s .  The e f f e c t  o t’ each o f

these fa c tors i s di ff ic u l t to d eterm i ne , but it wodd seem —

to depend upo n how busy the processors am- c t~ith each  type of

job. For this particular expe riment , the ~-a~~’~l pre dictions

are less than measured when the p r o c e s s o r s  a m c  v e r y  busy ;

whi le the predic t ions a re higher than measured ~h’~n t h e r e  is

low processor utiliz ation.

A final considerat ion which c_ i p p l ies to af l

experiments which Jisp lay reLn t .ively low processor

6 ‘4 
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ut i l izat ion is that the determin is t ic  nature o f  the

synthet ic  jobs does riot guarantee that a true s teady  s ta te

c o n d i t i o n  is obtained . In fact , obs ervat ions of the

processor control display during these experiments indicated

that jobs tended to process in “bunches ” when the processor

ut i l izat ion was approximately 85% or lower,  This

observa t ion  was fur ther substant iated by the ~- 1ETER reports

which indicated that the response time of the syn the t ic  job s

tended to be in one of two c lus te rs  under this workload

condi t ion.  The measured response time for each cyc le  of the

synthet ic  job in exper iment  2 .2  fell in a groups centered  at

approx imate ly  1 35 j i f f i es  and ‘15 j i f f i e s .  If the condi t ions

of the model were  comple te ly  sa t i s f i ed , t h e  m e a s u r e d

‘ response times would be more c lose ly  d ist r ibu ted  about the

overa l l  mean .

V.1 .3 Experiment 3

The wo rk load for exper iment  3 also cons is ts  of a

siw ;le c lass  of customer  w i th  the fo l lowing c ha r a c t e r i s t i c s :

Think Timne 300. 0 j i f u ie s
Processo r Se rv i ce  S 3 . ~ j i f f i e s
Disk I/O Cal ls 3

The resu l ts  of  this exper iment  for ~i and 10 jobs are shown

in Table Il l part  1 and par t  2 r r ’ s p ec t i v o ly .  The response

time errors are similar to those shown for exper iment  ~ . For

this e x p e r im e n t , the longer s e r v i c e  t ime required at the

processo r permits eac h job to r e c e i v e  more time quanta wh i le

65
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in PQ2 . The longer se r v i c e  t ime also causes  more jobs to

t t,.,J wai t  in PQ2 and inc reases  the probab i l i t y  that jobs from PQ2

wil l  be using both p rocessors .  Because of this , jobs coming

out of the sleep s ta te  will more l ikely be re j uired to wa i t

while a job from PQ2 co mn p le t e s  s e r v ic e on CPU O , but the I -

overa l l  processor se r v i ce  wi l l  be c loser to processor

sharing. - -

V . 1 .~4 Exper iment  ~
The job mix for exper iment ~4 cons is ts  of’ two c lasses -

of jobs w i th  the fo l lowing c h a r a c t e r i s t i c s :

Think Time 300 .0  j i f f i e s  -

Processor  Serv i ce  -

Cla ss  1 3 8 .0  j i f f i e s  -

Class 2 7 6 . 0  j i f f i e s
Disk I/O Cal ls -

4 C lass  1 10 -

Class 2 z 3

The resu l ts  of this c x pe r i~’ient are shown in Table IV par ts

1 , 2 and 3 for job m ixes  of  10 each , 8 each , and 5 each —

r e s p e c t i v e l y .  The USC of this more real is t ic  w o r k l o a d

prov ides  a c learer  p ic tu re  of the v a ’ ue  of the Closed

Queueing Nctwo rk  Model.  W i th  this w o r k l o a d , the actua l  -

computer sy stem n has a v a r i e t y  of c us to~~ers in d i f f e r i ng

stages  of complet ion in the I~ou nd— ~ obin process ing c y c l e .  —

This p rov ides  an even g rea te r  d e pa r t u r e  from i the equal

se rv i ce  ra te  requiremne at fo r’ a t rua FCVS s e r v i c e  c e r st~’r .  The

good error ra te  for the mix of 5 jobs 01’ each  type is

bel ieved to be the result  of  the f a i l u re  to reach a t r u e

ste i iy  s t a t e  c o a d it i o n  rat l c . ’r t han ioa rove -d  ncie~ acc u ra c y .

_  
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V.  1 . 5 E~~eri ment 5

Two classes of jobs were also used for experiment 5.

These jobs have the followin g characteristics:

Think Time 300.0 jiffies
Processor Serv ice

Class 1 30.6 jiffies
Class 2 83 .6 jiffies

Di sk I/O Calls
Class  1 1 0
Class  2 3

The resu l t s  of this  ex p er iment  for job m i x e s  of 10 each , 8

ea c h , an d 5 each are shown in Table V parts 1 , 2 and 3. A

slight improvement in response time error is indicated over - 
-

simni lar job mixes in experiment 14 . The time quan tum

a l located for both c l a s se s  of jo b s is more f u l l y  u t i l i z e d

than was true for experiment 14• For examp le , t y pe 2

customers  i n ex p er iment  14 had a P Q2 remainder  cy cle  of 5

ji f f i e s  which com pete d for the p ro c essors w i t h  ot h er job s

re quiring a full 30 jiffy time slice. For this experiment ,

the PQ2 service requirement of type 1 jobs , 2 7 . 6  ji f f i e s , is

satisfie d in one visit to the processor. The changes which

p ro d uce d the s l igh t  im p r oveme n t  for  res ponse t im e error in

ex periments 5 ,1 and 5.2 , over similar parts of experiment 14 ,

had a ne ga t i v e  e f f e c t  on the a ppa rent  acc urac y of  the model

for the mix of 5 jobs of each class.

V. 1.6 Experiment 6

The final ex periment usin g the model represented in

Fi g ure 7 ,  to pred i ct the performance of the D F. Csyste m— 1O in
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the dual processor configuration also uses a job mix of two
I’. class ty pes. The characteristics of the jobs used in

ex periment 6 are as follows :

Think Time 300.0 jiffies
Processo r Service

Class 1 38 .0 jiffies
Class 2 7.6 jiffies

Disk I/O Calls
Class  1 10
Class  2 = 3

The resul ts  of this ex p e r imen t  are foun d in Ta b le VI p arts

1 , 2 an d 3 for job mixes  of 1 0 ea c h , 8 ea c h , an d 5 each

res pectively. This experiment considers jobs which plac e

li ght demands on the system . On ly one full PQ2 time quantum

— is use d , t hat being for type 1 jobs. The remaining portions

of service which the jobs rec eive in the Round—Robin

( processing cycle are relative ly equal , The fact that most

of t he p roce ss i n g c y cl es are n ea r ly  e q ual ~s r e f l ec t ed  in

t he good res ponse t ime e r ro r s .

V .2 One ~Io d e Processor  Mo d el

For ex periments 7 through 12 , the DECsystem— 1O dual

p ro cessors are modele d with  a s i n g le se rv i c e center  using

the Processo r Sharing queue ing discipline. The total CPU

se rv ice  t ime re q u i remen t , P Q 1 t ime p lu s P Q2 t ime , is  assume d

to b e rece ived  at th is  servi c e c enter , ra ther  than in sta g es

as in experiments 1 through 6. Figure 8 shows this model

re presentati on of the DECsyst em— 1 0. The service times and

trans ition probabilities in the figure are those used for

experiment 12.
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This model does not provide for the priority service

‘ which jobs receive while in PQ1. The fa ilure to provide

priority service for jobs in PQ1 tends to incr ease predicted

response t ime b ec ause , in t he mo d el , these jobs share the

tctal c apa city of” the processors with jobs from PQ2. This

same f e a t u r e  coul d also cause  some d ecre a se in p re d icted

res ponse t ime s in c e the mo de l a l lows  jobs in P Q2 to b e

p rocess ed b y e i t h e r  p ro c essor , g i v i n g eq u a l ca p a c i t y  to t i m e

in P Q1 and PQ2 . This feature could provide jobs at the CPU

se rv i c e cen te r  wi th  more resource  se r v i c e than woul d b e

foun d in the real worl d sy stem . Com b i n in g the two run q ueues

w ill have different effects on dic f ere n t jobs processed

through the model . The direction and magnitud e of error will

H d e pe n d u pon such fea tures  a s num b er of customers  r e c e i v i n g

full PQ2 t ime quantum and the number of customers  rece iv ing

serv i ce  while in PQ1.  The resul ts  of exper imen ts  7 through

12 indicate this dependency upon the type of workload ,

However , these resul ts also show that  this simplied sys tem

representation is approximately as accurate as the model

which used two nodes to represent  the p rocesso rs .

V . 2 .  1 Exper iment  7 -

The results of experiment 7 are shown in C~3ble VII .

For this experiment , the workload characteristics were the

same as used for exper iment  1. Although the response time

errors have increased for both workioad s , t he s i ze  of the
- 

- e rror is sti l l r e l a t i v e l y  s m a l l  wh en c om pa re d w i th r e s u l t s

7L)

____  ‘- - _ ___
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of ex periments involving more complex workloads . The fact

that the pre dicted response times decreased furthe r below

the measure d values  ind ica tes  that , for this experiment , the

assum p t ion of the mo d el that all  jobs r ece ive  an eq ual share

of ca pac i ty  from the p rocessors  is too op t im is t i c . The

measure d va lues  in d ic ate that th ere is more c o n f l i c t  for

processor service than is predic ted by the model .

V.2 .2 ~~~~~~~~~~ 8

The resu l t s  for ex p er iment  8 are shown in Ta b le

VIII . This experiment used the same workload inputs as

ex periment 2. The increase in predicted resp onse times

in dicates that the modeled system has b ecome more congested .

This results from the increa sed servic e time which causes

jobs to remain in the run queue lon ger and therefore

in c reases  the num be r of job s in  the  q ueue  f o r  the

p rocess o r s .  Sin ce one of the r es ponse t ime errors  d ec rease d

whi le  the other increase d , i t  is d i f f i c u l t  to make a

com par ison b etween the two mo d e l s .  It. should be noted ag J in

howev er , th at the measure d d ata for l ig ht wor kload s did not

a ppear to be from a true stead y state condition. Because of

this , all experiments which have-low CPU utilizations are in

question. These experiments may s t i l l -b e  of interest in that

they esta b l i s h some measure of accu racy  for this level of

wor kload when a steady state condition is not achieved .
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V . 2 . 3  Expe r imen t  9

t The results of experiment 9 are shown in Table IX.

The work loa ds used in this experiment were the same as used

for ex periment 3. The response time errors show changes very

similar to those of experiment 8. Since the total CPU

se rv ice  time is larger  than use d for ex p er iment  8 , there  are

more job s in the run q ueue .  In the mo d el this resu l t s  in a

lowe r percenta g e of server  ca pac i ty  for job s wa i t ing  at the

processor service center.

V. 2.4 ~~~p~~riment 10

The resu l t s  of ex p er iment  10 are shown in Ta b le X .

~t. This ex p er iment  use d t he same work loa d s as use d for

ex periment 4. For the work loads which cause heavy CPU

ut i l i z a t i o n , the res ponse t ime e r rors  im p rove d for both

c lasses o f cus tomers .  For this  ex p er iment , t he sim p l i f i e d

m od el app ears  to be at least  as accura te  a s the mo d el use d

in ex periment ~4.

V.2. 5 Ex periment 11

Ta ble XI shows the results for experiment 11 , The

work loa d s for this ex p er iment were the same as use d for

ex periment 5. The response time errors for this experiment

show the same t ren d as note d fo r e x p e r imen t  1 0. Th e use of

one Processo r Sharing no de is at leds t as accurate a

re presentation of the DECsy s tem—10 as the dual node

re presentation used for exp ’-”ri inent 5. 
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V . 2 . 6  Ex periment 12

~~~~

‘-“ The results of experiment 12 are shown in Table XII.

The work load s for this exper iment  are the same as used for

ex periment 6. For this experiment , the one processor node

representat ion was again at least  as accurate  as the model

with two processo r nodes.

V . 3  A p p l i c a t i o n  of Se rv ice  Time Adjus tment

In Cha p ter III , the problem of unequal service

r equ i rement s  for a R o u n d — R o b i n  queueing d i s c i p l i n e  was

d i scussed . Eq ( 1 - ~4 )  was presented as a method for ad ju s t i ng

the service times to compensate for differences between the

real world system and the assumpt ions  imposed by the model .

The app l i c a t i on  of Eq ( i L l ) r equ i res  that  at leas t

one model run be made wi thout  the s e r v i c e  t ime a d j u s t m e n t s .

This initial model run permits the CPU ut i l ization to b e

predic ted . The s e r v i c e  t ime of each c lass  of cus tomer  is

then d ivid ed into the port ions of serv ice re c eive d while in

PQ 1 and for each c y c l e  through the R o u n d — R o b i n  schedul ing of

PQ2 . Adjus tments  are made to each por t ion  of s e r v i c e

rece ived  in PQ2 and the new , s e r v i c e  t ime requ i rement s

de te rmined  by add ing  the i n d i v i d u a l  p a r t s .  A d d i t i o n a l

se rv ice  also is de te rmined  for the overhead  of’ the Operat in g

System . Once com puted , the adjusted serv ice time

requirements  can be applied to a mode l .  This procedure was

a pplied to the model and work load s used for experiments 1
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t h r o u g h  6. The s e rv ice  t imes  and t r a n s i t i o n  p r o b a b i l it i e s  in
4
’. — F i g u r e  9 are those used for e x p e r i m e n t  18. The r e s u l t s  of

this series of experiments are found in Ta ble X III throug h

X V I I I .

For most a pp l i c a t i o n s  of the se rv i c e t im e

a d j u s t m e n t , the res ponse t ime  e r ro r s  r e m a i n e d ab out  the same

or sli gh t l y  h i g h e r  t han  those of the cor res po n d i n g

e x p e r i m e n t s  1 t h r o u g h  6. However , the  a pp l i c a t ion  of se rv ice

t ime a d j u s t m e n t s  to the work load  of ex p e r i m e n t  Ll caused the

res ponse t ime  e r ro r s  to d ecrease by a si gn i f i c ant  amount

when the p rocessors  were h e a v i l y  u t i l i z e d. These r e s u lt s

a ppear in Table XVI . The service time requireme n t of the

job s in tha t  e x p e r i m e n t  were su c h t h a t  t hat the l a s t  c ycle

t h r o u g h  the R o u n d — R o b i n  P Q2 queue r equ i r ed  a smal l  amount of

- 

i’-- se rv i ce  when com p are d w i t h  the f u l l  q uan tum a l l oc a t ed to the

job s in the q ueue . As a r e s u l t , job s on t he real  worl d

sys tem ha d to w a i t  in the q ueue to re c e ive  a smal l  a m o u n t  of

service from the processors. The use of the service time

a d j u s t m e n t  is an a t t em p t to co r rec t  for  t h i s  ad d i t i o n a l  wai t

not incor porated in the model. The procedure  shows good

improvement  in response t ime errors  for jobs which  had a

sma l l  se rv ice  t ime requ i rement  for the f ina l  pass through

the R o u n d — R o b i n  cyc le  of P Q2 . Th ere is some n e g a t i v e  impac t

on other job m i x e s  but the e f f e ct  on the work load s used in

th is  report  were r e l a t i v e l y  s m a l l .
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V . 4  Sin~~1e Processor  Model

The se rv i ce  time adjustment procedure was also

applied to a mod el represent ing the DECsys t em— 10 w i th  only

one p rocessor .  This represen ta t ion  is shown In Figure 10.

The se rv i ce  t imes and t rans i t i on  probabi l i t ies In th is

figure are those used for expe riment 20.

T ime—shar ing  users may have only one Cpu ava i lab le

to them if the secondary  processor  mal funct ions or If the —

real t ime s imulat ion programs a re being run at high

p r i o r i t y .  Exper iments  19 and 20 were  conducted wi th  the

secondary  c~u sw i t ched  o f f — l i n e .  The model w as eva lua ted

once for the predete rmined s e r v i c e  t ime requirements , plus

overhead , and aga in for the ad jus ted  s e r v i c e  time

requirement , ca lcu lated  w i th  Eq ( 1~4 )  . Exper iment  19

co ns ide red  a s ingle c lass  of  cus t~)rner wh i le  exper iment  20

cons idered  two cus to r ice r  c l as s e s .

V . 4 .  1 Ex ~~~~ r ini ~~ nt 19

The work load for exper imen t  19 considered a single

c l a s s  of 10 jobs w i th  the fo l lowing c h a ra c t e r is t i c s :

Think Time ~ )O. ’ .) j i f f i e s
Process o r  Serv i ce  3 3 . 6  j i f f i e s
Disk 1/0 Ca l l s  3

The resul ts  of the exper iment are shown in T ab le  X I X  Part  1

presents the resul ts using the required processor serv ice

time pl us the overhead co r rec t ion .  This d i rec t  a pp l i ca t ion

of  the model to the single processo r  eonf i~~urat ion produces

92
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r - e s a l t s  rc i ia r kuh ly  c iose t o  me asur e d V a l u e S .  This is

~‘.ut -t ial ly accounted for by the rel a tivel y equal amounts of

serv ice required each tim e thruu~ h t he Round— Robin queue for

N2S Each customer should rece ive two al locut io ns  of  30

j i  ff i  es and hay t’ a N nal requi remc :- i t t ’o r 20. c, j  i f l ies  wh i le

~n 1’~ .” . Howt~V 4.’r • S l f l s -’ ’s’ eac h jo b r e c e i v e s  ii t f i e s  of

S~ ’ ? ’ V ice wh i 1 e in  }‘
~~ 1 , there should be seine con fli ct t’or the

use a t ’ t he s i nt-’. 1 c processo r on the rea l  we i’l d s ys  t e r n  - In

~
‘i

~~~ 
t j O  ul ur’ • ev en the u~ h j ohs in N I h . i v  e pr j or  it v ever  PQ2 —

j  ohs , the jo bs  e n t e r ’  i n~ N 1 m a y  s t i ll ,  hav e  to wu it un t i 1 t h e

cx  i st ~ ~ ~ 
j obs  a t  t he r eso u rce  corn p1 ot ~ s i t s  se rv  i’.’c quantum

S a’ .’ e t he ir 0cc  SSO r may  t’. c se rv i c j n~ a job  t’r em P , t h e

t t i m e  could be us U’a~ as ~ ‘.) i i f f ic s  . The j ot ’ s in the

rea l  w o r l d  sv s  te~-s con 1 ‘.1 t. he a be ox pee t ed t o  cx per icace

t io  na 1 wu it in~1 ~L’ t i a s - ’ ~ ud ed IS t h’.’ !lOd’s”l so lUt ion . 1’h t~

a l l  e r r ’ .” r val u e i a t ri t ’ X N’ r’ i:: t ’ it - ‘ r a y  not t” e in N

so -
~ uo h t” v the .is-’ c ur a’ .’ y o C t he n.a~1 e ~ as t’. v o t her c t’ t’Sc t t- j ug

C is - ’ t o t - s  , s us - ’ h as t ho so to hc ’ d I S C ii sses - 1 in cx pt” r i :1 ‘.‘a t- .‘‘.~

lh c re sults in pa r t  -
‘. w e r e  o~’- t a i n c d  aft er a

o ‘.“ r re’c t on w a s  made t’o r t he s-I it’ Ic renc es i n so rv i s -’ e

eq a r c: t on d i f t c -  ren t  pa 5:1 0 s t hrou~ h t he ~~ s-’. uns - t — us-’. hi  fi

s-
~ 

acne ‘.‘. t’ P~ .” . The re w a s  see e imp rev s- ’nen t Is-’. r r~~a~ 1 v a l l  the

pred i c t c-i v ~il uc ~-; . Si nce  the j  o hs  in th is cx ~“er imen t- had a

1 SI~~~ ‘.‘ r em a i a t a~ ser~- i s -’ 4.” requ i r e:-r eat  on t he f in a pass

t hreu~ h the ~euus -1—~ obin queue , the ser~’ ~~ s-’e  t i-n e ad jus t  m eat- s

w e r e  ~
;,- r ,i I , as  i ad is -’ a t e s - i  t’. v t- he N’ 1 at iv c i v  s m a l l  c han.~e s in

the pr-ed i~’ t ed vu 1 uc . ~h C a han~ Cs W C re how~~ et ’ , 1 fl .5

s-I t r o s -’ t ion wh ic h produce d se ci I er error:; .

- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - _ _ _  _
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V .  C ~x per ir n e r i t  20

The resu l ts  for exper im e n t  20 are shown in  Table X X .

The cx per it - rent used two  10 job c i as s e s  with the fo l lowing

c h a ra c t e r i s t i c s :

Think Time 300 .0  j i f f i e s
Processor  Set - v i c e

C l a s s  1 ~0. n j i f f i e s
C l a s s  C $ 3 S b  j i f f i e s

Disk 1/0 Ca l ls
C lass  1 10
C l a ss  C 3

~.~~14 . :  resu l ts  in part  1 of T a b le  XX sho w that  lar~’~er e r ro rs

a re  produc ed when d if fer ins. p r o c e s s o r  se rv ice time

re q u i r e me nt s  a re  inc luded . The respons e t i m e  e r r o r s  wou ld

a:’ae e to i ns - i  icate that c l a s s  1 j ob s  ar- c cx per ienc in~ som e

d e l ay  net an tici pa te d by the model. This na y  be co r r e c t  or

so: ie u n e x p e c t e d  deLi~ m ay be mo s t  ev ide n t  en the  c l a s s  1

jobs. Class 1 cust om ers r e c e i ve  C 7 . n  j i f fie s  o t ’ s e r v i c e

Jar in~ the puss t hreu h NC. I l c w o v e r  , it was not es - i  that  the

jobs of both  c l a s s e s  were o ccis si cni v rc s - iue ued b e f o r e

r c cc  iv  i n:~ a Ia 11 qua nt urn o:’ se rv i c e  - The s-I at - a ebt  a i ned t’rorn

the  ‘~E ~~R p rog ra m s - l e es  net prov ide the reason Icr

req ierna ~n:~ However , the most  l i ke l y  cause is the exp iration

of the job’s i : r — c o r e  p r o t e c t  t i rn~~. ~‘.lien this o c c u r s , the job

~s re tu rned  to  the end of the queue even  though it may not

he ne c essa ry  to swap it out of c o r e .  Si rice the j o bs  were

r eque ued het ’o re rec c iv  i ng their 11411 s- iUI t It un i , the c ~ pee ted

am ount of scrv ice required on the 1 ~rst pass through NC was

caus e d to v a r y .  :tha lys is  of  s o v o t 11 runs o f  - F ~~R d a t a

- _
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indicated that the jobs in this exper im ent  r ece i ved  an

avera ge of 24 jiffies of service on the first pass through

PQ2. This implies that class 1 customers could be expected

to make an extra pass through the queue . The effect on

c l a s s  2 cus tomer s i s reduc ed s ince they require severa l

pass~ s in any event.

The r e s u l t s  of the appl icat ion of the se rv i ce  time

ad jus tmen t  for this experime nt are shown in part 2 of Table

XX 5 There is some improvement in the e r ro rs .  However , the

se rv iee  t ime adjustment  was based on jobs receiv ing an

alloc ation of 30 jiffies in PQ2. If the jobs are requeued

before completing service because of the expiration of in—

core protect time , then a new adjustment is needed - In order

to determine the new a d j u s t m e n t , it i s ne ces sa r y  to know the

amount  of serv ic e rece i ve d in each pa ss through the P Q2

queue . An average vali se was determined for this experimen t

but the location of the jobs r-:i thin the run queue when in—

core protect time expires will vary with the workload .

The results of experiments 19 and 20 ind icate that

Closed Queueing Network Models may be applied with

reaso nable accurac y to the DECsyst em— 10 in the single

processor  con f igu ra t io n - T h e -  increased response time

hi~ h1 Ighted another problem in apply ing this c lass  of model

to complex computer sys tems.  The e x p i r a t i o n  of the In—core

protect  time tended to have a randomiz ing e f f ec t  on the

amount of  se rv i ce  rece ived during the f i r s t  pass through the

Round—Robin  queue of P Q C S  Ce r ta in  c l a sses  of  cust .ot ne rs were 

98
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lore sensitive than others to this change. Since the amount

of time spent in the run queue will be partially dependent

upon the workload , no fixed service adjustment is possible.

In or de r -to fully analyze th is p ro b lem a more d eta i led stud y

of the scheduling and swapping algorithms is needed .

V . 5  Cu s t o m e r  S - w u p p i n~ Mode l

A Closed Queue ing Ne twork Mo del was used to

represent  the D E O s y s t e m— l O  wh en  customer swapping was

required . This model is shown in Figure 11. Swapping is

required when the to ta l  memory requirement of all users

ex c e e d s  the core c a p a c i t y  of the sys tem . Since the addi t ion

of 512K words o f  core  memory ,  e x c e s s i v e  swapping has not

been apparent  during operat ion  of the D E C s y s t e r n — 1 0  at A F A L S

However , user requi rements  o f ten  tend to expand to the

c a p a c i t y  o f  c r i t i ca l  resources such as memory. For this

reason , a work load was develo ped wh ich  induced swapping so

that the T RACK and METER prog rams could be used to ana lyze

the e f f e c t s  on the  sys tem per formance.

V . 5 . 1  ~:xporii i ient 21

The work l oad  for exper iment  21 ~as compr ised of two

c lasses  of 10 job s eac h , w i t h  the fo l lowing c h a r a c t e r i s t i c s :

Think Time 300 .0  j i f f i e s
Processor  Se rv i ce

- 
Class 1 3 0 . 6  j i f f i e s
Cl a s s  2 83 . 6  j i f f i e s

Disk I/O Calls
C l a ss 1 1 0
C l a s s  2 3

- 99
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- In addition to the above characteristics , each job was

all ocated 50K words of core. The workload of 10 jobs in

cla ss 1 and 10 jobs In class 2 required a total of 1000K

words of’ core - The SYS IA T program indic ated that available

user memory cou ld  only c o n t a i n  13 of’ these jobs at one time.

The remaining ! w ould  have to be swapped onto a spec i f ied

RFO4 disk unit.

The additional load on the Operatin g System imposed

by job swapping caused a large increase in measured

processor overhead . The overhead of CPLJ 1 increased to 9~~,

w hi le  the overhead of’ CPUO w a s  mea sured at 18~~S The mean

s e r v i c e  time requ i remen t  of each c l a s s  was  ca lcu la ted  in the

e manner as ea r- i. icr cx per imeuts wi  thout the use of the

:VIrv ice time adjustment . The aver age delay for swapping was

- ‘ 
ca lcu l  :ited from the data of .  the ~- 1t - :T ER program

The results of’ this experi m ent are shown In

Table XX I . Using the mea sure-i swappin g delays produced good

res~’on se time errors. However , the av a ilability of the

aver-sge swap~’ing de lay  t’or ~eneral wor kios-ids is

q t i e  s t  i o n a b  1 e - Ne I ther the TR~\ CK f lOt  ~Y s - M  I prog rams prov ided

parameters  wh is-o h could he d ire ’c ti y r ci - i t i ” .i to the measured

v a l u e s  for swappin g de l  ;ly - The t’ac t tha t -  13 cus tomers  could

occ u p y  memory at one t ime Cl o cs  not  imp ly  that - the Swappe r

Module does not at te i ip t  to opt m i  ~e per I s )  r - r s a n c e  and sw ap eut

more jobs than than is ac tua l l y  required t’or this

deterministic work load . In a d d i t i o n , some of the d e l s - i y may

be absorbed as the c ust orier wa it . in I, he ~Q 1 s.~Ut’ Li t ’ . Tb is

- ~-
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q ueue can norma l ly  he ox pee ted to be sm a l l  but  i ts len g th

w ill be dependent upon the workload .

Another fa c tor to be cons id ere d when swap pi ng occur s

is the i n te rac t ion  between user disk I/O operations and the

system swapping. A s imi l ar workload which required that the

synthetic jobs write onto a RP014 disk showed a drastic

increase in measured I/O t ime when swapp ing was required - In

th a t i n s t a n ce , the Opera t ing  Sys tem and the user programs

were both using the same disk control unit. The average

user- dis;~ interaction was measur ed at 1 . 72  j i f f i e s  when the

user I/O was to a IiP03 disk unit. When swapping was induced

and both the Operatin g System and the synthetic jobs used

Lhe RP0~l disk units , the average user J isk interacti on time

increased to app r ox ima te l y  14) jiffies . The size of’ the

inc rease  in I/O t it;~e w a r r a n t s  addi tLonal  i n v e s t ig at i o n  in

later studies.

The representation of the DECsyst em—1 0 shown in

Fig ure 1 1 has been shown to prod uc e r e la t i v e ly  good

predictions of’ the system perform ance when swapping is

re quired . However , the value of the mode l is depen dent upon

the av a ilability of the values for avors -ig e swi~ ; ing delay

for eoch customer. 
-

- -  
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Chapter VI

~ - Conclus ions and Recommendations for Future Stud y

VI . 1  Conclusions

The Closed Queueing Network Model provides a

flex ible means of representing complex computer systems.

Several representat ions of the DECsystem— 10 have been

presented in this report. The analytic solution presented in

Cha p ter III p laced re quirements on the system be ing modeled

which are not totally satisfied by the DECsystem—1O. In

part i-~ol;n- , the system does not normally sat isfy the

llm itatLoc on service rates for FCFS se rv i ce  cen te rs  and the
‘¼

requirement that a customer may onl y occu py one resource

queue at a time. The validation of the different models used

to re pre sent the system has indi cate d how certa in system

features an d parameters of the DECsystern — 1O affect the

acc urac y of v a r ious model reprcsen ta t ions .

The dual processor node model used for experiments 1

- - through 6 produce d res ponse t ime errors ran gi ng up to 33% .

Although the accuracy is not as goo d as would be d es ire d for

detailed performance evaluat ion of the system , the

flexi bility of Closed Queueing Network -lodels permits many

configurations to be easily represented . The alternate

representation used for experiments 7 through 12 indicated

tuat equally accurate performance measures may be obtained

1011
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with - a sim p li t ’ied model using only one Pr-ocessor Sharing

node to represent the processors. Finally, adjustments were

ma de to the serv ice time re qui rement s of the cu stomers in an

effort to compensate for the 1 imi ta t i  ns imposed by the

closed form solution of the model - The results from the

application of the adjusted service times , experiments 13

through 18 , i ndic ate d th at the error s for wo rst c ase

workloads are improved while there is a slight decrease in

accurac y ~‘or other wo rk lo ads .

A Closed Queuein g Network Model was also used to

represent the rEcsyste rn— lo in a single processor

configuration - The response time errors were relatively

small with the exception ot’ class ~ users in exper iment  20 .

That exper iment highi ighted the in fluence of the i n—core

protect time cowi ter . Even though swappi n~ was not required

for the workload in that e x p e r U i e n t , the in— core pr o t e c t

time had a distinct effect on the system pe r f o rm a n ce  for

specific customer classes. Al t houg h add i t i o na l  investi gation

is needed in this a r e a , the ~iode l used for this

con f ig u ra t i on  prov ides a f lex  Ib le representation of the

system and yields results of reasonable accuracy.

Fin a lly, the effects of’ s w a p p i n g  on system

perfornance were investigated. The results of experiment 71

indicate that a delay nod e can he used to represent the

sw appi ng delay.  However , the .ipp l ic~~t ion of the model

requires that swapping times be taken from METER or

equivalent data. The coll ecti on c-f t h i s  d e ta i l e d in forma tion

1 ~) 5
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i s  gene ra l l y  not pr.io t ic al dur Ing normal  ope rat  ion - Even
— though the response t ime er rors  were  be low 10 % , the

r e q u i r e m e n t  for the ave r age  swapp in g  delay makes the

appl t ea t .  ion of’ this mo del imp ra ctic al at the present t- ime.

Further s tudy  may de t e rmine a c o r r e la t  ion be tween  the

av e r a g e  swappin g de lay  and one or more pa ra ruete r’ s av a i l a b l e

in the TRAC k data . A rel.-it ionship of this form would permit

the applic ati on of the mod &L t-o the DECsystem— 1O.

Closed Queue ing N e t w o r k  Models o f f e r  g r e a t

flex i hi 1 i t v for re pr- esen t i ng co~ pl cx cc-tnput er sstems such

as the D F C s y S t e ~n— 1L ) . The p roduc t  for!fl so l u t i on  to this

c la s s  c-f model requ i res  t ha t  assumptions be mad e concerning

— the system to be modeled . This report has shown that the

t fo rm solut  !~0I) for C l c - s~~d Queue ing N etwork Models is

appl ic-ab le to the I)ECsvs te n— lU it’ a high deg ree of a~.’c urac y

is not required .

V I  i “. I i 4 
~. cn t c -  utur e ‘~tudy

The ma gnitude ot’ the r es p o n s e  t ime e r r o r s  t’c-r the

m odels presente d in this report arise from two areas;

I imita t ions in the model caused by assu:~p t i c- ns  ::~ade to

obta in  a c losed fo r :r solut ion and 1 im i ta t i o ns  in the

construction of the synthetic w o r k lo ad  . Add i t Lonal topics

for futur e study i nc lud e:

1 . The l i m i t a t i o n s  i m p o s e d  by the assumpt ions

requi red for the m o d e l ’ s s o l u t i o n  need c be f u r ther

106
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inv es t i atc-d . A r i ’~~r~~us m ath ematical inv esti gattor) should

he undert aken in order to deter- m ine refined serv ice time

adjustment  procedures and the l imi tations of such

proc edures .

2. A synthetic workload whi ch more  closely

approxi m ates the assumptions of the model needs to be

dev e loped in order to e f f e c t i v e l y  v a l i d a t e  models of this

nature .  The SCRIPT pro gram permits the simul taneous

e x e c u t i o n  of  numerous progra::1s - C l a s s e s  c o u l d  be m o d e l e d  by

several .syn thet ic jobs load e d  into the sys tem using severa l

“ sc r i p t s ” for each class of custome r- .
~~~

. A - ic - re coi’i :~re he n s iv e  i n v e s t i g a t i o n  of schedul ing

and s w i p p i n g  p roc edur e s  is required to analy :~e the problem

c- I’ ear l  
~ r c - q u e ue  i 1ig or ’ jobs in the run queue - In ad di t ion

a sons i t iv i tv s tud v should he perfo  rined t o  determine the

e Ct ’ec t s on per fo r:r ianc e r e -s u  1 t ing fro m c ha nges  in the

reso u rce  c-i Ic -cat ic-n paranie t .ers.

4 . :‘1dd it tonal study of I/L) features needs to be

c-cc c-mn ii shed to valid a te this class of mod c-i for the

eo~’ipl ete system . This inv e st iga t i on should includ e the

co nseq ue nces of  s w a p p i n g  on I/O and ove ra l l  sys tem

pe rf o rm a nce .

5. In order for a model wh i c h  i n c o r p o r a t e s  c ustomer

swa pp ing  to be of p r a c t i c a l  v a l u e , rea d i l y  acce ssible

para meters  wh i c h  prov ide good corre l  at ion w i t h  observed

swapping d e l ay s  must be iLlenti f i~-d - The ident i t ’ lcat  ion c- f

these para mete rs  w i l l  requ i re  d e ta i led  k now led g e  of’ the

Operat  tng Sys tem Swi pp~ up, rout ines.

107

- —- — . -- —



- -.—-- - --- --- ~~ --‘-~~- ---- - -  -- -~~~ -~~ -‘- — —

. -~~ - - - ‘ - -- ~~~~~~~-~~-.‘-~~~~~~-——--- - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — - .  -

— 
Refe rences

1. ~- ‘~ en -.~ie , L .  E .  Qu e u e i n g  N e t w o r k  M o d e l  f o r
Performa nce Ev aluation of the DECs v~i t e n — 1 0 .  A F I T —
C C S — E ~~— 7 7 — 1 . C,’ Ight~ Patt~ r soii A ir Fc~r~ e 

- 

~~ase , Ohio ;
A FIT , March 1977.

2. Data Research Corporation. “Digital Equipment
D ECsys t em — i 0 . ” Data p ro :  70C~~3St l~ 0 1a~ ’ 70c_ 33 )~_ 0 3b.
0e l ran , New J e r s e y :  Datapro  Rese arch  Corpora t ion ,
June 19’7 6

3. Am pex Corporation. Toch ni cil Manual for Ampex
-~enl c - ce me nt  ~- 1enorv , ~- 1odei A R M — i  OL.  El Seg undo ,
C al if o r n ia : Ampex Corporation , 19 16 .

~~~ . Digita l Equipment Cc - rpo rat i on  - DEC svstem-1~ Moa l t o r
St r u e  t -u r e  - Unpub 1 ished Course i-ianio ut . laynar d

— 
Ma-3 : ;achuset ts  : Digital Equipment Corp orati on , (No
daL e a v a i l a b l e) .

5. He 1 lerman , H - c-nd T. F. Co nr’Oy - C c - m r u t  er Sy s tem
F e r f c - r m i n c e .  New Y o r k :  ~-1c~~ra w — H i i l  Pock C o . ,  1 47 5 .

6 .  S v o b o d o v a , L_  Comnuter  P e r f c - r m a n o e  en~ - ’ r c - : -~c nt c-nd
Ev aic -at ic-n Me tho~.s: A n al y s is c-~ -~ \~-~ 1 ic~it ion - New
Y o r k :  Am er i co n  Eisev icr Fubi ishiup, Co - . ) To - 

-

7 . Sr. ’ Isky , E. , et - ii. ~ -C s vs te ’~~ 1 ) Progra ~’: Log ic  ~anual
or S~ ht luler and o —~~~r r~ ~ ~o , ~i h~ ~n ,

~cs te rn  M i c h~~~ in University, May 1977 .

8. Kle iuro ck , L. - Qu~~ueing 1vstem s , Volum e It: Co rn Ruter
A ppi i cc - ti ons~~~k~~ Yor k: John ~iley and Sons , 1nc ,
1-) ( b .

9. Digital Equipment Corporation. DE fsystem— 1O Monitor
Calls M anual - ~a nard , Mc -ssachu~~ tts : Dig i ta l
Eq u t pr-i en t Co r ‘or at  ion . 1 97 ~4 .

108

A ~~~A



-~~~~ ~ ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ ~‘p~’~~~ ~~ ? _._ ~~~~~~~~~~~~~~~~~~~~~~ r~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

V

10. Digital Equipment Corporation. DECsys tem— 10 O~ eratin~* c~~~~~4s Manual. Ma ynárd~, M a chu~~~ C~ :
Digital Equipment Corporation , May 1977.

11. Baskett , F., et. al. “Open , Closed and Mixed Networks
of Queues with Different Classes of’
Customers. ” Journal of the ACM , 22:248—260 (April
1975).

12. Jackson , J. R . “Jo bshop—Like Queueing Systems. ”
Management Science , 1 0: 1 3 1_ 1- 1 1 2 (October 1963).

13. Gordon , W . J. an d G. F. Newell. “Closed Queueing
Systems w i th Ex ponential Servers . ” Operations
Research , 15:254—265. (March 1967).

1 4 . Moore , C. G. Network Mo dels for Large— Scale Time—
Sharing Systems. Tech~TcaI Report r i — i .  Ann A~~ br ,
M ichi gan; University of Michigan , April 1971.
AD 727206

15 . Cox , D. R. “A Use of Complex Probabilities in
the Theory of Stochastic Process. ” Pr ocee d i n~ s of
the Cambridge Phi1oso~~ ica1 Society, 51 :313-319
U95 5) .

16. Chandy , K. M. “The Analysis and Solutions for General
Queueing Networks  ~~

“ Proceedings Sixth Annual
Princeton Conference on Informa tion Science and
sys tems: 224-228. Prince University, March 1972.

~7. t~ong , J. ~~~ . Queue ing Network Mo d e l s fo r Com puter
Syst~-ns . UCLA —E N G—7579 Los Angeles , Cal ifornia;
UCLA , October 1975.

18. Chen , P. P. “Queueing Network -Model of Interactive
Comp uting Systems. ” Pr o c e e d i n & s  o f  the IEEE , 63:954—
957 (June 197~~).

19 Li t t le , J. D. “A Proof of the Queueing Formula L:~ W .”
epcra tions Research , 9:383—387 (May 1961).

20. ~ei - -~er . -
~~~. “fl t e~ activ e Modeling of Computer Systems. ”

( IB~ S~~~~cm Journal , ‘~: 3 0 9— 327 ( 19 7 6 ) .

109



-‘ 
--- -- — . . _ _~~~. ~~~~~~~~~~~~~~~~~~~ .~

- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ___________ - _~~~~~~ ~~~~~~~~~~~~

21. Gia trrrn o , T. “V a l i d a t i o n  of a co’- iputer Per formance Modelof the Ex pon ent ial ~ueue ing  Network Family. ”
Acta Informa tjca

~ 7 :137-152 (1976).

22. Buzen , J. P. Queu ei ng Ne twork Mo dels of
Multiprogr amm ing , Ph .D . The sis , Df v fs [on ~fEngineerin g and Applied Science , Harvard Univers ity,
Cambridge , Massachusetts , 1 97 1 . AD 73 1 575

23. Cox , D. R. an d W . L. Sm it h Queues. New Yor k : John
~i ley  a n d Sons , Inc., 1961.

1~~~~

1 1 0  

-- - - - A



— — - 
r - ’ ~~~ ~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~ .v’w ~r~~~ ~~~~~~~~~ ~~~~~~~~~~~ ~~~~~~~

‘‘
~~~~~~
‘ T~~~~~- ~~~~~~~~~~~~~~~~~~ - - ~~~~~~~~~~~~~~~~~~~~~ ~~~‘

A p p e n d i x  A

Closed  Q u e u e  i ng  N e t w o r k  nc-del  S o l u t i o n  Tec hniq~ e

Networks of queues provide an flexible method of

mode l  ir i g m u l t i p r o g r a m m e d  and t i m e— s h a r i n g  compu te r  s y s t e m s  -

A computer system may be viewed as a network of resources

(terminals , CPU s , I/O devices ) and a collection of customers

c-nd their associated tasks . Similar resources may be

g rouped  t oge the r  into a single class called a service

c 3 n t e r .  The c u s t o m e r s  pass  from one serv ice center to

a n o t h e r , r e c e i v i n g  so me amoun t o f  s e r v i c e  f ro m each  o f  tue

I 
centers along the i r  r o u t e .  If the routes are such that a

c u s t o m e r  may n e i t h e r  e~~t~er not leave  the ne twork , then the

net - ~ n-k is s c - i - I  to he a close -i ~1ueuo ing ne t .wo rk .  In a t ime —

IL sh~~riu ; env i ro nme nt , one of  the s e r v i c e  c e n t e r s  w i l l

re r - ‘a - c r  the u ser ’s term in als - The comm and entered by the

~~ ;r p roc eed s  to the sys t em resources  where it r e c e i v e s  so me

c - m ount  c - f  s e r v i c e  and re turns  to the terminal  center  where

it receives more service in the form of think time.

Fol lowing the think time , another task leaves the term inal

service center and proceeds through the network. The closed

~ueueing ne twork  then p rov ides  a rea l i s t i c  no-de l  of a t i me-

shar ing computer sys tem .

Assoc ia ted  u~. th e ac h serv ice center in t he network

is a queue . Cu:-~t. ~rs c - re  ass igned to a se rv i ce  center ’ s

queue while they a re  aw. i it ing or receiving service from that

1 1 1
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C. cen te r  - The s t a t e  et ’ i c lo - ; - - ~ i~i : L -u c&ug  ne twor k  can then be
F 

descr ibed In terms of  the r.’imber of ’ c u s t o m e r s  at each queue

in the ne twork .

The sys tem changes s ta te  when a custo m er depar ts  one

serv i ce  center  and enters  the queue of another .  Jackson

( R e f  12) and Cordon and Newe l l  (REF 13) have descr ibed

the long—run—ave rage  behavior in terms of  an equilibrium

state probability distribution function. At equilibrium , the

r ite of transition of customers into a state from all other

s t a t c :~ must - equal the rate of  t rans i t ion  of customers  out of

that state into all other states. The equat ions describing

this feature are cal led global balance ~quations by Chandy

(Ref 16). cordon and Newel l used this concept when

so 1 v~~ng the balance equation s for the case of Identical

c us tomers .  Customer s are said to be ident ical  if their

rout ir-g thro ug h the network is the same and if their service

t iruc distr ibut ion funct ions are the same at each se rv i ce

center. The followin g d isc uss ion  cove r s  the deve lopment  of a

closed form solution for the equilibrium state probability

distribution (Ref 13).

Whil e deriving the steady state probabilities , two

-i ddi t ion a l funct ~~~~~ w ill be helpful - Let

0 n : 0
E ( n . )  (6 6)

1 n 1 > C)

(:1

11 2
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~~~- l’hls function is a dimensionless , mul tip l ic ative factor

wh ich wil l  be used to el iminate from the ste ad y st a te

probabilities terms which cannot exist. Thus , the final

result  w i l l  be s lmnpi I f led w i th  the understand tug that the

ex pre~;sion is valid only for

M

n 
~, ~ 0 and n N

Another funct ion which w i l l  s imp l i f y  no tat ion  Is:

n .  n .< r
a ,(n  j  1 1 ( 2 7 )

1 1 r n
1
> r

Tb is funet ion is also a ii lm eusionl ess , mult ipl ic a t i v e

f a c t o r .  It  W i l l  be used to m d  ica t .e the number of j obs

r e c e i v i n g  s e r v i c e  at t.he ith servi ce center , w i t h  r

ident ica l  se r ve r s , when t- here are U 
~ 

j o bs In the queue .

A c t u a l l y  the fac to r  may be c - ny  p o s i t i v e  f u n c t i o n , but the

u-se of this par t i cula r  a (n .) w i l l  c l a r i f y  i ts  use In the

d ev e l o p m e n t  o t ’ t he s t eady  s t a L e  pro~- ihl 1 i ty  d ist r i bu t i on

The network  w i l l  he c ha raetc rL :cd  by the fo l lowing

pa ramete rs :

N : the num ber o f’ customers (tasks or jobs)

r e c e i v i n g  s e r v i c e  in the nt~twork .

the prohahi l  i ty  that a custom er leav i ng the

I Lb sr~rv Ice center will rI’oceed t.c- t f- c j tb serv ice -‘enter.

113 
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N : the number of service centers in the network.

r 1 : the number of id entical servers at the ith

servi ce center.

1* . the d eparture rate from a server in the ith

serv ice center. Expressed in jobs/sec .

the arr ival rate at the ith service center. As
1 — -  -

w ith the d eparture rate , ex pressed in jobs/sec .

P(n 1, n 2,. - .,n M
) the joint stead y state probability

that there are n - cu stomers at the ith service center. These

probab il it ies shoul d only b e def ined for ~~ n . N.

Con sid er the rate of trans i tion ou t of a state

(n 
1 ~~ n~1

):

E (fl
k
)a k

(
~~~
) 
~~~~~~ ~~~ ~~~~ ‘~~M~ 

(28)

This formula Ind icates  that customers  e x i t  from s ta te

c n 1 ,n ,, . - .n~~
) throu gh the kth center  as long as there Is at

least one customer present at that center  - If there are no

customers at the kth center , no depar tu res  are possible and

the  f u n c t ion E ( n k) will set the corre sponding term equal

to zero for the summ ation.

— The rate of trans i tion into a state (n 1, n 2,...n~1
)

will be expressed as:

11
-~~~~~ 11~

_  ~~—~~~ - -~~~~~- -
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+ E (n . ) a . ( n .)  
~~

p . .  P( n 1 ,n2 , .  . - ,n~1
) (2 9 )

This express ion  indicat-es that a t rans i t ion  into a s ta te

~~ 1 ,
n
2
, - . n~1

) occurs  from state (n 
~~~~~~~~~~~~~~~ 

n
k

l , - ~n~ +1 , -

whe n e v e r  a customer completes s e r v i c e  at the ith center  and

-
~ then proceeds to the kth center. Lhen n k 0 , the s ta te

- - 
~~k~

1 ’ . .n .+1 , . - .n ~1) cannot ex ist. How ever , for

mathematical convenience , P(n 1 , . - .n 1<
_ 1 , - .n i+l - will be

c- i, lowed to exist and E (n
k
) will eliminate that term from

t he summat ion  (R e f  2 2 ; 2 2 0 )

The queue dependent  funct ion a k
( tI k

) must be handled

d I ff e r e n t l y  when i : 1<. In this case , a customer depa r ts  the

ith s e r v i c e center  and immed iate ly  returns to that cen te r .

Th ere fo re , the queue dependent depa r tu re  rate must be bas ed

on n customers rather than n ,÷ 1 cu stomer s .
-

- 
1 1 -

At equ i l ib r i u m , the ra te of tr an siti on out of any

s t a re  is equal to the rate of t rans i t ion  into that state.

Therefore , the s teady  s ta te  probabi l i t ies  must s a t i s f y :

i i;  

--~~~~~~-.---~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -~~~~ -
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+ E ( n . ) a . ( n . )  
~~~~~ 

P(n~ , fl . - - ‘~~M~ 
( 3 0 )

‘Jow consider the equilibrium condition for a particular

s e r v i c e  cen te r :

Num ber ot ’ Jobs De par t ing Num ber of Jo bs A r r iv i ng

~hi t e that. jobs may only depm rt . from a service eon ter if the

center  is being ut ii i ,~t-d c-nd that it may be u t i l i zed only

when at. least one job is pre~;cnt in its queue . The

expre:;s1¼)n fur the left side of  the equation is

* (Active Time) , wh i le  the r ight  hand s ide is

* (Tota l  Tir mi e ) . Reord ering terms y ie l ds  the de t ’in i.ti on

fu r  resource ut 11 i z a t ion

Pe rcent  U t i l izat i on  ( A c t i v e  T i me )/ (T o t a l  Time) : A / p
1 1

11 6
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This rat io is also cal led the traffi c intensity and is

sometimes given units of erlangs in honor of A. K. Erlang , a

pioneer in congestion theory (Ref 23;’40). The P
1 

are

parameters of the queueing network an d will remain constant.

The A w ill vary with the workload N. It is assumed that

chan ges in the num ber of jobs in the netw ork w i ll not affect

the relative ut ilizations of the service centers. This is

in tu i t ively accep tab le  when all the customers are ident ical .

However  when custo mers have d i f f e r i ng  serv i ce  requirements

at a First Come First Serve queue , then the assumption is no

longer val id ; as is d iscussed  in Chapter III.

For centers wi th id ent ic al serv ers , the util ization

is:

x i 
_______ (31)
a~ (n~ )

~here is the u t i l i za t ion  of an equiva lent  single server

c e n t e r .  Both X~ and A 1 are funct ions of  the work load , N.

~1ien the se rv i ce  t imes are  s ta te  (lependCnt and the function

a ~(n 1) is an a r b i t r a r y  pos i t i ve  f u n c t ion , the u t i l izat ion of

the se rve rs  at the ith center  is no longer expressed by

Eq ( 3 1 ) .  In this ins tance , the concept  of  an indiv idual

server  wi thin the s e r v i c e  center  is no longer c lear l y

def ined -

In order to so lve  the balance equat ions , the metho d

of seperat ion of va r iab les  wil l be used . As s ta ted  ear l ier ,

it is assumed that the u t i l i za t ions  of the se r v i ce  cent~~~s

(
‘
)

1 ‘- -s 

~~~~ - - - -- --- -
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are functions of the network  paramete rs  p
1~ and p

1
, and of

the number of customers in the network. Once an equilib rium

condition is reached , the remain constant. These

utilIzations are then used to define a new function as

follows :

N n .
,n~ ) L. i—i (X 1) 1 (32)

C(N) I L
1: 1

~l-iere C is a normal iza t ion  cons tan t  which wi l l  later be used

to adjust for the dependence of the X
1 upo n the  num ber of

customers in the network.

For notat iona l  convenience also de t ’ine:

1

k:1 ,2. . .M
13k(n) a k(n) B 1((n— 1) n:1 ,2. ..N ( 3 3 )

l’ u ese func t ions  pe rm i t  the following change of variables to

be made in the b al ance equ ations :

Q(fl Ifl ) I~~~~~ •~~~fl )
1’(~ ,n ,.. .,n ) 1 (321 )1 2  N N 

~ )k k
1<:

(

118 

---- - - -~~~~~-
----- - - - - - - -— -- - - -~~~~~~~~~~~~~~- - - - -~~~~~~~~~ --- - - _



‘~~~~~~~~~~~ ‘~~~~~~~~ ‘ ‘ ‘ % W 

~

‘ —- - ‘w ’ .. ’. w— - ._ ‘.aV  -~~~ i~~~F k c Y 1 ,,n~~~~~ ’W ~~, ’ ~~~~~~~~ __-~ f lT t ,’r T”Trf

_ _ ~~~~~~ _-,_- ---- - --

Note that

ak
(n

k )
Q(n l ,

~~~
nk— l. n

~
+l. .nM )

a 1 (n~
+l )

— 1. .n~~s .1 ..n .i
) : (35)

I 

B.( n .)

Su bstituting into the balance equations and canceling the

terms y iel d s the following results:

N

E(n k )ak (nk)M kQ(n l , n2,. .nM )

‘1 11

E( r i )a 1(n
~~

) 
~ii  ~~~~ 

- -
~~k~ ~ - .n~ + 1 , . .n~~) (36)

-
~ i:1 k:1

subst i tu t ing  for Q ( - )  y i c l ds :

~~~ 
E(n k )a k (n k ) P k[fl ~~

N H N

E ( n k ) c - . ( n . ) p . p t~ 
(X I /-’X k)[flXJJ] 

(37)
i:1 k~~1 j :l

which re duces to:

- E(n k )P l
p Ik (X j/X k ) 0 (~~i)

k :1 i :lk :1

(
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..  ~$ince all the jobs could be at any of the service ce n te rs  at

one t ime , the followin g must hold:

~~~
Pi X IPik : k Xk 

k:1 ,~~~ ,... ,M (39)

Fr om the earlier definition of X . , th is can be writ ten as: —

A p~ : A k:1 ,2,... ,M (210)
1:1 1 1k k

This is not an independ ent set of equations - The A
k

can only be determin ed w i th in  a ~iu ltip l icative constant. The

interpret ation of the set of  equat ions  is that. the arrival

rat- c to the kth c en t er is equa l  to the we ighted sum of the

arrival rates of the serv ice centers whi ch could possibly

send it a customer.

It’ the network is model. ing a t ime—sh a r i ng  computer

s\-ste~n , then the relative a r r i va l  r a t e s  will be of i n te res t .

Let the user terminals  be rep resen ted  as w o r ke e n t e r  number

one. Then A 1 / A
1 

is the r e l a t i v e  a r r i va l  ra te  at service

center i with respect to the user term inal s . Tb is m d  ic ates

that a customer wil l visit the ith service center A / A
1 1

t im es b etween the time it le ave s the term inal until it

returns.

Def ine e as the expected number of visits to the

i th center per interaction with the user t e rm ina l  ~ ‘“v ice

center. This permit s the l;n.t equa t io n  t~ be written ~s: 

~~~~~~~~~~ —
_

- -
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e.p. k~ 1 ,2 ,...M (21 1)

Now the relat ive number of visits to each center can be

computed as well as the relative utilizations for identical

s e r v e r s , X. . Rewrit ing the equili b r ium state probabi lity

d istr ib ut ion fun ction y iel d s:

1 ~~/~~~) n1 —

P ( n  ,n , . . .n ) _____ ~ 
1 

(212)
1 2 N C ( N )  

~~ 
(
~ i ‘

i~~1

Since  the te rm s are u t i l iza t ions , and the B1 (n~ ) terms

c - re  products  of  mu l t i p l i ca t i ve  fac to rs , there are no units;

as expected for a p robab i l i t y  d is t r ibut ion.  Note that :

B~ (n~~) a .(k) ( 2 1 3 )

and let

~
,a ( k ) (4 1 j )

J i i

~here ~.(k) is the departure rat e from the jth center when

there c-re k customers at the cent~er . Then:

P( n  
~~ 2’~~ :(N) 

F 1
(n

1
)F )(n 2

) - . .F M
(n

M
)
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where

ni
F.(n.) 

e. 
(116)

f1i mi .(j )
j
~ 

1

The F .(r1 ) terms are unnorm al ized p robab i l i t i es  that se rv i ce

center  i has n . customers in its queue .

The normal i za t ion  cons tan t  is now written as C(N) to

indicate its dependence upon the workload , N. C ( N)  must

normal i ze the prod uct on the right han d sid e of the equat ion

to insure that the probabi l i t ies sum to one over  all

possib le states. Therefore:

C(N) F 1 (n 1 )F2(n~ ) .. .F~l (n M) (217)

all  st a t e s
n 1 +n 2+. - .+n~~ N 

- - _
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