
AO—A076 570 MASSACHUSETTS INST OF TECH CAMBRIDGE LAB FOR COMPUTE——ftc rrn
REFERENCE TREE NETWORKS : VIRTUAL MACHINE AND IMPt.EMENTAT ION.(U)
.M.. 79 R H HALSTEAD N000fl—75eC—Oeej

UNCLASSIFIED MIT/LCS/TR 222 NL
J 0 F 3

_____________ 
_ _ _ _ _ _

— ____________________________ —

_ _ _  

__ _ScSi



I S A
£ ~J

_____ ~~~
• 2 2

L ,,

llll~ 
‘•‘ ~ ~~

lffl’25 -.

NA~ ICNAL 8L~~(AU O~ ST4 ~~~ RDS
~~~ S~x~~l~’ ~~~~~~~~~~~~ •f ~~

. - __~~~,

- —



~‘ I’ ’  I. I’
I ‘ S

-

c~~~~~~~~~~~~~iI!a k
a I

, 

a •
- 

- a 
~ 

- 
.al

S • • I I S

0~
C-;

I
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _



~( C U H I T v  CI A SSIFI C*T IO N OP YHIS  P* GC (Ph~~ D~~. F..I...d)

REPORT DOCUMENTATION PAGE B~~ FO COMPL UKM

— - 1 ML P3RT k J M & ~~R 1’ GOVT aCc tsS IoN NO ) HE C I P I E N T ’ S C A Y 4 L ~~(. HUMIU H

MIT ~~~~~~~ ~~ — 2 2 2 — 

-

• ~~~~~~~~l~~~~~~~ j S . b i , ,i•  S T v P C Q F M E P O N T  $ p , : ~~~~~. a~~ o

~~~ ‘ ,l t ’:~~~~’ ?i~~t t~~~ i~~~;: V i r t ua l ~~~~~~~~ ~~~ ~~~~~ Thesis , Ju ly  2 , 1979
‘!I’,I 1 ~~ $ P tMIO MM~Nc ~ 0AG H ( P O R T  laU~~O~~N

T 
- - ______ 

MIT/LCSPrR—222
A ‘ -a 1 a 

- 
I. CUNT~~~A C Y  OH C.H laN~ I~~i~~Bl~~~~

_ N00014-75--C—066 1
~1 ~

_
~~U’!~~ U i n t ’ ~ !~,Il.

,
~ t ’~k1, ~~~~

N *~ .. N & ‘* A N 9 U M I ANC A ) . R P S I  l~ P H ( N A ~~~t N N Y A f ~~ A f
* n t  a a s~~~~. UNIT Nu NOt ‘~~

~ :‘: ~~~~~~~~~~~~~~~ ~~ L & F ~ ’u t i ’! t~~~~*~ 
a— 

—

~4 r , I’t~~’~~~~1 - i r ’  ~~~~~~~~~~~~~~ . i / ~ 
—‘

, T / ~~~ ‘

~~~t :’ , L i  ~~~~~ ‘
~~,

-‘
~ ~) 21 y I

a. •~~ ! N A N I  A N O *~~ ~~P I t ’ ~~ 

— - 
1 ’ - ,~~a ’ , H ’  ~~A 7 t

~~~~~ ~\ : ~ • ~ : s  ‘Mt : j  —a 
_~ 1 1’: 2 , 1 ~~~~~~

14 ~~ ~c ‘ : ,  i: I - ) — a. - A . 1  • , -
Ai I ~i’~~ ~n , ~. : \  _~ ‘1 

___________________________ - —

4 ‘‘a ’ ‘. . a : , I’. • a~~~~~a~ ~~* : - : a ~ c s ,  .1 f f . , ,, I.o. ,,~,t,ol I In~ 
( ‘ f -  a ‘ ‘- I  - Cl.  a ’, ’ f a ~~~. ‘.~ - a ’

• ;.-
~ ~~~~ ~~~ 

. 1 , 1 . :  ‘. 
•
~ h ’~ , i~~~; I

~~~ : - , . • ~~~~ 
-
~ ~~~• I ‘ ‘~~ 

‘ ‘ ‘ • - ‘ t - a . ~~~~~~~~~~~~~~~~~~ a ’  a. ‘ ‘ -~~~a. , P A  ‘a- 5 . .’  a . , ’.  • . .  •

‘~~ fl fl ’ t~~ 1I — - a . S a 1 1 h ’ - - .
~~ .. l: .. ,

• — — ‘~ . ~~~~~~ I ,  ‘ -
~~ ~~~ — 2. ‘~ ~1 i ~

- 1’ ’- i~ .. in I i t
l xa ~t ‘~~‘. S I i:’ i t .

- ‘ A  H a. % ‘ A ’ ?~~~I . , ’ - , l ’~~. I?’ .’ .. ‘ ., ‘ .,.,l . H , *  ; , f . S , ’~~.’ a.’. ’ ‘,..~ - I . .~ - - a

_____ —— 

DSCt.~~~I th.. j,1,
r’~~~~ c~~Ta. ’ a .a . ~~~~~ r c  

- - -

• • ç . . . — , ~. . ,  • a . .  • ., ,4 .. f ,

I S ~M I r~
h~- ?  t -

~~~~~~~~~~~ ‘~-r~ -’,’ i.. : :
‘—.i ’ 1 r’ ’ ~~~~~~~~~ ’.’. ,r-:;

~~~ ~~~~~~~~~ ‘~‘ .~~~t ~~~i~
-, • i  ~~~~ 

‘ -  a, ~~~~~~~~~~~~~~~~~~~ 
—

~\ -.irr”- ’ - ‘—
~~ - I  ~‘: ‘~r’ç~~it ifl~ i~ h i n i  -

~~iv I .  r~~~~h lv  d c , ~~t~x~~~ l into a
. i  L i t , i  F~ th nn~~’t i: -~ : ~~~~~~ fl~u i n t ’p -~sit 1on of

~h i ~; L~ t .1 • i t  h 1 a ’’ ~~‘ ‘a  ‘:~ ‘r ~~~~ ‘~~~~~ ~~ .i~ -s I t ; t  E ’r ,) (~ ’ ‘1 ir~’nt ~ creates •i ~xDtt1eneck ,
U ~~I1 S a M  ~~ ‘ 1 • 1~ ~M ‘ T T’~~1’K ’ I” •~~ )l1 ~ th7 tcchno1oq i~’a1

~~~~~ r’r a 1 ! l t inri.,Ilv , t I,’ :‘i rs i i t h i r  n . i t u i ’ ’  ‘‘f ?‘‘Ser.t —cLIy processors resists
I ~~.M

’I !T~ ‘Mt .l~ i k • ‘r r’ ri ‘V-~ I ~f t,r~x~ ’-ss l rq t ‘~~~~‘T
T~i’ t . ’s’vi r - h ~‘-er il~ ’d l’w i s ’  at ta cks the pr’ I~’r c’f c~~istruct inc~ n~Dre

ti ’~~’r f - ~ I .ir~ i ~i~r” f l u ’x i b l c  c~rt ’I tor  syst~ins alonq U-~rc~ frorit.s: t}~~ d~ f in.iti.ci~ >
“a.

DC) 
~~~~~~~~ ~473 Itl ’ ’- ) w O ’ ‘ NO’~~~SS ,S O$ S Q~~~U’V

9 I(C~~~~~ IY  C L a S S I’  ~~~~~~~~~ f’ W T H IS  ~~&GE (~~~A, f l t •  Enf .4’

‘/ -~) T  ~~~ J~~~~2 .&



NIl ~~~~

- - -

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

of ,i virtual n~ chine providing for paral lel cc~rputat ion using d jects
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ABSTRACT

A current-technology comput ing mach ine may be roughl y decomposed Into a
processor , a memory, and a data path connec:t ing th em. The interposition of th is

• data path between processing and storage elements cre ates a bottleneck , wh ich
inh ibits progres s at the high-performance end of the te(:hnol og ic at s pectrum . Addi-
t lonally. t he ni~ iiolit hic nature of present- ~iay pro :I’ssors re . is t  s increm enta l add ,’
t lon or removal of pr ocessinq pow er

The research descr ibed he t ’ ’ St  t ark s the prohl,’rn of cunstru ting more power-
ful and more flesible comput ’r s~’s te ms along thr~~, fronts the definition of a vir-
tual machine pravolinq for araflol romoii?St,on iisinq objects and obj ect references ,
the development of a distributed imp lementat ion mechanism (“ refprt.nce trees ”)
supporting object manaij~~mi’nt Y u r ) ( - t i on’~ including gerbage collection , and the inves-
tigation of s~:h,’~lulirc~ ail i thn s a l  ( ( I l l ’ )  t io r i  if pt ’ rfo rmari-  ‘ resu l t s

A ref erenc e tr ip  networA i s t r i q  th,’se concepts is composed of a multitude of
independent small r io a ’ ’ . sor 5 , y et  oper i t * ’ s  as a c oherent programming s y s t e m .
Programs and lata s~a r o ~~d aiitom~itir~alIy afl(1 transpare ntl y through the network to
occupy underused rosourt .“ . The modular structure of the network provides many
para llel data paths as well as allowing for easy addition or remov al of modules , thus
addressing corn,’ of the pr 5 h-m’ . ( u s  i ’ . spd  abov e. A pr ototype ref e rence tree
network , the MuNet , is c u r rent l y Iii operat ion
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Chapter 1: Introduct Ion

A good part of the history of computer science has been the story of man’s

struggle with the capacity of his computing machinery. At one extreme lies his

drive to construct ever more powerful machines , at almost any cost. Within this

expanding limit of technology, man faces the constantly changing demands on his

computer systems , trying to adapt yesterday ’s computing structures to face

tomorrow ’s challen~ e~

Both quests are hampered by the relatively monolithic nature of today’s com-

puter systems A current-technology computing machine may be roughly decom-

posed Into a processor , a memory, and a data path connecting them. The interposi-

tion of this data path t i i ’ tw u’ u ’n processinu and storage elements creates a •‘ von

Neumann hottleneck” [ 1] which inhibits progress at the high-performance end of the

technological spectrum.

Even at lower points on the spectrum , the bottleneck causes problems

A’though memory sI ,’e c an be scaled reasonabl y su cces st uut l y to match user require’

ments , the monolithic nature of the processor defies incremental modification. The

best approach to this problem that is currentl y widely available is the concept of

compatible f imiIi,~s of processors . Using this approach , when a processor ’s capa-

cit y becomes inappropriate , i t  may be replaced by a more suit -~lile compatible proc-

essor capable of executing the same software , thus avoiding the overhead of

stmrt in 1j comçietol y over f r . ,m sc rat c~i.

One Imaginable approach to giving processors more ~if the scaling properties of

memories i~~ to lev r)op processors with multiple functional units . Thus , at least in

theory, a computer ’s processing capacity could he altered by the simple addition or

removal of f ur . .tional units. Th:s approach has a couple of driwbacks. First ,

Chapter 1: IntroductIon 7.
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rommer~ ally tev sllahle pru.~’i. sse~s with multip i’? functional units still attempt to give

the appearance of executing a single sequential Instruct ion strea m , and this seman-

tic constraint limits the number of functional units that can be used effectively.

Second, even it this constraint is removed, the data-path bottleneck limits the

number of functional units that can be kept busy. In essence , as more processing

power and memory are added on opposite sides of the bottleneck , the effective

usage rcte of a unit of either must drop. The point at which this begins to happen

is dete’miiiod by the bandwidth of the bottleneck.

The C.minp proj ect [40 ,4 1 ]. therefore , attempted to increase the bandw~dth of

the bottleneck by creat inq many parallel data paths between the bank of process~

ing units and the bank of storage units. Still intact in C.mmp is the principle that

every processing unit should be able to access every item in storage with equal

ease The programming environment presented by C.mmp is roughly one in which a

number of i~~ c i c ij r r* ’ nt  pR~i i’ssinq units. share a common memory not too different

from the virtual machine presented by many of today ’s operat iiig systems If a

user wishes to obtair, the full potential throughput of the system , he must break his

job into enough parallel tasks to keep all the processors occupied. Means for

manually doing this arq well known, if perhaps not all that easy to work with , The

user is not forced to adopt any bizarre programming style , or face any situation

where data is not cr11-all y a .cessible to all tasks. The drawback of C.mmp is that

its widening of the processor-memory data . .lth is expensive. Its 16x16 crossbar

switch is a large piece of hardware . and engineering problems almost prevented it

from ever workir~ . Thus it is not clea how far that approach can be scaled up.

Even if it can , its s u e  r;rows as the product of the number of processing and

memory unIts.

It Is possible to generate a strongly connected (every memor y unit equall y

8. Chapter 1: IntroductIon
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s;Iile t - .‘v’ ’ry  p’ .. ~‘ssing unit ’t date pa ’h witholiC iflciir’ifltj qi:adrat ic  expan

slon costs --- Batcher sorting nets[4] and the arbitration and distribution nets from

data flow computers[ 1,30 ] are examp les of such organizations; however , the & nsf

always grows more than linearl y in the number of process ing and memory units . An

extreme reaction to th is sit nation is to direct l y e’ouoiei t each po ic.’ssini~ unit li

only its own private memory uni t , and arrange semi.’ other mechanism for ~ir~~~~’s ,or’

memory pairs to exchange data with each other. This approach is evident in the’

DCS ninq network [~~. 01, AHPA NE 1(20] ,  1 thernet[ .’.”]. and countless other ad hoc

t.~ ecom m&inications netw ork :  that ex is t  ~~ h network:. achieve a fo rm of scalut,ii-

ity in th at processor- memory I’airs may be added or removed relat ivel y easil y iii

most cases I4owever , there Is very often a central medium which can onl , f ih ysi

c a tt y  support a cer ta in  ii i.mto’ r of con9oct u r n - ,, and which can a lso cause ~i

bandwidth hot tie rii ’ i -k if large . amounts of communication are required

Perhap’. more importantl y, such networks of ten do not form coherent sys t e ms

with good support for L ~ eru t inated  parallel p re ’e ’  sslnq Indeed , t his is not usuall y

their purpos .‘ — they •‘ xc.  I instond Cs vChi(- l .’  ‘, for shar ing informat i’ in presei i t  at

the various nodes , and accomplish even that by often arcane and special-purpose

mpc.he r iu’ , i’, T his n c ’  t r a c t  -
~ f:om their i i sc ’ f uj l ’ i c ’ss as soled (‘115 f u n  the problem of the

von Neeimaiin bottle ~~~~ k - Iim itiuiq it to ca sos w here’ many small and largel y se ’ lf

contained tasks are beun~ run

A compromise betw een tb ..c,’ weakl y connected networks just discussed and

s t ruc tu res  of the C mmp class is the Cm. nro ject [  3E~] Th is , ri)j e i ’ t  avoids sone of

the problems of a central comm-,n uca? ions medium by attaching its  processor’memory

pairs as leaves o ~~~~~~~~~ qt riu’ i iirp of “c lust prs “ Any processor can still

address any word of memo ry in the system , but the access time , though still fanly

short , increases with the length of the path through the tree to the desired word .

Chapter 1’ Introdu ction g
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As a result of this abandonment of the “equal access ” philosophy, Cm. is able to

achieve linear scalIng behavior. the basic semant ics of a shared-memory system

are preserved , although there is some incentive for the user to arrange for compu’

tations to be performed near the data they reference Two oblectsoc l s can be

mad,’ to ‘lit’ C m~ approach F ir st - i t s  sca labul ity  md ,’ still to’ limited , although the’

bound is probably kx se enough to be primarily of theo ret ical  in ’ e ’ re ’s t  T b ’  ‘re is a

se t ,it “ t -e n t r  ol” media that handle accesses crossing & l ust e r  boundaries; 85 t i i i~

number ~ f c k j s t c ’rs j r &  uws , ttur,i’ media could become sa t u r a ted

lu. IS U l l  c ’ x l ’ c ’ n s i~~t’ ~~. of i,,.:iriu’ t u u & q  I ’ o u u  i.’’~sung e emerit~ As proc-

Os sor s ar~~ memories lut ’corf l e smaller and clii’ ,i 1 o’ u - t hey  may be dwar fed  by I In’

inter ‘ur~r it ’c t i~ un hardware  I ho cost (uf  communication ln~~r u fw a r  ‘ ‘ wi l l  probably drop

i i  uii j  w i t h  the n u s t  of u , t l u ’ r  u , ‘mpo r l c ’ n t s . t ’ ij t  f l u ’ ’  r ( i t u &  1 ,. & u n i u i u & i u n & t i t i o n  to C ( u m f ’ u t

uin q ln,,n iw,iy, ’  in m. us —.luIl quite’ large A princupal rc’cso l l  lu u r  the’ cos t  of thur.

hardware ) o, the d,’merid fo r real- t ime pert ~~rmance i Iei , .&t  On it by the a r c h i tec t u re

of nu• w l u c ’ n u  a p r o ces s o r  re ’q uc ’sts a non-local memory a : & - c ’ s s , it is p reven ted

from :oiitinuing until thp ac ,‘ss has been p~~rfor inec1. A ~ , st ,’m that  dot not make ’

this demand would hi’ able to us, ’ c,ommuc i. at  on hardware chosen from ii wider

rari~ e’ on t I p i ’ r f u  r r’- a r u & .  0 spi’ t re im

That lb.’ ( m  • s ~‘ 
st i’m pi’ri~~h .‘i’s nonloc al memory aCe c ’sse ’s by a I’r~~~Pr.Sor . rela-

tu n ic ’  to local ri’ f o r  e ’ u ln - i’s . ump lno ’ . t ft ~t optimal por for  mailce’ by the’ network depends

urn -i ci’r t o i r i  amount o~ local i?y among the’ tasks being executed  on the network

Pu.’ s y s te m  w i 1  wor k poorly if memory accosses made by each pre& -u” .sor are Ufl i-

form ly distributed throughout the entire memory of the’ c ys t  em ~ut if  locality of

•‘r enu p us , or an hi’ fliaii”. a strong e’fl.)u~~h e f fec t , perhaps the penalty en non-

local ac~ c”,.s,’s could even be increased without seriousl y degrading system perfor-

mance. If a f a uu  I-, I-ug h penn tv is acceptable , should ‘e’ feasible to uirt b y with

10. Chapter 1: Introduction
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much l,’ss  t * n u~~uu uu i t , ’ r co i i ru , ’u t e u  lo i r u iw..’,’ t f i , i u u  lu (‘m. this , in fac t , is !ho theory

behind th e loosel y coupled networks & l u .s cussed ,‘.irln’r T he tasks pru(e r ,se’d l&y

flu,’:.,’ networks ei&s l i l& iy  a great  ,le’ul ~ f l & i c a l u t y , internode communi&- a tiuns &I l t ~ re la’

I’. el y e x ; ieun ’ .u ve . ‘i.’ I the ’ ’ .,’ i i etwo rk  s o f ten  do I hour jobs quite wel l  I h.~

di fter . ’ i i &  e Is t !n,i t C iii ’ at l.’ ,i’.t sL ip J ’ n i r t s  sum,’ kind t u f  ohere’ i it  methodology fo r

nra~~u n u & J  I,, r u h u &  i’ up  & i’s .i’’~, while many n i ’ t w u r k : ,  of f ,’ r  iii it’ (II all .

1. 1: The MuNet

It ‘. t’ ,’t ’n ’- ‘j( i ( ’, & t ’ l i’  i t o  u’,. ’ f u i , t h o t n  t ’ u  & u i r i ’ . i & t , - r  & ‘ - ‘ i s t r i t r ig a r u t . t w ’ r k  who P

,s  t , i l - ’ ,’J f t  t ,i’,k’ , f i na l  ,‘xPiil~~t ‘~~ rr ,.’ ut,  alit , & f r t ’ f , ’ r . ’ ’ i, e . I_ rut ~~l& P s f u H  ‘.up~ ut ’,

a . u u t i , ’ r , ’Ii ’ t r , , & ’ -, lu ,,., ’ u : t  f l h , ’ fP r& & 1& & h u & 1 1  f u r  rr& , i k & n ~~ i i i, i i i  al ~~ t ’’,’,* ’ 3  tu  ICIC Oil’.-

i l l  t~ u. ’  ., ‘ . ‘ ,,
~~~& ~.‘ & r t . & , i I I , ,i0~ - . i r r , ’ r & t  ‘ u i . I~i.~ & r ~~

, ’ , l  ., t u tu . - in r ,’ L& , i? , I y P . .

u~..t l Rs .i h i  ..‘ f - u ’ . , - I ,~ ‘. -,‘.l ,’ rrn ~~~~~ ~, , , ,.
~~~‘ ~~~~~ i5  t t t i ’  . ‘ ‘ r y i r uuu n : . ’ nt  l 1 u ~~td.’ &t

t~-fl •‘ ,i P u pr o .’’,’. ifl ‘~ ‘ u ’  , . ‘ t ’ ,. .r~ ‘ ‘n f I t . ’ ,‘~~~~, - &  i t , ,  ‘1 & I u’,,’r ~~~~~~~~~ ~t u i ’ f~~~ v u

‘. u & , rr ~t ‘.~J . C ‘‘ -  I t&A , . 1 r . ’  .‘ u & ,ir - nnr ’ i , ’ n l  ~~~~~~ h ui 1 i & - ~i.- ’. t r a r ) s l ’ a r . ’ f & t  ae c.’:,s to , ~ r~i1

,nf ‘t . , t , i  - P ’ j . ’ c f ’ . ~
P & r , , u I P u & , t - • ’ -,, - t . m , ‘ .. , , ‘ p , i r , i ~ j - ~~r t  ~~~ IF ’ . ’  MoNet ; r j

~ f . 1 ‘~ i - , ~.: k ’ ’ . I,’ T P u i ’  Ptituf i4i .f -~~ a ~~~~~~~~ ti.iult F -  r fP ~~’ lu r i u l ’.,’ if f , ’ ’ -,f-

n I  t he ’  ,j , : n& u uo ’ ,  & ‘ I ’ ’ & i ’ , !.‘p , i  t . I & r :  th is ‘~o ’ ’ ,& ’. I t’, h~~rclu,i,,~~re , us & ‘ m t ’ & u — ,.’ 1 u ’ ‘. i’v. ’ r , - i l

I ‘.1’ 1 l’ r u - ’  i ’ - ’ , & ‘ ‘ . . ‘ au ‘ w i t h  , ‘ :nK words ~& f l - r u v n t .~ memor -, I at Pt l ut ~ s’ n P u , - ’ ,

i,, , r t ’ . f ,  g ‘ ‘ i t  1 .‘‘ -
~ t, -, , &  I se r ia l  ni.- , -~~~‘ . ,  It c - in  to ’  & . : ‘ i ’  t .~~l I i> , F h ’ c pro i’ .

so:’ , I t re a t , ’  -i r i i’t ~~ ,’ rk  , - . ‘Pg u r . , f & u n  f some-’ t . ’ ’ , , r . ’ tj  topology I f u , ’  desigut l the’

MoNet hard w are  rpit  h~~u!od is a - n y  ., ln iauo ‘ ‘  i i  f i  u I nur l i t i jy  ~, , r u u i i s t ? & i & t i ’ ’’,j i tm

pu ‘r ‘ u . ’ t - ~~- r k c , 
~

- - t ’ ’  to the’ & o n t r C r ~ ii 5 s,m )l,’ in lb. -’ ex t r e me ’ , ‘.uni ’e ’ FIr, ’  u- l i n t ’

if t hi’ MuNe ’? t u r n  ‘ I’ ’’ t u ‘. I hi’ deve’lopme’nt Of s u) f I w,, e me’ttrod’tlo ~ie’ s ari d

orgnn.i’aI o.ial ‘ nciples for u sn  g s,o ii networks

Sect io n 1 .1 The MuNet 11 .
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1. 7: The Virtual Mach ine

We begin in Chapter 2 of thus thesis by considering the virtual machine , or

l i i te rf c ,e t ’ . through which programs can invoke internal network machinations . only

later  a re the machinations themselves examined This virtual machine is an

a b st r a i ’ t ,’d and improved ve ’ rs io r l  of lb.’ environment provided for program execution

on th.~ MuNet a r nct has i ts cc ii i t-t ’pt i,~~l roots in earlier work on lb.” “mu calculus ”

In’  ~~‘. j ,.- 
~‘.i ‘, ‘ , u u ; for mal ism[ 1 ~~~, ,fM A det~~c l, ’ u l  c l c ’ s u  riptiort of Pu,’ MuNet environ-

ment , along w i t h  a commt’rntary en it - appears in Append. ~ A (0 a’~ic ins f u n re fe r  ti,)

the ~ir t i ia l  ma h o.’ ul,’ ’,u r ut t e d  in Chapter ~
‘ wdl a r cs , ’ I i’ttuentl~ - ‘,u u we suo u ij r r ut -  to

tIn’ temp I ~ t i &n n to • ourt ai u nu ronym , anti name i t  V1M (Virtua l / n te r f a u  e’ to tht~

M e i N t ’ t)  Ih:’, te rm ‘,‘i, uj ~uI lii’ uiui i , ’ rs tc ~ u.1 to mean spe’cuficilly the virtual machine

- u  lU ’ ’ - !  in & Fu ,,i: t i ’ r  ‘ , n t  II,.’ u Ii s.’Iy ro IaI.’ul err,’ u , ’su  r u i ,’d in Appendix A In

u u t J r ’ e ’ V IM us a q n’t ’ i j. ’  l ien  t ,~ u i u u l ’ 1 , ’  t - r , ’ f i ’ r e - ’ r r u ’e’ s y s t e m [ f )  w huu Pu sup-

p . u r t c  m’ ’s ’ .n’J .’ pns’ . niu j  u r  a t , r - ’. t1!, ’ c omputation ~u,, t r e a t m e n t  u u f  \ - l M  u ’, at two

‘~~.,,‘,. ) ‘, f irst a n u r ’ t r u u h u u  t u ’ ’r , w r i t ten  in I rrg lus i r  pr ’s ,’ , and s.’ u m u t t art informal

‘ ‘ t , ’ ,i khonrd ‘ n t ’ - ”~ ’ ’.’t . ’v  akc ’ r  I’’ t I .~ ‘ i o i r t u , ij r  mmc dc’l” used ~, ,r t ’ i u cm k s ’ri~~ t i i : ,’ ut

lu make I F ’ .’ spem fri ect io n more’ p r i’ i’ uSi ’

VIM is mpu ’ r t~.rr ’ u r n  ‘~ rrt ’ ‘ I s e r v e s  .15 i t ’~”.a” u , r t , ’ r f a ,’ between the’ c svr ’r.

i 1 ’ ,,uni’m .~
I-’f s fln’f lh~ syst pm’s r apabiiit .e’r., I - u t ‘In c t ’ s ’ u  flu ’ alion oniy hi ’  q uits to

n ’,-i k the 1 & r n . ’i,’,n & I u - u n ’ ,f r u t  tir ’iuj a viat i li’ nptWOf k Neve’ r tht ” te ’ss , the ’ choc, e’ of

t his s t a r t u i r  t u ( - ’ f l t  uj n r r t . ’ r s u  r e ’ s  a Icy pr i r ’ ’  1u1.’ l ’ , ’hu’ rul  this t h oc u s  res ,’ar,-h that

the environment provided for program “ n . ’’  l o r u  us a much more significant aspect

oF a s ys t e m  than the p~~rticti lar technolo9y of Is i- enr’ .fr~j çt~ofl

12. Chapter 1: Introduc tIon
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1 . 3:  The Phys lc .l Machine

( very virtual machine must be supported by some underlying implementation ,

anid un ear l y hcir ,l i t’  t t:.it must be Ini ss,’ iJ by tin y pra’’t ica l s Pi~~nie is t ic ,’  demonistru’

lion that  t lu , ’r i’ ,‘ x s s t  s a v;,ticl,. implement o tion of i t  l)et ails of an implementation of

VIM w ill t it i v i t ius l y hi’ inif l u. ’cc u etl by detai ls if lit,’ s t n ic t o re  of th~ underlying net-

~~u u n k  I ur u .1cm r i ’ t ,’ u u , ’ ’,’., t lu , . nc , we  an,’ f o r m , ~~ to  make P u u i r m  o’.. soul,’  c ’f  ttl (’m fairl y

ar t) it ra ry  . aboc. I I, ,u ’ ,,’ dot u0 .  Wi , 
~ 

u k a r iot  wi nk of edente: mi t t rut c ’s ’ ,or s , each

wi th  amount if i~ uv i u l i ’  memory a t t a t  ha’i.I I (i i  Pt p r c u u .’’.s m m r  m i,mrnunmr— a t e ’ s

t in ,’ ,  f l y wi th r r r l y .i lit ’ r ut i ’t l  cn i j n i u t u , ’ t  r u f  , u t l ’ ,’c j i m ’ i ’ ’ . ’ . & ’ ’ . (i . g., fo ur)  in t he vie. ’two rk

T h o r , ’  i t t ’  two ti’ . lStui l’, f r  ma~~m cmg t t u n - t i - u , ’  I ~ .t i t  m c i i i ’ , itse lf  f t c  e x t re nme l y

suflc l’ l,’ u innmm~n , iu ’at ion) P u c , n u i ~~~_ . r , r , k t o ’j urr q co mmuitm (-at io ic  u it~~t ’ ,  ill I i ruu l mr tiOn lii the

m c s ? s  m u ?  ut t c , ’ r  j ’ i r ts  u & t  t Ic ,  ri,’ ’ u,c_ m m ’ k ~5I’’ ‘lii i i t  (I’,_- & ’ u ( j ’ . ‘,u a l . i q  t n c blems lit,’

m u t u ’ .,’n, i ’ i f  it , :,‘ ,ttr nl m .d uu mrr  nn,.aris t~ . ‘ , u tu ’ . . ’ c c m  e’ ‘ ‘ a t ’ , u u j i’u u r t u m c t i t y  t o s a t u rat e

it , hi ’i i ce ’  a j u t - ’ ’  ,‘s .’ u r  a r ra y f - ‘ u  ‘ Ii’su I’ , um i u t  ill l ’ r u c & I i . ’ t o  u t , ’ n a t . ’ u I  t m a rt ) it rar i l y

l a ru ~i. si .’.’

It cant I . ’ a rqt i . ’ u t  t i ’ as ‘ u n  in,’ ’,~~ - r ~ m ’ . i’~~jn a u t c ’ I It,.’ u i ’ s t , i u u u  i ’ , and Iii’rt :i’

th in’. - if nt iut i ’ n u ’ a? a~ . ‘ ‘ .‘e’ s A, ? i u. ~~~~~~ u i i ’ f i ’ a t u n t çj  t Ic .’  ~ .i ’ afn i l i t y eirqumertt This

is t r i m , ’  i f  ~ r ’ s — .’’c 1’ , a i ’ ’ -  ‘ ‘ ‘ . su c i r ~
. m ’ f , r r ’ I~& u i u s t r ub i it e ’d  & i o n  ‘u ,  rn ,’ t w- m ,rk

Pluwev i” r , ‘ t i c k s  ,‘ - P  I - I ru s , u , ; u - u P Ii’ ‘ ‘  ui l i t y 0. .‘ 1 .’t ~ ’c r , ’ ,. this , ‘ i ’ ’ 4  intl i i’  sm

I x pan.l.nçj f t . ,  r’e ’t ’~~u’k ~‘, , - i  ai~~a~ -. i c c -  ‘ens,. i ts  ca pac t ,~ I hantile mi t,’ t a s k s  &‘, t , c n-

u ‘‘ i’ l l .’ - thoti,j ’ ‘it S(i”ci’ ~ ‘ u ’ c t  0 w i l  - i’a’ ..’ I ,ift i’ct the’ real t ime’ required to corn-

iii..?,. a c n ~ ‘ a r t , ,  it’ ’ ‘ i’.~ at  t F - ~~ j I’ ’ ’ ’  c i t  the’ task will t ie, spread thinly enough that

a” .’ ~m m r t P ’ e ’ ’  s t ’ t i ’ - i - t ’ ’ ’ n i  ~ . m m l i ‘~c r,’ ’is’’ t o m m u n c ’ a l u u , c c  u l i ’ l ay ’. more’ tha n w a r ran ted  by

tht’ j ’ rO  . . Sc i f l ( ’j p,cW~’ J a m ’ ’ , ’ ’ t  0 i t - m m s s u t ; l i ’ , tcowr,v i,r , to t m , n s t n i i c - t  n et w o r k s , cu’ - Pt

as bi na ry tn , .es . ~~P’ ,’ t , ’  t In , ’ ic i ’w e r  gained is exponent ia l  in the increasing distance

P. ‘tween t u,’ Ia. P ‘ ‘s I  i j j  - ‘ i r  P r u  b - - m si ’ rv lnt j a task (The’  f hree-dimensionality of

Section 1 .‘~ The Phy~ icaI Machine 13.
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space does put an ultimate limit on the application of this approach , t’ut only at the

point where the length of wires connecting nodes becomes slgnhflcant[31J.)

It may be that a central medium is actually moqe cost-eftective . up to sante

si:e , than the fully decentralized scheme proposed here As such a network with a

central medium is scaled up, though , a time will come when it is impossible to con’

t ur m u . ’  connecting processors to that central medium. At this point , the central

medium v. 11 have to be split Into two “central ” media , with some link between them.

Af ter  further ‘u m .’e in tc r i’ase ’s  occur , a macroscopic view of the resulting network will

Ii suk much like o i r  prt)pos eI a collection of tightly couplea processor ’ memory units

(nr’i,’ ,ou ’h uirit Co.’ respondicig to each “central medium”) connec t i’d so that each

unit dir ect ly communicates with some number of neighboring or,its Thus although

(‘ ‘in ,.jmj ’ rOa ’h may not I’.’ the best for some small networks , it deels with the limiting

‘ftS,i of any network as it is ~, u -al,’d up

the ult imate val id i ty of our approach stems from the fact  that it supports an

.t j’pt I’ ro . t  p , ‘ c r u ~ nt - ‘ nm pnc I V mu t m uu. q ra m p x. ’m t it  ion , hut its uspf m , l c c e ss depends on the

p ra c t r  al viab i l i ty of an implement s tu on  The most basic problem here us the

mana j ,’m.-”nt of data and 1:0th’ objects , to allow nonlocal accn’ ;ses , motion of

objects from imP proe ’ e’sso’ to another, and garbage collection across the’ network

Thp~ p fu nctions are’ ac , - mnmplishecl using data structures known as r~~f~ r~~nce

trOe .s[ I t , 1 ~I~ leading any interconnection of processor s using this schema to be

dubbed a r p f , ’,e ’ ,-s ’.’ tree net worn , Chapter h descrihe~ the use of refe rence tr i es

to support the va’~ous operations required by V IM

1 4, Chapter 1: Introducti on
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1.4: Sy3t.m P.rtorma nc.

Reference ’ trees allow the basic network functions to be performed However ,

a network will not operat i’ up to itt. potential unites-, good dt’ c is i tm ius are made about

how to allu~~’ e it ,~ ta sk ’, iticu l  data among roc ’ i’’,sor s

In,’ tflu u , ’ c c u  es in the MuNet nntclementat io n fall into two u it  i’gories One

category rct ’ I ij m les overhe’iuul mnic urreu l t i ’ i r m c t m j  nc.rma? tit iis.’ke.~~ uinq ~‘iioue’’. inside I’ ro m

es’.or s , sto - It a- . Ire’.’ ‘.to rage man agement and t ask enqueuing an1i ’~ do qunumn’ig, f t c , ’

other - c r  Rmd i’ -; lost time r i ’ s m i i t m c r u j  f rom un fo r tu na te  d istr ibution (if I as k ’, & in da ta , or

f o m  c ,oct -o t tinial i ’ f i ’ t t ’ n r m - i’ t ip,’  u ’ c u r n f c J m : t m i t & &  - i t s  I Fr i  fmc rc ’ n i, ’ r kind of ‘n i , ’ f t t r ’ m , ’ r r &  y mu4 ht

hi’ Ci , t lo u l  ‘ ‘ t m u u ’ t , , ’aI . ’’ Ilte lat t e r  ‘‘ s t r a t e g i c  “ T a c t i c a l  :‘u i ’f l tm u, ’ i cu ii’’. may rvm. ’il t ’ ul

h~ more Cñri ’ f t j l  coding icr  muir.’ appropriate’ l ia ru tw u in . ’  but do riot pre’ . . ’ cu t  ru ’ ’ . t ’ a n u  ii

t ij i ’ s t u u m c t ’ , ,1Im ~ t ’ ’  ‘i’,’ ’,~,’ ici’ ral l i n n n , ’.t f f l - i ’  t P u , ’ ’ , u ’, ~ u m r t i n . ’  m m  ‘‘ ,t p a r t , they re la t e ’  t m

ac tivitu,’’. t h at w ill I ii.’ required on tiny qe i r t i a t u ’ -  ‘lii’ t i ’d  me~s c , i r l , ’ - l m a ~ . mg ny ’,

t,’m , .‘~ - ent  u 5 0 t h ’  I t ,  i ns t ‘ i i , ’  ‘-‘t ri t ’ u j i t ’  m r c , ’ f fcc u i . r u & - up’, urn the u u t l i ’ r  h a n d, a re

intimatel y related t - ‘ St  ‘a ‘i ’q ue ’ ’. ‘ ‘I npe’ r a l um -r i tV a pa r t icu lar  c n i . t  wm irk I urttiermorp

‘. f r t it , ’ u t uu - ni’~~c ( - m e r i m ’ m p ’ , m , lc ’ i i i. ,’ ~‘f f , ’u ’ t ’ , ~.‘ i r ’  lu ‘ii,’ ‘ r u l e r s  1 r ’ - i m j i u i t i ,  l.~ çJr !at ’r

than thus,’ u~ f t a c t  nil iric’Mc,,-.ncit- ’s , tic ‘ V nil’, ‘ j u m l i . ’  j n u n s m i u l y i’’ ’w fas te r  than

li i u c ’,”ir i ’. nc Ii” ,’ n - ’ ,’ of t he ’  ct~’t wu’t I

i)r t l t , ’ s p ’ re ’ m ’ i s ’ n u ’,. we ‘,c ali hi ’ pr mr ’ , . n m l y u ’u n n u ’ ,.rct,’ i w ith in’ieff’u ii.nt :m ,’s  u t  the

st r a t e ig u- :  k u r i c i  (“t ur p r c n i u - ip,- il metr ic  ~,ili ‘nu t t i ’  ~~u r ’t i i . ’’ P. ’  c i . ’t ,v  r ,  pe rfonms b et t o r

at some’ tack than arcothe’ r m u r n -  f~~,m i r .. t i m  ‘it ru ’ sum , .-‘ir ‘ .1 ( - rij l t~, given comparable

i’ff ’ rts  di’v ite f I proq ra mm c r tm j  the task in suitable w i ,’ ‘-. for “a - P c” o nf ~guraIion

(although ‘bin w,~u Pd hi’ a reasonable way 1c j udge. a commercial product) Rather .

we will conpn e the perfurma n ’ .’ i ‘ simik,r rn- ’ s ’.ng -pass in g  programs (se , ,  subject

to the same ’ tac t i ca l  inemciencies ’i and see uf employ ing the’ network brIngs an

acceptable c m  reas .~ mc’ pe rfortiance’ over t’iat , , f fm ’ t t h , ’il by a s’ng lp proce’;sor “

SectIon 1,4: Sys tem Performance 15,
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smaller networ k The scheduling algorithms described in th is thesis do exhibit rea-

sonable sca li ng behavior over diff erent sizes of netw or ks , at least for some app lica-

tions -

1 .5: Summary

F~resent’day machines do not scale well , Th is is because of the monolithic

nature of current processors , arid (in the bight-performance realm) because of the

“von Neumann bottlenet ,k ” separating processor from memory. Attempts to “widen”

the bottleneck by adding parallel paths within it a~e unattract ive because the corn-

plesity of the haudware involved incr eas ,,s more than linearly in the degree of

widening achieved An alternative is to replace a big von Neumann bottleneck with

emnil  .rt (1e’ppnc(fent I t t  Ii’ v t i nc Neumann bottlenecks , in t b - p  for m of small processor-

memory pai rs  C munc t , ’  ted m u  a c t , ’ twn j r k  Ibis alternative , which is a way of distribut’

inid.J princ , ssun~ power among the memory (or vice versa), has the advantage of

being scalable to arbitrarily large si .’m.s If the network nodes are s umcmentl y small

and ‘cLl m , ’ ru ’utms , the nc , ’ tw ’ c r k  stuh iu t m on t  may also offer an answer to our first complaint ,

about the difficulty of making fine’ ad justments to the capacity of today’s proces-

sors Given the c U rrent nronomit -s of I ~l chip technology. it m a y  also offer 1 more

ii,r s p - ns mvm ’ way to deliver computing power ,

Thtc utilit y of such a network will he seriousl y compromised , however , withou t

an appropriate sm ’ m niS i r !m , :  u:nbin rc ’u iu:e ’  among the nodes and reason able transparency

of r c m ’ t nv u , c  k oper - it iu , ; is This thesis r ’Ii m m t S  on the sp..~.iflcation of a standard

environment for program cxec t i t morm which has these desirable propert ’qs , and the

design and evaluation of an implementation

The problem of constructing scalable, high-performance systems is thus

~t tacke ’ i  aloe~ thre e fr onts, the definition of the VIM virtual machine , the

16 Chapter 1: Introduc tion
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thivelopment of the reference tree mechanism for object management , and the

i rcv us t iq ition of s~ tc , ’ .lul ,iumi algorithms and collection of performance results, These

effort ’., ~lthouc lh ‘hue’ , all m ’ im uni’ together i i i  the architecture of reference tree net-

w o rk s , are ni ,’vm ’ r t b u , ’ l* ’s’, Ii’ soot ’ ’  ‘‘ tent independent. In particular , the VIM virtual

me~ hi ’c , ’  m iot’ ’ . ~‘ >5 pr~~ s uj ~ m~ ci us, ’ ri ,m ic y  way an implementation using reference trees ,

anti sh c , uum ’d P ‘ - m u m  t i  im i , ’  in any c m c ’ c t  i ’ x t where an object-oriented system able to han’

Il,’ & o c c u :  a r t  i ’ t i u  y ‘~ di’ -~m t .‘~i m unv .’ rst’ ly, the reference tree scheme could be used

to “.lu j n i m -  n t  :‘ ,- m i , ’ ~ it ‘ I ~ & ‘ F ~- ‘ r  ual machines needing its abilities to deal with

mit p. t - . .ic - m i t  >~ 
t r ,-  !,~r ‘ c . ~~, nod to pe r form garbage collection and synchroni,a’

tit ’uc ‘! , r ’ , ’’ - ‘ , t , ‘~‘j .’  - ‘. VIM ,i i tui reference t rees  are a good match for each

ot her , t i r~~’ m ~~t r , and u uurn, ’ t , u t , ’ t t u , ’ r  in the evaluation of performance results in

- h~~pt,’r .‘

1,6: Thesis Overview

I Pim ~ Ih,’-.u ’ , ‘ ,is . ‘ u m t t’ t m ii~~ -I , ‘ms,  C bapter 1 is this introduction . Chapter ‘

iii’s, i’,.’. ‘1, ‘ b c  S m ,  t,- & M ~,u r & ,i & nlrui m l im i t . ’  and i t s  blackboard interpreter - Chapter 3

t u iu i ’ c’ .’ , , - -:i r . ’ 1 m, u ’ , ’ , m ! m I,. ,‘~ t i ’ n u s  r u ,  t u u  VIM 1 m m  handle’ demands that might be made by

operat ic ’  ‘- j c t .’ r ic ’ . ‘ u m n inci tu  i i’ ’  i i’t VIM (‘ hapti ’r 4 t l i ’su ’ mu t ’ , ’s t h e  kinds of physical

i i i ’ t  w, , ‘ ¼ s  (inn W ti i(  ‘t 1 c m , ’  pm up u ’ ,i’’ ‘ imp lementations of VIM are to be constructed

I lie’ “ r, , ‘ t o r i  ,e Ire,’ • rim ’ ’ , i i u r n  ucs rs  at the heart of these impleme’ntat ions c r

presi i c m i  m c - , I P1 ,-i t u t  ‘ ‘ r , ‘‘~~ her V~ is a disc uss i m u i c  of network performance ,

(‘ i i  ,t ’ t ’’’ ,‘ c I~’al ‘‘ P ‘,t ’ , m t , ’ t m ,  ‘ mr iu’ .tnibeitinçi n t t jet ’ t - . an.I tasks around a net’

wore , ac ’ ’ ( u ,ip t i’ r  8 c o n t a ’ c c ’ . coiu’ la m i ng  thoughts

Section 1,6 : Thesis Overview 17.
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Chapter 2: Th. VIM Virtual Machine

2.1: Introduction to VIM

Programs rurmnintg under VIM belong to a universe populated with two basic

kinds of ent i t ies ob j ects and events Data and algorithms are represented as

obj e ’ets , which serve functions simmiar to those of fik’s in operating sys tems , or

cells in LlSP[.~tu ] Lomputations to be performed are represented as events , which

correspond very roughly to p,~~’esses Inc traditional operating system s The con-

cepts of ob j t ’ t and &‘v e ’ ic t  derIve from research into actor systems [3 . 1 8,23]

I he> intormat iort  conta ined irt art object is recorded in Is to it  A t e xt  may be

represented as a series of words In memory, together with some format Information

Ihe format unif ~’rm a t m i m ’ t  i nd uu : - it . ’ ’-. Itti’ length of the’ t e x t , and also identifies r ,er t m, . c t

of thtv words as , , ‘f , ’, en, i ms ~ h} to cu t  hum ” r objec ts  (or i’ve nc to the same object

c irc ular st r tu  I mini ’s are ~mer f , ’ m II’, leg i t imate)  I iu.’ remainiing wo rd-s riced not be

intelligible to VIM and may c antI ant arbi t rary binary data I hi,’ space of objects is

assumed F~ he garbage. u u l l i ’ m  ted  scm cc ’  e xp l c ’ u t  1,’- a l lo ca t ion >  a> objec ts  need ever

occur (In fac t , VIM provides no facility for ,‘x p lui mt l ~ dc-allocat ing obje rts

In thet black honrd inte rpreter , an olu p - :1 is t..pr,’s.’ itt ed as shown in Figure ~ 1

F ech ob ject is drawn as a se ’mm ,is cml lo t .s  which represent the contents of that

ob ject ’s tex t  and bear s~ rr-tbolu’ c inimes (S m u t  m umve-tninncce’> it using the blackboard

inti’ rpr. ’?, ’ r)  T he . nhme’c tray he irtt i - .q ,’ rs , such as 0 an~1 1, ordinary identifiers,

such as a or b, or specia l reserved symbols such 8~i • ia(;h slot may contain a

reference to another object , dra wn as arc arrow originating in the slot and pointing

at the object referenced (as mc the slots • arid b rif Figure 2. 1) A slot may alter-

natively contain a spec ial null referenc e drawn as a diagonal line (as in slot 0 of

Sect ion 2, 1: Intr oduct ion to VIM 19.
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end marker

Figure 2 1: Blackboard representat ion of an object

FIgure 2.1), or an arbitrary integer.

Another feature of every obj ect is an end m~irleer , dra wn as a double vertica l

line , which indicates the enid of the object ’s text .  Only the contents of slots to

the left of an object ’s end marker are accessible to executing programs. (Exam-

ples will be given later in which there are slots to the right of the end marker; for

now , that possibility may 1mm ’ ignored.) The number of slots from the beginning of en

object to i ts  end marker is referred to as the object ’s length

In form , an event resembles an object tex t  It too may be represented as a

series of words in memory with associated format information, and it too may con-

tain both ob j i ’ : t  references and uninterpreted words. A particular slot within each

event , however , us reserved for a reference to its target object. Semantically, an

event i a request IC) execute code associated (in a way to be described) with

the target obje ct During execution of that code, the references and words con-

tained in the event will be> available as parameters. Upon completion of execution,

Its missIon fulfilled, an event is deactivated (and presumably reclaimed by the

storage system ) , Thus if f orther computations ought to ensue, execution of an

event should result in the creation of new events requesting thp performance of

those computations It is possible to “fork of!” several consequent events from a

single avant  execution, and it is possible to construct ‘join’s operators that wait for

& 
20. Chapter 2: The VIM Virtual MachIne
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the completion of several events before continuing; Indeed, it is expected that

the use of such parallelism will help greatly in making the most effective use of a

network, With in a single thread of events , however , there is only the simple con-

trol structure of event creation. Subroutine calls and returns , loops, and other

more complicated control structures may be implemented using cont i r .uat ion4lb) .

Ar t event in the blackboard interpreter is drawn as in Figure 2 2. As in the

case of an object , an event is dra wn as a series of rtamed SlOtS , each of which

may contain an object reference (note that there is no such thing as a reference

to an event), a null reference , or art integer. The reserved identifier c marks the

slot containing the reference to the event ’s ts rget object.  A special triangular

area is drawn to the right of the end marker , containing a Boolean active flag. The

value of this flag i ’, t r w ’ , or 1, if the event should be executed , and otherwise is

false , or F This la t ter  s ta te  can occur if the event in question has already been

executed , or for other reasons

end marker

r c p1 , ~ 2 ~m3~ 
-

T ~

j 21 0 
~ 1~- ”~~active flag

(
V

F igure “ 2 Blackboard representat ion of an event

In the c~ource- . of execut ing  an event , several special services provided by VIM

may be Invoked It is o f ten  nie’ rnssa ry to examine and/or modif y the text  of an

object , so V !M offe rs f a c u l u t c e s  for ga un luctcj access to a text  in either read-only mode

(s harable with other readers) or read/write mode (sharable with no one). Request-

ing either service entails ‘~pecif ymng to VIM a reference to the desired object.

Section 2. 1: Introduction to VIM 21,
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Execution of the requesting event Is not allowed to continue until access In the

Indicated mode is acceptable. Once granted, permission to access a text in a cer-

tain mode persists during the remaind”r of the execution of the event. Thus if an

event has acquired non-shared access to an object , no other event execution may

access the object while the original event continues to execute. These permis-

skins are not Inherited by any subsequent events , however , which must re-

establish (via niew calls to VIM) any access privileges they desire.

The VIM sty le of ac :m’ss to object t ex ts , analogous to locking protocols used In

transam: t ion- based database management systems [8 ,1 1 ,32]. makes possible the

construction of variou s kinds of syc:c hroni .’at ien opm ’rators without additional special

provision within the VIM implementation itself Operator s such as semaphores need

to examine , arid possibly modify, ob j ect  t e x t s  fni’ i~ from Inconsistencies caused by

concurrent act iv i t ies of other tirni , ‘ s c es , and without caus ing any other process to

see any mncons is t enm . m,’s By c oritrollung the ar e as of poss ible inter ference between

concurrent event executions , the VIM a c ces s  s ty le simplifies the construction and

understanding of programs

lt is important  to note that thus regulation of ‘~access privileges ” is not
intended as a protection mechanIsm. .Scgni~tcant protection may inhere in the fact
that it us imposc ible ’  f u n  an event to access  the tex t  of any object to which it can-
not obtai ’ a refe rence , but this protection is in~ ufficient in many cases. Additional
protection must be’ supplied either through higher-level constraints (e.g., forced use
of some high-level language compiler) or through augmentations to the facilities pro-
vided by VIM The use of either a lternative as a protection mechanism is only
tanpantIally within the ccnpe of this thesis

22. Ch apter 2: The VIM Virtual Machine
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2.2: D.adlock Avoidance

The VIM scheme for obtainin g non-shared access to object texts sounds like a

sure recipe for deadlock any time concurrently executing events attempt to gain

such access to the sante objects. in order to be able to resolve deadlocks . VIM

must have the authority to abort ant event execution any time additional access

privileges are requested (In f ac t , VIM’ s authority to abort events is slightly

broader t han this ) Abortmntg the execution of ant event f r ee ’s arty resources (such

as access  to object t ex t s )  that  the’ event mig ht have accumulated , al lowing other

events w a i tunq  for those r ems to r t  i’s to procoed Ii xucutmon of the aborted even’

may the ’rt be tr ied again later

When VIM aborts an event , it should create the appearantce that execution of

the abor temi  • ‘vent  W uI S ncv i’ i  a t te m p ted  If this is done , programmers working

under VIM will never have to m .m mu i ’ , u u l , ’ r  liii’ l mcmss hli. influence of previously aborted

e xecut im unis on the final, s m ut u: i’s s liii c’ s i’ :tu t  iOu i f  an event I h~~r c > f u  ur e , if an aborted

event had perform ed arty modifications to object t e x t s , those modifications must be

undone I ft s problem cart t im ’ avoided by pro hibiting an m’ve nt from makiitq requests

for additional rf ’Si ) mir  & c ’ s  unc c r’ it has performed any such modufications If all events

observe this d’s j u l i n m . . no event thnt us abor ted will ever have performed any side

ef fects , and events cart be aborted correct ly without adj uist i rt g the contents of any

object t e x t s  Accord ing ly, we> modif y our previous statement concerning VIM’s

authority to abort events , stipulating that execution of an event may he aborted

only m f it has per for,ried 00 sI(lm’ .>ff, ’ t ,s (the nrt -c ’ pt  of “51(10 c’ fli ‘:t” will be made

morn precise in the deflnitc’rn of the blackboard cnt ~~r p c m ’ t i ’ r ’i. So that an event can

be aborted any time it requests additional au:c,’ss privileges , we must require that

such requests be macla only when the requesting event has not yet performed any

Section 2.2: Deadlock Avoidance 23.
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side alt acts.

RequIring events to adhere to this discipline does not reduce the logical power

of VIM , if additional resources are needed after a side effect has been performed ,

a new event may be created and execution of the current event brought to an

end This new ev iu r ut .  when executed, may accumulate such resources held by the

old event as are still needed , plus the new resources desired , and then proceed

with the comput ation

If an *‘ve nt w e re’ to acquire’ some’ reso iu rcc . r ., perform a side effect , and then

execute ’  fon. ’ve ’ i  , no Opportun ity would arise for aborting it and freeing the

i’’.~’ u m r  ~
‘ m ’ s it had tue ’d  c up, ant i tui ’ncr ’ other event s  needing those resources would

be pr evented from ever completing If execution of every event Is guaranteed to

take’  only f inite t ime , this p’ m li’m van t i ’  avoided (ac tua l l y, only t i t e ’  i’x , ’~ - t i t i u i ru time

af t, ’r Us’ fur ~t s u m  1.’ ‘~a.’ i’e ,’ul i i ’  finmt e’ ) , h i ’ t t u  i’ we’ require t ic i ’  user of VIM to obey

this d ism c lul inp The ’ l ( s ~. & hu l u t y  of events being “s ta r ved  outs ’  from access  to

nee ded rc ’sou ’  es ms o rt ’~ reason for insisting that e xecution time of events not be

i uu f u, c i t . ’  T here’  a re  m u ’, ,‘r , p raq mat ic  n h  Sm m; ts for k .‘ ‘pu i iuj  the e’ x ’cutiont t ime for any

one event fairl y short The’ longer the’ execution time’ for an event , the more

re’s S r  (‘i’S it us luke ly to r’end ii’ .icquire This increase ’s not only the likelihood that

the’ event c-s . ‘:  ui t uoi t  will be’ aborted before it us able’ to comp lete successfull y. but

also the amount of work that is loct if such an abortion occurs Thus although VIM

is a per fect l y suitable environment for running lengthy programs , the execution of

such programs should ii’ broke” up into modest-length event execut i~’mns. In the

MuP4cm t . there’ us actual ly a hound on the amount of time the execution of a sing le

event is allowed to f , i ke

The concept of event abortion , although str ict l y necessary only for deadlock

avoidance , ‘ ies other o - ”s In a multip le-processor syste m , an evpnt might ti - quc”;t

24. Chapter 2 - Th e VIM Virtual Machine
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a resource uuc ( ’( m ui ve ’um m i’ nt  to supply on the pr ms .’- . son w fu t ’ r  e the event is currently

being executed. For examp le , an event might request ~~‘m:m ’ ss to an object text

not currently pnesentt ont that i mro e’,s~~r • or ask to c reat i ’  an inconcv~~nientIy lange

otu je ’t In such a cast ’ , the best solution may we ll be Ii) tra nsfer the t ? v e ’ c i t  to a

more hospitable ku at lon. It will frequentl y bei more 0 Him imu al to abut t f l .’ i’v msi t

,‘~~t ’ m : m u t c m i c i  ~nd s l an t  over  f ’ m c r n  sm r a t m ’P i  itt t i m e  new h u m  i ihu uu u t ic a i t  to  u i t t i ’ r u u F & t  t o

t ransfer  all t h e  n ite rmi ’ miu, i l ,’  sI mite into rmat moi m I t ’ n ta inmny i t’  t i lt’ i’v ,’ iut  i ’X O u  m t t m t u r u

l iu,’ r i’fore , under VIM , wt ’  mu c RRli’ r i ’ q m u t ’ s t s  t , u  , t l hu u t m i t i ’  st m n m t ( l c ’  ( m i i ’ ,iti’ e v e nt ’~.

- i e - or c ’ s  ~c mcii d oh’ ;e’ m t  s )  ii t u i  .i~ut it ii’ qiii St ‘-. to gain am: cc’s’, I u 1)1’ j Ot  - x t ’ , u - i

liii c l tus ’ , ~ f o~ ,t ’ r , u t j . ui ’ . t ii,it ~- lre ’  onl y i’q~m l wln’ni f i r , ’ r t ’ q t u e s t i m m & j  t ’v , ’ iu t  has r iot  y~~t

per fo rmed any side mtfI t ’ ts lhtis an t ’v csu t  execut ion may hi’ mct i or te ’ t tiunung ôiW

s u m  h n. ’’l ~ ‘- ~~

lii. ’ .c , h u r i , u l  ( l i t ’ . j f & ’ ’ ’ i t : ’ r  i i t l & & t t  l1& ~ t ’ .~~. ’ r u f S  ‘~~,l’
, i&  - ,tl~~’~~ i i -~~& u h i ’, i ’ u t &  f ,tc ’ mt&I l u uu  ks

u i& t ’ , ’ ’  I t i ’, !, ‘ & f m l m ’ ’ .,IS fo r  i .& ’ i - ’-,hmir , ’,i a ‘~~~~~‘.‘~ l ,u (IS - t ’ j ’  I . l i &  i • 1 . >  m.,- ,i’-. t i n ’ u u

f o i u ’ u - t  ,, ‘.i ’ f & & ’ f -
~ f ’ u. ’ various ~~ t su  t i . ’ ’ ’. (i t ,’ ., r u t . t ’,i ri f l i t’  ~ r i ’ , u’ hurq ~~~~~~~~~~~ ~

m i ~ 
- , l- , u r , ’ & f ( r , ’ . i - J r : ~~ ) ,~ .s ~ , -

~~‘ i - - t ’ .  ‘, ~~~~~~~~~~~~~~~ f h ~ ’u ‘~ ~,‘ H  ( & , . & , o , t ue  1l, ’( I’’.

Sa n ’ , to i h . u r t  ac t  t—i, ,’ ’ ,t  But it  tin’ at t ~~I t ) I’ ’ obt auc i  re ’ a c i ’ w ’ i~ i’ (lu & i ’ S’ . t~ ’ & u t u j ’ I’. is

r ’ ’ ’ n - ,- i’ -~ I r i’- ‘, IM , i t t  is’  r iot’  1.’i. ! & f v  put in ut ’  pl,i & i’ it i i ’  ‘i t’ s rnpn ’ ’.uhlt’ to

pe ’ ’ f o r m  •‘~o.r is ” & I i i f’ ’~ k ’  I o f ‘,,r u & h r & ’ u i ,’ ’- it i Ori  lid ‘ ‘ i ’ m ’ s  para ili’ l  1’10 • ‘‘ .s t’s

do ‘ -  s ’ ,t rn. - l , m r . i smc u ’ ,’, p.r i’ t .i~ i t ’  iii fl,, u rt l um uted abi l i ty  tu p~~nfo rm s u i t ’  ,‘ f t , ’ u t ’ .

sm i t h a’ . - uru ( l i - f c t ~~~ 1 mr to~ . ’ r u c j  1 
~~~~~ 

thn night i i’  ,sm ’ d I solve t h i s  problem

w it h  it  u r r t r - u & i u u u u r Sb  ~l)t ‘i’ i’ - t  to he’ iI’ e’ I - abort e ’v e rt t s  VIM’ s ~& ‘ a i  mi t  bPiu tc ~ able

to nm’ p n m ’ ’ .i’n ’ r ’ t s t  m j i ” i t ’ r . i l - p u u r po’. ‘ u i  u ri,~ - t . t j i I , , ui:’ , however . u s  most t ’ , is ul~ ‘ii’rve d t)y

the uni,’ncumniihere’ I suc1 p-i-~ffec:t  mechn ic us m prm)pospci here

Section 2.2: Deadlock Avoidance 25. 
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2.3: Object Ty pes

When an event is to be executed , the machine coda to actually be interpreted

by VIM is determined by the identity of the event ’s target object Any object used

as  a target  object must contain , within its tex t , an object reference designated as

that target ubj e t t s  t~’pe In the blackboard Interpreter , the slot containing this

,r Ier eil( 0 i’ ‘ti’ ’-m m g r u u t e d  by the ni’se, ved symbol I The t ex t  of the type object

(whose no f t ’ re ’ it( ’ i’ us found i t t  this slot) us rut i inpni’ted as containing the machine

c’ti m li’ t im lii’ e xis-  mu t e d  ‘I his ri’ hui t i m  c r i s t uu p  us depicted in F igure ‘ 3 I xecution of an

•‘ m ,,- i ’ r i t begins l’~ locating the t e x t  of the target ob ji ’ m ’t ’ s t ype obj ect - and transfer-

r ing cuunt rol to fb i’  ma ’ h m u c m ’  m-’ , c mlm ’  f~ itiiid fhe’ eur c I hc~ mac hine code may contain

ordintary arithmetic and hiu j um ~l manipulations , along with requests for special VIM

s, ’ r v l  i’ ’  ‘ s cm m ’h u’. h f l os t ’ ~j c ’,. m i ’ -,’, e m t  ,uts -, i’

ii~~I vent ‘ Paramete rs  T

1L-~~~~

Target  ut j e t  I - 
,~~~ 

- F nvironment I 
-

i - j i

I 

~~~~~~~~~~~~ • ‘

Type object ~
“ ‘ti~ Machine code

FIgure 2 3 Object types

The nm ’ a ’o - ru  f u u r  addin g the ex t ra  I,’~~el of indirect ion-i of the type mechanism ,

rather than simply finding the machine code to he executed in the t e x t  of the tar-

get object , is that it permits easy creation and manipulation of closure-like ob jects

26. Chapter 2: The VIM Virtual Machine



1 he tex t  of lb.’ target  obj ect contains the ox ,cu:utuon environment (bindings of vari-

ables within f l i t’  closure), and the tex t  of the type object contains the algorithm.

1 Ii.’ typic mechat t ms m thus elirniniates lb.’ rtt ’e ’m i to cm c r uy  the algorithm irtto even y clo-

sure In terms popular m .’e’ml by Hewitt , the type object contains the’ script and t hi,’

t a rge t  t u t u  j i’ct  the acqua;nranc ’as[ 1 t~

2.4: Sys tem Services

For c u uuu - r,’ t i ’ r i , ’’,’,, thus ’,,’ i tuo~ en teu mer at e ’s  th e ’  f u i:deimenta l  VIM system st’ r-

vi i’s T i’~~’,t’ are’ ‘t “opi’r - I f u u ’  t j  s - ~ ‘.1 e m ” s’’i vs  c’s , merel y the most basic lac ulut ues

p n m u ’ ~ j it’ i t c ~ the yin I uui i ~ machine it ~ eIf

gtext (~e ’ t ) .
~~t u t u u u r r ’ , t ic  ‘ ‘ s ’ . t u r n  t t i i ’  ( u j r r . ’ r & t l ~ , • x i ’ & u i t u r i & j  t’m,,’i’iit . ~um th.’ t e x t  of the obj ect
re t i ’ r , ’ r i  i - I  h’~ ro t , in r .’ a ( l ’Or c l y rcu& J i ’  I or t i re ’ ni ’ malnr u i i cT duration of the’ t ’v t ’ i r t
t ’ *e ’ u m i t ’ u . r r , re f  n t ’ , t ie m us e d  mu s p i ’ t - t f y ur &j  wonds  or re ’ tenm ’ c s - c ’ s  to he’ read out
f rom lb.’ t , ’ s t  A g tex t  r. ’ j m u i ’ ’ . t  rn ,i~ r u s t  u i  & t in  t if t ,’ r  a suu t , ’  ,‘ff.s t has been h4 ’~

-
formi d

Iocktext(,.’I’ h ,
l u ke’ g text  in i ’ t i ’ r  • r i - 5 1 um ’. t . ~‘s i . j u ?  t ha t  nuo ni-s hareul ( r i — a d / w r i t e )  am m ’ s s  t u m  t hu. ’
ob j . ’ t  is obta une ’&I

newob j ( ‘S - .” ) returns to t ,
( re al.’ ’, ti r i ’ ’ tm , .u l . I , . , - t  w i th  a t e x t  if the -s b’ i ’ i  Itt’ I si ’.’ A n , ’ f . ’ n , ’ r c u  e to thit ’
new ( ‘ h j i,( I c c r , . t m u r r r e - , ru p i t  h,’n I ‘~ ,- r i t r ’  ‘ii m ’ s ’ . It the - t h u s I us allowed dur’
ung the rem auuru l i ’’ of f l u , ’  i r n . ’nt  e v ,’ r r i  i’l t ’u u t u u r r  P newob) call t an  abort the’
requesting event ( t I tus  illows a VIM umpiementateon t i  move the event to where
more’ spa i’ is avn u ln tm le ) ,  arid hr.’,,, e ma not hi’ maul,’ a f t e r  a ~. i , l , ’  i ’ f ’V, ’ c I has
h~~e’n lct ’ n f i  - f  uiu,’mI

newev( .c m . ’v)  returns •‘v i O u r f . ’ r ,
( reat ,’s I-, rr .’w  ev i -’r’u t iii th,’ ‘-,i .’’’ nç— u 1 i a , ’ ’ - ,t ,’ I ari d Ii ’ ! t m r c , ’  a i’°~~~ ’r (~w huch may
hi’ u is , ’ m I  for fill ci . iii t i c , ’  ‘‘v . ’ c r t )  us . ~J u.u u ’’ti’r Ant m’~ ’ , ’ r r t  u rs ’ t i t i ’d  by new•v will
riot be a c t i v a t e d  if . ‘ s e ’ m  m : t u u u r r  m u t im ”  - r . ’ a t u . içj ,‘~ ‘ , ‘ ‘ rf  ~ m e ’ s  ii i? ‘ ( u m Lc h i ’ t i ’  S u m m - i ’ss-
fully. Al so as with n.wobj . a newev request may not occur following a side
ef fec t

Section 2.4 :  Syst em Services 27,



doneU,
Indicate’s that execution of the current event has completed All objects and
events created by it are officially Installed, and the current event is deac’
tivated.

this set of primitives provides only a very basic and unoptimi:ed interface to

VIM Ca lls providing additional capabilities are discussed in subsequent sections;

modifications tm - i VIM to lr prove the emciency of possible implementations are

tot i( he’t.i upon i i  A ppendix A.

2.5: The Blackboard lnte rpr.ter

Th e blackboard miu t i i rprm ~ter  for VIM has two components- a graphical represen-

tation f u r  the s t a t e  of a computation, and a set of transition rules specif ying what

alterations tm , a co mputat ion s ta te  will yield a legal successor of that s tate By

slanting with some itt ut itil s ta te , and repeatedly applying the transition rules , one

U &ri (je ’ni’r a to a s i’ upi . ’ iuu - .‘ of s t a t e s  that corresponds to ~ hi’ ,a l  computation in VIM

Due to the !a, t that several  ,‘vonts c aut simultaneousl y be act ive , as well as the

f~ f ‘ t ,~it it us pm u’. su hl,’ to wr i t  i’ nu( tn c ipt p rm unua tc programs cii VIM , a state will in gen-

eral ha ve sev e ra l  legal cio i i ’ c s m c n  s ta t es , depending on the focus of the transition

rule tipplied Indeed , thus at t r ibute of VIM is necessary c ’ we are to imag ine VIM

programs executing on multiple processors Not all legal successor, of a s ta te  are

equally ‘l ’,s ’,a t) I . ’ , though , curs .’ some involve regression rather than progression of

the’ ( mrmpi ,t ultion (ah : rtunq  an event is an example of a regressive step). Some

( .hr , .u: :ec of successors  mey r i ’ suu l t  in par ts  of a computation being “starved out” or

ignored to the benefit of other parts of the computation . Avoidance of these prob-

lems is generally associated with “fairness ” of scheduling, and is not dealt with by

the rules of the blackboard interpreter. Thus the VIM semantics defined by the

blackboard interpreter cannot guarantee term,r )~)(,on c c t  a computation. They can ,

28. Chapter 2- The VIM Virtual Msch ine
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however , ass ure p d (fial  co,rectpess , in that no rule allows a tra n sition which

violates any of the guarantees which VIM makes with respect to the meanings of

the various permissible operations

2.5.1: Deflnltion of the Blackboard Interpret er

lb.’ graphical representation of objects and events has alread y been giver- i (in

F- igures 2 1 and ? ~
‘, above)  (

~nrt ’  additional ent i ty  appears  in blackboard unterpre’ - -

t a t  outs of VI M thu s  i’, the ,i. t i v ) t  & OP I is or t (50.’ F gun.’ ‘ 4 ) ,  one of which us ass~~

d ated wit h each ,‘ ~~ t’nt or r t ’ c r t l ~ beinq o x  i’ m of out Art act  uvat ion record for an

t’v e c r t  , ip ju t’ c IT • wh,.n’ the i’vt’n t  t m , ’ u l m u i ’ . 0 xe ’c :  m utio ut , an c’v t~ r r t ’u, activation record

disappears *h,’rr it e ’ i t  hi’r s l um e s sf u ll y m om~ ‘ be t  c ’s e x. ’c ution or us aborted L very

a c t m v a t i - ’r r i’  ‘ r i  i’ , d raw ,c  j us t  t i c  liii’ rug ht of the’ eve’nt it u- imn.’spurtds to (ar t

i’v ,’ ru I m ay  have ’  at most one act ivat ion  rem mind at min t , ’  f u m e ’ )  I ike an-i object  or

c—v e nt , art ri t i~~:mt ‘ ‘u r i ’ ’ i ’ r i j  has c ,’ t , ,’ rn l  ‘. h , m t s  i’ac h I ’ ea r i r cq  a s~~m t m u i h i i  identifier and

( :ontaunuuud c ’ i t t i . ’ r  on m l’ , ’ ,  I r , ’ h , ’ r I ’ r r m -, ’ m r  cclii,’ kind of Iu n i mc t iv e  value’ Slots may be

a,ldi’ ,l Ii’ ti ~ tuv t l i i ’ c  ni’ i -or uj as t ’x . ’ i  itt ir u ‘i t~. as sus - mt te ’d  eve r- it proceeds.

event act i va t ion  n.’cu rd

,,
i 
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~
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F-igu e ? 4 An activah iort record (wut h  associated event)

As in the case ‘if iii otuj .s t or event , special clots in en activation record may

be labeled with various reserved identifiers In fact , every actIvation recor d has

several ~iir,h slots The r.’sr’ rved identifiers u sed in activation records era given In

Section 2.5,1: Deflnltion of the Blackboard Interpreter 29.
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Identifier S1o2 ConS tints

a reference to the event ’s target object
0 a reference to the event ’s type object

the current program counter for the event
• a Boolean side effect flag

C an acc ess pr ivilege

Table 2 5 Reserved identifiers used m l  activation records

Table 2 5 Several new terms are found In the table. The program counter v

names the slot in the event ’s type object containing the next machine Instruction

to be executed.  The side effec t flag a us a Boolean which us initially false , but  is

set to true when the event performs its first side effect.  In fact , we will def ine a

“side ef fect”  as any action which causes the side effect flag to be set to true;

the spe’rif lc rules governung the se t tuu uq  of the side ef fect  flag will be given below

The slots a
~ 

contain the ~ci u e’5.s p~lv uleqes obtained thus f~ r by the current event

(e.g., vie gt.xt or Iocktext). The graphical representation of an access privilege

bears a superficial resemblance ’ to that of an object reference both are drawn as

arrows However , to denote their special s ta tus , the arrowheads associated w ith

ec( :esc privileges a r m ’  drawn with serits , as iii the access privilege .
~ 

ut Figur e 2.4,

An access privilege that has been granted us drawn as an arrow with a solid shaft;

a privilege which has t ’e ’m ’n requested but not yet granted us drawn as an arrow

with a dashed line for a shaft (see the access privilege •2 in Figure 2 4 ) .

To distinguish between different kinds of access privileges , arrows with multi-

ple heads are used Table 2 6 summari zes the different kinds of access privileges

and the monitor calls from which each may result.

Access privileges cannot be explicitly handled by programs In VIM. In particu-

l a r , they cannot be copied out of the slots Into any other slots In an activation

30. Chapter 2: The VIM Virtual Machine
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Access Privilege Meaning

> read-only access to an object (gt sx t )

- - -
~~~~~ re ad/write access to an object (loc kt.xt )

—
~~~~~~~~ newly created object (n swob j )

>>~)u) newly created event (n.wev)

- >~ 
gtsxt-to- Iocktext conversion request

Table 2 6. Access privilege types

record, nor canc  the’y hi’ ‘-~ iv i’d in-i a ’ v t ’ r m l  on otuj i ’ c t  slots Au ct’~~s pr iv i leges t ’x us t

onl y to r t ’ m ord p i ’ r m u s s u m m n u s  occu mu leat ,ud by an  execut ing event , artd when art

even t ’s act ivation reco rd  disappears, the’ associ ated acc .’ss privileges must disap-

pear a lso

Before giving the stat i r  trans it ion- i rule ’s for fbi ’ blat:khoard intenpreter , it iS cOO’

venient to di’ fur,’ some “cann ed l i t ( uu m ’ u t m u n i ’ s ’’ as follows

A call to thus  r u i u j t u u u , ’  u rt , lc i mt t , ’ s  that art o r r u u t t ’ m i mj s  conditiort exists ( u i ’ .. t h e  user
has violated some rule’ m uf  pro (j ramm unQ mn- i VIM) I he r i-spouse of VIM to such
err or (:Ontditiouts us riot s f u . ’ m  f red t)y the t u lackhoa r (1 mu t t  .‘ rl’ r i’te r

HAS.( T I X T ( ~ ve ’rt ( ,ob je ’i t)
If some ‘; !umt a in Ui.’ ua~: t iv 5tuont  r p m  r i  f u r  ‘ ‘ V ’ ’n?  hit s an .‘u - i-, ’ss privilege (of any
type) for obj, ’i  I . t h.’ iu return In no , plc.’ n u t  u u r r m

HAS-LOCK. T I X T(event ,objoet) .
If some slot a, in the uictuvat ion ree~~nm 1 fo r  .‘~ .‘nf h~~s a loc ktex t- or newobj ’ t y pe

access privilege ( sor i f i’d double or triple arrowhead) for objec t , then return
true; else return false

GT E XT( ev on t ,ob j ec t)
If HAS-G i l XT( e ven l ,o t) J ect)  thi-it re turn , e’ls.e create a new slot in the activa-
tion record for .w,’nt and place un- i if a gtext-type ac ;i’ss request (au arrew with
a dashed shaft and a serif ed single arrowhead) for objec t

Section 2.5.1: Definition of the Blackboard Interpreter 31. 
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LOC~~~l I  X I (ev emnt ,object)-
If HAS-L OC~, TFX I (event ,ob je ’c t)  then return; else If some slot a~ i i i  the activa-
tion record for event has a gtext -typo access privilege (sen Sed single arrow-
head) for objtc:t , convert that access  prIvilege to a gtext-to’loc ktext conven-
sion request (an arrow with a dashed shaft and a double arrowhead with bent
senifs) for objet- I ;  else create a new slot a1 in the activation ni’ m:ord and place
In it a Iocktext ’type access request (an arrow with a dashed shaft and a dou-
ble a r r owhead with straight se ruts ) for objm~~t.

CHI ATE -ACTIVA 1  ION-RI COF~D(evont )
Draw a blank a :t i v a tuor - i  n .’ -o rd to the right of event. If event has no slot
labeled v , or if tI n ’ contents of slot v is not a r c ’ f , ’ n i ’ uu m . i ’ to ant object , then
I F-ffl uH e lst’ copy the otije n: t reference from ~.bct t of event to slot v of the
activation r,’u ormi ~‘-o’t slut 0 ~t the ac t i va t i on  record to the null re fe rcj rtce . Set
s lot v to :ero and slot a t o false Perform G i l  XI (, ‘ve ’nt , ob j ect referenced by
RIot r iii the act ivatiort record )

F RASF -A C T IVA T lflN-flF COR D(i’ve’nZ) :
I rasi’  the a c t mv i l t u o n l  I i’du  1(1 to the right of event Also erase all object refer-
once  an d a(:cCss pn iv m le ’g i ’  arrows (whether their shafts art- solid or dashed
lines) emanating from the erased activatio nt record

C A N—RUN( . ’u.o’’ut ) -

I f  no me i- .’ss requests are ’  out s t a n ding in the’ act ivat ion record for  e ’ve ’nf (i ,e., no
arrows ~~ut Pi dtst te ’d slt i if ts emanate from arty slot a~ in the activation record),
then rm’ tur nt t rue , eke ’ return fa lse.

SIDE - E l  II C 1-PE Hf ORMI D(e vm ’nt )
It slot a of the activation record for event contains the value true , t h e n  r e tu rn

true , else return f a l s e

The following transition rules can each be applied to any event e meeting the

specified conditions-

Rule Ri :  If .- has no activationt record and the active flag of e is true , then
C RFAT ~ - A t . TIVAT ION-RI (‘ORD(e). This corresponds to beginning execution of the
event .‘ and gtoxting the event ’s target object

Rule R2: If e has an activation record and SIDE-EII ICTP ERFORM[ D(e) is false ,
then FRAS F’ACT IVAT ION-RI CO RD(e) .  This corresponds to aborting execution of
e.

32. Chapter 2 The VIM VIrtual Machine
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Rule R3: i f  ti has an activat ion recor d, CAN-HUN(e) us true, and -slot 0 of the active’
lion record contains a null reference , then if the object referenced by ~Iot ~ in
the activation record has no slot I then E.HHOH ; else if that slot S does not
contain a ne ’ f i ’ n i ’ i i m:  e to an olij ini . t then F RIIOR ; t ’ lst ’ copy that reference into
slot I of the activation record tor e, and perform Gil X i(e , object referenced by
slot S u t  the activation record for i’) . T tn u ’ , corresponds to gtext ing the event
e’ s type object.

Rule R4: It ti has an activation record , CAN-HUN(e) is true , and slot S of the actIva-
tion record does not contain a n u l l  reference , thert NE XT- INST R(J ( ’  T ION(e). The
routine NI,X I- INSIHUC T ION is described later in this section , and has the effect
of i’s ecu t rug the rio xl  ur n ’ . In uctiuin inn the type object of the event ic

The followin g transition rule’s cant be applied to any object o meeting the

specif ied cortd itionts -

Rule R5: If o hits a gtext- typu a cm ’ss requu. ’st ( d a s hed  arrow with se nS ed single
arrowhead) impinging on it , and no lockt .xt-type access privileges (solid arrows
with serif ed double arrowheads) impinging, then convert the gte xt-type request
into a gtext -type i t C i ’P ’u5 priv ult ’~j m ’ (solid arrow with serifed single arrowhead)
I his corresponuuls to g rant iut ui ~tu ,ir i’mi (read-onl y) access to art object that  us not
cur ni ’ nut ly beiru t held by anyone fu in non- sha red  ( read/wr i te ’)  access -

Rule R6: If o ti~ms a Iocktext-type access roqmie ’ .t ( d a s hed  arrow with stu aught-
seri fed double arrowhead) cmp u nq u u n u.J on it , and rio ac c e s s  privileges of any sort
(~ oIid arrows with arty number of s i ’ n u t e ’ m t  arrowheads) or gtext-to-locktext
conversuon requests (dashed ar rows with hi-nit’s r u f e u l  double arrowheads) imp-
:i d u:tm ~ t tn , ’ r t  u un - ~ i’ r t  t i m i -  i o c k t ex t - t  v pi ’ n u ’ t i m i ’ s l  un to  a Iocktex t- ty po access

p r u v u l u ’ ~j .’ (~~u > lii1 arrow w i th  ‘.i’ !ifi ’ii c i m u u h i i. iu l lm w P i i ’ ,, .1 1 Pi u s  corresponds to
granting non- shared access fo r art el m j. -u t not currently t ~nnig hold  by a n y o n e  f or
any kind of access.

Rule R7 : If in has  a gt ex t ’ t o-l ockt .xt c-oni v m’ rsuon ri ’quest (dashed arrow w ith
b~ nt-serufe d double arrowhead) impinging on it . and no ot her gt ex t-t o - lockt ext
c n ’ uv c ’ r s m ’’ r O m l m u . ’ ’ -. t s , n ac m ’s ’. I m n m v u t ~ .gps of a n y  so rt , impinging, then convert
the g t ext - to- I oc k text  ucmni v -* .r ’.on r i-q i  i’’. t unto a Ioc ktext- typi ’  access privi lege’

s( I i i  arrow wi t h s i ’ ru  f i ’ m l  double arrowhead) Th is  corresponds to uipqradunq an
event ’s share’d access  to an uub j ,’i I to non-shared s ta tus

This comp letes the list of transition rules for the basic VIM blackboard inter-

preter , except  that the routine NI XT- IN S IRU CT IO N . which is re f erenc ed in the

defInItion of Rule R4 and describes the Interpretation of machine code found in type

objec t s, has not yet been described The purpose of postponing this until last has

Sect ion 2,5, 1: DefinItion of the Blackboard Interpreter 33.
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been to abstra c t from the presentation the details of any partIcular instru ction set

for VIM The goals of this thesis ar e little advanced by hypothesizIng In detail , for

exampl e , the permissible set of addressing modes for an add instruct ion . Conse -

quently, such nuances are avoided in the definition of Ni X i-INSIHUC L ION Instead ,

the body of the defInition has two malnt parts: first , a section dealing wIth the VIM

system cit Ils , whose format may be considered somew~tat standardi:m~d, and second ,

a Si ’ m t u m c n u  descn ut ’ ing the t reatment  of different kinds of access es to objects and

events , without detailing how these basic kinds of accesses are packaged Into

lnus t r u ( -  t uuns I hi’ definition of NE ~ I - INs I iuu I ION folio NS

NE X T- INS TR U’. I ION(ev.?nt):
F e t c h  the contents of the slot in event’s type object (referenced by slot I in
the activation r,’(:orul of event) designated by the contents of slot v (the pr~
gram count.”) in the activation record for event. Interpret the datum thus
fetched as an instr uctio r- i If the Instruction us a VIM s y s t e m  call , then it is one
of the following

don. () for every a, In the activation record for event that contains a
n.wev-typ .’ acc ess privilege (arrow with serif ed quadruple arrowhead),
set to true the active flag of the event pointed to by the access
privilege Set to false the active flag of event. FRAS I-ACTIVAT ION-
RE CORD(ov. ’,ct )

gt.xt(objeet) ‘ If SIDE -Fl FE C T - P E RFORMF D(even t)  then E RROR; else
advance v to the next instruction and perform GTEXT( ewe n t ,object).

locktext(objec t ’l - If SIDF-I FFF( T-P FRI ORMFD(event) then IRROR ; else
advance , to the next instruct ion and perf or m t.OCKIFXT(evenf ,objecf).

‘Although we have not spec ified the means by which the referenc e object mc
obtained, in this and all subs equent cases it is assumed that object came eithet
f rom event , from the activation record for event , or from the tex t  of some object for
whIch at least gt.xt type access has already been established by event. The
Intent of this stipulation us to ensure that all references used by an event are
accessible from It via some chain of object references.

34. Chapter 2: The VIM Virtual Machine 
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n.wob j (id 1 ,vaI 1 ,1d 2,vaI 2, .. . id~ .va!~ ) :  I t  SIDE,-I. F EL CI -l~LHl-OHMLD(event ) then
ERROR ; else advance v to the m c x l  instruction , draw a new object with
n slots labeled  ld l . ld ? id ,,, with initial contents vaF 1, v&2 Va!,,. create
a new slot a

, iii the activation record for ,‘~‘ ‘,rt , and draw a newob j -typ e
access privilege (solid arrow with serif ed triple arrowhead) from this slot
to the newly ( :neated obj ect  - The newobj  operation- i rot urns a r ,’ f enu ’ uu( :t -
to the newly created object.

new ev (id 1 .v& 1 Id ?. vaI ? ld n,wa! n): If SIDE -I l  EL. C I -PE HI ORME D(even t)  then
F RHOR; i-Is.! adv ance v to the next  instruction, draw a new i -v enuS with
n slots labeled id 1, id 2 id ,7. with initial contents v, i/ 1. vaI 2,. .Vd/

fl
. create

a new slot a~ in the actuv atuor t  record for i ’v, ’Iu t , and  dra w a newev- typo
access privilege (solid arrow with senifed quadruple arrowhead) from this
slot to the newl y created event , ant d set the ac t iv e  flag of the newly
created event to false. The newev operation returns an integer which
may be uus ed to r~~f~~r to the new eve ’nt t

If Pie iris t ruc tuo n us runt a VIM .sys  tern call , then it may at te mpt some conthination
of tI n— fol lowing open ut m or - is -

read from act ivat io n reco rd  for event uf reading from one of the slots a 1,
t hen F RHOR , ,‘ lsm ’ proceed

wr i t .’  unto i t c t i v a t m u u u  ni’ i - u ur d  for .‘ve~t uf wr i t i n g ~ lm ) t  a or any of the s l o t s  a
1

,

then I AROR; else proceed

read from event : proceed

wri te un-ito event . I RHOR.

read  from ant i’vent other t Itan event I RHOR.

writ ,’ unto an ever- it othe’r t itan , ‘v, ’nt if a newev-type  access  privilege for
the ml i rs t  unation i’vertt i -x is  Is nt some slot a m t  the act ivat ion record for
event , then proceed , nl s~ E RROR

read from te xt  of objec t :  if HAS-GIl X1 (event ,ob jec( )  then proceed; else
I RHOR .

wr i te into te~ I of -‘bj.’. t if S new obj -type access prlvi leqe for ob j ec t
ex us t s  in some slot a1 ru t t h,’ activation record for event , then proceed;
else if a Iocktext-type a u u - i”.. privilege for object exis ts  in some slot a,
in t h a t  act iva t io r t  recor l, set  slot a in the activation record to true , t h e n
proceed , else’ I RHOR

One additional important requirement of the blackboard interpreter has not yet

been stated in this section : this is the requirement that the execution of any

event take only a finite ,i,mher of s~i ps after the first step that causes a side

Section 2.5. 1: Definition of the Blackboard Interpreter 35. 
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e f f e c t  ( i .e. ,  causes slot a of the activation record to be sat to true). this require-

mont may be imposed on the user In one of two ways. It may simply be stated

that any program which might execute forever after performing Its first side effect

us illegal , without arty in dication of how such an Illegal program could be detected.

this would impose on the user the onus of ensuring the finiteness of every event

exe c ut un inu  once It has performed a side ef fect .  Alternatively, some number of

s teps , such  as 10 ,000 , could be picked arbitrarIly as the maximum number of steps

permissible a f ter  performing a side effect Any event execution exceeding this

limit could be terminated with an error condition, much as it would be uf it attempted

to obta in additional a m (  n-ss privilege’s after performing a side effect.

2.5.2: DiscussIon of the Blackboard Interpreter

Before du scuiss ueq the unteraction of the various parts of the blackboard inter-

pn i’t  or - i t us 1mm-s t t m i l lustrate the unt , ’ r p r r- ter ’s operation by means of an examp le

In order to give an examp le , i t  us ne - i’ssary to sett le , at least informally, on some

sample’ ‘ macttur te languaqi” with which to populate the slots of type objects At

the foundation of this language must he some notation for operand locations - -  we

must b.’ able to name t he slot’, from which operands are to be fetched or into

which results are’ t o  be put For this purpose we sett le on the following conven-

tion a lou-in identifier i denotes the slot ( on i ts contents , depending on whether

the identifier appears as a destination or as a source) bearing the label r in the

currentl y executing event ’s activation record. A pair ~:y denotes the slot labeled y

in the object referenced by the contents of slot ~ in the activation record. A pair

•:y denotes the contents of slot y in the currently executing event.

Slots are stored Into by usIng the form loc n ’- value , where value may denote

the contents of some slot . a .  discussed above , or may be the result returned by

36. Chapter 2: The VIM Virtual Machine
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some system call such as n.wob j . !ocn will denote the slot Into which the value

should be stored If b e n  us a lone identifier , then a new slot by that name will be

added to the c u r r en t activationt record , it no such slot existed before; otherwise ,

the slot named by b e n  must already exist.
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Figure 2 ((a) Initial configuration

This “ma hurt . ’  lautquaqe’” su i t tt i m ’ ’ . t u u  F u r e s eult simple i 5  imples of blackboard

ln te rpre’t a t io ns  1 Ii,’ rnndi’r will indulge one additional piece of novelty dra wi n g

type o t r iec  I’. vert ica l ly  r.it t i m- n  than hori.’ont ally to more easily accommodate the

sym lu u ml i  representa t ions of I hi’ inst ruc t ions  in their slots. Consider S hi-ui  flue black-

board interprot.i t on shown in-i f igure 1 Along w’th each part of the figure us

l isted the t,lj ickboard in terpre ter  rule whose application produces the configuration

shown ur n that  part  from the configurationt in the previous part

Figure 2.~~(a) shows the initial configuration, which includes one event (with its

active flag set to true) and a collection of objects The event ’s type object ,

drawn vert ica l l y, r o ut  t in s the program to ti n’ executed. The ,lats In thus object are
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labeled with numbers , corresponding to values that will be taken on by the program

counter during execution.

[ v T i~J~
o:a~.:x 1
llb’..f:q I
2tgtext(a ) L ,~T ~~3 jlocktext (b) L.2 I

- - -

L5~~
on0()

Figure 2 ((b) Produced from 2.7(a) by Rule Hi .

[‘
~ 

H iY L~-~” 
T f r I  ~~~ I

- ~~~~~ 

H ~O a-’.:x

1b ~~’:q

7 gt.x t (a) ,Jw z T

3 locktext(b) - 2
41b:z’t :z 

- -

1
Fi tu re 2 .7(c) : Produced from 2.1(b) by Rule Rb.
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~~~ Jx
lJ

Y~~ 

~~ J~J~ J~

I 1 J
L ~ L

- 
“

~~ 

L ~~i

- -  j ‘

2 gtext(a) ~~~~ ~z J
3 lockt~ x t~b~ 2

5 id~ ne( )

f igure 1(d): Produced Inom 2. 1(c) by F~ule fl3

I iquri’s 2 1(b) ? h r m u t i q ? u  ( m ’ )  show the s ta nda rd t.t i r t — u p  s m ’ q n u ( ’ r t l - .’ f u u r  i ’v e n t t s ,

ru n t ,— tha t  no s t , — 1 u  in- i t hus  s, q u o - t i m . dn’pnnutds cur t  t i re  I r mi lnam c ont~~iut n ’ c1 un - i S I t u  t~~l u ’

oh je ’ u : t  T h u s  eventt s t a r t - U I )  phase thus - o rn .~5l nut i fs  to the  i u ’ x t ’ u r t s t r u c t i o n ’ f n i t n tu

phasp typR al i f  - ta~tda r 1 vort Nm n iumanin nu~~ - t t p n i , ’ ’ . which us thi sa me , up t m sum,

polrt t , rio m a t te r  what  i n ts t r u i i tuon us b.’uul g f p t u  i u ’ ’ uj  (s in ce the natu re  of t ha t  u t ’ , t r m i u  -

tion us r u t  knuuw rn y n ’ t ’~ Inn our blackboard int n~r l r i ~t,.r , t l tu ~ “ f e t ch ” phase iuf l i  t s

re f m ’ r nm r i u  e’, and rva l- :uuh~ i m : c n ’s’ , I r ivu leu je ’ S  for the t e n m p ’ t  and type ob j e c t s  u u f  the’

event
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L i 1 ;
lO a•.:x I. -- -

~1 b ’ c : q  K

2 g tex t (a )  
L. .Jwf ~ t~

- 3  Iocktex t (b)  { 2 J  ~~~
4 b:z’ *:Z k . - - -

t A

5 , done~ )
I I

f igure 2.1(e)  Produced from 2.7(d) by F~ule R5.
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I

~ ,p , q k , )

-

- - I L l )
O a . : x  ‘ -

ljb.ir:q 
‘
w. • 

/

2 gt ex t ( .) 1 
~, ,{w f1 T

3 l oc k te x t ( b )  2 J
4 - b : z’ a:z
5 don e()
I r~~~~~ r I

Figure ? 7(f)  Produced from ~ 7(e) by Rule R4.
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Figure 2 7(h) Produced from 2 l(g)  by Rule’ Rd
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’
j Y i  iEI!~

’ 1.~ ~
v 1~~~t~~

r J r
O a . . x  k
l t b .v :q f
2f gt ext ( a )  

- 

z

3 t loc kt
~~

t (b) I ? - - - -

4~b:z~ a:z : - 

5.Idon.()

Figure 2 7(l) Produced from 2.1(h) by Rule Rb.

Actual  execution of the machine :ode in Figure 2 7 begins with the transition

between sn apshots (.‘) and ( f )  Starting at this point , every application of Rule Rd

corresponds to the execution of another instruction In snapshots (f)  and (g) . the

ac t i va t o r  re t  r u t is extended with new sIot~ a and b , and  unutua t  contents for those

S l o t s  are supplied The requestinq and granting of gt.xt and Iocktext privileges

occ uupu .’s ‘,napshotc (h) through (k)  Snapshot (I) shows the result of the first (and,

In t his case , onl y) “side ef f ec t ’  performed during execution of the event Ihe

refm ’ r , ’rn s’ f rom the Slot a:z has been copied unto shut b~z and the side effect flag •

has been set to tr ue. Note that gt.xt a ( : ( n ’ ss  has been obtained for object a and

tocktsxt access for ‘b jnrt b , otherwise the operation “b :z • a:Z ” would be illegal

Finally, snapshot (m) shows the result of executing the done s y s tem call — the

activation record and all arrows emanating from it have been erased , and the

act ive flag of the event has been set to false , ensuring that its execution will not

be attempted again.
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Figure 7 T( J )  Produced from 2 7 ( s )  by Rule R 4
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F igure 7 1(k). Produced from • 1( j )  by Rule R8.
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0 a-- . :x -

l b.-v :q ( .

2 gt .xt(a) 
- 4w JzT ~~ -

3 locktsxt(b) L2i. jJ

5~ don.()

Figure 2 .7(l): Produced from 2 .7 (k) by Rule R4.

Several aspec ts  of the sequence in Figure 2.7(a)  through (m) are worth noting.

the first is that , s ,r r .‘ only unit ’ event execution was involved, there was no oppor-

t u n i t y  for parallelIsm In fact , at any given point , there was only one rule that

could he a~.plued . .‘xi i-pt that at any pointt before’ I ugui r t ’ 7 7(I), Rule R2 could have

been applied, aborting the event I’*f ’ i utiun and restoring the s ta te  In I igure 2 .7(a) .

Th ~ propert y illustrated by thus is t r u u * ’  in gen eral any’ time an event is aborted , the

f I ’ S A u t t t  n1j stat .’ .~ s , nil ct r ’.; :. - sh~h/e f r om the’ state that would have resuFte~i i f  the

at- .-i -’n. ” I .-~ ..e i . , !”  u Pu ,. ~~~~~ been attempted . The VIM rules regulating the

set t ing  ef the ~idp~n’fS ,’ut flag v , in combination with the’ restriction that en event

ran onl y hi’ abi ted when the side-effect flag • in its activation recor d us false ,

ensure that this us the case

44. Chapter 2: The VIM Virtual Machine
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Figure 2. i’ ( m )  Produced fr ~ ii 7 ((U by Rule’ Rd.

More specifical ly ,  we can de fine an at -cess,bIe event as being arty act ive event ,

and a rt  au - i us s / ti . ’  (it ! i’ t i i ’ . h. ’ mr tu j  a t i ,- otu p’ 5 reac : t t a b k— by some chain of object

references from some 6c u4$ ’ e-~i’ rut on i ts  activat ion record When an event exe-

cution is abo r t e d , u t  m ay  have’ neat  s ’ u i  ‘.om.’ i -vent s on Ut) j i’i. is . which will be left

around af terwards , but t i res ,’  i’~~,’ i i ts  and objects  will a lwa y ’ - be un accessub le T h e

newly created events will hi ’ na u a ’ ss , luf , ’  hi-u a ius i’  their act iv e ’  flags will still be

set to false I very  newl y ni’nt i’d u hp~u - t wil l ha’ uru si :essuh le because , in order for

It to bs’ ,~om* ’ ncci!ssiblt’  , a ri ’ I eni’ rn .~ t i  u ut woulul have  to have been stored into the

t e x t  i- if seine’ pr,’v ioiisl y access ible uttj e i  t Art y event performing such an opera-

tion, however , would h a v e  it ~~ suli” .’t’ l i- ’u  t flag . set to true , rendering subsequent

abortion of the n-ve n t impossible T bus i f Wi’ I u t us id , ’ r  only the states of accessible

events and objects to be relevant (a reasonable assumpt io n, since the others can

never Influence any future computat ion- i l. an aborted event execution leaves behind

Section 2.5.? Discussion of the Blackboa rd Interpreter 45. 
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the sant e result as an event execution that never happened.

An interesting blackboard-interpreter feature illustrated by Figure 2.1 is the

way in which control us passed beck and forth between events and obje ts in

general, control resides with events , In the sense that transition rules are applied

at events , and primarily in volve the contents of events , activation records , and

their associated target and type objects,  However , any time art event makes a

gtext or Ioc ktext request to access an object , no further rules (other than Rule

H? , abortinq it) can be applied to the event until the requested access is granted.

Granting thr~ access is untder corttrol of the object , in the sense that the relevant

ru le (H t , Rb , or He ’) operates u t  the vic inity of the object , taking Into consideration

only the other access pr ivileges already granted for that object. The form of arbi-

tration among a ct ’ess ri’i l ius ’s tc  specified by these rules is what guarantees th,s t

gtext access will oniy be shared with other readers , and that locktext access will

be shared by no one

The nature of those arbitration rules in turn guarantees a second fundamental

propert y of VIM If we define an , ‘n~eeuj t,on h i s to ry  as a series of snapshots , such

as those in F igure 2 7, then for any legal V~M execution history there en i s is  a his-

tory  s tar t i ng wi th  the same in i t ia l  s tate and end i ng with the same final state , which

has tha ’ prop erty that at most one activa tion record ex i s t s  sri any one snapshot. In

other words , any arbitraril y parallel execution of some set of events cannot yield a

result that could not also be yielded by some sequential execution in which no two

event execut ions are ever Interleaved This property of VIM simplifies the

programmer ’s job , for he can treat each event axecu ion as though it we re an

atomic operation which cannot be Interrupted by any complete or partial execution

of another event

F very V IM execution history can be viewed as a sequence of primitive

46. Chapter 2: The VIM Virtual Machine
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operations , corresponding to the successive applications of the blackboard-

Interpreter rules to various events and objects I ach application of a rule can be

associated with the execution of a particular event. In the case of a rule that

applies directly to an event , thus event us the event associated with the primitive

operations performed lit the case of a rule that is applied at an object , to grant

an au ’c i- ss  pnivulu ’qi ’ . the event to which access us granted is the event associated

with the primitive operatiort

In a VIM n’ x e ’ c t u t i u u i r  h istony in which events  are executed in sequence , the

primitive operations i-e rr  ,‘s j o r rd i q to each e’v en- i t  executuo rt  will he grouped

togethe r , with I m t  i - n  l,’ i - u i ~~j  of primit ive operation- is belonging to different event

executions In a general V IM execut ion history, thus will not be the case; how-

ever , any /. -g il VIM i ’  ..‘ ‘ u t i u n  histor y can be trans form ed m b  one’ in which pr imi -

tive operat i ons p ert ain ing t i  each e ’ve ’nt i- n , ’ ii t ton as- c grouped together , without

altering the initial er flrtril s ta te  lit,’ tna nsfo r mat  On is simple it) perform: without

any ‘ruange in the ordering. rolative to ench other , of t lt e’ primitive operations per-

taining to eactt event e x , ‘c uj t  ii ru . a new i u us tu  ur us built out of these sets of primi-

tive operations , in which the se t s  appear in the’ order rrt whuch the corresponding

event executions in t it i’ old history ended ( .  u’ ., either completed successfully or

were aborted) In other  words , alt primitive oper ations in the original history are

del cyod as hin j as possible’. untii they run u i r fo  t i t -  primitive operation representing

the termination of the corresponding event i’xi -cuition (this operation should not be

delayed) Thus s t rategy will pniol u u c  e the appearance that all operations associated

with an event execut ion happen in -i burst , immediatel y bef o r e  the termination of

that event execution

Obviously this transformation c an be made on any execution history, but the

contention that the transformationt us legal , i.e., does not affect the ‘-tate change

Section 2 5 2 DIscussIon of the Blackboard Interpreter 47.



performed by the execution history, needs to be justif ied A sufficient condition for

the transformatio n being va lud is the following: given an event ex ec ution B that ter-

minates aft er another event execution A , and a p r i m i t i v e  operation pertai ning to B

that ot.’- u,s immed i atel y before a p r im i t i ve  operation pertaining to A , the orde, of

the f r i m i t i w e  operations may be switched without altering the stat e change pci-

f o r mtud by the pair of p r im i t i ve  op eration s This property, if true , can be used to

lustily “peru.o latung ” openatioru s pertaining to event executions with earlier termine’

lion times forwa rd and those corresponding to later termination times back , until no

operation appears before another one whose event execution ended later

precisely the situation we are tryung to achieve.

In t r y ing to establish this property, we must concentrate on the ways in which

event u xecutuons cart inte ract.  All such ways involve reading or w riting of object

t e x t s, or manipulation of access privileges to objects.  Operations involving an

event ’s activation record are of no interest , since the activation record can only

be accessed by the event it belongs to Similarl y, operations that involve reading

or wr iting events a re of no interest: an event can only be written by its creator ,

during which time no other event execution can access it , and it can onl y be read

during its own execution , which cannot overlap with its creation. Thus only manipu-

lations invo~vuuig objects can lead to interference betw een event executions.

The primitive operations that affect objects can be grouped into five classes -

read ing from an object , writing to an object , requesting access to an object , being

gra nted access to an ob,ect (this includes gt ext access , locktext access, and

object creation which entails a grant of nswob j -t\ ’pe access to the new l y c rea ted

object), and relir.quushurig access to an object (thus only happens when an event

execution ends). The only way events can conflict is on operations involving the

same objer I. clearly, a ps ur of primitive operations on different objec t s nu - iy be

48. Chapter 2: The VIM Virtual Machine
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performed In either order. lable 2.8 shows the status of the various combinations

of possibly conflicting operations on the same object.

A read ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ A reIi~~ uish
B road O K( l)  NP(2) OK(4) GT (6)  OK(S)
B write NP(? ) NP(? ) OK(4 ) NP(2) OK(t t )
B request OK(4) OK(4) OK(4) OK(4) OK(4)
B grant G1(6) j NP(2) OK(4) j G i f t)  OK(S)
B relinquish j NP(3) J NP(3) I ~~~ ~~~~ 

NP(3) 

(vent execut ion B is  assumed to have ended after event i- net  ut,o,r A; i’,s~ Pu
en t r y  in the’ t,i blt ’ ~i;~~~i ’ i - s to a p air of pr i m i t ,  vu opt-i at ion.s on Ui,’ sam.-
object in  whi i :h the ~;~ ut at, on per tai f ling to B O( c c i t s  immediate ly  bet or e~ that
pi.s rt aining to A. ii A .- i y  to f ir.- table • ‘, tr ii - .-~ i s

NP: this st qci, ’m,. u- o~ operation.s is not pO.s .c# b/e  in a legal I/ fM ex ecution
his tory .

OK: t hus p-air of oper ati ons per for i-ned i n  tn- ~- v *-r SO order w i l l  s t i l l  u~,~ i S t
the same sta t . ’  change.

(. I: i f  t hi ~ pai r  of op erat ions u.s part of a Iu?gal  VIM .‘nei :ut,on h i s t o r y .
then all a. r,- sS. - s  granted must be of g text a • u ’ S .’.; in t h is  .ase . per —

for mi rug t i - i .  op..’r ation.s in (Ftc r u -v . ’r  si - or dci w i l l  s t i l l  cause the ’ same
state u hang. ’ .

Parenthesized number s fol lowing the table i - r u t , .”, m u - f o r  t o more detailed
exp lanations in the t.’ t ’.

Table ? 8: L.egal uty of primutuv e operation sequence changes

Exp lantatuon us associated with parenthet ical numbers in the table entries are as lol-

lows

( 1 )  Certainly intc rchsnging the order of two reads will not change the data read

by eith’ir

(2) If either A or B has access to wr i te the obj ect . the other ca nnot possibl y

have or be granted access to read or write it until the first access privilege

is relinquished.

Section 2.5.2: Discussion of the Blackboard Interpreter 49.
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(3) Since access priv ileges are only relinquished when an event execution

ends , and event exec ution A is assumed to have completed before the end

of evenut execution B, B cannot possibly relinquish any acce ss privileges

prior to any operation pertaining to A.

(4) The ex is t e nce , or absence , or requests (as opposed to granted privileges)

from an event does not Interfere with any operation performed by another

event Thus the ordering of a request by one event and any operation by

another .-uv enu t may Li. ’ freel y Interchanged.

( 5) I f  a read , write , or grant pertaunun c to B wore legal before A’ s relioquishment

of access privileges , it will certainly be legal af ter .

(6) Roth A and B have access to the object by the end of the pair of opera-

tions. The only way thus can happen us if both have gt ext access ; other-

wise , sharing wotikt he prohibited. it the access grants are all of gtext

access , then the order of the operations is irrelevant.

In summary, t hen , a VIM execution history may be viewed as a sequence of

primitive operations. Any legal VIM execution history can be t ransformed into an

equivalent one (performing the same s ta te  change) in which event executions hap-

pen in sequence . in the order u r -  which the event executions terminate it  the origi-

iial execution his to ry This transformation can be performed incrementally by a :1

“bubble sort”  techn que , interc hangurtg the order of pa i r s  of adjacent primitive

operations where their order is the opposite of that desired in the final, sequential

executio n history. The —on si deration s presented in Table 2.8 show that , if the ori-

gina l execution history is a legal one , such order changes will always be legal ,
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even when they apply to pairs of operations on the same object.

In the scen ario of F igure 2.1, there was always one transtormation , other  t h a n

aborting execution of the event , that could be applied. In the presence of several

events , there might at any point be several possible transformations: on the other

hand, there might be none, as il lustrated in the snapshot of Figure 2 9

v .1 x J y J 
1r ~ ~ ~ JQ4 I

• 2 :L~ i
i 

.
— 

....

~ 

I

~

‘ 

. - 

.- - - }

-
, 

~~ I0 locktext(. :x) - - .11\
- 

\~~~~~~ _ _ _  - - - .. I - — -,.
[ i  Iocktext(.:y) ..— .1

I ~ I -i~ ‘ ‘ 
~~~ 

1 ‘ - I
• :i’ ~x iy  ~

I 

~ t i ’ i ’
~~~~ -~

-
~~H 1 2 J ’ I ’ L

Figure 2 9 Deadlo ck in Iocktexts

Thus snapshot , from which r r .’s s ent ia t  detai ls have heert omit t i - il . shows a deadlock

situation N i- t h o r  event can continue o ~ cii t iofl because each is wa !t ing for a

request to be granted , and nt ’ut h,- r request can lii gran ed becau se each conflicts

with another re iiuiest that has a l ready hi’’’, graut ted (here is a case where the

arbitrat ion- i  (t i r t i  t io rt of ()b Jec t c ‘,i bst  tnt  iv i - t ~ a f f ec t s  the course of execution)

Thus the only c hoice’s available are to abo rt one -i- both events Aborting an event

wilt erase some pre viously gran ted ac u . i -c ’ . privileges, removing the obstacles to

Situatlons similar to this conflict between locktext requests can arise out of
conflicts between gtext and lockte *t icques ts .
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granting other r .’qt i .-sts SI;tc,’ an event is forbuddon to make gtext and locktext

reqt uests af ter perform iu’( l a side effect ( i .e. ,  af ter  performing any operation that

sets t h e  s ide-effect flag ~ to true), any event with pending requests that have not

yet hi-on qr intted can always be aborted Conversel y ,  any event that has per-

f ormed ~ ‘o,lu’ effect (and th i - r i’?o r i-  can no longer he aborted) cannot be prevented

f rom ox oi i tt i r i g  hi-c ails,’ of unsatisfied i.es . i’qt iest s Guvc n our earlier ns’ ,tinrp-

tion that th~ e x t - cut  t o r t  t ime , or niumbi’r of ins tructions o xecuted , f o r  any or- i.’ event

is finite’, thi’ t hird f undamert t a$ gua rante .- about execut ion of VIM programs foll i- iw ’

no utu. c~o 1vj ble ’ iJ e .e I /o  ~ -an o. or If an i-von- it holds access privileges that are

I- ir . -ve r) t Iuç h i’ xeru tuont of another event front proceeding, a n d  the’ former event has

not yet performed a side ef fect , t he  ec ce ’ -s privi leges it holds may always be

re lu -n - .u’~l by abo rt i r r g  it If Ut.’ u - v ~~f l t  btnldinq acc .-’~s l ’ r iv i l i - t j i ’s  has performed a

sof t -  e ’f fe c t  - ~ ft .’ r  ‘~ n- i.’ f inite number of s~~-l’’~ 
it wi ll have finished executing, at

whuch point it’, a c c e s s  priv i ln’qes wu ll be released

Inspection of the rules of t i- i. ’ blac kboard in terpreter  yields a fourt h theorem

no • ‘v, -nt ,ir’ i orrf tu i t wi t h  u t ~~e ’l f  (, .‘ . ~~~~~~~~~ a “deadiock” wut u - it se ’ lf  tip’ a i ise of ant

unfo r tunate  -,.- qI iu - n- i  o of a- i .‘ s r u’ iliiPst s ) At fi rst qianre , it might seem t hat thus

could happen if . f i r  i ’  n a m p le . thi’  sam,’ event  is r.to’d two locktext requests for the

same objec t  T bt p bla -kb- i- iar i l- . r t te rpreter rnntu ’ ies (.11 Xl and I (1( KI E X T . however ,

always .hu’i~~ if the ni’qiiu-sted ~~. - i . ,’ss h,is already been-i obtained by the current

evertt , and thus avoid making arty ci i’  ii redundant access requests There fore’, if

not inte’.fer.’d w it h , any event cart eventually flutisit execution.

Tb.- various guarantees made by the rules ~f execution of VIM programs may

be su mm ari ;ed as follows:
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• sinc e t he tu t t t ’ c t s  o f  aborted i-v t - r ut  execut ion- is cannot be det ec ted , the pro-

grammer r- ie ’& ’d not concern himself wi th the poss ubu luty of that such execu-

tions coul d happen.

• sin ce all d.’nthioi k s at thy gtext- locktext level i - i i  hi’ handle- il ~ u t  ‘niat icall y.

t h u- i programmer ne,’d rto t  c c u ni,., - r n  hiir is.’ lf  w i th  t hu.-  p- ii’, s i h i l I  y i f  such

dt’e i ~hl- i o~ k s

• s u m .’ no re s u l t  c u r - i  hi ’ obtai n ed whicit cou ld itot i.’~~iil’ f r o m  ‘.- i) mi s , - i 1u.—nt i~~l

(‘ xu - i:u t ior- i  of u - v u - n t ’ ., the programmer i t - i - - i l  rto t i o n  em humst ’ lf  w i t h  t h ’  ii,~;

si t c l i t ~ t t r a ’. . t h u ’  r .‘i,, i’ n t- ;  r- tn , t h t  u~ ,-~ .~ ‘ i - ut in~j ( -i n, u ’ . - n t ’ , wi t b  tht  t ’ X i ’~~~ tJ -

tioni - it his I ~f , ito s. ’ . the programmer ‘ .t i l t  has to worry  about the cu- ins, ’

(111,’n u — s  ‘ - t  ‘ ‘her ~ on t  t ’~..,  j t i i , nc  t , .r v . ’ m u r u ( t  t s ’ t i t , — , i- i  ~~~~~~~~ t hi n’. of a- i ,~

liii’’ ( OnSO , div.’ i’v , ’ r u t s  ~ f his

2.5 .3: An Extended Blackboard Interpreter Example

As - i i  m r.’ r u ’ a l t ’,t ii , ‘~..i- inl ’ l .’  of the use of the ’  l i i  k b c i r 1  n t u ’ r p ’ u ? u ’ r , we it~ w

cons ider thu. ‘,ei piu ’- io~t- ,~ f .snaps ln t i t ’ . un- i f u i ju ru ’s ? 0 ( i~ through (k ) T h e  program

shown in the’s ,’ snapshots -i imp i f  d’s the ntbt I i t - i ’ - i r u a c  I i number f
~ 

i is im - i i j  thu. re la t  uont

1 1 if n ( ?
j~f . ‘f  ~ ~ 

. , (2 .1)
a - , a 1

If a . - . , the algorit hm spawns parallel computat ion-is of f~ ., and ~~ In the par-

t ic ,uia r ac e  i- if I igure ‘ 10, f b i —  program is used to compute’ f 3 -

Section 2.5.3: An Ixtended Blackboard-Interpreter Example 53.
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~

c~
0 1 1ts:n ( . ’ goto 5 

.

lix. newobj(c ,.:cft .l:c ,a .0) - 

~~0~it f :asO goto 4

2 newev(t ..:,-~n,t :n ~ ,c ,x t  lTlocktext(1. )

3 newev(c ..-c . n..:n 1 c x ’ 2 -v :a’  .:f

t4~
do0e()

44newev(v .v :c .f .f:a-.-.:f) 
-

do,~~()  
- - 

t 5~~~O~~~ () 
-

F u t ~iiru . - ‘ 0(u) Initial i- u i fn ,p r , , t uon fo r ubo nauni  examp le

Inn 1 ,j . - ,’ ;‘ 10 ( i )  the  s ilt ’ event  mra m i’s  t lu~ I i t r o r t n i c - i  ac tor  as it s  t a rg e t

ci’ j. ’i  - d ivu’ s t i - i . ’  ~ aloe ~ f i r  the’  a rq umu- i t t  n , an:l contains in slot c a reference to

a ( : in ( ’ t inua t iom ’  - i t ’ j i - i t lii - i- u- v.’ the resu lt TInt! i i i r it i ’ n t s  of the continuation

obj ect  a r ,- n 1 ch ‘w ni ~- i ’ ’ m  .‘ The ta rget  rib j ec t in I igu’.’ 2 1 0(a) contains only one

ref erenc i’ . t its  t ‘ , • ‘e obji’ ,~t T h u ’  fy pe’  ult j P( t contains in slots 0 through 6 part

of t h e  I it i , ’m- i~~ - c i  p- i jr.. r- i ri-ni in s hut c a ri’ i..m,’ni - o to t,not he’r ob j ec:t containing the’

r ,—m r i i. i ih .’ ’  i f  the’  p- ic  ~~am Ibis a r m n n t i’m i-nf  i l lus tra tes a general p’nporty of type

ob j i - r~~c na. ie’l~ that  corn., ‘.I’ - • s ‘n~~y i i~nt.,un data even while other contain instruc-

urn’ . hi’ ,umotj r am is ~~~~ 
.;t underct r~,d by watching  I- . e’ xer.uj t ion unfold , hence its

logic i’-. r ‘.t c - x p a ’ - i  e d hi me Ihe ‘ m u ’  bin,’ language” used in It has a few new

featu res , though ir~~t of a l l , arit t tmp t uc ,‘xpr.’~~srons , rather than just slot

Identif iers , nr.’ used on the right-hand si- iii’s of assignment statements and as

54 . Chapter 2: The VIM Virtual Machine
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parameters to system calls. Secondly, the form

If expr ess ion goto a

us useol to cause the program counter w to be set to a i f e ’ tp r e ’s s , o n  us true. Thus

provides a pr imituve tao : i h u tv  for conditional hraitchirtg

~“ ~~~~~ ~~~~~~~~~ 

~~ 
Ii i I ~~ ~ T x~ ~“ ~~ ~frJ I

{.  
; 

- 
3 . ~ 

4 
- . I - I ~ I

• ——  - ) vi-o . - , )

A f ’ .
- . 

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

1
. ‘ I ~

‘

I 
,~~~ , f a 1 1 — ‘ ‘

II v - • v 1) w — —

- ‘II - 
-

9

0~if •:n(. ’ gob 5
i r - - —

1 x’ n.wobj(c ,.:c .99 :c .a 0) ~ 0 If v :a ’~~ goto 4r I 4

2 n.wev(v . . n ~n .:n .‘ . c . x )  I ,Iocktext (v)— —— f . ~ 
. . - 1

3 new ev ( .’ , .:n’ . n . .:n 1 c x )  ‘2  ia.  .:f I
I ~~~~~~~~

4 done( ) 3 done ()
I . .—--.-  .. - -

5 r iew ev (n ’ . :c , f 1 1  - 4 ’ new sv(? .~ :c, f .i :a+4:f )

6~do n.() 1 5
1
dons()

F i gure 2. 10( b ) C r ’ - i t m t i j r i ? n ’ u - i  f t i ’ u.~ i example

Tigur ~ ~ 10(h)  ~how~ the s ta te  of af f a i rs  af ter u ’xu ’ c ution has proc eeded past

slots 0, 1 2 , and 3 of the type object The figure shows the new object and two

Section ;‘ ~ ~i An I xtendr’ J I~lac kboard- lnte r it rete r  I xample 55
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new , ‘v t ’ r n t s  c r . - t i tt ’ d , anol the activat ion record entries and access  privileges

created i t t  the ~‘ro c t’ss  Not.- that no operation performed during thus event execu-

tlon cttu ’,t’tl the side-effect flag • to t ) t ’  set to true to  keel) the diagram from

becoming even nnore c lu t tered , the co,nvenutioru has been established that drawing

an arrow In t i- i.— shaft  of another arrow pointing at an object us as good as drawing

an arrow directly to the object i tsel f .  Thus applies both to r e g u l a r  obj ect ref enence

arro ws and to special unc - i e’ss pn ivu l i -ç j t .  arrows.

H ~ ~~~ 

~f’~
-’.> L~ 1~

- )
(

- I ~~~ ‘ii,.
- :c ~~ a~ ~

‘~~ o~~I. .

i l -i

L
c~ 

- 

“I
0 if .:nC’ go b 5

n.wobj (c ..:c ,9.9:c .a.0) ~ ~~0~if v:ai’ O goto 4

‘,c.x )  ~l ~ioc kt.xt (v )

3~r Iewev ( , . : ,n . : n l , c . x)  2 p c :a ’ . : f
r4

I d ( )  3 1 don.( )
- . --~~~~~- - . - - - I

5 4
flfw.v(1.a:c . f . 1)  4 n.w•v(i ,,:c ,f .i : a.-,:t )

6
1
don.( )~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 6 

..

Figure 7 10(c). ContinuatIon of Flbonacci examp le

58. Chapter 2: The VIM Virtual Machine
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In Figure ~ 1 0 ( c ) , executuont of t t - i t ~ original event has finished, as cart be seen

from the fac t  that its activation record has been erased and i ts actuv e flag set to

fa lse ’  ll id nm s i : & c e s - .tul completion of i ts execution , t h e  two events o :reated by it

wer,’  ac t i va ted  and they now awa i t  e’ x Pt 1110)0 Th e ’s ’ ’  i -vt - mi t S rePreSt’nt ro ursuve

c a l l s  to  the  1 uboi nt i c i :  i program to) compute ~ 1 artd 9., , w i- i- i - i ’,.’ sum will ii,- the desired

answe r The ta rge t  rnbj ,’ i  t fo r th i ,’se e ve n t s  us , ii! coo ns .’ . st i l l  t i n ’ I uhonaccu

a- i : t- i) r  Roth ,‘vi’rit s give -ii ‘- t in u — ur coitt lnuatuon a re f e r  .— n - i  P to ii newl y c r e’~~t,’i1

oh- ij , ’ c t  whnsp ¶ i j - i c - t u o n r  will i-i.’ t ,~ ,ill,’, I the’ two r i - - s uIt ’. ip’ n \ i ’ r t t t , ’il f ro m the compu~

t at nonr ts  of and 9 ,. .u- il 1 t b r t -mn . anm d f ,)ri. unil th u sum ti t ine urugir tal cortt i r iuationt

supir ILt’cl ru the ri’ ij i.’’-,t to ‘nluptit, . f~

I

t

Section 2 5 3: An Extended Blackboard- Interprete r I xample 57.
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~! jp.1 ~~~

‘~( .

H - ~~~~~ ~~VJ ni~ c ! 

~~~~-

~~ 1~’ J’~J jICT 
~

I 
.
~ i

~cJ 
~~~

J “~
‘
~ 1 ~c .1

- 1 I 1. ’ L0 I~ 
1 

- 
Qfe ; ] I

c i 
-

0,uf .:n<2 goto 5 , 
-

1 x’ newobj (c..:c.I.D:c .a .0), 
- lO~if c :a~0 9o to 4

2 newev (r . .:v .n ,.:n ~ , c ~
) 

- ~l~loc kt ext ( ,)
3 n.w ev (v ..:v . n ..:n I c x ) 

- 
2 ’c :a-s: f  

-

:4 ,don.() 
- 

3,done()
~5 newev(i- ,s :c . f . 1) 4 nswe v (v ,v :c , f . i: a4 ’ . :f )
f t  , - — . I
16 done( ) 5 don.()
I * - -~~~~

- -- - I 
~

_ I

F igure ;‘ 1 0(d) Con t in uation of I ibcnaccu e’ sample -

For the transition to F igure 10(d ), we have arbItrar il y chosen to exe cute to

cornpleti ’ut the event whose job was to compute 
~? As befor e, this has led to the

creatuon of two) new events (for com puting t~ and and a new object Thus new

ob jec t  is name d as the continuation of each of the two new events , and will func-

t ion to collect the values returned by them and return their sum as thin va ue of ‘2

The fac t  that ‘i-cursive calls to the Flhonacci actor are occurring Is evidenced t ry

the stack ~likm- st ructure of continuations that us developing - Since each call to the

actor generates two new calls if a ~ 2, the staCk-like structure is rea ll y, in general ,

58. Chapter 2: The VIM Virtua l Mach ine
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a tree-like structure , however , this example is too small to demonstrate that

ihe existence of these multiple continuations also i l lustrates the motivation

behind  the target-object / type -ob ject mechanism I ach cont l untuatuo n has a slot a

which records the s ta te  of the particular computations that are to return vdlues to

that contunuationt If tine slot a contains .‘.-‘o , bot h comic:? at icOns a’ e still act ive If

the  -i - c u t o u ts  of sl,uf a are nonzero , then Iii,’ ~It ’t  cu mda:n rs t Ire result n , ’ tunn iu ’:l by

one’ of the c i : n - iu i u t ru t i i u - i s  At  the completion of the other computation of tin,, pair

ris’st - i i i~~t ,’oI wi th f i n a l  cn i - i t u i t ua t n i ’ nn , t i ne  sum of i ts  value rind the c o r i t i’ ids  if slot a

w ill be’ r t’ hom ed !o t i~
,, hig hte r- levo l  contt nuatuon m ~ f or cooed from slot c Th us the

algorithm fo l I i i t~- ,’ 1 1’ n, each  t i  nt m o o  tuon ob j ec t  is tint , same , even though the s ta te

in- if o rma tu o n- i  ut s k i t ’ -, a and c var ies from one continuation to another. VIM allows us

t i - i  p lace ru s k it  I -i ’~ a ta rge t  objec t a re fe r  i-no o to another object containing the

aI ,pirut hm . thus av iuudurtg t i- i .-  n.’i’il to expl ic it ly  copy t he algorithm into each of our

continuation) t ’t i j t ) c t ’.

SectIon 2.5.3: An Extended Blackboar&lnterpreter Example 59,
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, ~T~~1~TT1N~L ‘ 
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1

- 

~~f~
f ftFj~

!~ , c~ •~ ~c ~.J ~1 1k — 1 .  o h ’ ! :Lo .

~~~
- .

~~~~~~ I i~~’ f J  N
C - - - i,,- I- 1 2

- - . t ~~~~~~~~~~~~0~if . :n (2 got o ~ I ‘,I, ~~,

i~x.- n.wob J(c ,.:c ,I,D:c , a , 0) ~~~ O5f r :aiO goto 4 
-

2~ne w•v (v ..:v ,n ,.:n ?. c . x )  I1$ocktext(1’ )
3 ’ new ev (c ,i :v ,n,s:n 1 , c , x ) 2~r: a-- .:f

- -t j ..---..-.- - - -- - - ---
~~~~~

- - . ---
4~don.( ) 3 done ( )

~5 new ev (v . : c . f , 1 ) 4 m new ev( q ,v :c , f , r :a,.:t )
6 done ( ) - I~~~ done ()

- —~-- - :~~ -i - ~~~~~ I i.. ~~- - .. ~~~~~~~~~~~~~~~ -

F ugur.— ‘ I 0(e) C ont - initiat ion of F uL’ontac c i example.

All the remaining act ive  calls to the Fihonacci actor have a ( 2, and therefore

cause a dIffe rent flow of control through the actor ’s type o b jec t , through the

n*wev request in slot 5. The event creat ed by t hu _ s request simply returns 1 to

the  .oiutunuatuort siiecIfle -4 nt (he event , fur mnui~hlng the basis for our recursion. F ig.

urn 2 10(e) show_s the result of executing, in any order , the three remaining active

c alls to the Fibonaccu actor Each generates a specufic event returnIng 1 to Its

continuation Note thin t every event from which i t  would be possible to reach the

main body of the Fibonacci actor is now inactive. Not only could all these inactive

events be reclaimed by a garbage collertor . but since part of the Fibonacci actor

CO. Chapt•r 2: The VIM Virtual Machine
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is now Inaccessib le (unless it Is referenced from other ever - its not shown), the  two

objects associated wit h- i this part of it cou ld also be garbage-collected the code

object on tIne rugIn~-ha tof side , however , is rt ,f t ’ r .’ - - ice rd by continuation objects that

are still accessible , and henuce must be retained for now.

- t , i 1~-i ’ ~ : N.
~,,T 

r~’ ~c ~~~ ~ V ~ T ’~ ~c ’
~~~~~~~~~~~~~~~~~~~~ ~c

1 n~~~
T c 1’

~~— - -~
1 

3 [ 
~ o~ • i _ ~- -~~~ T~~ ~~~- t -. . . . . ~J~ k12

/
—

. V 1 ~ L : ; i 1 1 IJJ. f :
Se’ ‘5 , ‘ - . ‘ ~~~~~~~~

- y~ t .
c 1 a~ ~ c I

I I~ ~• I t~~~0~~
n
~ • 1  

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

.

~~~ 
.
~~~~

- 

~
‘-
~1

1 : .  - , ,
j ~1 j,.~ I i ~~. 

1 1 I

‘ ‘
~~~

‘ 5..

— ~~. I t  I - i - .
- i t , — 1 ’ - -

~~~ 

. . 1 j_
~O~if s:nC’ goto 5 ‘5,

l i x ’  newobj (c ..:c ,I.~:c . a .O) ‘O if ~:a’0 goto 4I u ’ ~ -

L2 +
fleW

~~~
(f .1~~.fl .4 : f l  .‘.c .x )  l

4
loc ktex t (v)

I3 j new ev ( i ’ . .: l- . n . .:n I c x )  2 ’~’:.- .:f
4 t don e() ~3tdone ()

5tnpw .v(1.s :c f 1) ~4~newev(c ,?:C ,f ,v :a+s :f )

~~4don e( )

I Igure 2.1 0(f )  Continuation of I ub na c ( i ‘- s ample

In F gum 2. 10(f ) , the two ev e nts  returning to ?h,- rightmost continuation have

concurrentl y s tar ted r-xoc:u ’u- icl , and na ’h has rea ,~hed , bit not yet begun -i to ex e-

cute , the (oc ktsx ~ requ est in slot 1 of the.n type object Both nx ecut Ions hav ing

obtained (through the sta ndard star t -up sequenc e) gtex t access to thei r target

object , and both hav ing determined that slot a urn that object contains zero , each

Sect ion 2 .53  An Extended B lackb o ar& lnter prete r Example 61. 
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will now attempt to lock the object and wr ite its result (found in slot t of the

event) into slot a of the target object.

~
TF

~~’T~ 
P~NJ~*~1L~ HJ~ }cJ IV’-~~-i-j I  2 j ~

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

~~~ J t i  ~~~ .11 ~VJ 
J~J~~~~LJ ~ 2J

- - i ~ ~L.~ .LLL’ -

~ ~~JeT j~1 c T ~~ L a T ~ 

~~~~ ~
~~~~~~ ‘~

j ’
~ I’T ?~N

- 
-
.- f.-

~ 
I ~,

‘ Oil? .:n<? goto 5 ,~~ 

.- L 1 L

I ~x . newobj ( c ,. : c .I,I: c , a U)  ‘
~ 

‘nfo ~if c : a’ 0 goto 4
2 4

newev(i’ ..:v .n..:n 2 .c ,x) ‘.1 4locktext(c )
31nfWfv(i ,.:v ,n,.:n-l ,c ,x )

- ~3~done ()
5 newev( r ,.:c .f , 1)  

r 4 newev(, ,i:c ,f ,r:a~.:f) -

— - I

8 done () 
- - 

~~~~~~~~~~~ ~~done ()

Fug ure 2 10(g): ContinuatIon of F ibonacci example.

FIgure ~
‘ lO(g)  shews the’ result of execut ing the two Ioc ktext operations.

Since the object heung locked, namely t he target  nhji-t t , is an object to which

gtext acce ss had alread y hr-en obtained, the ac c e ss  requests .shown in Figure

2 10(g) are gt.xt-to’Iocktext conversion requests , rather t i-an simple lockt ext

requests If fIn n requests were simple Iocktext requests , one -‘f them could be

granted, e~ ecutlon of that event could comp le te, then the other request could be

g r a n t~ ml . and execution of that event could complete. Each event would write a 1

62. Chapter 2: The VIM Virtual Machine
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into slot a of the target object.  Ibis sequence of operations would be wrong,

since the second event to complete would see the contents of slot a change dur-

ing its execution , an occurre mo. ’ u- u i tc cnns is t mn n t with any sequential execution of

events and hence in vuolatuort of one of the advert ised propertues of VIM.

The root cause of thus problem us that in seekuutg to upgrade their gtext

acc ess to locktext ri- i c.-ss . the even- its would have re’IiIIt e- i l  ii gt e x t  ac c e s s

p t I v I le Vt ?  with a locktext a c c e s s  ~&qtjest Titus ant act  e s _ s  privilege would have

be’en relinqu ished b~~fo r e ci um-ip i.’ t on’ of an- i even- it u - x e - i  t i t uo mi  which ‘m ould never

happt,mn What i. needed is soniet inunq that  comt ir res lii.! propen t ies  of t i e  gt e x t

oc~ e’.’-, T i r :~~lt ’t li- i already ibt~~ufled , arid thu l ockt ex t  a i u - i 5S  rcq t ie - ~t now being

made In ( - i o r t ’ - iular , thus hy brid should prevent  Iocktext ac c e s s  from being awarded

to a mr y . nt hie’r r - - ,lt i ,’st ir , f i r  t h i _ s  would hi- iii iiiisi’,t u - m i t  w i th  the gtext access

already i-n i  j i - iy . ’ il b ti- ic o n - i u i n .~ I r - ‘ iii. -stor I ite gte x t- to- lockt ext conversion

r - j i i . - s f  is , in fac t , Just this c o m t n i r c u t i i n :  arid l-~ul e  I~, c r i r rec t ~y ind icates that , inn

F ngure 2 1 i)~ j) . i-il’ fPo - r  gtez 1- t i - i — lock te~ t conversion r,’~~ij u- s t can- i be granted

Section 2.5.3 . An Extended Blackboard -Interpreter Exam ple 63.
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0 - I f . - n < 2 goto 5 
‘
~ ~~~J I ~.

~1 ~x . ~newob j( c , .:c .• .I:c , a , O)  k i’:.’O goto 4
-2 inewev (.’ ,.:,~n,,:n ;‘.c .x )  - 1  l oc kt ex t (c )
i t  ¶ I t

n,.:n 1 c x )

14 done( ) :3done()
Stnewev(rI :c ? 1) r4 newev(,,:cfr:...:,)

S4done () - - ~5~done()

F uçj ure . ‘ 10( i) Continuation - if Fubc’nacc i examp le.

I he only a l te r ’ .. v i’ . then , is to abort 30 even- it  In F ugure ‘ .10(h), the tipper

event has i-pen aborted , whereupon the lower event was able to obtain loc ktext

acc e cs to its i r ç ~.-l ob j i- :  t and i- s  e ’r u l  .- fbi - sudi- e f fect  specuf ’ed in slot 2 of its

type ob ject  Note that slot a of the target ob ject now contains a I and that as a

result the si de e f fec t  flag -i f tP -  - event has I n-u-n set to true Thi _ s means that the

lower event can no longer lip aborted
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I x• newo bj (c . .:c .S ,O :c . a. Oi  ‘~0~if i’ a’ () goto 4

~2~newev (r..:v .n ,. :n , .c.x ~i Iocktext(v)

3 newev(v ..:v .n ..:n 1 c x )  
, ~2~ i’ :a’ • : t

4 don e~ ) 
, 

3~done ( )

5 new ev (n ’~~:c . t . I )  4 new ev ( i- . i’ :c , f . v :a . . : f )
‘6 done () 5 done ()
I S I t ..:t_ . _ ._. .v - - . r~ r

I uguri’ ~ 1 0(u) Co rt t  unuatuont of I ubunn accu exam ple

in I grime 7 10 ( u) , the upper even- it itas again begun to execute , but has been

stymie- i l earl y in ut _ s  s ta r t - t ip c i -qu~’mic i’ b’~ i ts  inability to ohta~n gt e x t  access  to ut _ s

target ob jec t  Thus n( :cu’ss cannot bc- i obtained because , under Rule Rh, It would

conflict w ,th  the iockt e. t ac c es’ ~ n l r rs ad y hel I i-y  the lower event Ibis lower

event can no longer hu’ aborted . s i - i  u- it ‘n a _ s  performed a side n~ ect , so the upper

event w ’ll ust have to wait until exec ut ion  of the ow e n event u-oniplotes success-

fully -

Section 2.5 3: An Extended Blackboard-Interpret er Example 65.
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- - - -

~l x’ newobj~c ,.:c .S .S:c .a .(~
)1 ~ )

~O4lt v :a ’O goto 4 
- 

1
2 newev ( ,- ..:r . n .~ :n 7 .c. x )  

~
1

+
Iock tex t ( r )  

I1
3 new ev ( i . . :r , n ..:n 1 c x )  2 i : a ’  ,:t

1 - I - . 4
4 done () 3~done()

L5 .newev(~ .4 c . f . 1 ) 1 
4~~~~~~~~ ( f t 1

6 done() 
= 

5,j~don .()

I gore 7 1 0( j)  Continuation if F ic )onaccu example

In t he  t ra nsit ion to F igure 7 1 0(j ) ,  C X C ’  ut i nm - i  i f  the lower event has completed,

allowing execution of the upper event to p r - i - i n s-e d T hu s  execution, finding the con-

tents of s~ nt a in the t a rge t  ob jec t  to be nonzero , proceeds to the newev opera-

tion In slot 4 (if the type object. The even- it c r i-nted by this operation- i contains In

i ts slot S the sum of v:a and I:? , which In this case is the value of that was

d -sired.

66. Chapter 2: The VIM Virt ual Machine
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0 if • :n< 7 go b 5

~i ~~
. newobj (c ..:c .S ,S:c a c ~ ~0 u f  :a ’ O goto 4 1

~2 newev i c ..:~ . 0 . 1:0 7 , c .x~ 1 lock te x t ( r )

~3 newev(,’ ..:i’ . n . s :0 1 . c . x 2 ,- : a ’  • : f  
—

4 done() 
— 

3 done.)
4 n tew ev , , - r : c .f c : a + s : ~ ’ 

I
6 done( I 

1 
5 ,do

~~~~
) 

-

I i ( J i . r u ’  , ‘ l i__i - k  I unal - i ‘ t i i , , ’ u t ’ ’  ‘ I I  f - i  F hc n. ’cc i s ’ * . i r i~ I s ’

I Up , ‘e 7 1 0(k ‘ , ‘ ‘ ‘ ~~
- — , , - . f l u  i i  i m i t m i , , !  i i i  - i ’ ’,i j T t  n j  I t -  ‘ - i — i  t I - i . -  — x l i - i - i  ‘ Iii.’

t~.~:’ a c t iv i ’  u ’’i- n t s  iii I I I j U ’i’ . 1 1( j ) li ii ,‘ uu i m ’ ‘ 1  5 t o t - i nn I ’ , , .  i u i ! i ’t of 11 , - i ’ - . ’ t ’ i

i-v s - - i t - . h i s  t , . . ’ r  I i p i s - 1  I ’ ? ~ SI 11 a ii !  i ’ ’, t , i ’ ’ j - i ’ t ii l i j .  1 , 1 ~ t h~ ‘.,imT’ i u’  rT- i i ’ . - Pi~unisr0

illus t ra ’’ t I i p i t . ’ ’ ;~ 10(1) tI irni:i~t i ( i i  1 - i - i -  i ’ m - i s ’  n, ’mil i - iu I- i J f lc 1 ,~~~i ’ i’ i’ - i i~ in -i

2. 1 0(k)  - nt t i - i ’ . t I ’ s ’  — itt’ i f  I t - i’ r . -  ‘ I t s  I t a n s - i l ur t ‘is ’ two  t - i ’ t i ~ ’i’ u ’ - i  u’ 1’ . i’’ F i j

ui’o 2 10(j ) . am id in f a c t  -j iv e s  t P i ,  ‘ i r m s ’  I a’ ‘.ws ’r  f~ 3 ‘J , ’ ’e t ha t  a t  t h i s  P~~i1) f

t he  ~- i - i I y ts ” n:s ? h i I  ‘ , - m - iu in  tui ’i” r-s~~i l e are th is  one’ ‘ - ‘ s  - i t  rind the callpr s ( u ui.J n.i i

con tinuation All other i tems in t ite — n.apshi ’t in Ii.’ q,i r t i , i j . — c o l l u ’ c t - ’ l. unless

re fe rs - r i ced  f r om other r i ctuv o  events net chi-i~~’n

Sectio n 2 5.3. An Ilxter’ided Blackbo a rd’ l - i- it c - rp r i’ t c - r  I xarnple 67 .
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2 , 5 . 4: Programming In VIM

Inn S I - i t t ’  if f i t s ’  I uii .ii iuit’ i’ i i-xan’npte ju st  q u v s ’ m n , lInt’ reader may i- is ’  forgu~~u —mi f - i - i n

V. - iu i.’r n~ V. l i u ’ t t i s ’ r  ( un - id  hoV.’ ) it I”, po- s ihl&- to t ra ns la te  a rb i t ra ry  programs wr i t ten

i o t t i u ’ r , S i r s ’  u rd i mn i u r  ~‘ programm ultg I.o m t iou )s ’ s  mi t -i VIM pronjra rn s Ant i - x u s t s - m i i  5’

l-i r - i , i - t  t I’ .ut su~’i- i t r c i m - i ’, I u t i i - i ns  ,irs’ li- i) ’- iSh i i I s ’  at i s — i t ’ I f r i .s .i ~i r i i i j n i i im lnn i i - i q  Iantquaqe

s,rIi t , i t  Ii’ ( [ 7 1 ]  is th. - i - im t - i i l s ’ r  l n r  program s wr i t t c tn t  iou f l it ’  MuiSpc-a k Iantguage ,

which i j ’ ’ ’ ’ s ’ r . u t u ’. i i- i . ’ t i- i t  . i ’  t i i . i I I - r ic i s  i-n t i - i s -  Pc4uNs ’t T i n s ’  r u - n uj t ’ r  is r t — f c ’ r r s — d  t i - i

1.1 1 1 1  f i t  i t s ’ ’ ,’ n j  I ,  mi if Pvqusp ’ak a m d  t i m  a mmnu i  h il ’ ’ t ’ t ’ n discussion u i t

t ru ins l, i !  , ‘ , ‘ . i l ’ ’ - ‘‘ ‘ t in - i  it i s po’ _ ’.ut i l e  t i - i  qi i is• he rs ’ lit t i t u s  c u- tu n in t . howeven , We

qi’., s ’ a m - i - i - i, or  ‘~ u’w of the cornplii’ itt -i inns that  r e sult from the rules of the VIM inter-

( u t s ’ I s O  o u t  ‘I tu , uV.  t i m - - u ’  I m~- iIu(  :u tu im c rn~u~ t i - i~ ds ’a I t  w ith

( i r i s -  I . ‘I~~~~~~,i i iU - i  ic t i t i’  ‘ - i s ’ s - - i t  t i  rs q i i c s t  :i u ’ c s ’ ,s t u  data i - i u uj i ’ c ts  before ad o’

r j . . . r . i t i - i i j  or- i t 1 , .” - i  1$ - i , ’ . calls liii a modicum i t plait i ‘ - iu j  so that all necessary

ac i  s ’ ’ .s p r i - .,i ! ’ J s ’ . ~~,II t it iv i -  t i m - i s - r i  u i t it a in ,-d  bs ’ f o n i ’  an npt ’ ra t iont  us a t t e mpted Thus

l i u l m m m - i I r , j  ‘, ci ‘m- ip I i i  u t m ’d ! i i r t f i s ’ r  by I t t . -  f a c t  that  ui c ’ss  r s ’ q n i e s t s  (~~i’ i 1 ot tt t ’ r

r .’qi u s ’ ’d’.) h~ ar - i  s ’v , ’ r it  s ’ i s ’ i i u t i i c i  a re  illegal a f t e r  a side e’f tcc t  has been

performed

T he _ s u  i- i~~i 1 - s ’ r t i s ’ s  1 VIM r s ’ i p i i r u —  eve ry  ( o m put it u n m n  to hi’ u ’ c ja mmi .’ed unti  quanta ,

m.wi t u— r s ’  e’ii ,- I - quantum I r ‘ .1 t i f u r ’ - . s’ levan ’s n-i e ‘cc pr iv ileges and then performs a m- i .

ns’ s ’s s j 1 r~ si tu — s ’ f t , ’  ‘‘~ I?  would ‘ i - i - i t s - u - i l  i c  f s — n ’ - iu I Ii’ si- imp c as e s  t i  u riJrinL’e en

s - m i t  i re  program . i it at least a ~ u 5 is ’ s , it i rou i t  i n ’ s ’ , ifl t() ( iSiS ’ s i - i  I- i quan tum , accurnutat iucj

f i rst all access  j i t ’ u,’~~i~~)ec f u R ’ will 1 P f l s ’ S ’ ( l s - i t . ari d then t  in ef f ec t  e s - i  I it nng the pro-

gr am (‘) l u t i m u ,’ti l i i i m ’  question.; no ise ’  ‘ ic-- i re — an event accumulating a large’ niumici of

a c i  - s ’ s _ s  p’ i ’ s - ( j u ’ s  and taking a long time t i - i  -o m pl i- t  u- is more likely to be

a t - i  nt  -‘d l it . mont’ s o , m i n i s ?  y - tilt’ s imigle- quantum appruA ( ‘I i  iS  in genc’r& not

Chapter 2 The VIM VIrtual Machine
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appik:tihltm hus i o uss -  of ot in ,s r t ouns t rau in t  s imposed by VIM

( i-u . s~~~ t i ,t - i i ns t rdun it  is t I n e ’  tunic l i - i - u n i t  oru exe ’ c utu on i  i i? an e ’ v u ’ n u t  o mi t .’ i t  h~~s

p e n tc - i r m e ’d  ii s i - i t s ’  u ’ f ? s ’ i  I If it 1 m n u - i u j r .un n i - u m i t t i u m i s  ks - i 1- is  of unuds it inn it e d u r t t tu & snn , su

t m - i m p s  nmust t o .  ~n r i ik , ’ u  i~ ’ i t t  ntu l t u i u ls— t’ , o i- i t  c* . ’ u t ihonts t u u  u’ i i ’-.h u i u ’  t i- i(I t m o  s ’ i_ / i ’ rit

u ’ X u ’ . l i o n  i u - O t i n h i l ’ _ s  t~~f i~’.,’t

A nuu ’ th , ’ r  liii liii f i t i~o m i i - i u j  t l iu ’ 1, i’ t i - i m - it - i o s u t u u - - i i  of p r i u unr ,_ ’ ln’ , in - i t o  s m m ,s I ! , ’ m  qouri ta  I’ -.

t in-  i m j ’ .u— .- i t u u ~it y .  i i i  h,i lPel , it ‘‘ ‘ ,ei ’ ,~- i . - m n - i h n n q ’’ 5’~ is ’ i  u u t i  ii. i - i t  ar - i  u ’ v , ’ n - i t  in t Im. ’  — , , ‘ m u — .,u’ that

u’~~ , ‘ l i i i’  , ‘~ 5 m u . u u l t i ! I u ’ ill .i j -  ‘ ‘‘ I - i ! . ’  i i r i s ’ n i t i J d ~‘ r & n j m . m u - i r - i m ,  Uj I . um - i (j Lhu i l , ’  may he

tIi ’ i . j ’ l  ~it a~ ‘‘ sI l ’ . l ’ s ’ l l , t s ’ il ’’ ul u r u n ij  a i .uI, I , -  ,, : - i u i t - t i u t i n - i t’ If ii siJ t , n i : u t U I s ’  ca l l  us to

i - u ’ • ‘  - i ’ ’ , ?  ,i ’ . i i s . - ,,’ r i t , ‘.~ - i1 Ii is it - i s ’ . ’,,,,i ,.t u l u ’  t i ii :ij t u i  iii, , I t o n i  the h ’ i i ’  - i l  t ? n . ’

,d l i ’ r  f l I IJ_s Lu ’ ‘ . j  ‘ ‘ 1  I O ’~~l , i~~ i m - s ’ . t  t ’ , i.luurita r - i m~ s ~.i - i u I, t on nt a unts  preparat i on - i  for

t i t ’  I i l l  -i - - I  o r ’ ’  it , ’ - . inn i f ’ s ? 0 if  ~h i m ’  ‘ . 1  ? - I i ? i - i I , ’  t :,s li ,- v , ’ n t ? s s ’ h f , u n i t  u~~r , ’ W ’-i u h i

, i r i ? , s n ’ , t I n s ’  j r  s ’ ’ .’. r i j t - i i .iI ~ t ,. ,i ,l I ill, s’.- .u l u_ i t - i  f r . - ri t~~-i s ’  ~;i it r , n t i r ,’

~
-‘ ir- i,  u ’ inn ~‘I~-i’ 11 ‘--i no : r j  l iC it  - i - i i ’ t i , i n - i  ii~ it ‘‘ m m . ! i i r i ’ ’  t Ii’’ j i r s ’ i ., uio i ’ . u.n t i v u t ~-

~~ t r - r i  ,‘t . . , ,t i ~~n u ’t it - . i t ’ r , ’o t ’ ’ m ? , u ’ . c , i r m m ; i l s ’ t i ’ ,t  ann e c j u u i~ ~ -i ,- i’ i l ’ - i ’ , ,i~~- i O t - i  - iu I - i j u ’ i  t must

i i’ ’ ~-i~~ss,’ it , u  ‘ ‘ . j  .‘, I ’ -  s ’  ‘ - i  , ‘,i l r - i t , . , , i ,iII ( u.u s .- . i ’  t i t -  ~~,- !~~ - ~~~~~ ~ ‘ t ’  n i t  u ’  sutt nt)u’

t im - i , ’  in ‘i i  i’~~ .u i i r j Is ’ I l n n i u u - i  , m t , r i 1 t l i ’ i i ? i ’ .~ , t I i r i i  as it i.i ij ~’I - - t ’ j s ’ i  I ‘,tii u u I i i

t ’ .t L ,su ’  I ? , ’ n. ’. -i u i ; ’ t o u n  . t n - i . - r t , - i — t -  - u , ~ rs ’ ? i , r r : , ’ ,j  t o . t h a I  us . • ~ 1- i 1 1~~1 e - i u ’- i s ’  f l - i s ’

( ‘ * 5 ’ -  1i~~’ i ’ - i - i  it Ii i’’ i I’ , t r i ,  ¶ , i ; ” , •
~ ‘ I ’~ ’-i.,- r  i~ 

‘ ‘ ,‘ ‘ p’ ,
~ s ’ , l o r , ’  - ‘i 1, ’ -i~~$ Ii t i - i , ’  i - n t i m ~~i , , t i i r : u

~a~n— -i ‘ . i j
~~ 

- I  T h u s  ¶ .  , ‘i I I !’ ,i1 ‘i, , 1 l 3 5 ’ i  ‘.i t l  l ’ s ’  Ii’ .’ _ sm ’u , umo I - ‘I It ’ ’’  t~~’o , it 1s ’ i  Is

d-i s • . - . ‘.‘ ‘ .t it t i ’ ’  I’ - i l l . 1  I f — - j r - i ’  ‘‘ h i m pamnn j r ap t t  if  f l u , ’ p ro- i s- t o n s ’  being u - ~~l Ii— ii

rs ’ t - ij ’  i - - - i U s ’ i mm ri-i i t’ ’  v i’ r i - i ’ s , t ? , ~~. r s ,  I ’ ’ ’  m u  ii i , ’ u t  it ’, - i r a ’ ’— u’ t u ’ r s  ri t i i ’’ s v u — i - i t  t t t ~~t

rim - i- mi s ’s ‘I’ m ’ i o m m ? i - nu l lt i  ‘ml i — ‘. t m r i j s ’ t  h j u ’ ’ t I ? - i s ’ ’- i i’  r s ’ ’ ,ui t ’ . wi ll t i - i - i - i n - i  t)u ~ avamlabi l ’

t r m . _ j  s~.*,’ iu ’ - - iui ‘I t~~s ’ “~~~
i ’ ‘u i - i , m f l t  i - i F !  oi j s ’ i  I

T he con- , i Iu s ’ t - i , t n i - - i ’, d m s ,us ’ oni above n ’ont - u — r n - i  uu i f t , ’ tm ’ n im ,cs iii .ontt.) ’ s . ’ ‘ i - i  hi ’ ’ ’

hs ’tw m ’v r n  V ;M .~~~~~~ ‘ It ’ ’ ’ r  a ’ - i t n i , , c J u - -, ~~
‘ -i, ’ u t u j s u t ’t ) ri i-nl t f l tion u_ i !  V lP .~ also mak s S to’

Section ~‘ b.4 Programming in VIM 69.
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~Iu t Iu - r  s ’ - t m ,’ ’  ru  u / u t  st .’u- i t i P . -  I or e’~.ampls’ , VIM has nothing ( l u_ l u te ’  luke a s tack ,

V. i u , - t i  s ni u, u u i  u’~ - i t  r . ‘ hu ’ d  uu ~- i - i - in - i  unt the implementation of many programming

lnngu_ ist~~u-s i - i - i r  turt ,i t u ’l’ , VIM’ s V s ’ t  suui - i f “heap ” sto rage as general enou h to model

st,,, k s or v , r t u i n I l~ a u - is -  ot h,’ r  kou l m i t  u_ ia t a  st ru t m ur . ’  ut a language ’s environment

‘.In i. t une  us - r - , ’ n t . ’ ,I tou~’, m i i 1  l r us n l i s ’ s  i - i n - i  a s l ut ,  k , s a u -h si u.i h- i f r an - i c -’ cant he

rs ’ i ’ n u ’ - m ’ n I , ’ - i i  a n ’ . .u VIM ‘hj u’ i t “-‘ t a i t i C, u_i5 nnttmu . - t m - i - il a - i~~- ottte r u_ l s ’ s - i ru ’ u l  links cant ha- i

Pnu ind l s ’ - i t  s ’ u t S - i I s  by u is io j m i t i j s ’ c t  m s - I s - r o n - i  s ’s Th e’  V IM ta rget  ud ij u ’ u  t / ty j i i ’  o t u j e ’ m : t

uns u i :umnisnn - : i r- i  is’ o’ .su l to make i’I( s u u r i -  u - i l j i ’ m I — . th it h un - i?  t c u q s ’ t l i s . c  a l ’ - i s ’~’~ ’ of s’*e

, m t m m t ’ f ’ -  , o , t s  a m - i - ?  -i- u - i - i  u’ nv i ru _ nt~ ner n t fur i t ’  a x i ’ i ui t i~~n Such u hii ~ - i ic , ’  ob jec t s  ca in be

ei~~s ’ u _ t  f o r  j - i . i ’ . ’ . - ’ - j  and r ‘ion nu n j ;)r t ’ s ’ - .1~iri ’ j - , u m uu - i - e - t s ’ r ’ ~ t h i u u ’  VIM us fully capab ta -’ of

bnau - i - i t l i n i i~ c u - - i ’ m - i  thus relah-~- s- l ~, ‘ xu t o  operat ion

VIM’ ’- I i  of , ‘* p lu  i t  ‘.u 5 - i j ’ ’ - i r t  for s t a c k s , min d i- i !ns s . ,l- i cmd re lu~~m ,u s - on linked

h’ .t ’ . f -i t p’ I’. . - i - i - i u mt u - i u t i t a ’ u l l y has come cc u_s t  in r u _ i ’ m  t im .-  i ivs’rhe’n i h owever , un - i sys-

1.’” ’’ . uA,-i th r i . i r u , i - i ’ - i r j - i s ’ r . i t i r i - i j  t . t ’ . k ’ . .- .. s ’ u ua t , m u q  I min i  u f r a ’ n - i t l y su _ i :h as the mu_ ilt iproces-

s m i t ’.m,- ’.t , ’ -i- ii ’, f - i - i !  w h i- i t ’ VIM us  I.’’. - i u j m  . - - i i. d s t , i u  k is qu ,utu ’  an untad equ_ ta ts ’  envIronment

c t r u m -  h ut , ’  I ’ ni, l- i n,s.’ I - i s ’  , ‘ n i - .’ - i r - i , m n m i . - r - i t  s t r - i u - i  ? u i ~ a’ — — ,u c r i t t’d  ts.uuth s uo  ‘-i s u t u_ j a t u i - i n s  will

qs- in .’ ra l ly t i ’  t hat  o- if ri t r s ’ u - , w - i t h  an act ive ‘ o- i i .pm mtat ion ~ ss’ irua1e’d wi th s- inch leaf

- i . ! ’ , an, t ~ i : n u i u u _ c ;  pa r t s  n- i f  t I - i . ’  t ’ s ’ a ’  “trunk” st:~~n t— iI by t n s k _ s  wh ss’ common ar - i n - _ s

I rn iu ’ u_ ’ -d  t hat  s ’~i ~ ‘i m i t ts -n ’ ( ut- i pit ‘ s t _ s  of n t ’ jer  ts  a re a very reasonable way of

, -i - i ij  ‘ r n  s ’ r r m u - i  .j thus k - i - i - i - i l  t s - r i  v rnnmi-nit ct  r n - i - i  t u rn - i , .n - d l’robnh.y cos t  l i t t le more then

- ,  
‘ . j .i ‘ j t~ s’ It ,  c f ’ s  - k 

~
“ [ # J  -i - i t  i - I  hs ’ r  W e1’~ 5 ‘ f  R( h iPvmf l q  t i—n c-- came ’ sr’man- i t,c s

l t a ’ f r  in t im— rentn’n - i m I  o r i t r - i - i-i s t r u i t  t u m u ’ c , t I ne ’ m t - - i t i u - i m  of a ‘ m~ i t - i u t u _ a~~ti Omt Obj ect .

i r i t ’ - i - iu t - i  i a- i l  ahpve’, - ‘. a I s -  - i- in, ept ‘or hannilur ,~ .ill co n Is - i- i t  problems with translat-

mn u_ J pS i t ’ ( l t , m rn’, un - i t -i Ii.’ VIM st ~ Ii- I- —- isem tt i ac l l y, it ens’ can envusion a program as a

~ iweha r t . ‘, u - i  P- i I t - a t  the’ operation un en :h hot takes a hounded amount of time and

rm s ’ v , ’ r  n s ’ u ’ - l c  t ,, u _ i l - i t  u - i n  m u c t - _ s c t - i m  acldut,on .l dat a a f ter  ,‘nr torming a sude effr- ’~t (i a-’. -
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stu b tha t  t Pm s ’  OI)eratuont inn Ou ch box u_ ’ ( - i u i f u n rmn ’, to the VIM r - i u . l s ’  s for a legal event

execution). t i - i a- i n - i  the tr anslat mont untt o VIM us sintple A different con tiniual ion obju ’c I

cant bt~ n j s - n - i s ’ n - i u t e’uj to in t i j m l t ’ - i r i s.’ - i - i t  t i~~
. op~~r8 taon in eu_ i -i I box , t imid thc’i on1y two

(le’t a iu t s  0.-main f - i  ho s et t l e d  i in- ic u’ , t i ts.-’ .s t rm ’ - i qu n iu j  tu  iqs ’ t hne ’ r  of t In . -  con ntunu uat otts ,

using i i- ij u t n , ’ f c r c - n u u _  i ’s , sm t hat  o v s ’ n ’ , ,urt t i r i u _ a u t i t - im n  ha_ s it r i - f t — r i - m u - i a - to  u’ .~~ ii ‘Wi ’

.m’ .s mi r  lu_i  w I - i - i - i  h it mught rru ’ - u _ i  to t r a i t _ s I c , ,  u i m - i I r o~ , the olh,’r u~ t i-i,- provision u- i f  ti

_ su i i t , u u I , ’ e ’ c s m - i  - i - i t - i - i - i n - i  untvur tn r nu s— n i t  for e’ ,i - i i  u m m n t u n - i u i , i t u u - i r~, ua.- i t i m u _ t’u nhmi y t i ,  do m n s ’  e ’ ’ ’- i I n s ’ m

uusu’ j TI - i . ’  VIM - l tu ’ , m - i m , ’  nms ’ i t m i t m r m s i ’ - i  rn by - c j - i l - i u  : t l ~ pass ing the ’  a ’ m n i , o r - i , n : r u i - m n t  I m t i t u s

i - i - i It - i u u _ u , t t h n - i  ~‘. t ieni~~u . - r  m t m ’. m nv- ’ k s . ,d

(! in ~çj ~b - im~ I’k w u__ hart  un - i ,llihj ’., it i_ s t ’ , a - ,~ I i ’ ’ .’ ’ s ’ ? - i - i - i u _~ j - ni iQ r~~-in’, ‘ - m In im ’ ; u t a ’r i t

t u m ’n i , - i - i - i j - i t I - i ( - iui~ ’, ‘.t’ -i m iu _ ’ n m u u m j  ill s t a t e m e n t s . ,a nm l  u i t h a r Lonttt f l l  s t r u t  h O t ’ ’ . u_, .In Ii,

c m i i  . t r u u  t a - i  , l m ,  u_i f  t I n ’  sm m pls ’  hoc ‘ “ . I t i ,ut  V~M . i ! i - i -~~ s l h m ~~s ’  - i ”  ‘ l u l l  it i j rm ” ual  ds itl ‘‘I

n m - i n n  I, ’ - hi- in s ’ ur n P. ’ t . ’ n ’ n ? i ’ t m j  s -  m u  II , u_a,- il- i ,it f m - i _ - i - i  I i t m n i - i u I - t y  I- i -i pa- i k u m t  a ’ach box , as

~s~,— I I  it ”, j o - - i t  t - i - i ’ m~ t i m  - i i n -~ u _ i m - i i .’u’ m u _ i l ls ’  h i _ s  m i t  ot J , ’ LIs I- ’ n. — j i r u . : . , .nt  j ’ u r t - i u _  ulut r da ta , a n - i - il

tm m*~ f-in u rrnple—n ’o’nnt 1dm ’ l’ -i n’fl l’nu_Jnu, , i t i i- in m i t t - i u i r i j  - - l h ’  11, 5 1 0 0 ’, iOu it ;mnmm ~f .srr m T P n , ’ ’ ,s . gut’s

Ii ’ s , u_as t - i u - i ’ -,,’ an ’ - ia,,’ r s  n u - , t s ’  5’ j - i i . t  , u : i t  u s - r I  u r n ,  l O i S ’ m ,, - t m m , t ’  , ,t ,o ni’ ,, s irs ’  l u - i _ - i ’

_ s i u _l ’ ’ r s ’ i t  (it s ’ I - i j f P~ i - i - , : - i t - i ’~ ‘ k [  l.~ ‘ ] ~~~~~~~~~~ n) ;- i t - im i ’a i t - i u r  d e u _ s i - i - u s m ay  lie

ma- i ts ’  i i i  t t ’ a ’  0 i ’’ - s ~ m t  a t r a r u _ s I i t m u ’ r - , t P - i - i - i , m j h 1 m ’  c i ut t i m? VIM is ‘.u_ Ifticit!nt I~

to s s ’ r v s ’  as I .— i - i t s ’. Iii -i’nipls ’~’ u - m 1 ’ A t - i u u n ‘f ra ’ ~~I p r , i u t f a mn - i u n l L  ln ntçju _ iecj e ’s.

f l - i - i t  , m - i l~ n’ t i ns ’  I u i r u m .~~- i m- i r i i j - ii __ t s ~ f l i s~-i si r - i _ s o , h ut  iii ~ ,u’ — j - i r R ’ t u m  al ‘,u’ n - ’ ’ mis -is,,a-i t l
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2,6: Changes of Object Format

Guvent thts f a c t  that VIM t i l- ij e c t ’ ;  may pe rsust  for long periods of time , and come

- Ii till kinds of dli ers -n - i t  lengths and ‘u.s-I s of slot identuflen s , it i- i, con venient ,

( Pmou - i - i h  mu , t Ioguu _ ’a ll- iv nu’ i  c - _ s s~lr y - to ii.’ able to change the format u t  an object. Such

a t u - i  u i - i t  ‘a- in 1 t - i  t a’ c u _ s t _ s  tnt the MuNa’t , anid us in fac t  usef ul  there C hanging the

dent if’n, ’r u t  u_ f l u , ’  on more ‘,l- i - i t _ s  in a blackboard-model object introduces no niew

m u r n l r l u ,  ,u ’mtin ’ , ut - in t ,~ t r s ’a ’s ’ m l s impl y a ss a s mu t s ’  u ’ f f s ’ u  I to t i- nat ob jec t  ar-nd accor d—

i n - i j l y handled in t h u s ’  r iu ~m t i n O ’  N I ~-i T - I N S  tilIi Ill ui-~ (‘hanging this- length of an object ,

il wi’  ‘ n ’ - Ii- .i - s to su - inu, ’ s u u _ t r t  I t -  r a mutmu at iorn s t i- nat are won th y n t  dus t  u _ ; s _ s _ s - i n

S h o r t e r - i n - i f - i l  of in. oh - i  j e ’ - i t tc ’ x t ( . e - movnnul u t _ s  cod ma rker to the le f t)  cant once

aga in be — ,t ’w ~~u_ l as a ‘-‘ imple ~uul , ’  t ’ f t t - u  t I - i -  t i - is ’  o~-i j e t  t amid handled by existing

r - is ’ - t ’ 1s m u_ s .rn ‘i Ni ‘
~ I ~INST F~U( t ION If no oh j s s u  I u_ s Ii’ he lengthened , thou gh, not onm y

s side’ s- I t s - I hut aIc~ a ‘ . ‘ ‘ .m n i tc e ’  rt ’quu’st ( for  more space for the object t ex t )  are

potm’nti ,uiI~, im - i v i  l vs ’ - iI I l n ’- u r t n j n a t s ’!~ a r i - i s - i - - i - i f - i  s- rs ’ i i u _ mr ’ s t  can— not o- i ’ u ’u _ ir  a f te r  a side

s ’ It.’’ t hit s t - i , - , ’ ru  performed ( f - i ’ s  hi. - r it would ha- impossible to abort the n equt- istlng

~‘v s -n - i t  i - i - i’, an - i t ’  p- -i ? ‘ ‘  xpan’. m r r  would a lwmiys have to bc-’ the firs! suds-  effect in

Ituc s .c i’ m i t ,  - - i  u- i f  it ri a ’ve ’nt  (t he’  t s ’ ’o - i u u r  I 0 request would have to occur before the

m m ’ * - i u i u i c ’da ’  -i’”s- i t ) ! P s  rt,la’~ -i ‘u ’ a” ~ pnndetg two - id J o n ’  Is in one event executmon ,

and u _ s ga- ina rmilly aim aim - n - i - i ’. ‘ u m u -i m u is t r aint u- in the const ruction of VIM programs.

A I’,’ It s- r  u i - i - i t l u - i n - i  i _ s  I sp lit t me ’  ui t  j s ’ i  I p xpan’mcion operation into Its two corn-

p u - i o n s - v  Is t i e  r - ’ ’ . - i n n u  s ’  r s - i - i~~ s - _ s t anul the m u _ - i - i t o  efle’r,t Art r’vs nit cocci a i tmon cou d then

ra ’ -i~ - i i u -  s I a ‘ l i l t - i -  ‘ m ui m s j i a m ’p f~~r all those objet Is ~~t - i i  - s t  p spansuoni was cont tu’mplated ,

a r- it t out ’, th u- m ps - r  ‘u - i t  n’-’ the , i - i  t m i i t l  5- ide e l f - i - c t _ s  Adoption ,t ti - n ’s s t ra tegy  u.qt.mres a

mod- it’ , - u , t u u u n - i  Ii tine hlam:khoiird inte rprete r so that it us capab le of re p res u- intu im i ~~ ii

ot’uj a-icl for which addittoniml space has bet-in granted , but which has not necess ar i l y

ye t  n’a m i a’ ~ pande I to cus s ’ thait space Conseqtur’ntl’y , the concept of the
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autho,ii~~1 end of an object is introduced, as illustrated m t  1-igure 2 .11, t u e total

number of slots ri an object , from its beginning to its authorized end , us referred to

as the ot’ uje - : t ’-i ,-iu tho,,zeil length

end marker

~~~ ~b j  ~~~ ~~~
3 b / 11 

—

1-i

authorized end

I u q u _ u r c ’  ~ I 1 n at- i  j c ’c t  ~a’ uth authors:ed a- r n - i t  a lte r e rd  m arker

Only t i - i s -  ‘, lots I- i Iii ’ le f t  ni ant m d - i j s ’ u _ t ’ s eund mar ker arc ’ n : u o n — . u u _ I s ’ r o u l  smnrnnntu-

call y par t  of tiic~ u - i t u j c -  I, _ s I i u I s  ba ’ t w c a n ’ri t b - i s ’  —n u d marker  nn it tine ! i tu , lhn- i r u .’s’ il  end are

u n t o - i  - i , ’s ’ . m h l s ’  a r t - i t  have u_ n - i s~ - i s ’ m u f n. ,t  m u r n u t , ’ n i l ” , It u- -i tt’ ,’-, - i um m ’ u l  that  w hom- i t i - na— side

c- if~m-n I of actual l y uno v m m - i m I  t h e  c n d  ma rk , ’, r ugh tw mi r  u_ I us p a r  f - i u r  niu’ t , ident i f iers and  urn-

h a l  i u u o t s ’ u t t — . f u n  t he’ ‘- i l - i - i t ’, mov.mcl pa _ s t  will ha’ “,j u , ’ u  u f u . d  C - i - i m v s m ’ o’l y, when an er~l

marker u _ s mi-i-in. s ’ u I  l c ’ f t w m i r d, t in t -  ‘:k- il’-i m u_ - i vs ’il pa_ s t  bc’ c-rn.- un - ien i ’ a ’ s_ s m i le  mind t itt ’ ur c c - m m -

tent _ s h i - u - i n - i s -  ti,i’.i’,n m f - i , ’ m t  ( I-ut h i - i  u s m i f u i ,u r i ,— s . -i t end -i - f  It s ’ - i - t ’ j s ’  t ib m- ’. i t  rn ’ u_je , a rm I

r s - i m~ aur m- . at Ipaist  ui_ s f i t ,  ruJht as him u - i n u u l ’ u - i f l l  i - i - i - s - i t - i - i - i n  i t fb i’  cnmj marker)

Ther e i ’  rio l m c - f l t  ‘ m m m i s ku rmq  f i r add it ional c lo ts  lu bc- i m i m i t h u i m i  .‘.‘d fo~ on object

tin u m,ss moving t h i s’  crud meirk s’r u a i n ’ t  u_ t a l l y - in - i t  a- m ude- d I hi-. - iii turn , us a side effect ,

for which !oc kt ex t - ty i ue ni-i -i nc_ s  - i ’ . . qu u m . ’ul I t - ia ’, it mal ts ’s  c s - i n_ s e ’  for the- i pr imi t iv e

(which we call obj xpnd ) - in - im th o ru ; i rsq , ,1 j ut - i - i - i n i , iI -d - i - i t _ s  f o  a r-n ob jec t  li-n also perfor m e

Iockt.xt r.- qa . s ’ s t for the ,-iLn js ” u_ I I his decms iost sv ’va ’s  another purp”se as welt If

any iihjc I t hat has been objxpnd ed bum ’ possibly bias not yet haJ i ts u - n- n ’ marker

moved us po inted I - i - i  by a iockt .xt ’t ype itu”: c -ss privalege , then the absence of si ch

a pr ivilege’ pointing to an object may he taken as an u-t c lu rat io n that th e ext ra slots

between the u-n I marker and t!w fluithors;e(l end are no longer needed anid may, if
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desired , I- is ’ ms’c liturned by the storage system, Ibis consideration leads us to add

one more basic rule to the blackboard interpreter:

Ru le R6: It the object o hais no locktext ’ or newobj-type access privileges (_solid
arrows with so rafed double or triple arrowheads) unnpimngun q on ut - move the
authori,ed c ’ rud  of o right ward to t his ’  end marker of a. Thus rule- sI die ’s that ,

s- i a - i- il whnt’nt inn uhja -’( I us newly created or is currei mtt l y susceptible to being
w rul t  i-inn unto (Liv v mrt c ’e of an outstanding locktext privilege), it s authorc’ed
l e r u j b -  r m e , - u _ t not I-i -i preserved

A i t u l u t - i u i : t u i l l ’. , ws must add a clause ’ t o NI X I  ‘ IN s I I~UC I ION to hdrt(lIi’ objxpnd calls -

obj*pncl ( -i - i t - i,e ‘t , .~ . ‘s ’ Ii SIlil ‘I ~ ii C 1 -P1 IM ORME [)(even() then I RHOM - el _ se-  if HAS-
I Ot~~ TI ci (a i ,‘,ut .u- i l’j ,’-i t i  us f m i l _ ss ’, lbs-n I OCKTI X T(a ’v . ’n l  c-nb j s ’ - n  ‘ z ) , ’ else advance w

un : t h us ’ act i va t i on  is’ ~:u ur u_I for fla -— , rn! t im the next uui s tructmon , and mncrea - ,  er the
ati t ht uru . ’ u - ’l length -i- if c- i i - ij .’, t , if rnecess ary , t n - i  he’ at least a_ s large as .s, ,‘e

Its’ ’ ,  c- n i t  t i ns - i_ se ’  Ct -i - i, o J s ’  s - NI - I - lP~ ~--i I t i i  -i I l( )N need emil y lii’ u p d a t ed to stipulate that

mu - n v - i r mq an uu h u j s ’  -i I s  end marker is cu_’insidevre’d a wr i te into the’ t ex t  of that object ,

a n d  i u ,  - ri - i i  r i t t .’  I it t . - i t - i s s r  - , , i t u u - inu c  made above concerning the disposition-n of slots

auida’d to or removed from the acc e ’ : ;sm bte ’ portion of an object tex t  by moving m t _ s

end marker

‘Thus s a “ha ick”  to make suite that objpc( has been locktexted before its
a u :th c r m .’c - (1 lengt h mc ‘ iar-naed tha- intent is that if HAS L O C K T [ X T  returns fa ss o ,
lock text  permission wull he ecta~ lmshed and then the obj xpri d request re-executed
Thus mc why the program counter , - is not Incremented u nt il after locktext rerm !s-
slon has been established The Inelegance of this definition nl-i”a--i s rio t correspond to
any obscurity in the concept , nor does it seem to have foreboded any dimculties in
imp Ia’ men tat ion
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2.7: Summary

VIM recogne.’es two basic kinds of entities: objects and events Objects may

con tain arbitrary binta ry data , and may also freely reference other obj ects An

event mc aj ru- l u _ u s - s t  to s ’x s ’ i’ ut c -  ma chunt. code found ur n the type object of the

em v s ’ u I’ - - I nrtj e mt  u _ - h i  j e m u _ :  I Art invent may c&l l  upon VIM to create new events or

c-t- j - i ’ - i  t - - m u’  gaunt u_ u i -i s - c s  t ‘ t ) ( uj e ’ u  t t e x t _ s  ni euther read-only or read/wri te mode.

I 4 ( m w e ’ i — s ’ t , ar ty ,‘u , u - m i t cm ss ’ , utu  inn ( 1)  ns a_ s t  I ’ m ’ u~hla’ to ( omp t u - I m ’  ur n finite time a f t e r

hnvun.j i- i ,’ m t - i - i t u r - i s ’mt 1’, f i rs t  s i m i s ’  e’ f’I, ’ u_ I, , s r - i d (~~
) m a y  he- m s h u _ - i r h e ’ u l  at mny t- im ’- ne prior to

pa-n f u _ u r n u m r~1 it s  f u r _ s t  cu - i l . ’  , ‘ f h u ’ u t N i c - v t - i t t  c-  x e -cu tuo n  may request any resource

af t e r  ii ,iu un - i - i l  i - i u - r -i - i - i r m n i , - - i I  a ‘ m l . ’  e ’ f t s ’ i , ens dehinloti by the blackboard unIerl~reten

I bus a,’ x s- - i u t m - i - i n t  u I art invent n - o n _ s i _ s I ’  of two phases ar-n unutmal phase. wh en

r- i ’ ’- i m - i - i i r - i -m ’ ’ , arc — ai - i i um ula i t s ’ - it  t s ’~~t ’ , ninny I-ic read h mmt n - i l  w r u t l e - n m , and new oh- i jei ’ t s

u ntil ,‘ - i m- n ts  miu ui ,- I s ’ -i ‘ .‘ ,ils ’ - ib  !, -i~t - .me-i t -i , m fur - nI ~- nP - ium -- is ’ , w i t - i- i l- i h - i - i ’ i ju- is  a,~’ith fb i - i  first

snu ls ’  c-fl.’ , I l tite Is ’~~t -il a I- i r , ’ -i - i - i - i i - i -.I~ u’~~ i s t - i m n l  i - i t j . I Durmmig the firuuil 1- ibt a_ se- , m mi i

at ldutu c -- tu i l m a ’  ‘ -i u m u r  - ‘ ‘ s ma’, t s- r u’~~u ua ’  ‘- i l e ’ mI  • Vt /hen  - in- i c ’ve mnt a’ x c - ( - u t i ou u  te” rmuruates s u - i  -

i’ s- ’ ,s f u l l~ ,u ’ I a ’u,- u ’ n t c  a im - i l  u t - i 1 , ’  I_ s  - r s ’u t l , ’d t i~ - I  u- ’ . ’ f n r n u :u l t - _ u i t c t a i l l s— n l , and al l  :u i u ’ s ’ S ’ -i

pruvu lci cjes ~ ccta m ui Iated by it are ’ te rm inta ta - nd

Tht. u l t r a - i - In.-- s r ’ s ’ _ s ’., - f  VIM ‘ s _ s  en u_ - i t l m - i ’ , l  mn- i h - n- i - i -u ’  i-in parallel pr u) - i ’ c ’ cs u nq d i- r u v s - s

f rom s c - i ,- s ’ r n l  - h s - i ’, i r u i t- i ’ s ’  f c ’ unt uj r ec  Nc-ni,’ - if t in’s ,- capabilities us - alt - im portant , b u t

each c m r t t  ribul s - _s I- i -i m 1 apr- ic- - i - i c - n  l uemess f Ii. ’ v ir tua l  machine for d ustrm but ccl corn-

pu tmr uq ,  an- id VIM pc - - i v - i d u ’ ’. ai ui a- luau kuqa’ f u r  them all F i rs t , the gte xt - l oc kt ext

sty l-’ of -i -ib 1s- -i - t nic c s ’ s _ s  mu t t only It.nd~ i l_ se lf n - n - i - i t - i  ~ &l- iu t - -i the solution of c ,u~~-i ’hru uiii ,’li-

t ion i - i t t - i iu ’u m c  sum - i h as that handled by ‘Itt. continuatio n ob j ec t  in the F ibonacci

example cf Sect mo n ~
‘ f ,1, hut qivs ’s an early signal of which resources will be

‘ the fi nal pha s e nec-nd not occur , it us entirely reasonable for an event execu-
tion to perform so side pflecls
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rc , u _ ia i u r * ’ t )  for a particular event execution , allowing time system to assemble them iii

a suitable location, It becomes un necessary, for example , to give every processor

In t he  network direct access to every memory, because such memory accesses as

may be necessary during execution of an event can all be arranged to happen

locally linus , in turn, allows reasonable performance to he exhibited even by a sys-

tern usum u q simple and low-cost technology in its communicatio mt hurdware

A conieequertce of this VIM object access sty le us that a program must cOntuin

ct - -rk poui- i ’s to which execution can be rolled back if conflicts , or deadlocks ,

develop Sia: :bu ct t t .ckpomrits are also u seful for indicating points at which moving a

task from one pr ocu_ - sco r  to another , or pa ’rformning a housekeeping chore such as

garbage collection, will be especially easy Implementations of VIM are simplified

ti~ the legitimacy c-f rolling t a s k _ s  back to their most recent checkpoints wh en such

needs dnveiop

The VIM cu_ > nnt- i lu l  of “ event” (in the concrete sense of “event” as a request to

perform a comp utation - n) us a natural man i festat io n of such checkpoints. An - n event is

also a compact a--nd concise package , highly suitable for shupme t between proces-

sors containing all lbs-i info rma lic- im nt-i .:a ’ssar ~ for furthering the computation it

belongs to Finally,  the use u _ - i f  events In the sty le allowed by VIM not only makes it

very easy to express large degrees of parallelism , but also permits the cocistruc’

tmon of highly flexible and sophistucated control structures , as described by

Hewitt[ 1 8J.

The VIM object st r ic ture similarl y üIlow~ the construction of flexible and

sophisticated data s t r uc t n , rp ; . of the sort macit. popular by users of I ISP[ 25], F ur-

ther more , m~ permits data to be represented as an interrelationship of small modules ,

enablung operatie r-is to proceed even in the presence of only parts of the data,

Thus capability mc iniporta:tt where a data str uj :: ’ij ra may h-ne flue’-j a u_ :ru ’ss several

76, Chapter 2 The VIM Virtual Machine
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processo rs  ni a sys te n t

T he syrte .rqy of t t e s u  var,ouis features makes V IM a powerfu l , simple , arid

potentiall y s’tflc u c ’ u t virtual unnim h - i - i t - i t ’  partuc utui ml y suitable for implementing modemn

oh j e f - c - :  m m ’ n t a ’~l m m - i  psi u j a ’ s  Such as I ISP[ ?b] or CE IJ [ ?4J . Services , such as gur-

hage -i ’ u m I? c - m  ‘ i - i - i n n  ru ‘ l u _ a n r s ’ m l  by f l - is ,  5~’ lançj u~u (J s ’ _s a re implicitl y pa rt of e v e r y  VIM imp le-

ment d unn , suntpllt yunq lb - ia ’ jet, n - i t  gs m n e - r a t u n t g  r t i - t ime sys tems - VIM o1uj s ’ i - Is are

f te * i hu l s ’  en utumgh t - t up m i _ s c m - i l  d uru ’ m - t l y to repre s s— n i l  ot >j s ’ n t s  in t hose languages w ithout

unctu_ i,-n w u i c t . u - i j m -  i - i r  - i u s ’tlm , - s ic -- ’ ,- 1 unt nl ly ,  VI~.1 s - v s - r u t s  :ir, ’ qu utc capable uiI re l u n s ’ - e ’ n t l ’

u r s J  I t - i a , ’  co m putt t uo nts  ‘h~m t  fl a _ s t  1 - i s ’  I t - n t  unn ic - ’ mi . m u ’  I : m u l i m n j u n y  n ie s u n o d  u e  01 pa rul le i—

sm
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Chapter 3: Extensions to the Virtual Machine

li-ne foregoing discussion of VIM desi : n ut -s ’s  ant environment capable of support-

ing message-passing computatuon in a fa irly elegant style; however , its usefulness

in the broauls ’r -i - i - i n - i t s ’  ~ I u I  a computer u_ ut i l i ty  can be enhanced by thus ’  acl dntuon n of a

few c- * t m - i,n f e a t u res  I h-ic purpose of t itus chapter us ti outtiur’ c x  t - m ;su orus that

c - m s - i l  &- a flu_ in ’ btospmtab k? s- in - nv ru m- inc - -n t  for operat ini g systems runt nuuncj untder VIM; ’

rc- i adc’ rs n r - i - i r s -  m n I , - i r e ’ s~ m ’ m l  mu o t t - ic r  l u - i c - _ s  may _ s k i p  thus chapter with mno Io:,s of con—

t m n u _ amty  labon at-onus - - I Mimi’ -i - if tin’ cc e x t  enstonts are also given-n in Appendix A A

m s - f e - n - i - n c , -  I re - - i ’  r t m ’ I~’,- u - - i k  c . , u _ I u _ J  bu ’ u _ i _ s c f l  ni i - r ou t - i cc  u -vs -n  wuthout these exten s ion- is ,

t he  purpose of h it- t i - i l k  ie’. mrtcj t i _ s m :  u_ o ,_ suo n- i us I c - i demonstrate the power and flexibility

of the’ VIM a l - i i - i r m uu Pt , in tb ~ ul ds ’_ s in ah l s ’  s ys t e m  f e a t u r s ’ s  can be incorporated without

doing v u u , l s - ’ u i a to tine a _ s s s ’ nu tua l  i - i - i - i - i - i  s - I - i t _ s  of VIM

In t h e  u. - i u u i t s ’ ~~I - i - i t  V IM , an r u n f u r s i  ‘,-i5 - s t t - i m f l” n- iu m m4 ht s ( ’ rV , ’  s e v e r a l  lumictuons L I

miq i’~ lur i v u - i j a -  for l i m i u l - l m ’ r r i u - . ! -  - i - i -c- p - i  ‘f  m m _ s s ’ r  i t - i l - i t , al low for usem um - i~ - im u I  a n d  t racung

of l’ro- i~r ,m m . ‘ x m ’ - i  i- i t - i - i ’ m :, u u r  n’ni, ’ u t m - i i l s ’  m u - i l - i - iu uI t a on t arid i, s a u _ j e  o f v a r - i - i - i s _ s  k i nds  muf

resom,uri ’ e’ lu - i n  men x mm- i -m Its’ ~ u t u i l r  t , - i t  i _ s  t a - i  cu ra b le ’  to avoid I - m m - i u - i l u n q  such a n - i  01-crat-

ing c y s t  e- um i n - i l  - VIM Pa pri- f c — r a b l s  m u p i m r o f m  - :1- i , ‘ t - i  s- i  ipp l’,- only I he’ b a — i c  “hook s ”

n.c- a ’ ssary Ii s ’ r - i a i t - i ! m ’  a eis , —r to  1m m -i l,’ n s - n I h - i - i . own opera lung - imy s te m services. I he-i

a rch i tec tu r e - i  - if an -iw ,- r~~t i - m u s ys t e m  built around I t i m _ s  philosophy us d c _ s m  ribed by

Gula [ 1 3 . ¶ 4 1. u- is r  u- i - m r- usa- i htene us t i- i  - u - i r i m : c ’ n t r en t m ’  on the “hook s ” in VIM nm ’ce ’ssen ry

for support I - - hm .- iu- in ~a~uth , we c in uc u- s t r un It! u - i - - i r  I i m u_mL’n i ly - i - i n - i  ~ fei- iit m ru ’  which facili-

t a te ’s  user aumg irr a— nt a tno n - n  of the h a s m :  VIM environment , and also provides additional

con ’ rol over exec ution - i of miser pro g rams.

‘For a di~ ctucs uon of s m- i - i  hi sy s t e m s , see [13 , 14 1

Chapter 3: Fxtnnsuon s to the Virtual Mac hine 79.
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I

3.1: Event Tracing

In tha,’ primitive VIM environment , on-ice a program has started running (by c rc - ia -

t ion of some initial event) the only control that can be exerc is ed oven that

prograni’s o ecution us that built unto the program itself. If the program u- os ’ s  Into

an Infiniali’ loop, th i- ir i- us no way to force ut _ s  execution to be termunated , It us pos-

sdul m ’ , w ith uin the i - i n i n u t m v s ’  VIM co ntext -i to adopt a convention for creating events

wherein ,u - . i - vms f nu  “ t r t m ’ ’ actor ’ gains control before each m ew oven-nt execution

I li~ t ra t ,  o ac t - i  - in w i l  T I  -e n mi s ’ t e ’ m mu - ins ’  whether to proceed normall y with the event

o sectitson or whet ims - i r , for cx amp le , to terminate that chain of events on invok e

some t roce  routine I- ia,- I c r  c- i contunuung Unfortunately, it a us~~m fa i ls - either acciden-

tally - - r on u - i uu rp u i ss - . to obey thins convention , e- x ecution of itus program will not be

i’ontno llahle by thus n r s - e n - i n c  Another ob j e ’ct ion to tine proposal is that it introduces

substantial “x t ra  o~ s -rh ead to ntd~~u-i a m ls ’ - i :msno m whnc h in the vast  majority of cases

will be simply “go ahead -

A t c - - I t e ’ v  _ s - m I - i m h m u . n  i_ s to asso mn tc w ith each event a process objss ~t which as

part of - i f s  t e x t  would h ave- i a r, ’ f a - n  s ncr’ to si~~.h a t race actor , In-i the normal case ,

this could h um ’ S rs ,~ i - r u - o n e ’  I - - i  s - -imr m ’ ( ius tun gtuus m ed object meaning, simply. “proceed.”

In t b m u ’  r-o n I i -x t  of the blackt - ioa rd inter ,sne t e r , every event could be considered to

have a slot ISheled wi l l  t I- ne rese rved identifier ~~~, containing a reference to the

process ot-uj a -u : I  (sm - ic I uup m rc 3 1 ) Before exs ’ n -uu tung an event, VIM would examine

the ‘m’ f m - n  s — n - i -  a- to that c -- i -  i- i n- i t  s t ram t’ a .  ton ( found mr-i slot I of ti- ne event ’s process

oh~e : t )  If that r ‘f nrpncr- i were’ found to 5 y “proceed , ” normal event e’xec ut ’or

wo u I,l err,us- Otherwise , lhn t race a to m would he invoked , supplanting the normal

In vocation of the’ e ’ve’ nt’s target  object line t race actor could then determine the

proper us s i r_ s m- - i - i  a ‘ tuon . and nf a’ x cc- ut mu - -i of the event were called for , eventually

80. Chapter 3: ExtensIons to the Virtual Machine
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transfer control to t tu t - i  event’s target  object.

H ~‘! 
‘ ‘

Ivont: ‘ - Parameters T ~‘I I i - — i~_ —

[‘I - , -
Process object: ~~~

‘ - - Process co nt e x t  -
-

L .~ .

I rac 0 ac : tom : ‘ —
~
‘
~ I n  1 : u mn g ( : u) uiO 

-{ 
‘ - -‘

F go re 3 1 - P rm:  c ’ s _ s  ob jo m 1 an-nd tr a n :e- actor

fly m t s ’ l m u t t , t b - i c ’  p r o u : s - - ’ . -i t i l a ’ c t  W u i u i !  I 1)0 Iu i ’ ,’, m ’ t i1mu ~*~ui f rom an ovent I i  m t _ s  s u ’-

( e s _ s m - i r s  (O s - iw m ’ v u ’ - i i t ”, c r a ’ i t m ’ i t  b~ i l k  t b u i — ~ as su lnu nq - i u u u - n T m n u m l y  u - i f  th e- i  t nu i c - i r n u l  mechami-

usrru t f troug h nTn uu n m ~ m l a ’ m n m - r , a t i - i - i r i -. cut s ’ V m ’ m - i l~ 1) m - Ic - i  i t s  u u m m t o m u i t m u  u n - i b i s - n i t  u i - i - i u e t) - i i s ’~ a~!~

u_ : rn ,it s ’ u _ h  m ’ v s ’ - i u t ’ , t h i s ’ u - i n - i - i  s ’ ’ .s u - i C u j u ~ u - l  is t b a  logical r s ’ p m u ’ u l u i r -  l, ur all ku n i’, u - i f  c- - m m l c ’ x f

lm t f u _ > r m a l u - i m  (‘— u s  P-i a’ ’ n m s , - i r  n d a - i n - n tu f _ s: iitii n . I - i nm ~~u l , ’ ( ls ’ ’ ., i - i u u t mi’ . ‘ 1 -  ) r i - m - i r u m a k y a s s o c i a t e — u_ i

wit bt a ~-i .’ _ - iu . - ~~~
--i nt a -i- i - i r a -  I r u i n t i t i i - u - u u l  - i u p ’ n( i t i r t c j  _ s - i ’ - ’-i ’ ’ ’ - 

• -it~~hc’ ni an a t t n - i t - i - i - i t s ’  us s t u n -u

ri an m ’ v s - r - i t - p n m u - i  m ’ ’ .’. o t ij e c t . 1 ~~~ , m to r na t uu - a l u  ~-u ppl~ - i m u n l c ’ .’, s ua hiccque - t t t l y

c i t a ng a—u l , I - i - i  -ii i! ‘ - iv . - ’ ’ ’- i s - _ s i  n - n- i t s - i d  from t b s  i i r - i~ im - i~~l s - i c -s - n t  I l- nat i _ s . t u -  t h u s ’  pnt i r , ’

c ,e i m pu utn f io n m u t u a l - - u  b’~ lIne’ 1 r , t  , ‘ ‘ n , ’ m m t  T h u s  st i i r: - i I  I - r u - i - i- c- - i - i_s iu ’ uj s ’ i.l u _ s pc ’ s-r i  mnorc

f l pxubl p thar t  f lit- i uasi ia l  c - - u - i -  s ’ j - i l  u f  i - i r - i i m  m ’ ss , S im S u ’ a s im q ls -  I u - i~~~s ’ s ’-i oh js ’o : t c a n  s — v u — m u

t ie-  cit r u — d  l m ~ ‘j o_ a- ,  il m m n s : u m r a , m t t i y e x s ’  m ! l m r -i3 n — - i - i t - i  - i - i l -. - m l  j - i m s ’’- ium- i-i tily - i - ir t ly it t hese’

‘In o rder  to ma unta in t  the’  integru I y of t his  information , ml would pnnbahly h—me
dessnable for VIM Ic- put sc- mo- res t ru c tuo ns on the’ ability to change an event ’s proc.-
Cs ’ e- ih j~~c- t
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c - i - i n c - I s  t ire- - o l - i t - r u l  t im tg toward a single goal iolentuticn d with that runoress object

A met itod for s t ruc tuning and using I- inc -c e ’ss  m i t - i  J e ’ m f - -i us c l - i s - i -  - i - i _ s _ s e - cl by GuIa[ 1 4] .

i u _u n - - i L i r  purposes , ortl y relat ivel y smmp lt’ -i t s ’ t  u m u l ’ , surrounding the c rea t ion  of ~i semen-

to t cs ’,k (a - a t  ot events m - (- i si ’ m- r ( m ~ unS~ toward a part icular goal) are of interest .

‘vVbennt ‘, :ac h ml t u isk u - i n m t m a t e - m l -i a new p r - i - u  c— ’ ,’, o t - i j m ’  t shu _ - ia i l d  be- c r e a t e d, a m- id

u _ u s s i u _ j n ,’ t  t m - i  Ibie’ m u n m l m a l  even - nt of the task If t b- ne n e - a t m - i n  of t b - i t ’  tas k retaunt s a refer-

e ’ n m u  s - to  I~~ .’ l - i r m m m e ’ - - i_s m m t i j . - c t . t b - - i ’ c n s - u i t c - r  wal l be able I- i manmupulat o the task by

b smn i i mnn ç j  vtilue _s m t  m b u , - i  t e x t  of the’  p n u - i c s ’ - - is oh 1t ’ - f ion  t ’x t i mpls- , if if u _ s des ured to )

t a - i n - i s - i l  t b - i t ’  t n - -k . ci t r a c e  ac to r  cant lit’ u i m ’ , u _ ’ r t m d wttm o: h wn1I termm ruj to -i~n~ s - v s - n - i t  that

mr - - i k m ’ - , 1 l b - i a —  - is t u u l u t ,- I -  s -mi ’ ; m~y e — r fonrii t h us  k unu t l  (if rn~m i I - i m~~,e t m m u m - i  5 f t - i s ’  m , -asonl for

I S l ! - i ) t - i u ( U i u _ j  t h s  e ’ x t r a  l a - v - s - I  of r~~l- i to f u - m i c it  placur i g the rei fer e ns - t- i  to the t ra i t-i

a- i  h r  ~~n t b mun lb - i , ’ t ex t  if - i i  pr iu u ’ s s  - t i -i , ’ m t . r , e t b - i s ’ r  l ttrs r i t znvunj  - it ha— n lu rs ’ u  fly an at tn u-

t m i t , ’  - i t  u n r  a ’ , m ’ ru t C u u i - i - i u u n  a m i r l i  i l , u r  1 m m - i  a ’ s _ s  u - i t - i j m- i i  I f r , i m ’ e -  u - n - i  t m - i n -  r s ’ f s ’ n u ’ u- i c e ’  will

su~t~ c’ f i m u f l m m u - n u m ’ all c ’ c u ’ n t _ s  usurug f i nal r i u u  u _ s ~, o t u j u ’ l, t s v 0 m i t u m - i m T arty need Iii

e- x i - I u u  t l - iy k n uc- iw  t b - i s ’  u d . ’ - i m t i l m , ’ ’--i if the ,-i f l m ’ i t m ’ l  u ’ v m ’  Os

Ibs ’ , Ira - i’ u c ’ - u ’  u n - i ’ - , - i m , - i - i  i’; I - i a ’ l n ,a l - i ’-i mu - i - il -ia ’1 1 - u i u_ ,’u a ’ r f ul ‘ ‘ i n usu (4 h  to n-nec- it al l  r’ ’ ,i-

su u r u i t u l . -  r i m ’ m ’ m I ’ , mkn ’ lu ~ a par t ic u lar h i n t— - - P  i : ( - impum t a t uon u ’ made c - i - m p h - m ’ m - i c - m u j m l, (sit

s ’ x m ’- i  m m t - r m  s t a t i s t - s - i - i - i  l - i s ’ d f i  ri o - i l  nm ‘ ‘v u ’ nt - b y - e v n nt  a - i x s - i - i- utuo n t r a c e  i _ s

_s ’ nll i- m , r r - i j - i u ’ r ’ - i - i i r n s -  Iltis u s t . s ’ c a us m ’  t b - i , ’  t r ~ m ’ ! m ‘ m - ’  ~*,‘u ll i-nave to s - x n l u - i  u l l y t r a , n s f a - n

Coiu r i - l  t o l hs ’  s ’ v e r - i t s t a oj a ’ t  u i b - i 1 ’ ’ m t i,n h m a ’ m i  d m - in t e - i  w i th u t _ s  own t rac ing o i - i s - i r a t mn-nns

Ib i s ’  t m i n m j u ’ l  - i - i f ’ u~~a ’  I ,,,u: ~ pr  ‘. -i u u l t - i h - i,/ ~a,m -int lu mi cs ’’— s  some ob ject l ’ ’x l s , - i-nm ot he ’ rw m_ se

make ’ r e - i — l u - i ’ d - t b - i a ?  n- -i~! I u ’ - m j !I in - n f i t . —  a ’ u _ s ’ u u t  s t - i s — m n~~4 ~ t - i o r t s - i d  By c- no n ‘ - , - r l m” r m u l e s ,

s un 1 r c q u c - - _ s t c  w i - - m Id  m e ’  m l t s — q , u l  a f t e r an- s c - i - t a ’  pIt , u I  b,nd l,pr n p ’ r f o ’ nu e ’ o l  on a n y

cib~ e ’ c . f  Ia ’x t I b m i ’ r ,  f i re ’ , I’m ,- h -~~~m’ a c T m - i r  m m st  ‘ u ’ f ’ ,-~ u- i f~~ -m pc’- i r f - irmung .nt ~p ,udp

s’ f t e ’ - : f , _ sm uhi ~s - r : i - n a ms ’ r u t m m S j  a -i - i - i - m t of s m j - i ’ u m cs f u I  event m ’ x e ’ u : u m t m n n i s , u P it is suib se’—

q u ms - i n t t h y gounlc,j In Ii . ,n - i ’.f s - r  u u m i - i b r m - l  l u - i  t ita ’ c i’ ’’O s tar get ( ‘ I u u s ’ ( ’ t .  ibm m u n il y way tb - i t ’
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trace ac tor cart  kusvs ’  t m t ’ i u u m u m t  mm rem - i - in- i l of a succes_ s f u l  a ’ x n- c : m ut  mon - i  - wnthout violating

any ru le-s - u _ s t u  - c rea te  ~n e - i v c ’ m - i I  ne-cording the occu rrc ,nu a~ . That  event will c-rn ~ be

ii-i tm u u _ m t , ’ot mf t ine ’  _s U l - _ s a ’ m l u m s ’ n l  , ‘x e ’ ’ u t u u _ n n t  of t Ins ’  ta rget  a i m :t o n c c - i n s l - he ’ t s - _ s  s m u c -  s - s s f c u l l y

A - ,_ s tm n’innt rt the - i  e ’ m _ - u - n i I  m ’ u n u t u ’ a ’ d  _ i u t uv t i f &- d . ml m a n  then In u ( i )e ’ r  an u n I u m l r - i u - i l y u . m rnh-Iex

s t - i  ue ’ -  il c o m n p m m t - i m l u u _ u n _ s, m - i  h imd ung s i i t - ’  m ’ I I s ’ m  Is . Iii m I- ida t i ’  tute ne levn- i i !  ‘, l , s t - i _ s t i u _s

Ihi_ i s ‘,t , i t i , t - i u  ~m u f P - i ’ nnug  e i l t b u m - u m o j t i  - m u n u t u a ’ r ’ .- i u - i r u u ’ . ‘-i n - i - i - i t  m nl-u pcu ’ - - - ,- i h l e —  I l - i . —  m - i F u s - r , m t u m - i n m

~, ub uu - i bn m m - - i - i - i s - inns  u n t n - i i m  I- i t - i l . ’  n r ~ - c - t m - n . e - t i m , ,- t ra i - u n - i m j , t — c , - i e - r u t  by ev a ni l . u - i f  us b - r i - i m P - i a - i n - i  ex t ’

- m t - i - - i - i  P b a ’’ s ’ . I mci ,  - u ’  m t e — ’ -i m r t ’ u i  h- i  c o ns l ru m u t ii t n - i . -  a -  u t - - i - i  ~a~l t m m ’ b m  i - iui- ii’~e’s ‘ ‘ f u r s ’

s - x m ’  m m i i u - i m l  au t ’ - -~~~ i,’. _ m i I u n i m ~ f - - n  m - i ’ - i m ’ r  um ~ i m t  t ut ’ ’ -i - i ! , ’ -  u - i i ’ 5 - - i j i - i - i - i~ T h ins  nim bi  i e n  I s ’

ui h.~~~. ‘ m t  u ’~~i P m h  1 k m ’  ‘- ‘ c m  -i i I m S  rm , - b i n - m c i - i  I l nu ms  ‘ . , ‘ m t m ’’,i r u t - a - i t  1s~~h int u _ s m i fh. m m ? ?  u - i

mo_ t m - . ,  - u r e ’ n u - i I nn - i  s ’ mu - i t m -  w l m - i u h w m l l  ahlou _ a -i I b m ’  C m i n n t - i u i t  e ’ - e ’ n l  Iii - c r i t u n m s — , t int

f im. ~ ‘‘ u’” m - - ‘ - , ‘ 5 ’ ~ i t ~’ c - )  - m~~~~- i f , ’ ’. , ,’  fu i j , i  - - F - - 
~~‘ m i t s  - - 1  1 t h p - mu r r e m i t  m - -i ~‘

T h u _ s  i ’  - -i - r n - i a ,  1 - -  t h e ’  nu lihs- i mn - n - .a - , - r ~~,— ? 1  i - i ru~~i s ’ n ’ m - i . ’ m u t an mq -i- a ‘ ‘ t r a m ’ s ’ hut ’’ ‘-i~ u — - i  uft e’ul

t m  - i-n _ u _ s m ’  ui I n - i s -  s ’  m n t t , ’ m n m m b - i t  t i ’ b  - ‘ r , ’ ,’ -- . ,‘, — u - i i ’, t ? u m - i ’ f u - i - in e ’ x a ’ o  m i t - i - r i , i- i n- i  -ii i- i - i - i - i  , — ‘ , S - i r  c-f

t r i l l ‘ , i t i n -  P i m t ’ ’i t m m r s  ICr , ’  - m u l - i j ’ c-n - is t i l _ smi  ‘,viubn, An a m _ - s - i l mu st btj j v~’ t a- i u-

S’ i l m ’ ’ . r i - - i ’  ,.- t - t s i .  ‘ ‘ 1  a r - i t m i - - i s ’ , i - b- , t i  e l  I P u ’ ’ .e ’  ‘- I m i t u ’ _ s  m 0 -  - nI u u m m r a i u h e  I ’  t h u

i l - - i_ -i ’ ‘ n,’jr 1! , ., — ‘,‘.n t u ’ . m r t - b - i m t a o i  t - - a u ,‘ ‘ , ‘ - i - i t  - -i ms t u v e ’ ft i~~~ 
nv*,lh,_nl a m u I ,,~ ? t - u i c s ’ u t

i- -i . e — - i - i l  i , — ,r - h , ’ I - i - i - i l  f r - i - i  s ’~~ s ’  i m F m - i m m , ‘ ‘c t r m i c - s ’  m I - i - i ’ , S ‘0-i , u ’ , i - i - , b a — u t  - u - i ’ . t e - c j  i -i t i t - -i

I ir~~~’t  - i t - j . ~ — A 5 n _ u-it c - m i  - - s - s - - f -  I n - i , - ri m I- in m m _ - ’  i t - i  i l b s -  a — u ,- i , ’ r - i t  us -i b r . a n m j m ’ u i  I -

1 a - i - i .  R l r , ’ - i I m t i  0,1 ~ -iI St i l t s ’  v - i  11 u ’ , ‘,b ,’t t - -  t P - e ’  I s v ,j ’ ’ t  m - i f l i e - u  - us  , i i’ - i ,’i a, ’, - i - i m j i - i k ,’c t  
• N-- u_i,

, ‘ V ’ r I’ -i - _‘j - - i i - il,i r m t i ’ - a r i _ I -i’’  c - r , ’ R I s ’ m b  in l u~~
, i i - . I- y s ’ T ’ t r ; i .  ed ‘ - i t u i l s — , for  i ’ - m - s ’ ’  umiii” rf l li f l f l

- ‘ I h ’ ’  1. ’ , a .  ‘nj - n - ’ ’ P u- i n ‘t i  P~~~ ,- a - i v , ’ n  a ‘, p a - i c - i,’nI f - u m i i t c - i  a m - i - i  - n - ’ f l l m ~~- i j  ~ l re~~dy’t rn m e I

I t  mn , he’ m t i ’ _ s u r a h l a ’  I i ’  allow li- i ,- m u - i t s - r I - i i - i’. i l n u m n- i u t  a chc- nt . ,s ini p- pf fe c . I - f ne- is ’
“a f t p r t r ac p  ac - ton ” hr- r e-i to permit , C u - i r  e x a m p le , immediate killing c- nt events even uP
t l - i - ’y h~~vo rea ’hcd t P u u ’  a lne’~~dy - l r n m ’ a - u t  _s t~~le
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eave ani t s would b-is ’  us ph ul to dehuggmumg sof t  wane  -

In summary, _ se vera l  adva- iut  ages c an (a t - i  gauntei d by as _ so - i  ma I rig w it h  every

e ’v t ’ u nt  a 
~~

-‘  c- ~~~~~~ c-t- ,- isn-n I ut ,’ ~- i r c - - i  ~ ‘ ‘~ _s m ( . -i ~~ ‘ -i I us useful ion ufl’ l l m it ly pass m ,tg comitex I

urt fonmat non dow n th rotmu _ jh a whole - hite a~ of _ s uu _ u e ’ d _ s m V e  u’n,u a m m m t  s II us also useful , in

-i - - i r j u _ u f l ’  f m c - u u  wmt h flu’ u .u _ inm s- pt i- it f i t s - i  f , , se i - i  ~eclor , Ion met aenmng control of ci compute-

tu , - n  that  ha_ s k s — e n  s l a n t s - - i l  cod - in - i lm acm nt g arid gather ing _ s t a f i s l u u  ‘-i It s  - i - i s e ’ fm j ln s . ’,_ s

ui- i t b n i ’, r s ’ gmu r m l  m a y  lien e ’ nn bnm i n m u - m i  by du s t i n g u a _ s l im - i u - i j  bs ’ Iu_u,us ’ u ’ nu  a lread y- t raced events

um n d  n - i - i  I ‘
~ 

s’ l  tm a - -d  t ’ve ’n ls

3,2: Object Tracing

Another sen ~ u 0 whim I- i an u per atunu g _s ~m _ s I e - i t - i - i  might wan l I- i - use wo-u?d t ic a tac it -

u t - i, f - r i’ - r u m t - i - r m r u j  I - i m u t t m ’ r r n ’ . nf tim - s - _ s ’  l u - i  i - i lu~ s ’ I t s ’ - i t s  la - n as s u ’ - i i c s ’ , thus  k m r td  - if

cei i - i u ,( - n u lu ly i _ s  the’ m h u uih - i - i f  lb.’ ,‘ ,,,- u m t  f m - i  u u u m j  f c m u i e . f u o m m  i l a ’ _ s - i  r i b - i s - u i  , e t u u m _ u’ . but Sc,mflt’ f

t i n s —  m i Pti’ u i t u u ’ - . a rm ’  g mea t ’r lu - i  any m a _ s m ’ . on,’ - , , u  d u s t i ’ ~~i m m u ’ ,b u an analogous set of

u_ m s s ’ f u l  - i - i p - - r u i l i - i - i r ’ ’-i ç j e ? ! i e n u n r m u  s t a l m ’ . I i - i  r ’ ’ m j u u r d - iun g a m u _ u ’ s _ s m ’ s  lu _ n am ~‘ t - j s n t , u m r l s ’ r ,e —pt

m n n - i j  S u m  i ,I- ’ ’’,’.~ ’ - , ur ‘ . --i
~~

- ,’  - l u - i - i m~ 
l P - i , ’ - i n m  t m  a l i u- i u_ s~ f u r 5- i i f l i ’  l ’ a ’ ms u u i  P u ’ iu u tu i ) mj t a t io ) f i  - i - i f

u m ’ , u - r  - t - ’ ~~~~~m I - - - ‘  Ih tms , b-- i- i- i u~r - i , i h u~~j -, , u- inn mt img ht mmn ç j snum -  a’usson ualing ~ 
- i - i
~~~-i-n~ a - actor ’’

wit bt ‘‘ci -i h - i t- i  u ’ ’ t  m , I,’ Ps ’ . - u - mu ’ e ’  - wm lit Ihu- In m u m  p a~: l i - in  would t u e mnvuk ru n-i UI’-i)n

an- iy n ln , ’ m I- l  I - _ u u u g t ex t  - n Iockt.st) to  n m  0 _ s _ s  l u s ’  l . ’x t  it the’ obj ec t  A _ s t u u ! f - ’unc ’ ,

c - i - r n ,’ t a - i f - i - mm - i l l  v - i l i u m ,’ w m i - i u i ,t  m a - I - i ,  ‘‘ nc - u  l’ .u-  n m - i l ’’ u_uem h s - n s ’ - i u i u u - i nt  f l u m e ’ s _ s  t o  the t e x t  mi t  I- i p

uu t j s ’ ,  I i,-iiuc-I- i t  f c - l t n u_s,u ‘ i - i s ’  nonr ”ial i r - i  , m t m u r u ’  nni t l u n puj u - i r e ’ v m um us l y

u , m , t h s ’ r - i r  -u ct~~I - i s I m  S m a - i j , m ’ u i m - i u~ ci i  m s - s c m  s t m - i  au n oh s u  t would be l - i - m ~~s m b - I s ’ , _su_.,b-

l~~i I ‘ri - i , ’ - . l rm , . lu- iuo,  s m ul me I )  t h us , -  i- i ’- i -  m . _ s s ’ d  in - — ma r  f i r _ s t  P !u i I i u . ’~iil for event t m _ i -i - T i )

r u - i  su b’ n~ P- i Ic r - - m u i r t  P - i . -  dsn m ’ - i - l u y  perfo rmed by ci ’’ n - _ u I’’-i l’s Ii ,ice a m u I n , s - i n - m e’ the

m a n n  tinIly a x e ’ - i  m a t  r ig event  might at tempt add itiomtal r e _ s i  ‘or m - requests  a f te r  return

- - i ’  t i e  ~r~~ i s~ m u  t ’  — T P ,  t ’ ,u s C c - t o u r  - - i c - i l u l  b : i - i u _ w e ’ c - a ’ r, n re-nih - - in ne~~ event t
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record t i- i t ’  f e c  I of thu s ’  ut - ij es - I _ s  having tus re u n i  ac - i eu _ s _ s e-c l  I t  u_ s true that an attempt 

-

~~~~~~

to u_ - r e - c i t . ’  ‘c - mm - in ant ‘v ann t  us - it resource nt-gut’  ‘ -i I w huch might n e ‘,m:lI in nebortuon of the

- u n - n t - nu t a” i,- a ’ tu t , but t h um s will nua ’v pr m a c u s e  a ~- u u d~- i la - ’nu . _ s mm li : s ’  the Imn c : u ’  actor is oniy

vc u k  u- it m t iii Oue ’  i’ - n u n  ‘,e’ oh pnou - e ’ _ s cm n im j  a requinsi which might mon at se lt cause t ite

c :um r  r ,- iuO event I- i -n ( u s ’ aborts’d

Artot t ien u- -i - i_ s -, m bl,- m ‘-i , . of ci lrui - m’ ac tor  for am - i n tu j s ’c I would I - i s ’  u r n validating

C . ‘ m l m a i - ’ - i I _ s  l u - i  a - i  u ’ s _ s  Iii,’ nk jm ’ - i t  Urt . im ’ n VIM , the maim c o n trol on u s - i c - m i ss  Ic- an object

‘-i p - - i c ’.u ’’- i s m - i - i : u  u f  ~ n a - f m - n t - m o - a ’ I i -  lb- i, , i uh j ,’ m I. u_~-i b i r - i  b m  - is admi hleudl- a, q e e m t e  a coa rse

n i’ - ,~~’ u u - n u I  A t n a i  s- i  ac - I - - i a  m c - m u lct  e’ u - i u r r n f - e ’  I b i s ’  u - i n - - i - i  c ’ ’ ’ . t u j c ’ c t  m u ?  t b - i t —  m u u n t t c - u t  u — u n- ut  (0

m i , -  ,‘‘ ‘ ‘ ‘ ,‘ t~~
,, u m i m ’ r u t u l ’ , m f  it _ s  uWr mi ’ n  - inn In ,- I t-i ’ , ’ , P t I n’ . - o f ’  - ‘ r i u .n t u -n if m u m - i m i u l  ls m mmie

‘~~~~ - ‘ ‘ ‘ ‘‘ ‘  I- i - i  ah l- iiw a m - u _ s c  I - i - i  l b - i s ’  uk j , - , t n m I’ s n . - j m m , ’ ” t c ’ - l  t im , - ’ t e ’  If LI m m _ s s  wore to

‘ ‘ ‘ ‘ I  I -n’  t ’ ,i a ’  mc- I - i - i r  - - u m i i ’ m ’ r ” -  i - m I.’ - c , ’  .~~~~‘ l b , u . . ‘ r , ’nt ,‘~,- , ‘ r m t  t - ’ ~ ‘, - i - ij

nt i i i . ’ -~ i , -‘ ‘ - i r  ‘ - VIPsI T t t u ’ , u - , a m a I m  m , --  i .~ - i ’ , _ 
~

. a ,. t - i , - ’ i  u’ , - b i - -i~~, ’,tii lh- iu miqh ,

P - m ’ ’ r, ’’ 1- i s -  a s ’ . - - i u  u - - i  - in ,- . t - - - :  - i c _ s - i - i s ’ s  ~~ , l I  np;~ ,’ ,- iv I - , ’ - ..

A t b - r I t a _ s m ’  P r  t ’ ,’ i -  s ’  i l u ’ r c  ., ‘ m u ? - !  I - i , ’  - in - , , m - i j e a ’ - ‘s o n  ~~~t m -  s n un na ’ r , i , ’ n n t a l  m - i m n r ; - -

latuomt - -r al , - s- - i - ? - ’  k - i -  c - i  -i i ’ ’ - ~r s ’  i i - - - i - u  ‘ hod  v “ e m ’ -  r - k m ’ - i t ’ ’  c - t u j m ’u ‘ ‘-i - i - m a l l he given a

i i ’ l r , i- i  — ‘  u t m - i n  r,c,P u ,  In u_c,, u m m i - i t  u ) - - - - 1~~~5 ~ u p s ’-, u t t t u ~~I.’ Il - u u n - t i p u l a t i , i m :  m m  l u m k u n u u ~

‘— 1 ,— i -  t - -  ‘n- u - i - i  l a - i ,, - i nn . ’  I t ’ ’ u f  f r  t ’ ’ — - - l ’ j i — - t I - - ’  !~~1. ’~-i a- i t ’ ’ m u m m i l  s i ;c; ’m’ncl a n d

r e - i  m i n i  - i i i  n e ’ - j i m e s t ’ . f - i - i n  a - i c  .‘ ‘,‘, 10 I I ’ , ’  n t - j s ’ . I -., P - ’ s - i  I - u ’ u u n j  ma- I , ’ ready, t b - i , ’ m  me

c rea te  ii : Ibtui ‘. e m s r - . ’ r u m tom l  m- i c - r u n _ s

i 5’ rb- nn 1- ’ t~~.’ moist m i - i - i - i n ) . , .- ? a u - u - I ’ -  u t I - - u m -  ut ( - i h l a — t l n ~~~’ u-’ C- - I - - i n c  h - i - i w u ’ u,-m ’ m , us m u

r e - ’ .?  i - i - n - i l  - i  - s ’ ’ - i , , m umn uv m— n ’ u _ a ls l -i - i - i f  m m u e ’ - p,’i’.’. . :a m) c i5 d l . r f ls thnt mc m .r-im~ - rom mc —u1 to

c u m,— s ’ x l s  - i - I  (-n r , ’ t u m r n  l u - i n  a - t a ’  h a l  J Ii ’ un rem n - ’nmn tiff_s s - r n - i  y~ in-n t he design of

I ‘‘ t -ui c mu VIM m ac h i - i s ’  In -ii u - m u m - i ’  mPs’ .c ig ,’ p m - _ s i n g ‘ i y dii’ mr-i . all m o n t a n a - i  l u - i - v - i  between

m ’ n l m t i e ’ ’ , non tb tu  s , ‘.l,’rn mc l -  u - u i  b r a - ’ j~ - - f  ma—scaq a - u c , Ihums a r- ny module in the sys-

le’ rn ’ i u u - i n n  h — u ’  f ’ m l i  ~u - - i -  u P ~~’ .i I ~- - I, ’ I n i ’ i i - i r’j  m ? s  v~ - c p m u n r ’  - — I - i -  van - — m u ’ -. mii ffe.nent mT - - it ’ - i ‘ age ’
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prot em u _ mIs  Uc-’ f ast : t  that the only way to communicate with a module as by passing

i t  a message makes it sumple to transparentl y _ sp l u u _ : u - i  additional process ing into the

message path ahead of t he  unodultu I her, could tat -  domie m-u theu m for the pun post— of

augmenmttu ng on alte ’niutg the sm ’ um anuln. s - - if the ormgi ntal module-n (my moduf yimig ut _ s

r s ’ - ,i i u_ uus a ’  I - i - i  c - e nta un ms-s _ sag a- _ s . f m - i n  t i t c - i  u - u - n i - i - i - i _ s . ’  c-f gathering u s - i u i j u ’  s t a t i s t i c _ s . om fun

the n i - i - i - i n  1 m m - i _ - ia ’  of - ra ’c i  t m n u g  a ~ - i n I mmcl  a ’ n u tu  I y w it  t m m  Ike -i~~ s te- rn  Ann c’x ampla’ of tha~ I a _ s t

f l pl- i lnm -ia l- iu _ i u - i  i _ s  thu c i i a i m  m m i m t  i m b  a f - i i fmur . ’ I  .h J ,  un - i  v. ui ume ’h a dummy a - i len; us s m u j - i - h u u ’ c i  as _ s a

J- il c im~’ , ’ -P m .ii- i Iu’n to - i  collect art - i t  save m,’’ , sn i uu u ’_ s  nu n s ’ui .’ , b w i - i - I , ’  t I m , ’  ‘ s - _ i l  C c t u u n  lhól ‘-i hi

ri- -i- e ’ m \ ,m ’  t h u - i  u : . e ’  nfue’ssaqsir. us inn i - i n  eu mi m n l i - i - i’’ Am - i - i - i l l - nm — n e’ u am plm- - - - i i i  ‘1 me - c- n un - i I i- ic- ( 04)’

tm- i~~t - i i ?  vmrbmua  n7-i c ’ u’ i t u i ny maf - ia J e ’ - i s — n I  an, a n I - i - ’ - a - ic -i- i l  I- i ’  ‘ ‘.es, u i ; - u ’ u - i m l  i ’ m - i l ’  and an

dummy substi tuted f m - i n m l to initial - in a “swap a-i- i ’ oponatui u - u m u . ui r u ’  e ’ m v  mv g a mes-

s a g a -  Al m y  n- a le ’ . art u m n ’ -i - . r l a nm - n I fec - I it o - i’ ’ the’ s ’ x i  lu - i ’ . ,’. ’ c - c m -  i f  ma’’ ,s. -nge ’ l u s ’ - ’ - i u f l - i )

u- i- i - i ’ - i - i  - i i ’ . us fI nal lhoy allow ant m n h u l ra r y  coun- iputetuoai I- u i- i . ’  I m m - i~ga ’ m u - m l  by m e - i  cop t  of a

nl’u e ’- . s e - J s -  T h u ’, i _ s  I t s ’ i m u m , _ s  i ’ m s~~l m l - ~ ~‘ n u g i a ’ n l y  alluded I _ - i  above

In VIM , Fc-uwa ’ i~ a r , I hi- na ’ a i m ’  two ways  - it - i n - i l  s-n u-ic . lung wi th an u- i l - i  j m ’ - i  I One is

c a - u u d i n g m l u - a - , - .’,a m j s - S , ti u’ m i l l m s ’n ‘-i b, e m u c ’ s _ s i n g i t  u i m n m o ’ l h y (via gt .xt or tockte’-~t)

Th~ ma - iss ag u- i  u ’ a _ s ’. u u - i J mud.’ - i - f  un i le mu n- i t me u m i  has the’ m e I- i r~~i u P T I m a - S  m l i c u t m cse - d above ,

heat lb.- ac -s ’c ‘,unr) u-n, cu _ Ia ’ - i l - i - i a ’ s  - i t  I he’ ~ d- h’ ‘ m r -i  - f c-ibj eo:t t rac s n~ to VIM np_ s  I c m t ’ s

thansti eu i t ivensal i t  y i - im u - i i - i e’r t i e - _s tiy sp.-u ‘f ~ - i ’ - i m j  an au - - u ’ - - - i - i n  alt. t rac e actor for arm

u~~’ ~e’ -i I - it 55 i- - i - i s  c u t - b e  ~~~ m tm mujqe n ni-n C nt ) u f m an y  - ‘-rnj - iu’ at e - in- n ui~on any access t o the

(‘itnj P(. l I htm~ any - i f 1’ -’ - virtual ms ’ n n- io r- ia- - i - in otha n mrso-i i~~n,sms mentioned in the previ-

ous paragrap h - a rm t ie- i implemented Th is general c.a pabul i l- e-i . son f u n - i  -
‘ 

us ‘I the heart

of the applscabil uty of object tracing In all thp uses duscc -s~ ed earlier in t i - is _ s sec

t i-ire-i
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3,3: Protection

In the’ ba _ s a c -  VIM environment . I-u-~ - ise ’ ssaon t  of a reference to an object us a

r a n t  - i - i f  unlimited acm e ms- -i Ic- th at object an- id all objects reachable by chains of

n m ’ t m ’n, ’ m nm a ’ s  _s ta nt ing w it h that object - there are marty situations u- i which it ms desir-

able t m  g iv e ’ i iu l y ~-i u , ’ t a a n l  a n u _ n’ a ’ _ s ’-i lu _ i  am - n - i uh i j t - i m- l . for example- , access to invoke the

-ih~ s u  a l _ s  .1 t i n  gad  m - i t u j u ’  I bc- I n m a t  I m ’  re -a d  n w n a l s ’  1’, t e x t  ( ins’  nnugiuh wush to fo un-

t _ i - I w nu tu n i g  ‘ i - i l -i a t .’~~t I _ - i  p r s - i ~ t ’ u u I  c u - m e -  uu~~mi t i ton m .’ s ’ m i agentl from damaging the

c- i- p .m I - i - in - i ,- nuu - i~ u -iI w u’ ,t - i I - i - i  u u n bm I it re-iadimiq from a t e x t  to avoid giving out n a - i t s - n -

a ’n - a ’ ’ , I - -i~- i t - i~ n u t - m i ~ i 1 m m - i  it

Ihs ’ In i- c ’  - i i -  1 , - i n  m i m e - i t - i a n - i ,’. v u o . - i t h m i m e ’ - iI mm , t h u - i  previous st ’m t ion many be n m _ st - i d  Imi

c,i m _ s u _  m ua l - imn at e ’  among t h t s ’  m m . m a ’ s _ s  nights qn am - i t e i m l  to duflonent holders of a reference ,

- n , u v i - il , ’ ,t l I- id - l  is i r i - i l - i u - i ’, _ s - i t hm - i  P - i - in  an- i u r m p n u - i,,’ i i s -  n a - i - i  b o - l m l s ’ n  u_if a p a m t - i m a m la n r m - i t m - i n i - i v - u e ’ li

nI-u a is u 1 u au . ramI ~— as a i - i m - i -,u i s . m l u mi m i s ’  i t  can also be ea se d to c - m u m - n m  p ‘ s ’ x a ’ - i ’ u - i t e ’ - - i - i n l -~ 
-,

fl u - u — c c  t - - i  a - i - i  - i - i t - i  ‘ ‘ -i t a ’ u t b m , ’ n  a m  ! iu ’ .s f l ue -  luman ol or f m ’ v  c u ’ n la mn  m m c m ’ n ’ , b l u m u l s e n  s ’ x m - - i  c- lu’-

u u u u b - i~ ii C c - ’— , , t b . ’  im ~ - i j . ’ m  I l .’ul  u ant t i m ’  aa  - m s c m ’ - i i  m - i u m ha. d - i a r u v u j - i t S . - i- iv ,- i n - i  e ) Xu ’ - i u t im r-i . i s ’  -

if 1 is t b tu — l . m n i j ’t  ‘ - i l - I - i ’- ‘ - ‘ P li- i , ’ - m r ’ e n t  , ‘ v ,— - i i t  A n,s’n - i u i _ s I ’ i~ n t - ’ u ~~ a r , . f s n m p n i , a ’ I-i

au n c - u . - . m a I m ’  ) n- i i~ m - i t - i j i’-i I v v a ’ , ,b u t  fm ’ m) r - iu r n b- in u iu i u i ’,m nq the snu r , ’ m  ~-i -i~f Il-np t m , f m ’ n u ’ n  e ’ ’ _

u- i m - i ! , o n s ’- t  t h s ’ r a ’ - - i - i, f - - i ’  they c~~ru nmnl - , 1- , ’  ui- i  u ’ e ’ _ s s s — u I  h-,- l i - i .— r m - i u i ’ h u v u s ’  code as su ua - u u n t t — n t

with Ihu’ , - ~ a’ - i , - i? a ’  , , n - ~ - i - it- i~ s ’ u .t ih s e ’ b t , u_’.hs b - i  - m’ u m u u m - l ~
- ant ’ - iut raru ty u n u m i - i b s u c s ’ u ; a m n u t y u rn-

t m’erie i-i -i -u -n m ’ c l ivu alq unrj  Crt -ia- unifo rmun t m u

‘ -ini m i m m n i , I I- - -  t n t -  ‘ ‘ n I - - i n  m n - i - - i  5 ruin,sm m e n  t,m” u m ’ .c’d Ira enforce n c-cad-onl y nc - c - a ’ s _ s .

v a ’ , m ! b - i a - i  1’’ • I - i u ’ .in - u l - i j m — u t man y (- in. ra - c as o l  html not - hen- ted  In- n f ae : l , ncnu - is~~- l h m ’-

ho’ i n u t  - m i m i - i - i--  ‘. - i~~ - - i  ‘ ‘ i n-t i ‘ i ’ ad - - i  - in ul y ()? 
~‘ * ( ‘ - i  em?e’ont y cc cc’ cc  (on both’) -i-ni gh--i l he a common

a - n t c - i u m cj h opcn;a l - - i u i - i  I - i a  ~. - ‘ m n n , ’ t aduiunçj sp~ - -ia~ huts ( P c - n  a’~f .  u p m -,- i l  to oh 1acl t a - x I s  for

specif ying s’ u tha ’n k ic-I of an m n c_ s  r m ’ _ s l m  e l a n - m u

I oa’ni~~m n e ’ I w i th  thp a h u - i -n l y  I- i - i  m i u ’ u- inn8 t ,’ e m at n n ~u ua— n c — f s - n , ’ v o  5 ’ ’ . I c - rc a ~untg new

Section 3 ~ Protpctioru 87
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ob j e c ts , arid u_ s e ’ these rete’ eun u :t-s later as keys , those  admittedly ad hoc protec-

tion mechanisms might actually serve as the basis for a reasonably comprehensive

security system. Ifowi-aver , research on capability systems has led to much more

olegamit si u l m a ta c - nu s to various protection problems [2~3 .4 ’  J~ 
cI remains to be seen

exact l y how best to use these ideas in the VIM en vironment

3,4: FIle System Support

Another area of operating system interaction us in helping the user manage his

dat ,a -Su m - i - i  a-’ VIM sc - I - il - i - i  - i n - I s  as universe of m - i P J e - - i  ts with - n unlimited ability to reference

each other , it would s t ’ s ’ m  n- natural to u_ se the ’  cc ’  as a b~~_ s m s for bemil duru g an-n y d e sn m e d

~ ung systeuut The user could re I - i r c ’_ s a.’ , m t  his data as objoc t~ , and refe rences to any

such -ihjm o Ic r u  u - i - i l u _ 1  t - i s  a n i ta - in t ’d  into a olurec tory system , also composed um l u bju u_: Is

Unfortunately. the storage of ra ’ason-nahle amounts of data in thus ted i u m - i  imposes a

requirement Or-i I hu’ network I i  maintai n- i a langan v irtu.~l memory space of objects.

larger , for ex a mp le , than could fit in the collective primary memories if the proces-

Si - i ’ s in the network , Ihus  ieuw - lev,’I ne’tw ~~Ik sof tware might be’ required to page

ob jec ts  in and umul from second ary storage attach - ned to the network at one or mor e

nodes Su m - b-i u-~ ‘, u_ h m -n r a ’  has  t ’ t e ’  cd’ianlagei c - i f  being - implm’ lady transparent to all

programs running on ‘ t n m - np twurk , bc-h the- pcsmuble- disadvantages of being hauler to

u- - n - - i - u t  r u J  - u 1 - i n nu  ul l y *hpn s’ s um - - h r c-nt m i - i ’ us ds ’sur ed , an-id of further enla’ging and comphi’-

rating the ln- iw pc t  s-va ’ I  network sof tware

An alternative approach i _ s  I - i - i leave the management o ut secondary storage IC)

hugh- sir ,‘~~a.ls ~ “operating sy’.tem ” software , possibly supported by some sp.”clal-

pi m mp o s u ’  f ac - u l - i tu ras implenmemtled at lower levels f the appropriate facilities are pr~

The ta-nm “k ey S ” h-tone u’ as used by Henderson[ 1 71
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vuded , such a scheme can - i remain reasonably transparent to user-level software

(see Gula [ 1 4 ] ) .

A problem that must be faced by any scheme for data management on a large

sca le ’  us that  of relamtbula t y E speciall y if viewed as a multiprocessor architecture ,

rather than a m t i u - i I n u t ) c - t a’d computing uc-twork , ml m a y  be reasonably tolerable for a

reference t ree rue- Iwor k to ‘‘ c - n a i s h” occasion ally due to sonrtt’ failure , antd at may be

i ’ m . i m - i v . - f l i a n u u  t I- i i - in  m u i ~j down I’ue ’ n s ’ lwonk ~o- ir u& mm lm u _ all y - for reconfi g e a r a t  or-n , m a i n t en a n c e ,

m v -,m.b u , i t m ’ u,’ a ’ n  ~‘
-. m m - i  I an ‘ -i r - i a -~li ’’ mal ay s ’ n t , m i l  lb - i a - i  - f l l e ’ n n u p t m u _ u m i , u- \ , - i m ’ n i  t b t t ’  l i - i c ’,, of nIl cont-

i - i m t u f l u i t h a ’ v m  c - c : -  ‘ r u m ; - i - i n - i  t h i s ’  - i ’ - - fv. ,cm m k t - i j t  i t i _ s  n- ic - i t  to te -a  able for at a lso to entail t ite-

loss u _ u t  u I - i  m l a e t ,u  ‘, t - i - i v , ’ m t  a rt Il im ’  ‘.y ’- i t s ’- iv Th us  wha te ver lange-scale data s to rage

cm . hen- it- - i_s  u_sc ’  - I rn.m ’--i I I - i a ’ “ -- i t  c- t i le ” i i i  the s c - n i _ s m ’  u - i f  being able to survive v irtua ll y any

c : u _ u u u - i _ ,’ii,- . a I - - a —  i i i ,  , - Ia ’ I mmu t b - i s -  . -,‘- i t - i ’ u - i  “ uuI ’. I u i : u l u u t l l ~ m iu ta - I ibis m I P i - l m e — c  tbtii t updates

I,’ iI - i m t~u u ‘‘ ch i t - I  a~ ‘_ i m i
~~ii s . ’’ mT - i Ll_s t  I - , ’ n . -  on-dc-nd un fi - i n - i - i n - vod~~t uI u ’  f asbu mon wat t - nun - n  a rca-

c i inau ia lm ’  l s ’ m - i -,j t bt ,f Ic-’ .’ It ,a l , , ’ - i_ f h - a t  w l m , ’ u i  I Pm c - ‘- i s  s tem , u n  s muf l ia ’  pant of n t -i is

re ’’, t c c r t s ’ ii, t~~,- nv - i l - i - i  v imif l i  ‘ n I ‘v i m u ’,I t a ’  ae~ - aulnt,1a’ and mmn i l u ’ r_s t a m i d a b le  lh t ” seu

- ‘ ini , t”- - - i ’,l I - , -  I c - -  - - - I  I- , i - i  , ‘- - ‘ t w . u ’ ’ - ‘ - i ’ - ii~ im l u l . ’ m m ’ n - i l ’, I t - i -i - l a n g e — - s m  ~ Ie data

‘- i t - m eg . ’ ma ’ -  hti- i’ - ’-m c.at i a ’ b h i a ’ n  at  t m . - ‘~~~,‘ _ s I  ~ - m -  m v at  t tm g he ’ n  1c m - c - I s

n~~ n s ’  i -  d l  h- i wa , -i ’ m a r a g’ ’ ,u “ t a l l,’ l a I n  ‘,t - n u i - j . -  wit hout t ’ ,mml i lmng ml ‘ ‘ tm :  VIM

us t - i  u _ a c m ’  t ’ i i —  - b j a ’ u  I t n n u ’ ing n- i s - -i b - , i r u m ’ - :  - ~m u  ‘‘ m u t : j u ’ i t  man uaçj (u r ’’ macj uit ha’ associate d

w Ibm s - a -  h ma’ ,s ‘. t i - i r a n g e - i  ‘I, — - m m  a ’ mu t h u a  sys t e m  Iruni m t m v a ’  m m t u j t ’ m t s  i m - i m m l d  hue -  paged out

tnt  u” 1 S d - S • r m i u p’ m1 ’ ’ ~ a - i n - I  “ a l u u m ’,a’ ’ -i ” mj - i n l i - n c l a n o l a b k - i  t o  th~ ob ject  managers cot- i-

s I - i t m a t e - o t  P m - i n -  th a ’ n i i ‘‘,- t ’ n  d u a m  -i a l ias  m u m - i l l  name as u t _ s  tr ace ,-i m - t o r  the relevant

m - i l m j e - i- l  man uacj .-’r W~u. ’n an -n -iu hp-- - t _s t . - x t  us agaun -i n - ’ e - - i Ia ’ - i i. a ‘ ‘ t rap ” In-) the object

ma v - i a  m i- i - i ’  c u — u h f - n a s a -  ml t - i  I - i s ’  ne ’t nueva ’ d from mass storage

Unfortunate l y. a - s- c ss um - ncj  s’~~c ua ’ nu - i - y as not Il-ne only casualty when aliases are

introduced , the network gun rhaq u- -n -ollpctuon mu’ m , han u n ’- i n - i also suffe rs When er-n

Section 3.4 F ile System Support 89, 
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Object i_ s  converted into an alias , its object manager must record all n- s i f t ’ ,  s ’ n tm : e ’ s

contained ar m the object ’s t e x t , for u_ se ’  it the ot - i j i a c l  over needs to t m - i’ roconstututed

oc mt of t~ue’ alias. Sam e thes e objects a r e -  always referenced from the object

m a n a g e r , th m’y cannot h u m -  d u a l s ’ t s , u_ l  unless the- object manager n t _ s e - i I f  becomes m ac-

c a ’ _ s s u t a l s - i  T h u-c liv turn car - in- not happen unless every object managed by the manager

b,’ m ’muni, ’ ’, Inaccess ible’ This u _ s a realist ic possability fun some we ll-chose-r i assign-

ments u t  u t m j u a r ts  to managers , but i_ s  by no means likely in-i the general case.

3, 5: Summary

Thus o : hap tav n d e s - i n - m I - i s - u t  possabbe modifications to the VIM virtual machine

dc ugno d to fac i l i ta te  controlling and gather ing s ta t i s t i cs  about event executions

nrtd c - t - i j m ’ o- I fiu ’i ’ q’ s — a ’’, - ha nud lunig I- in - i t s ’ u - tmm t n n p’oblc’ms -i and provadung othm- ir - ‘ i-orating

‘my st ’niu s e-ny u u_—s A m a - i f p ne ” n n a’ Ins ’s ’ n is ’ t - ,m,nm mn b - cu mm l m i I- ia” qu-ite useful , simply as a corn-

putang e ’ m u g u m u a -  - s ’ v ’ ’ m - i  without any c-f t b - n m - s e -’ fa c i lu t i os :  hu- im a, e - v t - r  , the mncorpor at im m n r of

fe -~~t mm n s - _ s  ‘c-mrh as those- d t ’ s m -ni t - i u ’- il would m ’ i-ir u t r n h m m t a ’  to making a network a more

well-rounded tot  nl i- -i - i r rp um t s -n  c y c l e - r n  l u - i n the purposes u_ it thus thesis - perhaps the

reat smg nif l ’ a mt u a ’ of the malenua l discus c-c l in thus chapter lies elsewhere yet — it

chnw c s- - ma ’ - if Ibm ’ flexibility of !hp VIM pnogrammin~ Sty le in adapting to - i th~ addi-

tional needs c - mt s m mlu’rpd in 11 m m - c chapter This f ie x i b uu mty us an important reason for

hei n-ig p n t t u uj c u a c b m i  about VIM as a good inter face between programs , operating sys-

tems , and multip rou_-nssor netwo”ks

P0 Chapter 3: Extensions to the Virtual Machine
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Chapter 4: Architecture of Referenc e Tree Networ ks

4 , 1: The Physical Machine: Network Topology

As much as pu _a s _ s ab l e, It us the intent of thas research to avoid becoming commit-

ts ’ u_ I to t he n- ma nn -ow technological character is t ics  m mf any or-ne type of n- network 110w-

a-va -n  - ton conu cn -e ’ t  e’ness , it u_ s helpful t - make u ’ t-i r t a u r u  assumptions F unthenmone , It-ne

a lc jo - i r mt t u mc  p r e s e : v t m - m l  depe-mini c-lu a , ‘ r h n m i - i  l a - i m ) u  - c-I or9ani~~at mon of pm m u m  s’ssors which

may be mo na’ a - i c - c u ly ru bumo vabl e wu ltu some- physic -al  - imn m ; u c - u i .’ i ih io nt_ s h I - i c - n - i  -
~~ ‘ f b i  others

It t ea t ) aJ ’ m mi Iu g i - i  at _ s t n m i u  l u _ i n s ’  u i _ s ’ , mu - i m i a ’ul 1- i , c- c ur n l u i - i le - me ’ n ut a st : -  -i is a colle c t u u _ u u u  of

I - r u  s ’ , ’, u f ’, i’ ,im ’h w u t b u  a I m n a v a t a ’ I - m t  c it m v n a ’ - i v i - iv  ( I n .,  n m i  ‘.P m ~i r i n u m J u _ f  memory be- itv.-eenu

r- i r m . m c c- i ’. , ( - i r c  us n - t ’ i luu trml ) . each - m u n t - I t - u t  h - i - i  a smal l  r - i u_ mm be n m. - i f  c - t b - nc r  processor s

W h u i m  h- n n - m v . —  Ic n a - i I m ; c-tuc - , Th e m - - im nu nc - - i  i i m - f l - s n , ’ I - i - i - i I m r a ’u t , m m v m a i l and ‘.1- rtt nn’uelruca l . I b m - - i ’’ if

A u ’ -~ -ii n - i m - i u - i lb u t u m - n -  mu l  B, l h s ’ v  B is us n u s n gh t iu _ m n i - i t  A ~‘ m u - i  h ant - ir~ j a nu ,’ n t - i m - vu - i f  I - in - mm ,‘ddO ns

as a ’ i l m u m v a l e n n t  1 - m i - i - i  i ,- i - i u t u r e ’ o . l m ’ u_ I m i r i l ut i  ( u_c _ b_s i  hi fl:it~ m m - i  may v m , - i t  m m ’ - i m t , i i ’ m  - ,-m I . — _ s~ ru

wbm im H m ‘n i y i fa ’w 1Pm ‘, a—m&,ui,tv tn-nm s c - -  f - i  m - iu_s~i’ l ova ” bus-n . ’  u ’ , i ‘e ia tu ve~ term , i ts

u ,s s ’  - is -i l i u m ’  h i m  Ib m , ’  f a c t  I c - I  the’  m- iv m ’ r t ue!a d imn m m r v s ’ m l I ’ , i n - i n - i - i n  s - i c _ s i m m  u,c_- ia Il an ( : rc ’ ac e -  it

that  p n u - i - i s ’c ’ ’mi r - i s u : - i : m u r n m m l i i l i ’ s  more u _ s ’ m g ? - i t~~m m n ’  T hus m l mig ht wpll he” appropr ia te  f un

bi m g l- i s r i~ - ,’ i i i t~~ mni c hinm’c ‘n’ u - m i  b - i - , - ‘ ma,it h  m-- i r ’ - i  ut ~ , - mnTu r ’ - i mt n’nim!nt l I - i - i  , a ’ n v e - i  t tt p  n- - f

work (n- rn tha .n lharu , si-ic y .  their o~vnPr5) f - i  - have mjr m ’  m, Ic - n riumbens uu t  m - i a - i - i qPu I - inns  A

v a r ic ’ t -, i-i t t - iu~m o l - i - i g - i s’’-i anc ’~ m ’ m u ’ _ s i _ s t , nI  iimlh lb- i, , ’  s ’ uj c v u m ’ r , i l  n s s t n - m u  1: - ic - c - ,  ( s c m - i t O are

‘shown un - n t guano 4 1)

~ m ao huutuo nt t m thr’  sp.’ - m fm m t m - i m n - i ’. gm vm-’nu above , each 1 - nm- in  os sn m n us required to

hav.c a p n - m u c a ’  c so ’ II) um naq mm e Ic- t he c- n- it  i rs ’ c u _ - c t  s - rn (Thus  IL) mc used in generating

unique names end unique time stam ps If unique name~ and time stamps can be

dispense- I with , in ojone rated in some other fashion , proc r- isson- Ifl’s are not neces-

sary.) II - i - u riot nus- i i-s - s sary  that all processor s he imle ’ u rt i ca l , as long as all interpret

Sect ion 4 . 1 :  The Physical Machine: Networ k Topology 91.
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Figure 4 1 - Som e possible network topologies

substantiall y the same machine language

The physica l topology of the system need not Follow the logical topology

described ab - - i .u vs -  The lcm g u n’ il topology in efYac t constrains the paths over which

Information may t ravel, any physical topology which permits information flow over

these channels may form the basis f or en acceptable implement ation For example ,

ar-n Fthennet (on which every processor can communicate directly with every other

processor ) could he made Ii’ support th~ logical topoio~ y descrit ed e~ ou_- ie either by

P7 Chapter 4: Architecture of Reference Tree Network s
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declaring every processor to htn a neighbor of every other (which might however

impose a large- amount of overhead on eac h-- n), on by choosing for eac h- - i processor a

set  c-f loqmL u_ S I n u e - i m j t u~ ic- r s -i an - m d constra u niniçj the communication pat terns on the- a- net so

that no F- n c -  -i a ’ s _ s  - s - v t - n  sa ’ nu mls a me Ssu _ ru J e to another processor that us riot m t _ s  neigh-

bor 1Iu_ ’we - v t ’ r  - t bt is  u _ s t a n -  f rom Itte deal way of using am- n I Ihsm rnt et

tn - n any i m i- - is ’, the sL ha-rn: a’ i - r  e ’ ss ’ i t t a_ s i  her t ’  was co nt a uru l y n-not da ” sm g n- ie ’ d  for [t hen-

m u m - i t ’ .. but raPier f - i r  ph- t y s m& :~~I r u m - f  W -u u n k _ s  wuth  p roper tue ’ ’  - kmsc - l y matched to those of

the ’  Ius J R iii n m a ’ t w m v b  Suu u I-i mna ’ l u _ c _ - i- - i n k c  hays -  s , - v m ’- n o l  advo nitamges-

• expansa~ - im l u t ~ T I m e ’  m u m - l u _ a , m , u r k  :ar hu m -  a- ~~F - i te m ubn ’ n 1 to .m v u ’ n y  l , a n q s ’  _ s ’ ; e -  at  l ittle

marqlnual  c c m s t  Th e ’  s a u e c - I l i u m  at s -i d for um u m~~m us - t i- i c  occu r ID’s dos’s grow . but

only ioganu t lu mau _ :al l y ( - i t  I i s ’ n w u s s ’ . expans ion presumabl y u m volves simp ly hook-

ing up ne- va p n c - n a ’ ’ c u i n ’_ l u - i  t b - i t -  i’ - i I q s - ’-i of the network , and lu a_ s omt l y a v t ’ r y

local impact

• ha nu uiwmm lt l u I or rn cm nu y I c - p m - t m  - I’  • c , I lu , - n m ’  are I- ic -te n t m~~IIy a lan-ga ’ number c- f

co mm uu’- i  - - i l • - i - i  -i -i ;-iM~ c--~ t i s ’ t ~~ m ’ s ’ - i i  a ny  bv. - u -  l u _ s mu t s u_ s Pu,’ r i( ’twc) rk , no ce n t r a l

F Itu*’r or -i - i t t u ’ c -  ms’diu um c s — n v , ’’, m i _ s a l u u u f h l c - v u m ’ m  k

• reliability. vt- r u a a tas tnoph uc han-olw a re failure ’ at some node is likel y to

effect o r l y a lumm he d number of c-t Iter n uoul s -_ s ( i ts ni-iigtuhors) In systems with

a central medium , I bc - na ’  are c:om b)onr-in ts whose failure wa ll stop all common-ti-

cation on the mue- i I c_ n, rk Of c o o n_ s o , re lia l- i ita ty is also strongl y influenced by

the softwane system ’s a b ulaty  to canny  on in the fac t ’  of fai lures , adm itt edly.

t ln~ t P u ” c u s  riops not addres ’ . thus prohiem very t b’uor”mmqhly

Sect Ion 4 1: The Physical Machine Network Topology 93.
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• flexibility. Many different processor end link technologies can Ir principle

coexist in the system -i allowing considerable freedom in picking the lowest-

cost option for the performance desired at each point

I here arm ’  disadvan tages to this kin-id of organiiation also- C hue-f among t In-s

is the- ue’ ,’d fon e x t r a  processors  to become lrtvo~ved in tra nsact ions be utw e s m - i proc-

es _ so ns  whuc:h ar t ’  not neighbors , with the attendant ovtn nhtuac d nrtd delay It is

hoped that then schtndu lim-ng s t rateg ies  proposed m t  Chapter 7 will tend to minimi,-e

the need for this kin- il of t ra nt ic tmon

The- topOlogie?S t t s ’ p i c t m ’ m i  in Fagure 4 1 co nsist  of until-s whic:h are ’ pr ivat e-  proces-

sor-memory pears , com rnt ’cte -d by communication lin es. An a t t rac t ive alternative

mi ght be’ composed c-f mut tapo n- t  processor and memory e’ Ioment ts , as shown in Figure-

4 ? Although e”~~- Pu proc s ’ ’ ~ so n- might have its own p r i vate  sIc- n age 1- in re-ad-onl y amid

temporary dala , all  c-I) I s - u - h _ s  would 1- ia ’  s tore- id in t he multuponl memories Ass iama ntg n

nominal amount - i f l - i u i’.~ p n - m n -~n-am or mic rc- - m - i la- msumory at each pnc- t ’  t ’cst ir , it should

be’ pu )S_ s ub l ( ’  to cuc- nns’c t as rnan -ny as t hn , - i m- i  or four prc uc - s ’ ss or s  f - i - i  each mm’mory

without serious uls- igradat ion of I - i s - n - f - i  - ‘ma nicm- due to a c t - s ’ s _ s  m oo flm m - h_ s  An an -c hat i-c -

lure ~ m u i h as thus has sc-ma’ flexibility advantage -s — a processor can a t tach - i  mts e - l t  to

any a c lj ac s - i nu t  m u’ mu _ s- y tha t  contains data to he operated on. or even simultaneously

ope rate or-n data  stored mu seven -al  different memories Additionally, each proces su un

can se - r u_p  as an ~ i’ l uv e ’  n:nmr,m unmc a t uo nu  link between any of its adjacent memories .

moving data ft c - rn one to another (or even pertorminq more sophisticated operations)

at hug h sp~~~d I or a t ight ’ - 1 cot ipli’ml local sys tem , this muttiport architecture is

very a t t r ac t i ve

The reference tree network implementat ions we will da sc uss  are described in

terms of the kinds of topo’ogies shown In I iaure 4.1 - T hey can be adapted to mul-

94 Chapter 4: ArchItecture of Reference Tree Networks
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F aq m m n - m 4 2: Multuponl pnocessor -memc- ry  ru —lyon- k s

t iport n m s ’ t w n rk s s u u - i  - bu us thu _ sc -  in F ugure 4 -
-i by i m ur is  i t e r n  u _ s q  each memory to be a

nod” , ari d draw ing lank c he - h  va s - , - n  a ’v t - in  y pain m l  meruuor me ’ ’  that  shant’ a common proc-

essor . Some moduf icatuonus to the n m ’ f m - r - i ’ n u i - a u  t n- e - e algorithms would undoubtedl y h e l p

make- the he-n c I muse-  of the - aip.ib_s I Is’s u - i f  maul la port  ni”lwork s , but the ha sm - T concepts

are quits- applicable to either kund of network. .

Section 4 1: The Physical Machine: Network Topology 95.
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4,2: Dynamics of the Network

I Pu s - s ta t ic  and s t r o~~tu n-a l aspects i -it our imp lementation have now been

t ie ’ s - i - n - i t - i ’d  ui - i c iu t l au i, ’ u u h  deta i l  that W a ’  u c - u n pn- i~-i es’d  ho consider m t _ s  dynamics , that as -i

t hs ’ : n m m t m v , i t m m mn c - m i m i m i m a ’ t ha n i a s r n  sunrour -ndmng the ‘~u Prod uImnig of t ’v e ’ nut s . se- nndu ng of

mmie - .-
~uo i e - ’ -i . , i m u u l  ‘;o f o r t h  In- i t b - n e ’  renitai n d m ’ n c-f 1 1 m m _ s  t h i n - _ s m _ s. we sl-iaII genie-rally be’ con-

c e - m e - mt w i t t n  m ‘ _ s t e u m ly ’ I u i t . ’  s n t u j m m h a m - i m - i  nm v~Iu - im -h . as a result (- it s iu ru - i s u  urms pe’- i t im - i l

h- ’ t - i - i r y .  _ s ,’m u _ , r m l  F - i r c - L t r ’- i c m u n ’. mu Il- it ’ ‘-~~~ ‘ _ t a ’ m m  have h m e ’ s ui issugned things to do , and

r im - a — -il 1 m m - m i r m m n u g m u u - i  i f s -  w i t h  c - t b - i c - n  - i n c - - i  s ’, , u i r ’ , i u . m u f , i u ? u - i u u - i~ 1i ~a j t u i t s - v s n r m ’ ~m ’ .ouu data

(:~~m u i  ~_s t m m - i  hi h h m t ’ ,’ m i e ’e ’ J  t m - i  m - i T ,’ n ( i t ’ 1r t b — m s  - - i s -  hmonu , f t  a y e - f m - i r a ’ , wt~ s t - i nt l  m t _ n m - i  e - n r t n a t e ’

ni l a ’ - . e ’ I m - i F - i t n - i~ 
- i - i - i - i -, . i n m h m u i t i - i m - i -  f m r  suu u ti a - i - i ’ h s ’ m i i t ’~~~u t - i ’~ c t . m , i t m m u ! i , l u n i t ’ f l y t ’~~I - l u m n m m i - i ,

r u re ’ t u , i r i~’.~~m ’ , tm ~ -~ - f - i m m  h m ut nuaqht i- - i - i n - ia’ t - i - i  I - i t ’  a n d  s t n c - t s ’ g m s r ’-i l u - i which it n i u un t i t  t ie’

mutei nn ar ~erl

A I’ - ’ ’ ’ ’ -i~ - -i - i - i~~t . -i- i . s - i ~~
-i - i - i n  f m r m u i - i ,-i,m ,~~ e ’  knic- iwn a_ s Iha’  ( 0 ) 0 - i t - i t  n p - - m u f s ’’ -i on a - u - i  h p r - i - i - i  s - i - -i-

_s , c -  i’ _ s m u F m T . m - T S  t ( o ’  h - i i c m  VIM c - S a m c - t i c - n  e’nuv un -o nmi ’ mut T h e ’  ru u n m h u - i r  nuc - u nu lc - u n r ,  on

t’,i h ~ - ‘ - - •‘ ‘ ,‘, - i - i r i lust . u f  s ’ .m~ ’n t ’ -, w a uh mr iq  t m - i  l ie ’  a ’~~ s ’ u i it pd c- au I t- nat  prot e_ ssor  T h u _ s  l ist

us k m u u - i,s~n is 11 - i ’ ’  a ’ t - ’ ’f ut l i ’ ,?

le t mu ’ - C_ s _ s i c - ’. m m ’  t h a t  q - i t m , u l l  - I y  ‘-c- -i n - m u , ’ ‘ m a ’ a n u c  m u m  as ant c - pe na l - i - i n  ly~— m n q at  a

k , ’ y t u m u - i- i n m l  m i n u s ’  F - i r s s ’ s _ s o n  s - i  - ‘i i - i -,.- ’’  in ft c- n- ’ t w - m k  has bm ’pmu given a n- n eve r- nI  to

~- i r u u rs ss Thu s s _ s u n  will now t u~m~~t’ one avemit on i ts  event list The goal c-I a

Iu ro m. ,’s nn mc tm .‘uui 5 . l  I m t c  s ’ ’ u_ ’ - i - i - it F i S h . —c - u m u mc - I - i c - u c m ’ s c m n will take It-np new e v e n t  oft

Is h a ~~t - s m _ s t  sa s- w ht a t  I- i-n do w i th n M u - c -  l u k e ’ l y fl ue ’ r’vs ’nut will cause cc- ms- i m - i ru m F - i umha -

I - i - i s o  I - i - i  n- i-un and l b s — m u  ne’,uill in a m w  s v s o u l ’ s h e -  n s F a-~~le’il to  the- i’ve-rut list ,

W t - i t ’ r c - u i F - i ’ - i  t h e -  w t - i - - i~~’ - ~ T m ’ wail  n- c - p PR t  As Iu rig - it s th c cml  mi , ’ i tuiu ru p n n c m s h s . and each

s ’v. ’ u - i I  n - u - i ’.’ - - . ‘‘~~ui ly i-- i- -n m—’ - i - i ’ W u - i ’ - i , ’  h- i  t e k a -  m t ’  1-1, - i s- i . Iha’ s’ - is l m t t l a ’  opportunity t i - i n

othe r  F- in - - ic --i ~‘‘, ‘. -i~~ ’ . 1 gel u - i - i t - i - i  Ilte a’s-

I Pt e ms s o F - i l - i - i - i S ’’ . t b - i -u , - t - i u r s - , l i m i t  at si mm ’ I-i - i - i - i n - il am - n i - v s — m i t  ca i -- ,s ’  ‘-. t~~-i -i -i (- in n-nc- re ’

Chapter  4 A n-c h i lecture c - i t  F~eferonce Tree Networks
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7
events to be added to the event list. Henceforth there wIll be several events

vying for our processor ’s attention at the same time. Ihe processor might continue

to operate on alt the events Itself by always taking the oldest event from the

event list , producing its consequent events . and placing these at the and of the

event list Th ings could be speeded up, though , by taking advantage of the other

processors in the system. If there are enough events on the event list . the over-

head of sending some of them to a neighbor should be worth the increased proc-

essing power thus brought to bear on the problem

The process by which it is decided what events to execute where is the sub-

ject of subst ’iiuient chapte rs , before taking t hat up it is a good idea to have a

short look at the mechanics of moving events (and , as a consequence , objects)

around ~ e n l u ~~ ii i ’V I ’P  to another proc.’’ .sor is simple enough all that is

required is to s u’ r i l a lus t  of refere nces to th~ oh j e i  t .~ part ic ipating in the event

This , however . re p re s e n t s  only a small part of the overhead required to reall y bring

that ( m & u~ssor into the t i  tion Before the new processor can make any sense out

of thy event , it wi’l r : e u  a copy of the tex t  of the target ~b ~~
. t of the event. If

it ii~ ‘. iS Pt hi~N on to already have this t ex t , it will have to  send an Inquiry for it

to some proO ‘ssnr which does • While this inquiry is being sent and replied to . the

event cannot t ie pr ii e s si’d Depending on the nature of the target ob ject , fur th er

inqulry- ru’s lPonsc cy  in’. may he required to gather enouuh information to process

the event.  I uti nt iy,  wflpn the ov~~nt us processed , a new event or events will most

likely be generated , containing r. .fu ’ , u’ in os related to those present in the original.

Th is will proba hly he the original sender of th~ event  however , it may be that
no neighbor of the nq uirer has a copy of the t e x t  which enables it to reply immedi-
a tely to the inquiry. In this case , the inquiry must be forwarded until it reaches a
processor capable of replying, whereupon the reply must be forwarded bac k to the
origir.~~l in u rer

Section 4.2: DynamIcs of the Network 97.
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1-requently, the texts of these objects will not be available locally either so addi-

tional inquiry-response delays may ensue as subsequent related events are proc-

essed. Thus the true overhead associated with sending an event to another proc-

essor is the overhead required to estabhsh a “working set” for that event and its

consequents on that processor.

Having exposed the drawbacks of sending an event to another processor , it is

worth mentioning some mitigating factors. First , if the event really represents the

beginning of a computation that will proceed for a time without requiring too much

communication with other activit ies , using another processor can still come very

close to doubling the effect ive computing speed of the system. Second. the

offlc iency of the system can probably be improved greatly through various forms of

tuning For example , the sender of an event might also send a selection of object

tex ts  likely to be asked for by the receiver in the process of setting up its “work-

ing set “ Similarly, the reply to an inquiry might not be just one object text , but a

collection of related tex ts  Including the one asked for. These strategies , which

are analogous to virtual memory strategies that attempt to predict which pages

should be kept in cor e, might not do much to reduce the number of bytes sent over

communication lines , but would reduce the number of wasteful delays between

sending of inquiries and receipt of responses.

Fortunately, the working set that must be accumulated by en event running on

a new proc essor can often be reasonably compact. Suppose , for instance , that the

event us a function receiving arguments and a continuation , A working sot that will

allow this coml..utation to proceed for a while would include the body of the func-

tion (or at least those parts of the body which will be exercised by the arguments

given) and the tex ts  of the arguments. If the arguments are numbers , no ex tr a

inf~ rmatuon us r qtiir’ d f the arguments are highly structured, it is probable

98. Chapter 4: Ar chItectur e of Reference Tree Networks 
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(depending on the nature of the function) that only a portion of the texts access i-

ble from t he argument references will ever be accessed. Note that the text of the

continuation is not needed at all at least not until the function returns a value,

which might be a natural point to transfer responsibility back to the ttrst processor ,

where the t e x t  of the continuation Is presumably located.

To summari ze , then, we can imagine the system beginning to operate with one

event at a particular proc essor. Act iv i ty will spread to other processors as the

parallelism of the program increases and overloaded processors send events to

their less- loaded neighbors Perhaps at some later point the various threads of the

computat ion will either cli i ’  out or begin to come together again Thus the number

of act ive processors might shrink until there is again only one act ive proces sor

wi th orn’ (‘~ (‘lit to pro(: ’’. s — perhaps “print out t he answer “ Of course , another

possibility us that  the sy s t e m is constantl y receiving new events to process , as

users come up wit h new tasks  for the system to perform. Th is will lead to more of

a s teady-s ta te  si tuation where , at any time , some tas ks are just beginning. some

just ending, and othe rs  in variOus growing or shrinking phases In either case., the

system will suffe r from some amount of overhead and inefficiency as processors

build up working sets for newly acquired events . but may gain even more from the

application of ex t ra  proce ssing power to its business.

SectIon 4.2: DynamIcs of the Network 99.
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Chapter 5: Reference Trees

We now consider the details of an implementation capable of supporting the

VIM object structure. These details fall into two categories: those involving the

bookkeeping that keeps track of the state of objects and their whereabouts , and

those pertaining to the garbage-collection of objects.

keeping track of an ob ject in a reference tree network is accomp lished by

maintaining the pr escors which contain references to the object In a connec ted ,

ufu ‘y i graph called the of o, u’ ,ut:(’ tree for that object Each reference tree con-

s is ts  of some subset of the nodes and arcs (processors and inter-neighbor links) of

the network The nodes which belong to the reference tree are chosen to include

all th~ ~~lo u’ s s p i r  s in the network whi p ’ Ii contain references to the objec t ,’ arid the

arcs  are chosen in such a way that (1 )  the reference tree is connec ted , l u ’ ., it is

p issih u’ to reach any node in the t ree  from any other node, traveling onìly over

arc s that are in th u ’ t r o.’ , and ( ‘ ) the tree is ,)u
~ u Ilc in that the arcs in the tree

form no (-k)sed kx)ps ( Note that the an i: s in thi’ r i’f u’ r i’n( .P t n ’.’ are undirected ,

heni: t’ requirement ( ?) means that there should ho no iiii(lirectnd cycles.) Put

another way, thert ’  should he a un qu.’ path (using only arcs in the tree) from any

node in a r,’f ,’ reu~~e tree to any other Additionally, eve ry  arc in a reference tree

must go between two n odes that are in the tree Referuu: e trees are so named

because they form unror’ted trees embeduled in the network (see Uigure f 1).

It us important to note that , in general , the reference trees for different

objects need beer no relation to earl : other In particular: it is not the case that

‘keeping a reference trce f r  an object c~ nriected may require it to include
certain processor s which do riot contain any references to the object and would
not otherwise need to be in the reference tree. We shall return to this problem
later.

Chapter 5: Reference Trees 101.
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Figure ~ .1: Examples of reference trees (in heavy lines)

there is one “reference tree ” in the network , used for all objects. Central to the

concept of reference trees Is that they are free to grow and shrink dynamically,

following changes In the roles of the corresponding objects in the operation of the

System.

Also signlftcant is the fact  that reference trees can be maintained by a com-

pletely distributed mechanism in which each processor In a tree remember s only the

state of its immediately adjacent links (i.e., whether each link is in the tree o. not).

Processors not in the tree for an object , of course , have no references to the

object , and need remember no Information about it. Even the cycle-free nature of

the tree can be preserved on the same strictly distributed basis — no central clear-

Inghouse is needed to determine whether a cycle Is being formed.

102. Chapter 5 Reference Trees
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6.1: Object T•xt Management

Some subset of the processors having references to an object will also be

custodians of a copy of the text of the object. The management of object texts

has three basic goals: (1) to ensure that no object text is “lost” (i.e., to ensure

that at least one processor has custody of an object ’s text at all times), (2) to

keep each processor in the reference tree for an object apprised of the directions

in which it may send inquiries requestIng a copy of the tex t , and (3) to provide a

mechanism for performing side effects on object tex ts .  The primary reason for

requiring reference trees to be connected is so that any processor with a refer-

ence to an object can always communicate with all custodians for that object sim-

ply by following links that a re part of the object ’s reference tree Indeed, we will

require that a/I eornmu,i, :at,00 cors:eln ing an objec t trav& . s t r i c t l y  o~’e, / i n h .~ that

are in ( Pie r ,‘f , ’p u’fl, 0 tree for that ob j t ~.’ t .

The acyclic nature of reference trees guarantees that , once a message has

t ’ ’ nc s,’nt a ross  a pa rt icu ln r  link , 1 can never “kiop hack” to i ts sender unless

either ( 1  ) it leaves the reference t r u e , or (?) some proc .‘ssor returns the message

ba( ’k along the same link ove r which it was received T hus when a processor

wants to send a mess age to a custodian of a t e x t , all it needs to know locally is

“which way ” t i  s* ’nul it initiall y, I . e . which of its neighbor .. in the reference tree

lii’s along the unique path from it to the desired custodian It dou.s not even need

to know the ,dentut~ of the custod i an , since the message can be forwarded from

nc -lu’ to n in using onl y the local information telling which way the desired custo-

dian lies Consequent l y, the only information processors need to record concerning

the location of custodians is which ways (through the reference tree) they may be

fos,nd. ihic in turn means that local changes in custody need only cause data base

Section 5.1: Object Text Management 103. 
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updates In the processors directly involved -- the remainder of the reference tree

will not be affected.

gt.xt requests may be handled using an Inquiry-response protocol In which a

processor containing an event which has performed a gtext request for an object

may send an Inquiry through that object ’s reference t ree to a custodian. The cus-

todian may then reply by sending a copy of the text of the object back to the ori-

gInal Inquirer.

Since a gt .xt request Is for read-only access , multiple copies of an object

text  may simultaneously serve gt.xt requests In different locations. The handling

of ioc ktext requests is more complicated. The basic strategy for satisfying a

locktext request is to eliminate all redundant copies of the text  in question, leav-

ing only one copy at the site where the locktext request was made. Once this

has heen accomplished , the requestor may perform any desired side effects on the

tex t , without fear that some other copy of the text  might escape the update.

Unfortunately, this strategy leads to new possibilities for deadlock : if two proces-

sors simultaneousl y try to perform Iocktext requests for the same object (each

requesting to have the unique remaining copy of the object ’s text) ,  some means

must exist  for inducing all the processors in the object ’s reference tree to co-

operate in satisf ying flr~ t one of the requests and then the other. The way this Is

accomp lished in a reference tree network is by associating with each iocktexl

request a unique priority chosen from some totally ordered set. Then at every

processor which must co- operate in satIsfying a toc ktext request , prioritIes of

conflicting requests can be compared and the highest-priority request honored. Fur-

thermore , since gt.st requests can conflict with lockt.xt requests , gt.xt- type

inquiries must also carry priorities.

A minor augmentation of the scheme suggested in the preceding paragraph Is

104. Chapter 5: Reference Trees
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necessary to avoid the problem of cyc/ic restart[32]. An example of cyclic restart

may occur in the presence of two events , A and 8, and two objects , X and Y ,

where execution of 4 first requests locktext access to X and then In’, end execu-

tion of B requests locktext access to V end then X. Suppose A is executing and

has acquired access to ‘
~~ . Then B begins to execute , acquiring access to V

When A asks for access to Y , its ex ecution may be aborted and restarted , once

agaIn acquiring access to .~ When 8 requests access to X , B may be aborted and

restarted , leading to a repetition of the above cycle. This kind of “dynamic

deadlock ’ may be avoided by establishing a total priority order on events , rather

than just individual requests. Then if event ~T has a higher priority than event 8.

any a cc e s s  privileges ever requested during execution of A , even dur ing exec u-

t ions (hat ~~.‘ r u ’  subsequentl y dho ’ oil , could be made unav ’iilable to B until success-

ful compieti :ni of the execution of A . A simple measure of an evonit ’s priority, and

one which is consistent with fa i r  scheduling, is its “age ” (suitably qualified, as with

a processor If), to make it unique). Using this measure , there will always be an n

“oldest” event which wi ll be able to accumulate all the ri’sou rcu ’’ ; it needs in order

to complete Then the second oldest event will he able to complete , and so on,

avoiding cyclic restar t

Consequently, we use t i m .’ stamps as priorities , and associate higher priority

with smaller (older) time stamps . It is not necessary that all processors have

access to a common clock in order to generate these time stamps; a method by

which these t ime stamps can be obtained, and their uniqueness guaranteed, is dis-

cussed below in section 5. 1 .4.

We now discuss in more detail the management of object texts . For each out-

going link of each reference tree It belongs to, a processor maintains the informa-
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tion shown in Table b,2.

• “text-this-way ” bit

• “request-received” field (values are NULL , INQUIRY , and t OCK)

• request time stamp

T able 5.2: Text  management information

For each reference tree it belongs to , a processor also records whether it has a

copy of the tec h  of the corresponding object (and, if so, the memory address of

the copy ’). Additionally, it keeps track of all events on that processor currently

waiting for or using the text , and the timestamps of those events.

For reasons discussed below , every reference tree link has an asymmetry, the

processors at Its ends bearing a master-slave relationship to each other. In a

stable condition , one end of a link (for a particular reference tree) Is always mas-

ter , and the other , slave. Transiently, both may be slaves , but both e n s  of a link

can never simultaneously be masters of that link. The way in which the master-

slave relationship is recorded and manipulated is described In a subsequent sec-

(Ion. For now , suffIc e it to say that it Is possible for a processor to determine

whether it is master of a particular link of a partIcular reference tree; that a proc-

essor can relinquish Its mastery of a link to the processor at the other end by

sending a suitable message; and that a processor that Is not master can send a

“mastery-request” message which will induce the master to relinquish Its mastery

of the link. The pieces of information enumerated in Table 5.2, pIus mastery infor-

“Various encoding schemes can be used to reduce the average amount of
memor y needed to store this information. For example , the contents of the request
time stamp will only be relevant If the “request-receIved” field Is not NULL , presum-
ably an infrequent occurrence , on the average, for any particular object.
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mation, constitute all the data used in manipulating object texts .

5.1.1: Adjustments to Custody

Transmission of object tex ts  between processors will frequently occur In

response to Inquiries or other such stimuli , but can also occur “spontaneously ” as a

result of garbage-collection activity or storage-load balancing among processors.

the spontaneous case is simpler to discuss , and illustrates mechanisms common to

all commun ications of t e x t s  from one processor to another. We deal only with

movement of copies of an object ’s text  among processors already iii the reference

tree for the object , expansion and contraction of reference t r e es  will be dis-

cussed later.

The representat ion of te x t s  sent over communication links cannot be discussed

without reference to conr.epts not yet introduced , for now , we note simply that  a

suitable representat ion e x i s t s

Explaining object text  management Involves discussing the meaning of ea’ h

text  management datum in Table 5? , and the mechanisms by which these data are

used and updated The “t ex t - th is -way ” hit for a ink indicates whether a custodian

of the tex t  can he reached , t hrough the refere nce tree , start ing with the link (sea

F gure 5 3) The “text - th is-way ” hit need be updated only when custody of a text

changes.

The simplest kind of custody change occurs when a processor ceases being a

custodian by simply deleting its copy of a text  For example , in Figure 5.3(a), two

procescors have copies of the object tex t .  It should be possible for one of them

to delete its copy without any damage being done. The problem is tha t processors

in a reference tree must somehow agree on which copy of the text  will be kept , a

negotiation possibly global in scope. Simply knowing that another custodian exists

Section 5.1,1: Adjustments to Custody 10?.



- - , - .- -~~~~~~~~~~- - ~~~~~~ —. .- -~~~~~~~~~~~~ .

I 
_ _ _

(a) (b) (c) (d)

Heavy lines indicate refe,ent e tree l ink .s; shad ed botes indicate
pr ocessors wi th  copies of the tt ’~~( .  ‘l ex t - (h ,s -way ” bit is  shown nex t
to eac h referenc e tree l i nA emanating f rom a processor.

Figure 5.3: “Tex t - t h i s -way ” bits

is not enough to allow a processor to delete i ts copy of a text , for the other cus-

todian could then, symmetricall y, make the same decision, and all copies of the

object t i’s t would bt’ lost

Negotiation can be avoided if every processor , just before deleting its copy of

a tex t , sends the tex t  to another processor , thus ensuring that the information will

not be lost If the tex t  message arrives at another processor already in posses-

sion of a copy of the tex t , the mess age can be discarded. Otherwise , the recipi-

ent processor must become a custodian for the text  (although it always has the

option of passing it on to y~~t another processor). If the two cw~todians in Figure

5. 3(a) both transfer their custody to the center processor , one text  message will

be received and the other discarded, leading to the situation in FIgure 5.3(b).

Note that every reference tree has embedded in it a (possibly null) subtree

which includes all the processors that cn~n reach a text  in more than one direction,

i. e., that have at I ‘c ’ two “text-this- way ” bits set In Figure 5.3(d). this subtree

consists of the top center and middle center processors. Whenever such a
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subtree insists , it is bounded by two or more custodians (upper l et , upper right ,

and bottom t ’ n i t t ’ r , in Figure 5 . 3 ( d) )  which each have only one “text- th is-way ” bit

set As ~i n q  as each it m use custodians obeys the tex t -p rese rva t ion  discipline

set forth iibovu . at l.’,i st urn,’ ( opy of t hi’ t e x t  is guaranteed to he preserved no

mat te r  what t in.’ ~ r 01 i’Ss (n,  5 fl the inte rior ,ui,t r ~~~‘‘ do wi th any ~ i; it ’s  t hey mig ht

have T her ,‘fi in.’ we may ,‘ . . ‘cnip t ‘,h,. si’ m t  ,‘r ior prOc i’s sors  from t iiu requirement of

s.’ nid i nny om it S i ~~~~~~ 
m m ?  the t ,’~~t i i ,’? ’.’ de let i ng it T h u rule ii’.t ’d  t i~ the p roce ss or s

is i f  at I , ’ , i s t  tWo t . .  ~~ r’ m s  ~~~~~ t~~~. f o r  i’ ot ’j . ’  ,i’ ’ s i t , a to, .,! o j y  of the

o bj n ”  t s  t ,’ ,  t rrn ,s~ ‘‘ .‘~~~~~ ‘‘. ‘ ~t ‘t !m. ’~ t s.-nil’’u; any messages Note that  ‘on h a dele-

horn ~~i .  b y t !m , ’ t~~ ,nit.~r j . r m I’’,’,iir in m q t i , , ’  S :~~~~) it ’,”, n u t  r . ’ qmm i r i ’  ii1 j u s t m n m i ~

any “t ex t - t h is - w a s ” bi ts

In ~j . -n . ’ r , i l , s . ’ nn l iniq .i t e n t  !i in~ !i~
. I n n  , ‘s s ,mr  t i n  another requires adju st inq

soni,’ “ t , ’x t thi’., w.,Y b it s  Il, ,~ ,’ ’o .n i t  on/ y P ’ ’ i J i J i t . ’ .S ~ t 1 j ( i . s t i f l Q  th, ’ f ’ .? ’ . p e r t a in ing

to t t .  h u h . o~. r  .th ’i  ?‘ t, .. u-~ t .to’. s ,..’ t  T h e  s . ’ n idmniq I n , , ,-ssu r a lways  sets  i t s

“t,!~~t - t his~~~,,~~’ i t  f i r  th~ link . i i ’ ,  ‘ ‘ ‘ j m n u l  liii’ f a c t  tha t  the t e x t  is out in (hat (j irec-

t i m ini . m d  ~~iI l :~ t m m n m i r  I i’ . at m . i j ’.t u nt i l  ,~ I mp ~~
. of t in’ t e x t  ~~ “ ‘ i ’ ’ . l ii, k over t in ’ ’

sam.’ Iiiik T i n , ’  n.’ - i ’ mvinq pro .’s’~~.r , h iwev i’ ’ . must iii’ told t y  t he s, ’nncli ’ r how to

set i ts  t ,~ * f - t h i s - w a y ” hit f i r  the link Presumah~y I’,,’ bit is a 1 before the mes

snq.’ is r, ’ m: , ’ mv ~~ f ( v l s i ’  the ri’  u ivc~r would he ve ry  s u m r p n i s , ’ d  to s.’i’ S t ex t  coming

from that  d ,r , .u - t u i i r n ’ )  T h e  quest ion . th, ’n, is whethe r there will i,ont inue to he a

t e x t  in that t i r e  c i ,  in n ft e r  I h,’ me’. ‘~ui qi’ If the c,’niij,’r keeps i ts  i op’, of the tex t ,

the answer is yes  If thur.’ is anothe r custodian in the sam.’ d i re’  t ion from the

rece ive r  i~c the sender (“h,~~
n i m n d”  th~ ci ’ndr’ r . as it were )  then t n . ’ answer is yes

If there mc no ~m ,ch custodian and the sender is qoinq to  delete i ts copy of the t e x t

upon sending the message , then the answer is no. Corresponding to these alterna-

t ives are twc )  kinds of t ex t  messages . 1. it the receiver should set his “text- this-
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way ” bit , and I if he should clear it. I-or example , going from Figure 6 .3(a) or (c)

to (b) . the c enit,’r processor would receive T messages; going from (b) to (a) or

(c), it would send 1. messages.

~~~~~~

(a) (b) (c )

Figure 5 4 Race condition in sending tex t s

Unfortunately, this updating scheme can lead to ann inconsistency among the

“tex t - th is -way ” bits Figur.’ 5.4 shows what would happen if two neighboring proc-

i’ssors simultaneousl y decided to de lete their .m q m i m ’ - . of a t ex t  I ach would be

required to c ’ nnml a T message to the other just helen ’ ~l.’l.~t m g  i ts m opy I igure

S 4 ( t m i s Pn m n~~~~ the twc messages rn t r ans i t  Upon r,’ , . uv mnn q  i t s  message . ,‘a ’Ii

proc,’’. s i r  w muld .m i m e dm tn nt l y clear i ts “t~~x t - t h i s  way ” bit and i inn u Sgain tu’ mmmi ’ a

custod iarn ~ f t im ,’  te x t , leading to t i m,’ in, ‘ m n m. s ms t e n m t  stat ,’  in I igure S 4 ( c )  T his ( all

be prevented if a pr um’es s o r  is prohibited from sending a tex t  message u~~er a link

that it is not master  of . Since both ends of a link cannot simultaneously he master ,

the situation depicted in f igure ~ 4 can never a r ms , .  No unsolvable problems are

crea ted  by this r u s t n m m ti, nm a processor desiring to send a tex t  over a link of

which it is not t he mas~ inr m i s t simp ly send a “mastery-request” message and

await the reply.
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5,1.2! Inquiry Processing

We now turn to the handling of inquiries from processors wanting to obtain

copies of a t e x t .  Such inquiries will result from gtext or Iocktext requests made

by events executing on those processors 1 or the time being, we restr ic t  our

attention to inquiries of the gtext variety

When a gtext request us is- ,u,’ml for a t e x t  not available locall y, the processor

on which the r .‘qu...s I is i~~suud has two al ternat iv e ’ , it can send the requesting

event to m other limo , - ,. s simm wh,’r .~ i ts  m : tiii n im:  i’s of sat is f ying th~ request wilt be

bet ter , or it i-an s , ’ n i m l mint  an inquiry to bring in the requested tex t .  Assuming it

chmm m m~~i’’, the’ l a t te r , t in ,’  t n u  ,‘-, ‘,, m~ must s,’i~~u t ~ nn e ’ m g l i tmmmr  for whom the “text- th is-

w a y ” bit is set  and su nn , 1 ann umuq iu i r  ‘, mini’ ssag. ’ to that neighbor (If liii’ inquiring

pro ,‘ss .n -, ij ’ n i ’ n n t I~ m i d,’, ‘f tin.’ mink , it w ’~m , l t  Ii’ well t i n  f l rs t  re l in qu ish mas t e ry

T i m  i t s  n i i ’ i q l n i m i m r  f a c m l I t , , t ’i ,T t in , ’ m , ’ t i  ‘ n ’ , . I the d , ’ s m r , ’ m l  t . ’ x t . )

W hen ., p r ,  i .— ,’, .‘  n . ’  i ’ , , ’ ’, ar m i i n m 1 i J im ~ mi’’,sa,~.’ it m , ’ S i m t m n n ( t ’, immed iat e l y ml it ms

able (i .‘ . it ~~~ a ‘ ; ,  ‘ t i .  t , ’ x t  is m~~s t ’ ’ r  i i  T i m , ’  l ’ , m k , and no imendin g lockt.xt

r, ’qu i i ’ s t  w i th  ~~~~~~~~~~~ p’ .’ , ,’n’ ? ’ , i f  1 . ,rm’ s , ’ n n m i m n i l iii t im , ’  r , ’ i 1tj , ’ s t , ’ it t ,’~~ t )  If it m s ren t

s tile t i  r , . 1 . F , ru in’’ 1.nt,’ i n. ~ ~~~~~~~~ f l i,’  ‘‘ r.’ , Im j ,’s t  no’, em nj( !d ’ field for tine link , m v , ’ m

wP~ , P m Ui, ’ , i’ ~~ m m r , w a s  r ,‘ . ‘ ‘. ‘ j  I. have ‘h,’ val i,’ INUU1I1Y Sfld m pc ,rdn, the time

stamp ‘I t in,’  i f m 1 m i , r ~ ‘in !I’ ‘‘ - ,. .p..’’.t tim.’ s tamp ’’ lucid

If an n m m j m i . r  annul P.’ n.’p i i ,. .J T i m  hem suns ’’ the r , ’ l m I c n  is not master of the

relevant link , a r n a st , ’ r ’, ’,’ . 1n,’’ .t’ m,’ssage must  h i’  ‘,(‘C i ?  When maste ry has been

obtained , l ime r .‘ply may then i m , ’  sent ( assuming m o m other circumstance then

prevents It) If a” immedia?.’ repl y c~~m mnimt  be made due to a Iocktext request with

pni (m nit ’,. rim , further A m  ~i mmn riced be take n When the event requesting the iocktext

fleishes, the inquiry will Li,’ honored

If a processor rpcpiv~ s an Inquiry for a text  which it does not have, then it
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will iii general have to forward the inquiry. T he “request-received” 6aId set upon

receiving the inquiry records the direction in which the desired text  should be

returned when it is finally obtained.

F orwarding of Inquiries contains a couple of pitfalls to avoid . Generally speak-

rig, forwarding of sin inquIry rece ived is analogous to sending of an InquIry needed

to sat isf y some Internally generated need In either case , some neighbor in whose

direr-bonn a tex t  ex is ts  i s ’ .idect ed as the target of the inquiry. However , a neigh-

bor ~el~~c ted  for forwarding should not be the same neighbor from whom the original

inquiry was  received , or else arm infinite loop of forwarding Inquiries could occur in

the situation shown - in i ipir.’ S S

Proper lorwarding
a ~~ a lnquiry~~~.

~~~— - 
..- *

T~~~t Improper lorwarding T e x t

Figure i S l nnqum r ’, tin’ ,‘iv ,’d from direction of t ex t

It is r o ssd h’ for there to he no legitimate direction for f orwarding an inquiry (If

the only direction in which a t ex t  can he found mc in the direction of the sender of

the original inquiry ) However , the sender must have tPou ghf there was a text  In

the direction it C h m ’m~~~p for sending the original Inquiry . Therefore, unless the refer-

ence tree data base h~ s broken down, the inquiry must have “crossed in the mall”

a I message to the inquirer containing the desired tex t  (see Figure 5.6). In other

words , the inquiry had s/ready been rep/ lad  10, even before It was received. In

such a case , the lnco~ ing inquiry message can simply he Ignored.

When a processor that has “request-received” 6~ ids set to INQUIRY receIves a

copy of a desI red tex t , it should send a copy of the t ext  over every link over

112. Chapter 6 Reference Trees
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1- Message Te x t

Figure 5.6: Inquiry crossing tex t  message

which an inquiry for that text was received , clearing each “request-received” field

to NUL L as the corresponding tex t  message is sent.

5. 1 ,3: Side Effect Management

When an executing event issu.~s a locktsxt request , and It is decided to con-

tinn ue execut ion mi t  t im,’ event on the same pro ’ i’sson . s te ps must hi’ taken to

ensure that a copy of t in,’ relevant t e x t  is brought to that processor , and that all

o the r  copies are ml i ’ l~~ t , ’ u1  Imps ,’  ,- orn mj mtm , , rms an . ’ s t t r s f m i ’ d  if and only if t he proces-

sor has a copy of the mm b je~~t ’s t e x t  and all the processor s “ t ex t- t h i s -way ” bits for

the object  are zero . If some m m f  the “ tin x t -  this-w ay ” bits are nonzero , then 1 OC~

messages must ii,’ si’ rnt out over t ho s e  lin k s connected to t in ,’ processor that have

non/err) “te x t - t h i s - w ay ” bits.

A I OC K me ssage ’ is a requu.’ct for the processor receiving it , and all other proc-

eru sors in m t 5 pa r t  of the ni ’ f p rem ncp tree (all proc i ’ ss mmr s i eachable f rom it through

t he re f.’ renn:i’ It,’.’ without using th~~ link over which the I OCK message was

r pm -eivei1 ) In delete their copies of the relevant ob j e c t  t ex t .  Thus a processor

rpr nmv inQ a I ~)CK message will, in generai , set the corresponding “request-

rcncelvecl ” field to I O( K and forward the LOCK message over every link whose

“text- this -way ” bit is set , except  for the link over which the original LOCK message

was received A processor that receives a LOCK message but has nowhere to for~

Section 5.1.3: Side Eftect Management 113.
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ward it to Is expected to delete its copy of the text and respond with a 1 mes-

sage as an indic ation of its compliance. A processor that has forwarded some

LOCK messages Is expected to wait until a I message has been received in

response to each , then delete its own copy of the tex t  and make its own

response , in the form of a message sent over the link whose “ request-received”

field h~~d been set to LOC K hrialiy. when the original processor on which the lock-

text was requested has received a I message rom each neighbor that had a

t e x t , it can proceed with ,‘xe’cutiOn of the requesting event.

5.1.4: Con~ lct Rssolutlon

What has Just been described is the sim ple case , where only a single Ioc kt .xt

request is pending in the whole reference tree In an actual situation, a processor

may receive IOC t~ messages for the same object , originating on different proces-

sors, over several different links To further comp licate matters , it could simultane-

ously receive Inquiry messages for the same object over yet other links. Finally,

the proc ,.ssor could have locally executing events also requesting various kinds of

access to the object A processor In suc h a situation must serv e as an arbiter and

determine which of a set of conflicting requests to honor first

IC, handle these conflicts, LO P K messages , inquiry mess ages , and events them -

selves , carry time stamps • tvery event is assigned a unique time stamp when It

is possible to devise pr~~tu( nls that do not require actual text  messages to
be sent hack from all the leave’, in response to LOCK messages . A short “LOC K
ac:knowledge ” message can be sent instead lIn’fortunatel y, such a scheme compli-
cate’ s the handling of inquiries by invalidating the premise il lustrated In F igure 5.6.

“on the MuNet , inquiries are not time-stamped. This is adequate in every case
except  that of an object which mc named in gt.xt requests and also contInually in
ioc ktext requests Under these c ircumstance s , the locktext requests will take
prec edence and the gt.xt requests may never be satisfied. ThIs has not occurred
to any observable degree in normal operation but must be regarded as a “hole” in
the MuNet Implementation .
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Is created.t In principle , the precise algorithm for assigning time stamps to events

is unimportant , so long as it never assigns the same time stamp to more than one

event. However , Ui practice , it is desirable if the time stamps assigned increase

with time , so that priority, which accrues to the events bearing the lowest time

stamps , will accrue to the events that have been waiting the longest It is not

necessary to use a globally accessible ck m k to achieve this~ a set of local clocks

will do, provided that they at e kept sufficiently synchronized that fairness criteria

are riot grossly violated

On the MuNet , each local clock is a counter which is incremented once before

each us,’ I his p r o v is mmmnn is sufficient to guarantee that no single processor will

ever give the same ’ t im,’ stamp to more than one event. To assure that processors

acti rng I rn j e . l m , . n im hpnt ly wil l not give’ o mit tht~ same ! time stamps , each processor

appends i ts unique p r i m  i’s s i n  II) to the value read out from its count,’r Whenever

a requ.’st or e ’ v. ’ nm t mess,ige’ l me a r mn g a time stamp is received at a processor , the

processo r ’s time stamp m iurm t , ’ m ‘, mnn t ’r,’ased , it necessary, to match the time stamp

value ii ‘he minssa’.je In make sure ’  that  rough synchrony is maintained even in

the absence of request or .‘vent traffic , each processor periodically sends its

curr enn nt time stamp value t i m each of i ts  neighbors

The need to haven ti me stamps for conflict resolution is unfortunate , since it

imposes a spac e requirement of unknown ci;e , depending on how long the system is

expectem i  to operate Perhaps some scheme’ can be devised for “garbage-

collecting” and recycling time stamps that have fallen into disuse , but any such

+
Actuall y, on the MuNet , an event only receives a time stamp when it first

needs one for purposes of these protocok. This policy reduces the speed with
which time stamps are used up, but does not introduce any li,determinacies into the
processing of requests

a further discussion of synchronization of c locks in distributed systems ,
see Lemport[2~~

Section 6.1.4: ConflIct ResolutIon 115.
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scheme must preserve the ordering among all entities currently bearing time

stamps. No such scheme was considered during the course of this research.

A processor needing to arbitrate among a set of requests u ses their time

stamps to est ablish a priority order among them. It then acts to satisfy as many

as possible, subject to the restriction that no request be satisfied at the expense

of a request with an earlier time stamp. In practice , this means that if the request

with the earliest time stamp is a lockt.xt-type request , it Is satisfied first and all

other requests are held in abeyance. If the request that has priority is a gt ext -

type Inquiry, it and all g ts x t s up to the earliest loc ktext can be honored simultane-

ously

By these means . a proce ssor can determIne which of the various requests of

which it is aware should be satisfied first. It does not follo w that the processor

will singlehandedly have the wherewithal to satisf y the selected request. For

example , it the highest-priority request is an inquiry . It cannot be satisfie d wIthout

possession of a copy of the relevant tex t .  Thus , in order to satisf y the request It

picks as the mos t urgent , the processor may need to forward this request to one

or more of its neighbors Fach of those neIghbors will then co mpare the priority of

the ’ forwarded request to t hose of all the others it has received, and again act on

the most urgent one, holding the others in abeyance. The only external information

a processor needs in order to make this determination is the type (i.e., Inquiry or

LOCK) arid time stamp of the most urgent request which Is known to each of Its

neighbor s and which it must co-operate In sat i s fying.  Thus whenever a processor

if satisfaction of the request that has priority also incidentally satisfies some
request made by an event with a much later time stamp, it is permissible to
attempt to execute this latter event while the former request Is still active. What
Is not permissible is to take actions to satisfy the latter request which would be
inconsistent with the treatment required to satisf y the former.
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sends an inquiry or LOCK message to a neighbor , it is In effect saying, “T his is now

my mo st urgent request invo lv ing this object. Its urgency is Indicated by the time

stamp in this message. You may forget any previous requests I have sent you

regarding this object, for I will resend any of them if and when It becomes my most

urgent request and your co-operation is still needed. ”

A strategy that reconciles our previous discussion of text  management with

this philosophy is as follows: when an inquiry or LOC K message arrives at a proc-

essor , set the “reque ’st - r t ’c i ’ i ved ” field according ly and record the time stamp from

the message In the “request time stamp ” field for that object for that link (see

lable f ~‘) ‘f some other request for the same object active on the same proces-

sor has a lower time stamp, take no further action the newly received request

must wait until it has top priority.
t 

If the newly received request has the lowest

time stamp mit  nIl , however , it must be honored immediatel y, using the algorithms

described above for handling inquiries and LOCK messages. II those algorithms call

for forwarding of requests , the forwarded requests must bear the same time stamp

as the original.

An Inquuy can be considered satisfied when a tex t  (either 1. or T - ) message

is sent back ov er the same link from which the inquiry was received. Therefore ,

when a 1. or 1- message is sent over a link whose “request-rec eived” field is set

to INQUIRY , the “request - rece ived’  field can be reset to NULL. This can be done

even without k nowing whether the tex t  message was int end ed as a response to

the inquiry or just happened to I’e sent while the inquiry was active. Likewise , a

LOC K. request can be considered satisfied, and the corresponding “request-

received” field cleared to NUt I , when a I- message is sent back over the

t
~~,cc0p~ that if the request is a qt ext ’s tyte Inquiry, and all requests with lower

time stamps are also , then all may he satisfied simultaneously

Section 5.1 4: Conflict Resolution 11 7.
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requesting link.

When a text  message has been sent over a link , and the “request-received”

held c leare’ l. there is instantaneously no request active over the link. This situa-

tion will contin ue’ at least until the processor at the other end of the link has itself

i.lisp&)S,’d of the’ request , bringing top priority (for its local operations) to another

request for the object Then If the processor which had sent the text must once

again co-operate in sat isf ying the new request , It will receive another request mes-

sage

Note that no request message is ever sent to a neighbor whose “text-this’

way ” bit is not set Thus processors at the fringes of a reference tree will only

send requests inward, toward the areas of the reference tree where texts  exist.

Requests will never be sent outward past the last t e x t  in any particular branch of

a reference tree Consequentl y, if a processor has sent a I message , in

response to a lOC K request , say, it will thenceforth receive only inward-directed

requests , but , until the processor once again has a copy of the tex t , none from the

center of then re fer e nce ’ t r ee  (mli’fining the ‘ center ” as that subtree of the refer-

ence tree which contains all custodIans in the reference tree and has a custodian

at every leaf node) .

Discussion thus far has centered on the treatment of requests received from

neighbors Requests arising from locally executing events are treated in a very

similar fashion If processing such a request involves sending messages to neigh-

bors , the time star ip  of the requesting event is used in those messages When the

conditions of the request are met (a copy of the tex t  available, for gtsxt ;

exclus ive access to the text , for loc kt .xt), execution of the requesting event may

be resumed. This resumption may conceivably lead to other requests , for other

objects , bu’ all requests made by an event rem~~ active (i.e., must continue to be

118. Chapter 5: Reference Trees

. .



FT ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

satisfied) until execution of the event has been completed successfully, or unti l

the event is aborted. Therefore , if a request from another event with a lower time

stamp, either on the same processor or on a different one, conflicts with the contln-

ued satisfaction of a request made by a currently suspended event , this latter

event must be aborted so that the higher-priority request can be honored. This

does not cance l the requests made by the aborted event; they continue to be

act i ve , and to take priority except where temporarily superseded by requests with

even lower time stamps. Rut sat is f ying one of the superseding requests , without

aborting an event whos.~ request has been superseded , violates the guarantees

about access rights made’ by the definitions of gt.xt and locktext , Therefore ,

such an event must be aborted and held for re-execution at a time when all its

requests can be given top priority ”

5.1.5: Summary

Within the framework of referen m e’ troes , an object tex t  management protocol

can be’ devised w him Pm s capable’ of handling multiple copies of object t ex t s , reduc-

ing t he’ number of i’opies to me’ when a side e ’ f fec t  Is to be performed , and arbi-

t ra t ing  t) ptw ,’e ’ r i  asy r~~’ iii m m i m o i m s l y gi’nern t i’d req u e s t s  of differing priorities. Loca-

tio rns of tex ts  within a reference ’ t ro t ’  are reco rdod by means of a distributed set

of ‘ t ex t ’ t h i s -way ” bits kept at the var iou s processors in the reference t ree ,

These bits do not indicate the exac t  locations of t e x t s , hut only the directions ,

traveling through t i e  reference tree , In which they may be found As a result , local

motions of tex ts  require only local updates of “text-t his ’way ” bits; other proces-

0n the MuNet , some complication is avoided by instantly aborting any event
whose request cannot be immediatel y sat isf ied Thus no “suspended” events ever
exist , only aborted events awaiting re-execution.

Section 5.1.6: Summary 119.
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sors in the reference tree do not need to be informed.

The object-custody protocol allows processors to request read-only (gt.xt) or

read/write (lockte xt) copies of object texts on behalf of events executing on

them. tach such request must be labeled with the priority of the requesting event ,

in the form of a unique time st amp. These time stamps are used to resolve

conflicts between requests , and the “tex t - th is -way ” bits are used to forward

requests to all processors that must co-operate in satisfy ing them.

By recording only partial information about text locutions (only “text- this-way ”

bits instead of the actual identities of custodians of texts) ,  this object text

management protocol throws away the opportunity to perform certain kinds of

optimizations, such as sending a request to the nearest processor with a copy of a

desired t e x t  In return , updating the information is very simple arid economical ,

encouraging a fluid s ituation in wh ich t e x t s  may be moved freel y to balance loads

or adapt to changing a c c e s s  pat terns Moreover , all essential operations (determin-

ing whether there is more than one copy of a text , reaching all custodians of a

tex t , etc.) can still be performed in a straig htforward fashion.

62 :  Garbag e Collection

A reference tree network includes garbage-collected storage as a standard

part of the programming environment it supports. Garbage collection on such a net’

work entails the /ulenrit,flcat,on arid d isposal of objects that will never be used

again , When an object becomes inaccessible , it may have become known on

several processors. None of these processors can take the inItiative to delete the

object outright because , in general , none knows whether accessible references to

the object exist on other processors. Therefor e, It seems that it might be very

difficult to ever reclaim the object. If the object is only known on one processor ,
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the story is different. In this case , it is obvious that no referen ces to the object

exist on other processors (else the reference tree would be larger) and therefore

the object can be deleted If it is not accessible on the one processor where it is

known.

Our garbage-collection scheme works by shrinking the reference tree of an

object to be collected until only one processor knows about it , at which point the

obj ect can be collected by traditional means In order for a n i ’ t t ’ re ’ m i ce ’  t ro t ’  to

shrink , nodes must remove themselves from it Clearly, any node which lois more

than one neighbor in the reference tree cannot un ilaterally remove itself it it did ,

the tree would become partitioned, since those nodes which were originally con-

nected by the removed node would now have no means of communicating. Thus

only “ leaf” node-, nodes which have e x~~~t ly urn’ neighbor also in the re f e r  e ’ nm: 0

t ree — may disconnect thi’rnse’ Ivi’s from it I ort un5tt ’ I y , s ince ’ reference t re es  are

acy i .:lii: . ev e ry  re ’ f e ren .a m to’.’ has li’af nodes

his garb age- cm m lIe ’ c t m u m n  s he’me d~~p~~nds on t he fac t  that a garbage- collec (able

object will not he iisi’ i t an ywhere oru:e’ m~ h i ’ m : m m r n i ’ s  garbaoi m ’uIli’ t n u b  Thus , a f te r

some in terva l , p r o c e ’ s s ( m r s  w ith refnn i’mn p- , to siu’Ii an mib ie ’ c t  may guess that it can

be c ol lected by the fact  that they have’ not seen it used recentl y. Even if an

obje ct is ~ t ml l  potentially a ce’~~sm tth m , it is inefficient to keep it on processors where

it is not needed. The refore , it is economical for a processor in the reference tree

for such an object to remove itself if it can. It that strategy is applied con-

s istent l y. t he reference tree of any qarbaçj e-co llectable object should slowly shrink

“ An additional consideration is that no leaf node who-h is a custodian of a text
for an object may remove itsplf from that object ’s reference tree without first
preserving the text  by passing It on to its neighbor

Section 5.2: Garbage Collection 121. 
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to a point (a single node), whereupon the object can be disposed of

There is one unfortunate problem with this scheme , involving the collection of

objects which are part of certain cyclic data structures I or example , consider en

object A whose t e x t  contains a re ’ fe ’ r  one,’ to B, whose t e x t  in turn contains a

ref e re r o ’ ,’ to A . Assum e further that the structure is garbage-collectable that

neither A nor B an be reached from any act ive event Then by the argument

given above’, the ru’ t , ’ re ’nce’ tree ’s for both A and B should slowly shrink to a point.

If both cunvt ’r~~i’ to the same point , there is no problem’ ordinary garbage-

olIi’ction t ich i l ique’s can easil y handle the situation. However , another scenario is

possible ’, as outlined in F iqure ~m i’ Here the two objects may spend forever chas-

ing i’~i h  others’ tai l s , and it may he’ that  neither reference tree will ever shrink to

fl ~~ ‘int Th e r e ’ason this m a n  happen is that whe ’n a t ex t  is moved from one proc-

e ’csor t. ‘ another it draws with it the re f  ,‘n,mcr’ trees for all objects referenced in

tt r~ t .‘ x t I Pm m i ” , wire ’ rm th e ’  r c ’ f e ’ r e ’ r im  e’ t ree for object A shrinks and the text of A

move’s f ’  rn proci’s’ ; o 1 to prm n’. ’ssor 2 , the ni ’fe rence tree for B will be extended

I. the addition ‘ i f  .i link f rom processor I to processor 2 If the reference tr e ’e ’ for

B at tempts  tm cont r~~i t next  by the removal of proce~ sor 3 , the tex t  of B will hive

to F’ .’  sent f ro m 3 to 1, re ’ e ’ x  tending the reference’  t rr’ i’  of A to include processor

1 O~ C( . i , ”,” there an ’ many ott’ipr sequences of eve nts , even starting from one

‘ ¶ 1 . ’  c ur mf ~qi r a t m  i r is srinwn in I’ igure ~ ‘ 1, which will result in bot h reference trees

on the ca me ’ point , however , it is pos~ ihlp to have an infinitely long

~~ ii ’. ’~~~ mt eve nts whmch never results in either object being collected.

This problem m s similar to the problem of cy m l i c  rest ar t  in some transaction-

t m a s , ’ m l  data base management syste msf .’T?I. perhaps there are solutions to this

gar bage-m -o lt r’ i-t ion problem whIch are analogous to solutions to the cyclic restart

problem T P m e ’ n , ’  is reason to believe , however , that the problem will rarely occur in

1?? . Chapter 5: Reference Trees
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2 (a) ~ (b) ~ “ (c)  a

1 1 1

A A
i--U i--fl

(d) ~ (e) 3 2 3

Sou l liOi’ .s I,’,iiit’’ / i,A .’, in tPi. ’ r . ’ f , p , ’ t i ,  i’ t r e ’ e ’ of o l i j . ’m  I A , i1,i’Ji,’,~ fu m e ’ S
(he ( ‘ . - . -  ~o’ ot j .  I B. i~ s o / i l l o e  r . J r , ~ s m ’ F t . ’, ,i / P 0 ’  . 550! ~iiut h d I ’ d  for A ,
a ch<,~. ’1,’m 1 t i i m d  ,i ,‘ p O  .‘‘.so ’  e t , t h  ,t I ’ d  f o r  B .~~~, i; ’’ .’, ’. ’v. ’ r , ’ t e ’ t , ’ i m  ‘ -  I , . .e ’ ~‘ orr —
(~~~,i, t i i ) i ’ ., i / I , ’ r f ~~i ( i ! i i )  l~. ’I i t. ’’ ’ ’i i  I/i,’ r. t . ’~ ,’,’ m~ ,~ ~~~~~ f A anti B, m ,Ifl ler , Wi Ui Ihe

,‘ Of ~~i t m , ’ ,it i ip’s  ,‘.f ~~m~t ’r  ,,t o~’, ’  i, (o ) I t : r o i ;h (f  ) ,  d’~P i m ’ ’ m ’ m J / ( ’ ’ ’  ,e
0(1 1( 1’ T i  0 !)  I f l ~’OII  i toj  B ~~ ‘ i /  , ‘ ‘ .s!or ‘ si tu, i t ion

F igure ~) ~
‘ : Cy c l m . r e s t a r t  in garbage i:ollei: toni

actual  operat ion

5,3: The St.t. Protocol

F~~~fe rt .nc~ p t re ~e”c are ’  maint airii’d hy moans of a t ’  t i l e ’  r i ‘ tom ’ Ps s mr m)mmunicat ion

protocol w P i  Pi may hi’ ij c om l  to  qrow and s lir rik r , ’ f i ’ r m ’ i i i ’ p t r i’ i ’ ’ , while’ preserv ing

the required ‘onine’ c . ted npsc and f ree dom f ro m  ( yc li’s In i ’ nm i i ’ r  to pa r t ic ipate  in

this protni: id , each processor maint ains , for i’~r i h i t i j i m  I P knows about , a I inA state

for each neig hbor ( the re ’  are th i r teen clifle’re’nt link s t a t e ’ s )  Varm nij s  f lavors of mes-

sages can be sent pertaining to an o b j e c t s  re ference t r e ’ e . and a simple state

transition table d ic tate ’ s the r . ’ spm ’ r ls i ’ s  so u s  to keep the various link s ta tes  mutu-
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ally t ’oe isms t ent Ity se’rid iirg appropriate rime ss acJ kts - it is pm iss itel , ’  for a node to

d.’l e ’ t e ’  i t s~~if from ii reference tre’t ,  (an option only available to leaf nodes) or

ex t e nd a re t  or e ’ r m  e t r ee . t i m include a new proc e’sso r 1 ypically, a node will attempt

to d,’b,’t ,, it -,e’lf If it dism ’ m m ~ ’ e ’ r - , in the course of a garbage collection, that it no

lt ’mei çj .’r Pm, i  -~ a n y  f t  e’ ~ si t m b e ’  r .‘fe ’r  pr icer, ,  to an object . T he re te r . ’ rm m e t ree for an

obje t  I wmI ~ I’.’ , ‘x t e ’’ol,’,l if a t e x t  r e f e ’ r e ’ n m iriq the object  m ’ , sent  to f p roces s o r  not

~‘ r e ’ v i m m i sl y a member i f  the ’  . mt j e ’ m  t s re ~fe ’ re , rmm ,‘ t r e e’

T h e ’ ~ ‘ ‘ ‘~~ ‘ i f i t  c m ~ m r’iib !i’ .P i i ng t i re ’ ’,.’ things w e ’  shall call the iruembership pro—

t o m  o/ ( tm . ’ m ’ mti i se’  it k ..ecp s t r ue  k m if membership in reference t rees)  to distinguish it

t r , ’rn i t t m i . r  ~ ni ’ t m m ; ob ’ . si im h mis that  use ’d for moving ( m t m j e ’ (  t t e x t s  The membership

p r i m t m m  r i , a f rth or  (‘‘,j mm j ( J t i i,)fl if an earlier l ’ r m i t t i c o l [  15], is more intr icate than one

might at flr~~t mm uqm ne ’  •i’’ “s ‘~ ii’ l i t  simpli’ r p r m ) t m i m  m b s fa i led because of deadlocks

or m rt ( ’ n m r s m s ? e ’ r i t s t a t e ’ s  ream he’ m i  a f te r  inopportune sequences of events.  T he proto-

col is t e ’ s m ’ n m t  i’ ,i he’ i mw ri w h a t  s m,’ may find to be daunting detail~ the reader

who ~t rm ,  Is lit ,’  Ii m r i i j  tedious can at any point ‘,k p the remainder of the sect  ocr and

$ r i i  ‘ ‘ ‘ ‘ m l  t i m  th i’ m , ’  , P  without army I m i s s  ,0 i i m r m t i r i u i ty .  T h e ’  r , ’ i ’ l e t r  who 5 m e ’ r se ’ v i ’ r e ’ s ,

h m m~e, e ’  v , ’ r , will Pc p,’ t i m  , me ~ ‘ ‘ ‘w mi r lOu w i t h  more tha n merel y an understanding of our

i m n ’ t L i  ti la’ !, ‘ f i ’ r , ’ t m m  i’ t n ’,’ manage’me’r i t ~ . r m i t m i i  m m ) Th e re ’  is not really a reference

Ire ’ . ’ pr Ii ol, ra then the ro is a whole’ f a m i l y  of s um h protocols , a representative

rn ’mt ,’r if whm ii m ’. des r ihe ’ m l  here! I P i e ’  ili’’.m r m ~ ’ t m m m n  t ’ c ’ l m m w  include’s an outline of

th i -  i t ’ ’S u( p ’  i ’ i’ri’, li ’ ru trons  who h made’ the’ c i i rre’ r it  p r m m t m u m ’oI what it is Af ter  corn-

PP ’ s s e ’ c l u m ’~i, t h e ’  reade r s hm mi i id  1 e’ e’quippi’d t m  de’sigri  ir is own refere,ce

tr i’o i ’  P ~‘. I , fit P ’ ’ , own 5’tv m mj ~ii r needs , i t  e ’v pn , p e r h aps , improve on thc one

pr .‘‘ c ’ u t e ’ , I her.’ T he’ important thing nbout thic de ’ s m pt  tin Is n u t  it s  detail , but its

m l i i i  ‘ m t n t~! m m c m  m l  t h e  m mno . e’~it of using link s ta t e s  to maintain a global structure willIe

k e n ’~ . ro j  r i , m ic a1 i r r f m , r m i i i mo r r  The, mate r ia l  m m  this .e ’ m ’ t i m r r m  is presented in a
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relatively informa l style , Appendix H contains a more rigorous argument for the

i’orre’ i - t n e s s  of thu membership protocol that it indeed keeps reference trees

iriine ’& ted  and preve ’ n it  s y es from forming in them

lii,’ n r , ’ n i t u , ’ r s h m 5  ~m r m i t m i m  m u make ’s no at tempt to recover  from damaged or lost

nr c ’ s  ‘,m i g e’  -, im r ncr,’ s ‘,~~~g i ’~~ arrivin g out of orde’ I Pie.’sei problems m , i t i  tu~ solved b y

vc i r m m m i , ’. ~~~ .‘ 1 ‘ ‘~~*~~‘ ito- It’ . ’.[ .‘ P . ) which may be assumed to provide m i n i  i i i ide’ rl ying pro-

P u t  m u 011 i’ m t m P m

P p  ‘‘ ‘ - ‘ - ‘ “ h i ~‘~~
u ‘ t ’  ~~ t~~’ lu re s  t h a t  eat -ti ob ject  have ’ a globally unique

r ’ €t i rm. ’ T h i s  i n .’ S ‘ t e ’ , ’ u lc ’ t sm i that  when an attempt is  made to i ’ x t e ’ m ~d a r p t e ’ r

co • ‘  ‘ .‘ . ‘ I . - i  r t e ’ ~~, pi . e ’ ’ ,s ur t ha t  Pr i m ,‘ .‘, ,m r ia n  ul i ’t , ’rmine’ w P n e ’ t t i , ’r it a l read y

1 t m iu~~’. m l  1’ ,’ ‘ C~~’’ , P m . i  S , u i rme ’  , m t i i e ’r run .m t i ’ T h i s  information mit turn is oe m i ’ssa ry  to

ml, - t e ’ u I a t t , ’ m i ut - , I. ’ P .  r”t  . , . n’ , in t im e ’ r i ’ P . ’ r , ’ ni  p t r e e ’

Ii’.’ n c, ,’ n i ,1’ ,’ r s m i 1  ~‘, . ‘! m . I , , m ~~~u i . e ’ ’ , ‘,e ’ v e ’ r i  h as h  iuirlds ml i’Tfl ’’~’ ia i )e ’S . i~,Pi m ms i ’  me’uni

m r ’ m J  ~ n,i format  i’~~ ~ s ,p~~~e ’ i  iii l a t m i c ’  ‘ i ~ I a c h  nnm. ’ss ag e’ i s  ‘., i m e ’ m  im i l ’ ; , ’ m i  t i~

m l e ’ F i t m ’t m m i t m m ,ii I I th,. m l m j e ’ t t I tin t ho rn  e ’  r , ’ f e ’ r , ’ nu ’ ,’ t r e e ’ )  t m  which it p P r t a m n i — . This

5 5 m • ’ , m a l i :a tm . ’’’ is ‘‘ f f e ’ c t e ’ u l  iO o r e ’  i~ tw tm ~~~~~~~ 
il,~~i i u i i m l m n u i 5  i m i t  P h , ’  rne’ssaqe t~~~~~m , ’

M ’ ’ S c ! i u ~ ’ ’ , w h im ii ,~~
.,t m i l m i , ’, i m  ri,’~~ urnrt ’ m t u m i 1  i i t u u m n t  paths f i r  an i m t m j . ’  I (commonl y t~~

e ’ x t ~ ’t i 1 i r mg t i re  ~ t m j e ’ m  t ’ s r . ’ f e ’ r e ’ t u m  e ’  i re’ .’  1 ’  include’ uero t t re ’ r  
~

m t i ’  i ’ c S m t
’i i r r m  h o le ’  the

mj h i ’ I ’ ee i name’ ( ‘~ P i m ~~’t i  as u’ ,~, nm T a b le  M) I ‘m e ’ s ’ ’ m e ’ s s f ç j e ’ s  ~~Rii include a

s in m m r t , ,n 10, .1’ ~‘i .”m~’ (IN) whi ~m t Im , ’  ‘,i’ r m m l , ’ r  if t i m e ’  m.’’~’.ab J . ’ ~~ m I I  ~~‘-e  fl t h e ’  f ut ure  fo r

s,’ r r i l i n r 1j r .’f . ’ r , ’ i t .  c ’s  in t ime ’ u i i j . ’ m  t ‘ve t  the ’ cam.’ commu nication link The other

messag. ’ s in the member ship ~i r i m t m u m  oh (as  well as all other messages , including, for

example , t e x t  mfnnqe’mc nt  mes sage ’s)  use ’  or mI~ the’ loc al name to denote! the

intcn de’d ntuj r’ m ’t  The mi s c ’  of local names not only shortens messages hut speeds

the’ir proi ’ m ’ s s u r t g  S u n  r’ the space of local names is smaller and presumably reason-

ably compact . con ve rs ion of an incoming local name to an internal object reference

Section 5.3 The State Protocol 125.
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can be accomplished economically by means of a direct table took-up, rather than

the more expensive scheme required to look up a global name

Message Meaning

R. ON IN  request to add link to tree
L.. GN IN agreement to add link
I GN I N  refusal to add link
+ IN  t ransfer mastery of link

I N  request to drop link from t ree ’
A. IN  positive acknowledgment
A I N  negative acknowledgment

Table 5 8 Membership protocol message types

Messages in the membership protocol may be sent either spontaneously (,,e,, In

response to some (?X tet rlal stimulus , such as the need to have a local name for an

object S m t hat  a Ii’ * 1 referencing .1 car-i be se ’ n i  t ) on nm rc .s 5uonse ’  to an incoming

mi’ss,ig.’ r,’ qu ie’s t in i i i  some change In a re ference t ree ’  R., • , and me ssages are

always ce’ nt sporr t t i n~~oust y, 1+ . 1 A., and A messages are ’ always sent as

responses

I he me’ mt ie ’ r  S t r ip  pr m u t m u i  ri mm 5 i i ’ r a t e ’s  by a ss um m~~t rig with each end of each link a

state ’ for e ’ au hr possible object It is t in~’~~e’ s tates which actuall y define the extent

of an ohj e’ i t ’s nc ’ f e ’ r i ’ nu e’ Pr,’ .’ In terms of implementation , each processor must

maintain a data base for each oh j e ’c t  it has a reference to , indicating the s ta te

(with respect  to that i it uj e e t )  of each link adjacent to the processor It is impor-

tan t to re.ai i ,’.’ t h a t  the two processors at the e’ nmds of a link may have different

ideas mit the s t a t e  of the link~ this may he as t u e  result of come Intentionally intro-

duced asym met ries discussed below , on it may oi ’riir i f  messages regarding the

obje ’c t  have been sent at one end of the link but not yet received at the other.

The possible states may he grossly cha racteri zed as being either stable or
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transient. Stable states are s tates which might be expected to persist over a

relatively long period of time. t ransient states are those in which a message has

been sent across the ’ link and a rep ly is expected; the reply will cause a transi-

tion to some other state , either ‘,t~~ble’ or tr ansient. T ransient  s ta tes  e-~Ist to pro-

vide the proper sequencing sum tt i , i t  t i m , ’  next pair of stable state ”, lii be esta-

blished is co r rs i s te ’ n it  nrmd uloe’ not re’s i i i t  in p,’irtitioninig the tree or closing a cycle

I- or 5uun pus ics  1m1 dis~~u’. so n , t i n ’  s t a t e ’ s  have 1 me ’ * ’ r m  given one’ to three’cha racter

n m n u , ’ n m u r r m m  names ( r m ’. f .’ l  m en I dlii,’ ~m O~ t)e !low) P m i t  5 u u r l m m s c ’ s  (ml actual l y manipulating

object r e’t or e rr  pa s s m n i m .1 u n v e ’ r  links , the mos t m m lm o n t ant at t r h t ) L i t c ’  of each link

st il e’ is w he’t h ,’r ,i prun i’s ‘our in that s t it e ,  is d i r e ’  m t  l’~ prepared to send or re .c e m iv u u

a local n ame’ for the m m h i j t ’ m I (Ml that link i’r m m u  e ’s ’ .or s in all s tates but X , N, and N’ 1

are  u tu r i ’ u t l ’, ahie I i ’ . i ’ nud  ho mu nam e’s (i .‘ such riat ’m ,’s have a l rv a m ’V been declared

t ’~ H+ . I • . m i t  I me’cs nge ’s) . p r i m  i ’ ’ . s i u rS  in ill s t a t e ’ s  b u t  X . N, and N’ are directl y

able, to tom .‘mv , ’  them ( m  ,‘ S u m  Pm n ame ’s  ii,, ~~c’ a l ready been  de’c ia re? d to them and

recorded)

In addition t m  t I r e ’  v f r , m m m s  link s t a t ’ ’ ’ . i’, I m ir p. m m e ’ ’ .,. mr mainta ins fo r each object

a pr m~~~e .c ~oi~ sI c?. -’ e ’ m t t ’ i ’ r  ‘‘ in the ’ rp f , ’ ’ i ’ t u m  e ’ t n , ’ e , ’’ mi t  ‘‘ n m m t  ri the re’fe ’ rPn i~P t r e e ’

C ertai nn link st i les a n’ ’  only m u , m s m  ‘.t p i m ~ with a par t  u i :uml ar  p r o m  e ’ S S m  ir s ta te .  Rather

than show the  pair (J t rni . e’ c s m u ’  s t a t e , link s t a te ) that governs a processor ’s

response t i m  me’scn (Je ’s ,‘ e r n m v m n m m l  m i i i  a link , we encode the’ uru)( :(~S5On s ta te  information

into the link stat .’ , adopting the’ romivent ’ mci  of using s t i le ’  names containing the

let te r  “ X” to impl y a j m r m u m  c ’ s s m m r  s ta te ’  c f  “not i’ the’ reference t r e e ” and other

s ta te  names to imply the opposite Thus either all of a processor ’s link states for

a gIven object will contain X ’s , or none will When a lir,k state changes between

these cat egor ies , other lin k s ta tes in the proce ssor must etso change to pres erve

this consiitPncy. Special transitions (between X and N, X? and N’?), requiring
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nre it he ’ r  the rece ipt nor the sanding of messages , are provided to ful fi ll this need.

In general , each X link s ta te  has an analogous N state , differing only in the proces-

sor stat ,’  of the processor in question .

We now describe the five stable s tates.  Perhaps the state most likel y to

u u c i u .un us X , which Indicates that not only is the link not considered part of the

refe me rpc o e’ Ire’,’ , the processor Is not considered part of the reference tree. If a

process iur has no k nowledge of an object , it acts as though it were in state X for

that object on every link

IPie s ta te  analogous to X is N In s ta te N, the processor is considered part of

t he reference tre ’ e’ , but stii l does not believe the link in question to be part of the

ob ject ’ s reference tree. State Pd may come about either because the processor is

the only proc (‘ssun to c -ontaln any ne’fe ’ re ’ i ice ’ s to the object , or because the proces-

sor us cm inn,’m t e m i to the re fere ’ mn ’  e’ t r ee ’  by some other link or links

Anothor closely related s ta te  is t, State  I us like s ta te  N in that the relevant

link s ro u t  m ’~~iisude’ r  e’d i’ar t n the no f e’r e r ic  e ’ tr ne , but indicates that the processor

at the nmth, ’ r end of the’ link mi r m i ”, know about the object , and that local names have

been estiblished for communicating references to the object over that link . In a

stable m ’ omnd u t u un . the processor at the other end of the link will also be in state 1

with respect to the link The reason for s ta te  I is to enable  the  communication of

an object re fe n, ’rice” uive’ r links that cannot be allowed to join the object’s refer-

ence tree because adding those links would close cycles. Such communication is

not only desirable , but sometimes is necessary.

Another stable state is N, which indicates that the link In question is believed

to be part of the refe rence tree , and furthermore that this processor is c.irrently

the master of that link (for transactions Involving that object), The master of a link

is the only one that ~an effect changes in the status of the link or send a text  of
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the ob ject over the link. This asymmetry seems to be necessary to prevent con l u-

sion resulting from , for Inst ance , both ends of a link simultaneously attempting to

terminate their connection with the reference tree.

In a stable condition, the state at the other end of a link from N will be S, for

“slave  “ A processor in state S cannot directly cause a change in the status of

the link ; it may however (b y means of a message not discussed here) request the

maste r  to commence a change , and it may re’spond tm ’u messages sen t by the mas-

ter

The transient s ta tes  will not be described to the same level of detail as the

s table ’ st j  to ’. F or t i m e ’  nn im m s t par t  - they acqu i re  their meaning from their relation-

ships with t he  stable s ta tes  Instead of attempting to describe the meaning of

these s ta t es , ~~~ m ’  prese”it a s t a t e ” t r a n ’ . i t m u m n m  table ’  (Tab le  ~m 0), and summarize below

the normal sequences for handling several sit uitu ncis

l r ans l t io n  Upon Reeuu ’e~~vi ng Spontaneous
Std(e H. I • I • A . A I N Trans i t ions
x + s t - -

~ N
__

N ~~I- I  H. . N’ X
I A N” l A . M  1 1,?
N X’ • S
S M A N’I S .
X? J A X  Pd! N’
NI A i M’ .

~~~~

N’ A N  N’
N” l I. S N N’l P-i . N?1
17 A N’l A . M  A N 1’ 

-

N’ 1. N I
M’l A . S” N’ M’l
S, .S’ S S’

The notation a:b means that ej, sl, ’r the sp e ”i f ie ’e l  . i ’ m  u,mslars ’.cs , a t rans i t ion to state
b can occur with the emission of message a. Trans i t ions occasione~i by the receipt
of a local name are shown in column 1 P.1.

Table 5.9: Membership protocol s ta te transition table
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Although the table indicates which states may receive a local name and what state

changes may ensue from that eventuality (shown in the column headed IN) ,  it does

not show in whet states a local name may spontaneous ly be sent As mentioned

above , a local name may be sent from any state except X , X’? , N, and N71 , and

never causes a state change in the sender. If a processor in state N or N71

wishes to send a reference to the object , it must first send an H. message , which

will cause a sta te change to a state from which a local name may be sent . A proc-

I’ssimr or s ta te  X or X’ hus no business sending a reference to the’ object , since

such a processor is not in the reference tree for the object and therefore , presum-

ably,  has no references to send.

The fundamental principle that motivates this protocol design (other than the

need to maintain the link data base in a consistent s ta te )  is that a proce.ssor must

always be able to sen d a reference ’ over any link without prea rrangement. For

example , It us not acceptable t h a t  the sending of a reference should be the culm.-

nation of some transaction allowing the reference to be sent only upon receipt of

suitable clearance from the messaqe ”s target In order to understand this require-

m e n t , the circumstance s under which references may be sent must be considered.

In general , a reference will be sent as part of some text which is being corn-

muntcated between processors. Sending a text  involves communicating the refer-

ence to the object whose tex t  is being sent , as well as references to other

objects referred to in the tex t ,  Thus obtaining clearance to send a text  may

involve simultaneously obtaining clearance to send several object references.

Unless every processor always has clearance to send any object reference , It us

easy to see how the piecemeal aggregation of such clearance could lead to a

deadlock on a link. This us espe cially true when, as is the case with this protocol,

transactions involving different objects are completely independent no overall

130, Chapter 5: Reference Trees
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master ’slave relationship applies to all communication on a particular link , for exam-

ple.

T his need to avoid deadlock is one of the primary factors  acting to complicate

the protocol design, and requires that any processor always he able to send any

object reference without the possibility of confusing the processor mit the other

side. The only exception to this requirement occurs if the sending processor i’; In

stat e X if a processor has no references to an object , it has none to send’ In

any other s ta te , the processor must either already have a local name for the

oh1i’ct to use over the link , or h~~vv the option of p i ( k m f l j  a local name , declaring i t

to i ts neig hbor with an 11+ message , and then immediatel y using it in messages

We now turn to how and why various s ta te  changes may occur. We s t a r t  w i t h

a proi -essn r in st ate ’  X , having rio re fere nces to the’ object in question. The only

kind ~ f message’ that can he’ received in s ta te  X us an H. message from come ’ proc-

essor attempting to extend the reference tree for the obiect . perh aps in order to

send a t e x t  mentioning the oblect.  Upon receipt of the’ H. message , our processo r

re ’ tu rns  an 1 . me’s’. ~i qe’ as au indication that the link should indeed he added to the

t r e e , nnd change’s to s t a te !  S in anticipation of the sender of the H. message

entering the N (maste r  s ta t e ’  when it receives the I • message Simultaneously,

the states of all other links to our processor change from X to N. indicating that our

proce ssor is now part of the re f e re nc e  tree ~‘Rmi , ar~ links in s ta te  X’ c h a n g e  to

N’

how that nor pru) reS Sor  is par t  of the reference t ree , it may attempt to further

extend the tree by sending a refe rence along one of the links just converted to

state N From state N an object reference must he preceded by an P. message.

Upon sending the P. message , the sender’s state for that link changes from N to

the transient s ta te  N” , awaitir g a repl y, The repl y to P. depends on the condition

Section 5.3: The State Protocol 131,
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of the processor at the other end of the link. If it was in state X , it changes to S

and replies with 1.., as described above. Upon receiving the 1. message , our proc-

essor changes from N? to N, and the link has been established. If the other proc-

essor is in state N, then the link cannot be added to the reference tree because it

would close a cycle (since both processors are already connected by some other

route in the reference tree). Consequently, the other processor responds nega-

tively, with an t message , and changes to state I. When the sender of the H.

message receive ’s the I message , it also enters state I. As long as both proces-

sors remain in s ta te  L . loc~ I names have been established for communicating refer-

em i’s to t he object over the link , even though the link has been agreed not to be

in the object ’s reference tree.

Another possible scenario is that two pro(;essors , both in state N (for (Pie same

link) might simultaneously a t tempt  to add that link to the tree by sending R. mes-

sages to each other and entering ‘ta te  N’ Under these circumstances , it is clear

that the link should not be added , or a cycle will be formed. Therefore , each N?

will react  to the H. with a transition to s ta te  I

Once it has been agreed that a link is part of the reference free for an object

and thin gs have s et t led  to a qui t’sr :e ’nt  s t a t e  ( i .e., no messages are in transit), one

processor (the master)  will be in state N and the other (the slave) in state S It

is a simple, mat ter  to reverse the roles of master and slave , but the transaction

mus t be init iated by the’ mas te r  The’ master sends a + message and enters state

S W hen the slave receives the • message , it enters stat e N.

Having seen how a link may be established in the reference tree , we now

come to the question of how a link may be deleted from t he tree. Due to the con-

nected, acyclic nature to the tree , every time’ a link is deleted, a node Is also

being removed from the tree Thus the only reason for deleting a link Is because a

(32. Chapter 5 Reference Trees
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processor wants to remove itself from the reference tree. This in turn will be

caused by tha t  processoi”s discovery that it has no references to the object

reachable from any act ive data on that processor. No node which has more than

one neighbor in a reference tree can unilaterall y remove itself . If it did, the tree

would be’come’ partitioned , since ’ those’ nodes which were originally connected by

the removed node would now have no means of communicating. Only “leaf”

nodes node ’s which have e5dc t l y one neighbor also in the reference t r ee ’  may

dusc~~irne’ c t themselves from it I urthermore , no node may remover its elf from a tree

leaving dan~~lung ( th uuq h non-tree) links in s t a t e  I (aut a link inconveniently in

s ta te  I may he re ’ n~~u~~e’ u 1 by st ’ n id u nrq ii message and changing to s ta t e  I? t he

reader can follow the ’  t ransi t u u r i s  that ensue ) Thus a processor may attempt to

remove’ it s.’lf from t h e ’  t ru’ ,’  . iii , if all i t’, links but ( u r i c ’  a re iii s t a te  N (or N?) Addi-

tionally, that ()Oi’ link must t i e ’  in s t a t e ’  M . if the prou i’csor is curre ntl y a slave on

that link ( f u r  that  m u t ) ) . ’  I), it m uu- .t f i r , t  i nihu ‘ ‘ the ’ mas t e r ~ f the’ link to  re linquish its

ma s t e r y

A mast e’ r requests  to remove ’ it se l f  f rom t t ie ’  t r pe ’ by si ’ uiuiuiug a message to

i ts  slave and changing to s ta te  X ’ (sim ultaneu uuisl y all N links from that processor

should change to X and al l  N~ links to A ?)  T h e ’  slave responds with A and

changes to s ta te ’  ~ ‘~1 Upon receiving the A- , t he old master returns to s ta t e  A ,

emitting another A . When it receives this A , the old slair’ goes to state N from

N’l. Th e ’ ext ra le’ve’l n~ acknowledgment here , is needed because a processor in

state S may send out object refer ence ’s as local names , a capability it must have.

ihe old master must be prevented from returning to state A , where such refer-

ences will not be accepted, until it us confirmed that the old slave is no longer in

state S In effect , the A- message sent by the old slave serves to “ flush” the

Section 5.3: The State Protoco l 133.
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channel , bringing up the rear for any local names that might have been sent.

A complication for this scheme occurs precisely when a processor in state S

sends such a local name to an ax-master now in state A? In this case , the ax-

master will once again be In possessio n of a reference to the object , and must

abort Its Initiative to leave the reference tree It does this by changing to state

N ! upon re ’ u ’eiv inq the local name In state N!, when th~ expected A acknowledg-

ment  is received from the old slave , the rep ly will instead be an A. message and a

transition to ~~~~~~ indic ating a desire ’ to remain in the reference tree after all. When

the old stave , now in s ta te  N” l , receives the A . message , it replies with I, and

re t u r n s to s ta te  S Heceipt of the E e message by the old master will then cause it

to return to s ta te  N An 1+ message is used here rather than , say, A+ , because a

F) r i r i~~’sS0r in s ta te  N’l does not have a local name’ it can use immediately to send

references over the link The I • message se rves  to re-establish such a local

n a m e

Other transitions in Table f .9 exist  to take ’  care of other pathological

oc :u j r r e ’rrr:i” For e’xamp le , the old s lave , while waiting in s ta te  N? I for either an

A. or A reply, may discover that it needs to send out a reference to the object.

Sunri’ in s t a te ’ N’l it has no local name for so doing, it must declare one by send-

ing an H. message , which is accompanied by a transition to N’I. The reader can

follow the ~ r’ qiie.nce of transit ions and replies triggered by this H. message , and

see some more of the entries In Tab l e f~ 9 come in to  p lay.

C a ’ e ’ s  liki’ this are another source of complication in the membership protocol .

Generally speaking, whenever a processor can undergo a spontaneous transition to

another sta te , the new state must be able to respond meaning fu l l y to any message

the old s ta te  might have been expectIng. When both processors at the ends of a

link are susceptible to spontaneous transitions , adding one new function to the

134. Chapter 5: Reference Trees
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protocol may require the addition of several new transitions.

5,4: Modifications to the Reference Tree Concept

This section is devoted to a discussion of several potential problems with the

reference tree concept , along with some possible solutions to them.

5,4,1: Reference Tree Management

Use of reference trees can lead to two kinds of inefficiencies. I3oth are sug-

gested by the reference tree depicted in I igure 5.10.

1±]
The s o/ i d  bo~ r e. ’p r ,‘s..u,i(’, .! processor with a copy of  the objecrs t i re  1;
the .cfiaeled bo~ tep resents a prou IrSSO r In qu i r ing  for the te .wf ,

Figure 5 10: A non-optimal reference tree

One liability us that re f e ’ r e ’ n u : e ’  t r e ’e” , may not always grow in the most desirable

shapes. In Figure 5 10 , the’ shade d roccrsso r ’s inquiry and the solid processor ’s

response wilt both have to t ravel the entire i n~ th of the reference tree , when in

fact the processors are adjacent The other liability, which can also occur in more

“stretched-out ” reference t re es , is the overhead involved in keeping reference
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t r e ’e ’ s  c o n uue ’ c t e ’ d  E ven if the two end processors in Figure 5.10 are the only two

which cu n t ir i t i t ’  to h a v e  a n y  interest in the’  object , all the intermediate processors

must still st dy  in the o h u j e ’ c t s reference tree to keep it connected. In a large sys-

tem with many ob j ec ts , such extended reference trees could impose significant

uv e ’rh e ’ u id  on each processor  Th e  amount  of overhead involved in membership in a

re ’ ?u ’ r . . r  i i  e t r ee’ is not large , but is iii in .‘i’rii A~, a network grew , it would be possi-

L i e , espe’ c all y given an unfor tunate’  event  and object distribution st rategy ,  for  t h e

av e rage si , e ’  of re fere nce ’  tree ’s to increase to the point where each proce’ssur

found it s er I f  f o rc  i’d to keep t r ack u uf  more and more’ ob jects  Conceivabl y the net-

wo rk i i  iiflul be’  slowly St ii r1 (t l,’ ul as more and f lour u’ of i ts  s torage was devoted to

t t r e ’ s t ’  r e ’ f e ’ n  e’n~~e’ t r ee ’  “cobwebs “ even more disturbing us the I r o s ~uect that a simi-

ar fa te  would be’f nl l  a network , nut  t ut ’ i  ~usi ’ u if any a t tem pt  t i  I 5( i Ie’  up t t i n ’  number

(i f pr.  e ’ s s u , r ’, but simpl y he u :aui ’ .e ’ of the ac r.’tion of ob j ec ts  over time , as use rs

come to have more and more’ da ta  s t on i ’ u l  on the system

5,4 .1 . 1: Disconnecting Referenc e Trees

Overhead imposed on intermediate processors in a re f e re nce ’  tree ’ by the

requirement that the’  t ree ’ he kept u i  ui iu i , ’c ted might he eliminated i f  it were permis-

sible to disconnect pieces of a re ’ f ereiu c. i r  tree. It is not difficult to devise a proto-

col by wh ich one u t  th i’ intermediate processor’ ; could cause thus to happen. Since

all cu mmunicatuon involving an ot j e’ i : t t rave ls only along links in its reference’ t ree ,

however , two requirements must he met a cus todian of a guy (if the’ tex t  of the

object must ex i s t  on either c iii ’ of the break (otherwise the processors in one of

the disconnected piece ’s would have no acc e ss  to the tex t  of the object), and t h e

object  must he immutable (otherwise an update performed in one half of the’ tree

would never tur’comc ’ visible in th e ’ other half). (ii’rie ’rali y speaking , it is not possible

136. Chapter 5: Reference Trees



F
,---- 

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

. .

~~~ 

—- -- - .--

~~~~~~~~~~~ 

— - .

~~~

-

~~~

-— .
-

~~

to te l l  whe’t he’ r  a side’ ef f ec t  may in th~ future be performed on an object , limiting

the applicability of this approach. However , if such information were supplied, say

in the form of a “read-onl y ” bit , reference t ree s of “read-onl y ” objects could be

disconnected

I ttec tuve ly,  breaking a ink in t he ret  e’ r once ’  t i e’e for an object c rea tes  two

r e r f u ~ru ~ri e . t r e e ’ s  for the’ ot j e ’ c t  I (ICI) (i f  t he ’  n ie ’w  t r e ’ e~~ w ill then tie .have as if it

went’  the only r e ’ f e ’ re . i uc en t ree for t h a t  ( ) t )J i ’ (  I S~~e~u..ificiilI y ,  i’d t  nodes of e it t i t’ r

t r e ’ o  may then di’ l i’te ’  t li,’ms ,’ l ve’ ’ . f ro m it , ‘,o all the ’  i n i t e ’ r n r e ’ l u a t e ’  p rou i’ssiur: ,  in our

example carl le av e ’  the t r e ’ e ’, i i ruu ’ by u n ’ . r u ’ s u i I t i u i i in the d~~si ned s i tuat ion w he’nr~

oruI~ th , ’ two  ilist ir it  i r u R e . ,suu rs  know about the n (ub J e ’ u : t

In  1._ u t . t i e  u u u l y  i r i Iu l e ’rn w i th  tc . ._ ( u i i r e ’ (  tu ng a i ‘t e ’ re ’ rn e t r u e ’ ~n iscs  if it is

e ’v i ’ r  (le’sir.’ I t i  r(’- i ( i r u r i u ’ c t  t h e ’  t r io ’  I he n u ’ l ’ ’ ru ’ r u :i’ ~ni’ u’ ma naqe ’ mi’ r rt  protu)co l

ui~ - i t ’ - :~ u’s ii r u ’ f u ’ r , ’ u i ,’ to e ’s  t i , ‘, ‘ f i i ’ . i u u i j  I m i k e ’  a uu nn , ’ ._ lion i f  two  hramo lmi ’ s

~il r u ’ t e ’ r , ’ n  ,‘ t r ,’ i ’  f u r  th’’  s . i c m m i ’  obj i’  I hur’ui u t  ,‘ ,i~ ,.~ ‘i,’ r It i is  is done ’ ( ‘  h ose ’

i t us i iS’, t l rfli’u! ‘ i ua t  ~Il! hr~~niu l u ’s i f f u ’ l u r e ’ r  , ‘ t r u ’ . ’  l i i t h e ’  S e T h ’ ot )j u ’ - t  a r e ’

( : u ) rur i i ’ u t e ’(.l, l i ie ’ r e ’ f u u f u ’ . ,i I i l i r ~~ i r i ,t h i ’ r  i ( i i ’ , ‘ . ._
~~~L i i  i i i ’,, .1 ‘, i u ’  If , a’-. t i e ’

r ,’sult  (m l 11 u lu ’ , u lu ll’ liii , t Iler t~~ t r e r i  1 i ’ . ._ u ’ ’ ’ ’ i • r i m n u ’ u te ’d , liii’ ~u r o t i u i  ol will

ru ’ t i j ’ .u ’ t~ , i u u , ’~~ the’rii It ~‘~~~ ;ld t u e .  ~ u t ’  i t Iti ~t n allow si 1 t i r u u r i ~~t ie ’ ’ , t i m

he’ r,’~~: o u m r m . ’ nt e ’d  w i thout  i m t r u t  i i~ tlii’ poss i l i l i t  u t~~i’t y u  Ii’’, u:ou ld L ie ’  form ed

Thus t se’ i’rn ’. t i u i i t u u r m c e ’  1 u .’ f i ’ r , ’ i u  u’ Ir e ’ . ’ is t i ro ke ’ n  in t o  t w i  or niçure ’ p u e ’ c e ’ s

pie’ e’s must i) iin niii’ to  i ’ x i st  undi’pi’r i( lu’ imt l y for as louiq as they :ioiI r m i j e r  to  e x i s t

Thus  is m t  nece s s a r i l y L i i i. t l iou i j P’ I -i h pu i’ . i’ is s t i l i  f r e e  to  grow . shr ink , and

movie j us t  as the orig inal was , an d t hu s  each may independently he reclaimed h,

the garbage collection mechanism when i t s  u ise ’fut r iess is ended
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5.4. 1 .2: Reorganizing Reference Trees

Figure 5. 10 gIves an e’~ ample of a non’optimal ref erence tree which could be

improv ed by being re routed. A ny approach  to rerouting based on purely local

k lii ~~ led t• of the r t ’ten re ’ i i( :( ’  t ree should fit easily into our scheme , provided it

pre ’se ’ rv e ’c the essent ia l  properties of reference trees (connectadness and freedom

f rn m  cy c les )

One possib i l i ty  us for a leaf nuuuie ’ which us aware that one of i ts neighbors Is

connecte’( i  to the’ t r e ’ e ’  by a different path (pe rhaps because’ of being in state I

with respect t m ’  t hat neighbor) to break i ts old connection and connect instead to

t h a t  neighbor I his k rid of operat oil us depicted in I igure 5 1 1 -

I I I H- 1
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I

j

Figure 5 1 1: A simple’ re’fe renic i’  t ree reorganiiat ion

It is difficult , unfo r tunate ly ,  for a no~ - le~~f node to make this ku’l d of jump, because

it will not know which of i ts  old links to hre’ak If the wrong choice is made , not

only will t he ’  reference tree become disconnected , but one half of i t  will contain a

cyc le ’  as shown in I igure 5 1 2.

In addition to the mechanics of reorgan;;inq the t re ’e ’, there is of course a

s t ra tegy  u T u i e ~s t u u o i  when is reorgani,’ation wic rr ’ Once again, In sImple cases the

answer c a n  he fai rl y obvious , but in general it may not be. If the goal for the proc’

essor changing i t s  links is to get c loser to a copy of the tex t  of the object , then it
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i’m o tuvu , ius l ~ a u l usuu l  u i ~~’~~i Ii’ reorqani .’e’ 1 the pro u e’ .s(ur be ing - u l u m i . ’  t e ’ u i  to ha s  a

copy of the’ t ’ ’~~t if  i~ ui i’ s ’ ” , !Tl) ? i m a ’ ,’i’ ~ e upy i f  the’ ~~~~ then i t  will euthe ’ r have to

have’ ‘ il lume ’ id ea how ~ e ’ I to’  nena ’ ,’s t  t e z t  us (a J ui C e’ of u m i f u r r r m a t i u r ’  that  mu j u t

become ohs u mle ’ t . ’ ,‘ye ’r 1 t i m e ’  a t u ’ x t  rno ~~,’d I 01 other (‘ (10’, Iu ’ ra t u)ns will have ’ I he’

invok e ’ i l
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5.4.2: Reliabi lity

As the number of components in a system grows , the ’  likelihood that all these ’

(‘ uui’l iI)Oiie ’ i i t  ‘ . will b ’  operational at the same time th’u. reases. Although much of a

re ’ t e u r , ’ r i c e ’  t r ,’e ’  network can continue to function in spite of some component

f a i l u r e ’s , sui h f ,e i l ure ’s may neverthe le’ss a ffect the network nli(inir m~e~niousl y than is

nit’ sir,itil,’ or uu,’ ,‘ssary F or a moderate- si.’ed network , t his need not t ie ’  a major

ci no e ’ r  ml - a f t  ,‘r ~~II . the’, e are ’  many large central ized computer ins tallations with

e ’s ’ , e ’ ’ m t ,iIl~ rio r . ’ ’ - u l i e ’ u u u y against fa i l u re ’s , at  lu ’as t  in the ce ntral  ~ur oce ’ .ssor . and

I h e ’ i T  i uve . ra I l  r e ’ l i~~hilit y rem ord remains m c i  ( ept able’ If a r efe ’ re ’ ince ,  t ree netwoi k is

v ie ’w e ’ I  as a ri’p liuc t r m e ’ nn t  f or one’ ~~f tt i ,’sp ma ‘tu n e’s , there iS 00 .~ p1/ 011 reason to

t u i’ l i i ’ ._ ‘ that a re ’ fe ’ r ,’ iu  e’ t ree network w i th  t i me ’  same number of components should

h e ’  any mo e’ p r u u r m e u  to fa i l u r e r

( h u e ’  ~ tt m , i , t i u i c u  of r u ’ f e ’ r e ’ r i c i’ tn ’.’ i m e ’ tw o r k s  ti iwevt’ r , us the~ possibilit y of sc al—

ru g them up to vi’, la r g e  cm ,’.’ s - whe’r e ’  t h u . ’  f a i l u re ’  of i’ll,’ or more components might

he a common ni ~‘ur r e’il e’ F urtt ie’rmore’ , if it’ f i . re ’ru; ’ en tre.e ’ etwoi ’ ks  have the poten-

toi l f u n  e ’ u u h i i u u i  e l  r’’li,lbilit ‘t i r ig tm  app ro p r i a te ’  1 . ’ s u ç j u m  change’s  it is a shame’ not to

take ’ miiiv’ m t  a g e ’  uf this pu issuble’ benefit . even in networks of modest s i . e’ I inally,

it may I ~fte .n  be desirable to plan “fai lures~ of various compone’nts to take them

temporarily out of c u r (‘ ul~~t,ori for preventi ve maintenance or reconfiguration. It turns

out that ove rT  such planned shutdowns are’ difficult to manage. with the basic ref er-

pn(’i ’ t r ee ’  scheme

It is us e’f t i t  to cat  e..Jori,’f ’  tec h ‘i’s as pi?tu u’ r  fai lure ’ s of nodes or 1aiIure’~ of links

conn ec t i n g node’s The’ bas ic problem that ar ise” , when a link tai ls is that all re f e r ’

ence  t r p e ’ s going through that link become partitioned operations on objects

whose’ rp f ,’ re ’ r ice  t rees do not include that link will not he n~~ectpc1 The obvious

~ uilui tui  in Pm this problem is to levise a protocol fo r rerouting the ~ ffe.ct e’d reference
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trees through other , still-functioning links , without making the reference tree cyclic

or otherwise leaving t he  reference tree information in an inconsistent state. A

scheme for doing this , as well as dealing with node failures , is the subject of

thesis research by ( ‘lark I~aker[ 2]

Node failures are more serious than link failures Not only does a node failure

look like’ a failur e of all links leadini çj to that node , but t he Integrity of , or at least

access  to , (Pita s t ure ’(l at that node may he compromised. If the only copy of au

oh je i ’ t ’c t ex t  cc stored at a fa iled niiul,’, and that copy is destroyed in a failure , it

is difficult to set’ how to rt ncov  err it If that problem is to be solve’d, it m u s t  be

solved euthe’ r by r .‘dundant storage of oh lt ’u ’t t e x t s , on some higher-leve l mechanism

for re ’g. ’ nner ra t in g lost object t e x t s , or bo th  Also serious is the problem of what to

do with events that may have ’ tui~en s to re ’ u l  on the failed ~uroi ’ e ’ssor , a n d  ho w to  t e l l ,

if such eve n ts  vanish , whethe r they vanished before or a f te r  being ex ecu ted

hie’s t ’  su im j ,’i Is , t i s I a re ’  he’ui ig st i i i lue ” iI by Clark Raker . b u t  it remains to be seen

how the ins t  of avoiding the’se ’  problems wdt trade off against the improvement inn

reliability ohtair led thereb y

5,4 .3: Global Names

The ’ network lu rot c ucu i l s  as current ly envisioned require that each object have a

unmque global name , assigned whe.n the’ oble ’ct  us c reated , and unchanged

thereaf ter  This global name’ us used in determineng whether references that arrive

t,t a p rocesso r  by different routes actuall y refer  to t he same object This testing

of iu tnj i ’ c t s  for identi ty us an operation which the user himself may well wish to per-

form , and us also necessa ry if cycles in refe rence t rees are to be avoided.

Since objects are created asynchronously at several nodes in the network , the

problem arises of making sure that all these nodes deal out unique global names.

Section 5.4.3: Global Names 141.
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The s implest solution is to partit ion the set of possible global names among the

processors , for example by having each processor insert a unique identifying string

Into t Im e g lobal names of the objects it creates this solution suffers from a minor

lack of expansibility, sinc e’ the space of unique processor ID’s must be large

enough to accommodate all processors which might be added to the system In the

future. More’ s i’niousiy. a f ter  some period of time , a processor will run through all

the  g lobal names allotted to it. Iven i t  it were to “borrow ” some yet-to- be-used

name’s from ut h e ’ r  processors , after a long enough Interval all global names will have

be ’e ’ iu use’d The problem may be solved for pract ical  purposes by allowing for a

name s pace ’  large enough to lost for a very long time , but it can also be solved by

“recycling ” the global names of ob jects  which are garbage-collected, reusing those

namers f or new o t uj e ’ t t s  T he.n the global name space need only be as large as the

tota l  number of tu hje c t s  that can ex i s t  in t h e  system at one time a bound that is

dimcult to improve on as hung as each ob jec t  requires a global name.

Aside from these complscatnons , there are other reasons for disliking global

names t o n  example! , they ma ke it difficult to interconnect  systems that previously

had hi’en o pe’ ra t uimg independentl y I t  us ~um ’i sc u hIe’ , in fa c t , to devise a reference

Ire’ ,’  scheme’  which m i c e ’ ’ , no global nam.’’~ Siu’ b a n ,’fe ’ re ’ n i ’ ,’ tree scheme cannot

e ’ uc sily pr i’v e ’ nt  ( y t  lu’s in r , ’ f t ’ ne ’ n m c t ’  t r e ’ e ’c , but the kind of ‘ cycle ’s ” that for m ar e not

fa ta l  They re”,i’mble heleces more tnan cycles , with successive coils of a helix

falling on top of e.~~ch o ther  What prevents such cycles from being harmful is that

each time $ ( nil of a heiix passes through a processor , it appears as a different

reference. Only by initiating sons u ’ kind of “t race ” operation can a processor dis-

cover whether two such references actually refer to t h e  same object. This possi-

bility that an object might manifest itself as two superficially different references ,

or , put another way, that two apparentl y distinct references might be found to

142. Chapter 5: Reference Trees
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refer to the same object , puts a new wrinkle into the semantics of VIM.’ Without

this mechanism , it can be determined if two references refer to the same object by

simply checking if both are actually the same reference , a relativel y inexpensive

operation. While some may regard th is checking of objects for identity as a “dirty ”

o p e r a t i o n , it  is of ten a useful one For example , the implementation of a LISP-like

language will be a good deal more e fficient if the equIvalent of the LISP 10

~~~~ [ ~‘ P ] can be’ performed by simp ly comparing re f  e’ r ‘m.e’s t he generation of

unique ohje ’c t s to s,’r V .’ a’, ~t’y.s (as in l4enderso n[ 1 1]) arid the ir  late’ r  comparison is

another e’ sample of a situation where being abler to cli.’ c k o tu jec Is liii identit y is

u s e f ul

Inn conclusion, although (‘or scheme t i e r  doing without global namos has its

at tract ions , it harbors p( iss ub le’  inefficienni: ii’s , as tin’ r e fe ’n  e’n( p t roe ’  for just one

object can grow without bound, Only exper imentat ion can show whether this kind

of helicai r ,’f .’ re’n ce’ t ree would p ies . ’  a serious problem in practice

5,4.4: Non-Homogeneous Networks

So tar , we’ have been assuming t h at re ference t r e e ’  networks are homogene-

ous although node’s may e’xhibit var i ous  d if fe rences in capa t; uty and features , all

use substant ial l y t Ie,’ same in t e rna l  repre ’scne t at ions of data and algorithms. This is

an entirely reason able approach for manly iu ,ps of reference tree networks , espe-

c.ially with increasing standa rdi .’a t onn of computing hardware around conventions

~ucl~ as 8-bit t y t .’c an d  1P- h it  ,e i u r , 1’, However , because of special features avail-

able or advancing technology, i t  may become desirable to include various non-

conforming processors into a network. Such processors could probably handle

‘The “link” mechanism proposed by GUIA[ 14] adds a similar wrinkle.

Section 5.4.4: Non-Homogeneous Networks 143.
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differences in data repr esentation , at least within limits , by automatic translations

of incoming and outgoing object tex ts .  However , it might be difficult to translate

t e x t s  which contain executable code this way. A possible solution here is to main-

t ii iuu se veral vers ions of such tex t s , so that a processor could call for the version

of a tex t  which suited its need In fact , if executable tex ts  were originally

ex pre ’ss i ’d  in n some highen’Ievel language , that higher-level version might be

retained as well , and new machine-le ve’ versions generated upon demand.

5,5: Summary

lIme re ~f e~n , r n um ’e t r ee ’  mechanisms described in this chapter provide a complete

set of capabilities for managing objec ts  In a network. lIme protocols outlined allow

for side ef fec ts  to t ie ’  performed on ot ) 14 ’ ( - tS , f o r  the maintenance of multip le copies

u ui objects , and fur garbage collection of inaccessibk’ objects , even when these

have bpcomo k nowne ac ross  sever  at proc essors

A primary ~b leo’ t iv.. of the refe renc :e tn,’ , i l.’sit jn is to permit an extremel y

fle~ x m h u I u ’ v . ’~~’ o f e ’v pn~t aunmi c u t . j i ’ i  t t e x t  io( ’atuonls By keeping down the overhead

involved in moving iu t u j e ’ c ? s  and e~~e ue t s  anound , frequent readjustment of their loca-

tions is encouraged One’ s ” n is p  in which this overhead is low is that all updates to

the reference t ree data base are strict ly local and asynchronous. Since increases

in total syste m size have no effect on the overhead of any particular reference

tree transaction , the use of reference t rees is compatible with building systems

that can be scaled up to arbitraril y large sizes

The only nonlocal aspects  of reference tree management are the use of global

names for objects ~nd the u se’ of globally unique time stamps for conflict resolution.

The cost of storing these names and time stamps increases logarithmically in t he

si~’i’ of the network This increase in cost is the only crimp in the unlimited

1 44 Chapter 5: Reference Trees
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scalabillty of reference tree networks. Section 6.4.3 suggests a way of doing

without global names , at some cost; perhaps an analogous scheme exists for

resolving conflicts without recourse to globally unique time stamps.

Beyond these limits on the scalability of reference tree networks , the ref or-

e’nnc e tree mechanisms are , at least in theory, prey to various kinds of inefficiencies

and unreliabi lutues There is reasonable hope , however , that methods proposed in

this chapter , and others like them , can conquer t he ’ se~ problems well enough to

make re ’f p r e. rnce’  t rees truly practical on a large scale.

Section 5.5: Summary 145. 
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Chapter 6: Performance of Reference Tre. Networks

tIp to this point , our primary concern has been with the architectural details of

reference tree networks: ensuring that necessary facilities are present , and that

they will operate correctl y E specially since a principal motivation of reference

tree networks is ec onomic , however , vie cannot be satisfied with a design simply

because it allows the expression of useful algorithms and does not make mistakes

in interpreting them. Accordingl y, this chapter is devoted to understanding perf or-

mance aspects of reference tree networks We begin by proposing a simple model

of reference tree networks , designed to highlight variables that most directly

affect performance The meanings of vanious measures of performance , in the con-

tex t  of this model , are ’ then j us :u,ss,’uj Finally, conclusions obtained by applying

the model to a variety of hypothet ical  situations are presented

6.1: Models of Network Elements

It is logical, when modeling something, to mimic its gross structure. In our

mode) of r,’t pre ’nicv in ’.’ network hardware , we copy the overall topology of the

network , substituting idealized models fur processors and links. Our task is thus

reduced to that of constructing suitable idealizations of these elements. What we

would ‘ke ’ to do is character i ze the resources available in each kind of network

element and the effect of cacti network activity on the consumption of each

rescue cc.

For a processor , the resources available to be consumed are CPU time and

memory space Memory space us occupied by events and by object tex ts  ( texts

contaIning both data and algorithms). CPU time is needed for execution of event s .

CPU time 15. also used for the encoding of events and object texts preparator y to

Sect ion 6 .1:  Models of Network Elements 147.
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sending them across a link to another processor , as well as for the corresponding

decoding of incoming events and object texts.  Other sinks of CPU time exist also ,

such as garbage collection and interrupt processing load. Since the relationship of

these loads to the primary activities of the processor is often indirect and unclear ,

we do not represent these loads explicitl y in the model. lo the extent that they

are constant , these loads can be accounted for by reducing the total CPU time

available for event execution and message processing. Jo the extent that the

loads vary with the frequency of any activity that is represented in the model , the

time taken can be added in n as “overhead” to the time required by that activity

To the extent that other factor s cause these loads to vary , the model will be inac-

curate.

The model for linkS is influenced by an expectation that most reference tree

networks will e ’x i’ -.t within a fairly localized area , so that any delays associated

with message t ra f fe  will be doi’ primarily to bandwidth limitations and not to physi-

cal delay between one i’nd of the message channel and the other. Accordingly,

t h e  onl y resourc ,’ avai lablen in a link is “ message time , ” which is used up by mes-

sages ( I . .’ .. shbpment of events and object t ex t s )  in proportion to their length . (We

concenntrate exclusivel y on transmission of events and object texts , treating

membership protocol me ’csages . inquiries , and the like as overhead for links , just as

garbage collection and interru pt processing are treated as overhead for CPU’s

This simp lification is generally in accord with the relative si zes and frequenc ies of

duffe ’re’ 1 kinds of messages on the’ MoNet.) i~owever , the link has no delay, in the

sense that the moment a message begins to he sent at one end , it begins to be

rece ived  a t  the o ther , and the moment the last bit has finished being sent at one

end , i t  has finished being received at the other. Thus a link resembles an or ifice,

or narrow h’-ittleneck , rather more than a pipeline. This is a fairly accurate

148 Chapter 6: Performance of Reference Tree Networks
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mathemat o a l  r ‘pre ’seni t at uo n of commtinication over short distanc e’s using a parallel

or serial linne This deldy less assumption will be relevant in some applications of the ’

mo tel , but for others the results would not be af fe c ted  even  if t he  interprot .  es son

mess.RJt ’s suffered delay as well as a bandwidth limitation

Our first Cxcursion innt o model building will ignore memory limitations of proces

SI)’ s , along w ith spac i’ t i’innstra int  s in general , to concent ra te  sol.’ly on time con-

st r ,uint s  Uu~~l~~i these c m :umsta nces , it is convenient to imagine a first-in-f irst-out

(I I to)  m ’s’, ,ip’ biift ,’r of unlimited capaci ty intenposed before each link and also

a f t e r  each linik hen line can imagine a processor able to compose several  m.’ .

saqu ’s  end (lump them into the 1 lFO precedinq the’ link , letting the messages pe r-

colate at their own pace through the link into its following I IFO The receiving

) r u i  essor  c am then look it  the messages ens they come in, or allow them to ac -u n~

muilat. ’ fo r a while ’ in the F I t  i.n Assuming these FIFO’ s , which may be though t  of as

message hij tf t’rs within t in,’ p rocosso ns  (but accessed direo tly by the links),

simplifies application of the model to situations where ’ the ability of a processor to

k eep a me’ssage channel full , by initiating a new message as soon as the channel

becomes free , migh t otherwis” be in question.

Our model of links i~ ‘unidirectional , whe’eas actual reference tree links a n ’

req u ired ¶ o he” bidirectional A bidirectional link , of course . may be constructed out

of two unidirectional links ruiim nung in opposite directions, but our unidirectional model

is useful in examining s it uat ions where we wish to constrain the flow of e”c’nts and

‘This is a reasonably accurate representation of what actuall y goes on in the
MuNet.

Section 8, 1: Models of Network Elements 149.
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object texts over a link to be in only one direction.t

The final model is perhaps best Illustrated by F igure 6.1 , which shows our

model of a network composed of two processors and one link connecting them.

(a) A simple ref erence tree network , with two processors and one
link.
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(b) A model of the network Shown In (a), with performance par ameters
r , s , t , r’, a’, t ’, m . and m’.

Figure 6.1: The reference tree network model

Inside the active elements of the model are shown performance parameters. The

parameter m (or rn’) of a link may be thought of as the number of time units taken

by that link to transmit one word of message. The parameter r (or r ’)  of a proces-

sor Is the number of units of CPU time required per word of incoming (or received)

message; similarl y, s (s ’) gives the amount of (NJ time used per word of message

sent. Fln nell y. t (t ’) indicates the speed of the processor for event execution.

may be thought of as the amount of CPU time consumed per unit of computation

during event execution The primed parameters are shown to emphasize! that every

element of the network may, in general , have different sets of parameters , indica-

tive of ther differing capaci t ies to perform the various operations that may be

~[ven if such a constraint were adopted in a real reference tree network , how-
ever , the reverse channel would still he needed for reference tree protocol mes-
sages.

150. Chapter 6. Performance of Reference Tree Networks
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required of them. Ito’ pa rame ’t . ’ n-~ r , .s , t , m, el can be further generaliied inn

terms of concepts presented in the next section .

A formal description of a network topology may be given in terms of a set N of

nodes , a set I of links , m iii two Roolean matr ices / and 0. An element ‘j m  is 1 if

and only if link j  ~ i enit~~m s node m N, else is 0. Similurly, a n ele me n t  0j m  is 1 if

and onl y if link j  leaves node m

6,2: A Model of Computations

C o n s t r u c t i ng  ii pl8USihle model of the network ha’dware is trivial in comparison

to  the ta ’ ,k of modeling the computations t he  network is to perform. Many computa-

tions of real pract ical  interest have anatomies complex enough to defy any

ma thema t ic i t  modeling ap t i r oac t i  other than simulation Among the computations that

c an be usefull y modeled, t h e  t u m n i v e ’ r s e ’  of a l te rnat ives is too diverse to be encom-

passed under any one n h ) l i ’ J m ’ n g  i n i  m ’ e ’ i iuu re ’  We are forced , therefore , to commit

ourselves , a t  l e a s t  temporarily, to s tud ying computations belonging to some fair l y

Spe !ci fti ’ c lass .

Ihe class of computations on which we choose to concontrat ,’  is not the most

interesting class of possible computations for a re f e ’ re n : i c n  t ree  network , but  i t  h a s

the’ virtue Of biting fa i r l y simp le F urthermore , i t  can be exte nded sufficiently so

t hnt  it is at least plausible to ar nuu i ’  that the scheduling s t ra tegy  which performs

the best on computations in this class w ill also be among the Pe ’ s t  performers in

actual prac tice , e ’ve,i when applied to computat ions outside the class. In  o ther

words, significant furthe r Improvement inn network efficiency may only be achievable

by adopting radically dif ferent approaches , su :h as making available to the schedul-

ing algorit hm additional precompiled information inidicating the best treatment for

Section 6.2: A Model of Computations 151. 
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each specific computation

This class of computati ons to be modeled is a class of recurring computations

where each computation has taurl y simple structure. “Recurring” Is intended to con-

vey the notion of a series of sets of input values arriving at periodic intervals for

processing. ihere is little or no interaction between the processing of ore set of

input values and the processing of other sets of values, and the processlrg of

each set of values proceeds along a similar course. An example of such a

recurrent computation would be a system receiving three-dimensional vectors and

performing a perspective transformation and windowing to yield a sequence of two-

r4,umenslonal vectors ~ nin’ cou ld imagine a steady source of three- dimensional vec-

tors , contributing either to continued drawing of a pIcture or to succe ssive frames

o l e  movie- In either case , the processing undergone J y  each vector follows the

same outline , or at worst has a fe w variants according to whether or not the vec-

tor turns out to be visible

This concentration on recurring tasks ‘s convenient for studying the ultimate

performance capabi l it i es ml a network topology , s ioi:e ’ any amount c f  perallelism that

mi ght be npi’dpd in order to use the nq ’wcrk resources to their full capacity can

be obtained by simp ly adding more concurrent tasks This approach carefully

sidesteps any consideration of how much parallelism can be used in the solution of

any particular task In many other s ituations thir, constraint of the task may v ’r’~

well be a much more significant const ’aint on performance than saturation of the

network ,‘J . ’mpnmt s with work. I~eve r thc le ss  our irten.” ,t here is in the overheads

and l imitat ions involved in the use of network resources , a’~ opposed to the plaus.-

bility of actuall y bringing all tt’ iisp ni’cO(,rre’, into play, and  thus we proceed ~ ‘ith

our recurrent-com pu tation model .

Given a r ’  ( i r r n i c J  s t r e ’ irn of int uit data , ‘tie que .Ini I-. ’ m i m i ’ s  P’ w to model ti ne’
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niiiput~i lion applied to ~~ui In m’ l t ’ unu ’ n i t  of tino s Ir ~‘am ibis us done by mean’~ of

i ’~ •‘fn! . \ ,ui m 1 tp  ~~~~ t ,o,n~ An ~‘~‘e,nt re pl i’ s i’ni t ~. _e onip u u t  ii ti o r ) in a certaini initermediat p

s t , i t e ’ . ci i)tI i i re .s i~i m r m i l ’ . to ,t VIM e~~~’ n m t  A t r , u / m ’ . i ( l O ( i  n t ’ I ) r e ’ ’ ,,’iit’, tine i~~~i m 055 0?

swCitl ( iwin uq up an t’~ - i ’ i t  and  rinilu ipii~ ,‘ ,‘io 1 nn ,re i th.’r i’v ,’nts  It thus

, n r e ’s I iiii l’-, to ~
-,ui ,.~~,‘ i t  ,‘~~~~,‘ u i t i i i i i  m u i m i t , ’ r  VIM A m , ‘v , ’ nut  is s& im e t l i mnm y which i u rn  hi’

i i~’-’ ’ed f n ’ m i i i  unit ’  ~~r > - ,‘‘,‘. i r  I i ;n i i t l ie ’ n , or m i i i  h r f t m t i i r i ’  e ’ x e ’ i u i t i i i r n  The important

I imr.Im~’t i ’n i i ?  .0 , ‘ve ~~ii is i t s  s i .’, , which i!i’ t e r r r i i r , ’ ’ , t I m , ’  s t i m r , u u l , ’  required to hold

IPiC i’’ e ’ r i t , ii i t t i , ’ ~~~~ c i t  ‘~Iiippin ut j  i t  be ’ tw e ’ t ’ n m ‘ r m ~~- o ’ . sc i r ’ -, — A t r a r i ’ , t m n n has two

l - ~ u s i .  ~‘ i rc, rn t ‘ ‘ ‘  t I t -  t i’’ ’ n. ’~~: c i n e ’ iI n . , ‘Tf . ’  I. n e ’x , i it ,  t t n n t n u e n i ’ ~itRun uniil the

‘.i um ’ ,’ mi ’ , e l  (ii r , ’J i i ,‘st ’ i it  t i n e  ut lgorut tnm v. 1 m m  Pm uri ipl t ’ rnnt ’nts the ’  t r a n s i t i  rn Of t h e se

par am er t  i r s  - i • * e cit  ion time is I Pu.’ more signific unit for t ine ’  i . m i r  Fuses of this cha pter

Inn the mod~’? . s ’ v , ’ r t - , i,-~ii n i t -  s o me ‘.mall numt)et r  ii! ~.v,’ ’,t / ,i.’,’.. s containing

,‘v e ’ nt s  w i th  th e ’  s .mm. ’ , in ~lt I,’ , m ’ mt  s t a t m ’ . t m i  1il~~ similar , ~i ro pe r t i u ’r, Sir i iiJ~i rJ y ,  t rans c

t un i s rn,m~ Iu.~ i J - * ’ iI uni t  l , , I n . s l t l ) n  / ,i’,’,,’s T w o  of t h e  t’v~~r m t c lass ,’s are ’ dis-

t iii qui ’.he ’ l as t t i ~~~ in ~ ., i i  ‘ ‘v ’ ’r i t  (,i ~~~~, an d  the fi nal pi ’ent c/a.s,s l~e.(:e’ip f of a set of

salui’s I I-. ’  r m c , ’ s ’ ,,’( I 5 momii ’ l i’ l iiy the r , ’ ( - t ’ u i i t  of an e’v e i t in t I ne ’ ini t ia l  event

-las c . i’ ) f i t liil.rlil t h , ’ s , -  ~~iIcj e ’~~, at some t r i o  ess or , output of a set  of resul t  vnlues

is re ’ pr ,’se’ r h . ’ l hy I f , ’ so ’ r i i 1mr ’~ out i’ i or re ’ ’~~’o nin1i rnq event in Ii’.’ final event

i~~~ 5

M ini’  1 nmal l y .  t he’ni , ou r  mcuile.I n ’  i r ’ i .’e ’ — . ii s~ ’ F of ,‘v,’: t m ass es  I ach

.in I  - ‘ r ’ ,s has an ,~ s’ , .  l i lt’ ! s . . ,’ w h i m - t n  is i hiir~~i: t , ’ r - - . ti ,  of e ’~ - e n t s  in t h a t  m lii’.’.

.~ c i ’ ‘, is t , h i r  (l i ’.t ’’ l is t In , ’ ini t ia l  ,‘ i’e’ nt i leu ~~c and another as t Ine ’ finlml

i ’ —  t h  ‘ model ,,l’.~~ r~~’ m )q n i i ,’i s  .1 s - ’ t  T i t  t r a n s i t m o r  cJ. n ,se ’s . where .‘actn

I r a ins i t  ( u n  i I i tsc u s  an e’ .‘i u t  mi i i  t ime and algorithm ci .’” pertaining to t rans i t  ionns i i —

it is assumed that a/I data required for execution of an event is accounted
for inn ca l c . u la tu r - r j the “si .’e ” of the event.
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t hat (‘lass I m ere is addit loimail y ann  F ~ T matrix G, such that 
~~~~ 

gives the number

of e ’v , ’ nnt s of cLi’, I ioi uist j ntue ’ ij  (if 
~~~ 

( 0) or generated by ~ transit ion of u l a ’ .’. ~

Ordin~~nily, there would be ox ci i  t l y o m it ’  elt’me.’nt Ic- , s than zero for ~~c tc  P m A , iiun~1

that  ~ would  t’ilii.il I , indicating t t ne . tr ~risitioin (of c lass A) consumes i no’ event

i f  u i ,i ’ .., i Other ,‘ li’ ri ie’ i i ts 
~~ A’ ~ ~ s , w ould be i’ith,’r _‘i’no , ind icatinncj rio involve-

merit by 1 ti hr • i :’s i t  ii iii wi th  e ’v e ’ in t  s o f m itt’.’. j  , or posit m v -  i u it t ’ i ie’ r  s iuuuiicti t rug pro-

ilut ’ t uun u b~’ ttu t runis i t ion of e ’v enu t  s of class j  iii wt ’v i ’ r  . norm ,’ ~ f II mor, e as.sump~

tion.u u’ nn t  ,‘r - , unto th,’ fliii t lun ’f l ic i  t i n : ’, below , and  it can  be’ meaningful to depart from

them

Usiinq the’ concept of event and t rans i t  ion c lasses , additional riot work po rfor ’

mance pa ra me te r ’ . c an ho described in terms of matr ices M , P . S . and 7. M is the

timt tak err ti~ ar m t ’v t ’ r n t  of m m ’ .’. ‘ to tr im u ’ r  ‘.0 lum nk j  - is the I - I’ ll time required

to re ’ c , ’ m v e ’ an e ’v i ’ r i t  of c lass i on ro de ’ m Similarl y, S,rn is the ( I’ll t in e required

to ‘;o ’ncl an e’v ,’nnt of c lass  i f rom m i m i - I,’ m I mr nal l y. T A us the F P~J time required In

t u r ou e .ss a trans ition of ( - lusS A on m ode m These matr ices muy often have a fairl y

simple’ ‘.1 iii,- i n . ’ - f r  p ~ arnip li’ , all ( ‘ ni tr ic ’s might have  the  same  v a l ue  rn ~u t

usIng the’.,’ m,it m i - ,’s allows the re ’presentat iomn of a great deal of diversit y among

the various ,‘lpmu ’nt s nf a netwov k , ur . ”It uI- nr j  variat ions iii t t i  - capac i t y  of the eli’-

me nt s , and even - i m n u a t u  inns in the re l at i ve ’  capaci t y of elements for operations of

dafterent kinds
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6.3: Measures of Performance

I he piurpi is~~ of t ’ nrc j utc i u r i ij  mu t h i m ’ , niodelenq effort is to obtain a simplified imPust ,  ui - -

i iii iii w i iui : ln t Im e ’  l e ’ r t u i n r n i a i n ,’ e ’ f l ’ : t s  of -o l i e ’ du i lunm q strategies t a n  be judged

lIe? ‘ri ’ t i , ’ r t u  innl imi?i i ’r’ cim un to ’ rni, ’ m is ur e- d and i u if l i l i u t rc ’ i I , tinough , it must l i t ’  de ’ f rne I

I Pit’ plau - t i l t’  nne u ‘ L i r e ’s  i t  per f~~n maint’ P cir 0 vtt r ue ’ m.l  and sum,’t nit’- , ant agunusto: , lint

tt l l  m i r e ’  parannet t ’ r - . ~ f p c t r t m i  ‘ l i i i ?  O c t ’  u / ! r t v  /, s(O, i,m’ . , not of par t icu lar  si ir,’ c liil r i i j

a l g or i th ms  A s Pui ’ iu i i i r imj  aIgor it Pn~ n , i’’-cp. ’cually if it i innt , m ’ii’, onr y ran ’ i luu m (in p~~eudu—

r.e ndo rT m c ’ imt u i i n i ’T t , may e ’ z t n u b i ?  diflt ’r*-’rn t t ue ~n f i ’ir mn n nm ’ i’ on s mu ’ i .‘s ’ .i v,’ r utO s , and w I l

,, m us t  m e ’ r t , i . ii ’~ h ave ’ ul ,f fe re ’ rut p t ’ - t i u r n m i n i i  e i m a r a c t e ” n i ’, Imrs  w h en applied t i

u I ft ,’i,’ii pn i j ra u n ns  Thus  ,uu:r , i i t r  .i ii F i’ v u i l u u a t  rig a ‘o l n t ’ i l i u l un ng  algorithm mo’ ,t I i’

to  apply tint ’ . t lm i ’ nn th m t i  s imm ’ prog ram , then examine ti me ne is u l t i mi u ;  e~~ (’ i  ut mi ~~ , Iii ’,

tor~ - I. .I,’t , ’ nr i r i r i , ’ t l i’ ’  ~ ‘ ‘ n1 .  nm , ’ t’  linus .it’i niiu.rh to n i i’ tw ~ir k i e ’ n t ~~rm a nu ‘‘

ii r,’nni, ’i it t i l t ’. ii,’ ii,h l O i  r u m tm j~ i i j , ’ ru I it us p issi ld, ’ to du’ fnne! c p f u r r n u rvn , or ii’i.i ~ 
—

“ii; in p.’r f r  rr u , tnnc ,‘ c i ’-. I Pnt ’  nra * mum ~ iii ,’ of t h e  pt ” r fonm a rnc: ,. mea’. : in,’ i von all  pius-

si ble’ t ’ x t ’ c uut ion P n i ’ .hini, ’s f i n  t l u , ’  t in ’cpam at hand , without ne ’sp , ’i I t i  what , if any,

‘-.c h,’ Icu lmru ~ .iI F ’ ’ t b  ~- ‘ c icul i l  ac t ua l l y ti ,i~ -, ’  Iin(ir I u ( t’ il t l n e ’  winr ninig ni ’ .t  m y  T hen  it  an

be’ s c ’ e ’ r r  how t an Ito’ p i’ r t ormu i i r .  e achieved by any p ,t r t i i  mila r si t r , ’u l i u h iu i i j  u n d u n i t ? m n u

fal ls short of I hi’ is p’ i nn’ urn his ma , give’ si i r e  indication of i . ,~ worthwhile i t  is to

u- in mp l uc - a te  a Sc hi’diilung algo rithm in m o p e s  u - f  coming , i u ’ . i ’ r  to t Iii’ opt tr - nnuj m portor-

mance leve l

Severa l  plausible performance c r ite ria ma 
~ 

Ii ‘ der ived from e’ x am en ’ ,, I on of cn

exe~~utu on history
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C p m .  ‘u ,ruu,n; , ‘sou, u n ’  us~igt m I Put ’ theory behind tines criterIon is that t tm , ’ fewer

s~’’- . t t ’m r esources (processor time anti space. link time) used in execut ing  a

pa rt icular pruor ur’ i, t i re ’ mon p are lef t  ove’r for other uses (unspecified inn t ime

iii ui tt ’ l)  A l t , ’ r u i ,e  t i ve ly ,  one may suppose that a schedulin g algoruthnn vibictn is

f r u gal ui it’. lust ’ of r t ’Soc in  (1’. 0* iu m l ) i t  S u ’ rf td tt ! r potential to be.’ applied to

15(11,’ m l t ’ n i i immidimn y - nm , b le ’ i rm ‘. wi thout exhausting the r esoun u : n ’s  avai la b le t infor -

tunnate l y, ir n :omt’hi’ he ’  use m i t  a ,  mu i lu ib l i r  r ( ‘S imO n ~t’s nna y impact adversely on

other Imlo usibi ,’  me’asul rt ’s  - f  pen formanc.’ , such as response t ,me T h i s  con-

sidt ’n at ion’ It ~i Is u ~ pun ..do x c  iilI~ to ‘ icr inc * t suggested performance meas-

ure

• mde. ,n i tj m  r t ’sourm ~~’ d cci;.’ ibm ’ -  c r iten r ionn m ay  be d e f e n d e d  on the grounds

that large ’ degrees of ne”~i’ cm n e ’  usage are ev i dence  t ha t an effort has been

made to derive t t ne ’  maximum poss ible ’ l)ernefit f rom t ’ve ’ ny network resource.

Urnfor tumia te ly ,  high resource  usait i’ doe s not necessaril y correspond to pro-

ductive r e ’ c n u u r c p  usage , it is  entirel y possible to consume resources in use-

Icc’ . u I nm i r r u i r i  ~ I urthermore , ma x i m u em n esource usage us riot desin able in,

Itself R,i the’r , it is conjectured to accompany execut ion histories with other

des irable properties A more d,iect approa li then , is to ch a rac te rcm ’e those

pr opert ies directly

• minimum n.’s~~’.)ns.’ t.m~’ ~i parar’ne’te” that has more to do wi’h the actually

obse rve’  I inpu t iou tput hnbmttv ion of a sy’ . em is response time , but In the con-

t e x t  of rem - m i’ r inq i mmp u - a ’ ion s it - meaning n e  n’rl ’. to he deflrnnd more pre-

cic~’ly When an ,‘vpo : ,m r n i vp ,~ at  the syst~’m and pe,ssi r t hrough seve ” mal

t ra nsi t io n s , ul t imatel y one or more output events , spe r i f lm . imi ly traceable to

that input event , nnay Ii’ ca ni c ed Th e response’ time for an individual input

156. Chapter 8: Performance of Reference Tree Networks
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t ’ve ’ r m t in ann t ’xec utuonn history is ttnen t in,’ length of time that elapses from

tire. ’ introduction of tine input ,‘ve ’nnt innto the system until the last associated

( i & u t i . t i t  ,iv: ’ m t  bc ’s l ie~~’rn emi t ted from t im , ’ sys tem If it us j uos~~ibI,’ for som nnt’

umnpu ~it t ’~ t ’ r m t  ‘. to lt ’ ,ud  to no m uuutput  even? ’-  , n e ’sp onse .e time will t i e ’  a I,’’ ’, useful

‘ni,’ ,isuire’ of pt’r to rmamnot’  , smr mo t ’  it must be. ’ def uui ,’mI a rb i t ra r i l y nm s u u i  in

a pumr tu cLu la r  r e c s l m o n r s e  ti me applies on1y to a specific t ’ vt ’ m nt i i  an e’xe ’-

i:ut ion Piis tou y . i t  i’, I~& u s s i iiIt’ to define both arm ,ive~ ag.’ and a e4i01 S t —  ,i.se

nm ’., I i i u - r ’ .,’ t i me m r v i ’ r  a im e ’ n r t i r e ’  h istory  Knowing the ’ rt .spuun ’~P- t i r r1 t” r e ’ s u l t s  of

te . t - l l~~m nl l a s P i t . l u L I m u i i i  ..mI j mns t tm m t i  a pn - i b le ’ rn  is indeed useful , but response

t:bnmin ,~ t i ’ n ’ ,t R -
‘ ~e r , ’  m l m f f i  t i l t  tm moib’I anal y t ical ly linus is because m l  their

n.c c l n i ’ fit,: a n t  mj i ’ pt r u  , m i tun  ii •‘ c m i  timing relationships that develop a ccident ally dur’

m u g  , ‘ * i ’ m iu t u m ’ r u , a n i m i  on tin ,‘ ‘ ,l ’t ’ I i fS  way  iii W hich t i nmn ’ s s m r rs  ha nd l e  t~u’ :ks ( for

ex amp le . winu’ther m m l i , ’  I ~ - .k is imllow od to pn i’ ,‘rlniit anoth er ) I un these r e’a-

som n s . re ’ s ponmsi ’  t ime Cmiii I l i i l u t t ii I~ t ie ’  i l i ’ he ’ r rn i u i , ’ml onl y by si rnulimtionn or actual

o * etcut ion , and Iii,’ optumunn possible r 
~
‘ ‘.

~ 
u u is e ’ time may be ’ very difficult to

determine at all

• minimu m “event In vn ’nt ory ~n alternative parameter , close ly related to

average res ponse t i n ” , but which nay h” somewhat more tractable , is

“event inventory, ” the number of events that have been introduced into the

system and not yet discharged (in the sense , discussed above , of all asso-

ciated output eve n ts  having been emitted) As before , one ca in talk about

average or worst- u imse eve mnt unn ve- ’nrtor ,’ Neither measure hears a n y  relation

to w o rs t -cas e response time , since events are not necessarily dis::hargad inn

the order of their Introduction, but the ave r age event Inventory bears a sim -

ple algebraIc relatIonshIp to the average response tIme. Although It still
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resists exac t  treatment , the event inventory approach may facilitate the

derivation of good approximations.

• th,oe ghput Weu may dt ’ tm n utm the throughput of ann execution history as tine

rat,’ at which inmput e ’vents are discharged by the s y st e ’ m  Unless t ime ’ re ’  is

to be’ arm unbounded buildup of events within the system , this rat e  will over

tt me icing term be equal to the ra te  at which in put events are introduced into

the system Cases where unbounded buildups of ev emmt s occur re present

overloaded situations to which the sy s t e ’ im n ’s trans it ’int nu ’s~ - m ,ni’ .. m a y  t ut ’

in t t ’ re .’sting. but which cannot pers ist oven tine ’ icing term Since , inn our

model , the rate at which input events a r e  introduced is an undependenit var,-

able , examination of a particular execution history to dete ’rmirne throughput

can only yield a “ye ’ s-r i o ” answer ye’s, the system exhibited adequate

throughput to prevent an; unbounded buildup of events , or rio , it did not - It

is , however , t ioss ib~e’ to determine from several execution histories qe’n-

orated using a part icula r sm -heduling algorithm and different event input nate ’s

tin.’ maximum throug hput allowed by that algorithm What makes throughput

an especia lly interesting standard of comparison is that it is also possible to

determine , for computations represented by our model, the maximum

throughput of which a particular hardware conflguratlon is capable , urr es F ec-

tive of the scheduling algorithm used

t~ f course , some algorithms may not be able to m~ et certain requested
throughp uts . evei winn ie being able to meet higher onncs In such cn ’se ’, the
de~nition of “maximum throughput ” admits of some’ ambiguity, but such behavior s
anomalou s, or ‘it least undesirable , and is best descr ibed in terms of the actual
crit ica l throughputs observed , not b y attempts to deflne any  one “maximum ”

Chapter 6 Perform ance of Reference Tree Networks
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On the basis of the con sideration s discussed above, we select throughput as

the.’ primary measure.’  of performance to use in comparisons. Not only is it analyti-

c ,ufl ,‘ t hit ’ u n  st c m i uv , ’ii’ , - n t  , hut it captures well the spirit of our broaden endeavor In.)

corn’ ;t  r u t  110111 it ,t t ’ r  sy ‘,t t ’fli’, 0? i num) t n t ’ l  capac i ty  line scheduling algorithm wut in thp

h i c j b r e ’ s t  m a c i l i l u m n n  t hm n cmnuq t n p u t  m~my riot e ’x i iu bi t  tim e be’st  re ’ spo un se ’  time ci t  low er

throuqinput ‘., h um ? no m t in’  r algorithm cai n mat c: in i t  when tiuroughput us at t h at  nmax-

imum High throughput u’~ abe u .i sign that inefficient ;ms t . of nt -sour ct ’s due to

wasted motion is I ,‘ mu lg  I’. e’ 1 it at a minimum

6,4: Calculating Maximum Possible Throughput

the max m, nnuulm l imr ’ . ’ .ut i lt ’  tinro~ gt-uput of a notwork is tine maximum throughput of

n~ hucin tine ’u h ‘ ‘ u i  ~ - .rk is i op , i b m I ~ ‘ r i’qa rd less of t ine ’  scheduling algor ithm usi’d I~ mu ’

computations rep ,‘st ’ !rt  able inn our model , it may be’ calculated , for a spe.’ . u f n m -  net-

work arnd mm s~’i’cuflc typo mit computation . by a l inn e ’ar programnning procedure’

Numerical r,’sults may be’ obtained in this fashion , but except urn the most &emen-

ar y  case ’s , it  is unfor tunate’ ~ i’n’~uos i t tm Ie ’  to give simp le analyt ical  formula,’

Tine Iur n , ’ar programming approach us based on a kind of network flow model

which c rns ii ie’vs the lord-te rm ave ’ r -ji’ ~requerncies of event transmissions over

liniks and throuçj in nodes , and of occ urren nces of transitions at nodes The maximum

attainable f r u ’ u i ij e ’ rnc: ues are constrained by the capacit ies of the various network

pIe’ mont s

In r.more detai l , ‘he’ linear programming model contains one variable for

• each event class for each link , indicating the frequency of transmissions of

events  of t ha t  class over that l ink;  we denote these by e11, for event

class I and link j.

Section 6.4: Calculating Maximum Possible Throughput 159. 4
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• each transition ‘:Iass for each node, indicating the frequency of e ’xee cut ion

of transitions of that class on that proce ’ssnn , these are wr it t & ’nn as

where t i m e . ’  trainsit ion class is A and the node is m

In the following u fu sc , us s ie .u i i , we ’ test ’  I hie ’ s e ’  arid -o’verai other variable n ames without

further exp lanatuonn F or a summer ,’ of or nomenclature , r e fe r  to I able f~ ‘

F the se’t of event classes

a memb er of ~
the initial event class
the final event class

I tho sot of transition classes
A an element of T
I the set of links in the network
j an element of I

I
~ 

the set of input links. 10 ~ I
the set of out put link-s L 1 ~ I

N the set of nodes in the network
m an e lement  of N

the flow of events of class e over link j

the frequency of transit ions ~nf class A on node m

°j m  1 1ff link leaves node m, else 0
I if? link j enters red,’ m , else 0
the number of events ~n class i generated by transition A
time taken by an event of class / traversing link j

CPU time to receive an event ( f  class i on node m

Sim CPU time to ‘nenid an event ct class , from node, m

TAm CPU time for a transition of c las3 A on node m
Cm memor-,i s u e  at node m

sire .f  algorithm implementing transition of class A

Table ii ~ Ne”~~~rk Modeling Nomenclature

The number of actually independent variables is reduced by several Identities

relating them . For c-i ii n, c 1e m ~nid e.ich event c la- s  i . th ere u’ , ~ conservation-
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ti f -  ev e umt s  cornditionn

~~‘j m  O,m )e ,j  • — 0 (6.1)

Furthermore , for pUrp(nSes of introducing even- its of the initial class and removing

eve ’rnts of tine fimnal class i~~, we aef ine a set of in-lInks 10 whose sources are

inndete rmin~itc but whose desti,nation j are nodes , a ,d a corresponding set 1
~ 

of

out-links, then we have the addit iomnal constraints that only events of the initial

class may flow over in-links:

= 0, / / o and j  C 10 (6 .2)

and only events of the final class may flow over output links:

0, / ‘ i
~ 

and / E 1
~ 

(6 3)

Thu constraints on the linear programming model are , first of all, that all varI-

ables must be non-negative. events cannot “un-flow ,” nor transitions “un-execute. ”

Secondiy, evemnt flow over any link j cannot exceed the capacity of the link:

ZM ,1e11 ‘~ 1 (6.4)

and computational act ivi ty (this includes execution of transitioi s as well as proc-

essing of messages) on any node m must not exceed Its capacity:

!
~~

/ j m~~im
t0 j m 5 ,m )0

ii  • ~~~~~~~~ ~ 1 (6.5)

Finally, subject to the above identities and con~’traints , we wish to maximize

Z e
~ 

(6,6)
0

whIch is the Inflow of events o the initial class which cain be maintained over the

long term wi’hout overloading any part of tine network. The values of variables

which m a . umi,’e (6.6) indIcate optimum distributions of activities arot~id the net-

work -

Section 6.4: Cal culatIng Maximum PossIble Throughput 161,
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6,5: Memory Constr aints

I he model dt ’ve ’ I’upe ’d inn t ICC ’ previous se’ - lion, although it will lit’ our prunncip~~l

Suiurc ~ ‘ of r t ’ — , tmt t  s conu cenn ninn g the theo re t im al t O t  ml ~
‘ it y ii? 8 ,:.‘t wo rk  - deals solely

with temporal ‘m i i l S  t r ,emr n t  s onn t h e’ opi’r i t u m  mum uuf t in ’ r io t  work In a real network , spa-

tial co ,nstr a innt s may very  we’ll also pIety o role.’ In comput atuo nn s tilt mnm g our model ,

space m a y  he ui ’ :e ’ ml  inn two w a y s -  fot storage of i’ve its , bot h while hee nnçj held a~

nc-des and while ~tor ed inn buffe rs at e ’ n umis  of lunnk s , dod f or stun ;’ ~~ ,‘ of t he’ ulyorut innns

t hat iniplenmonnt t i ne ’  t r m i r n s i t  m m m u n ’ . ( he ’ f pn ,‘nnu - e.’ t ree. ’  ov t ’ rtne.’~~d c uri .t temporary st (,rage

re~’ t usm i’mI m 11j r :ni ~i actual e s ecut ion n of a trea m nsution a re  taken unto o~ ertne~~d

The linear proqr,imminq model mIt ~vt .lOiied above , by being inst nnsi t vp to spat  I

constraiint~~, really embodies the assumpt ion that sufficient space is available at

eve r y  us ide’ to b u f fe r  a l l  ‘ ‘ ~~‘ nn I’; t ina? may rne ’ p m l  Ii’ be buf fe re ’ml  t inpre , and  to hold

algorithms for all Iran’, I im On ’ ; that may neon) to be’ executed tin ‘re Si un ( in tine model

concen t ra tes  i on long- term !k ‘v~ ‘ . - i t  is very difficult to dot ernnunne annything about

buffering requirements even from e. ’xa muniat ion of a sol iet i i.ui ’ Ruflt.’ring re qu ireme uets

are more a p’opert y of t he n i m  r ( n s t n u i (  tuire of operations on each processor , a vari-

able deliberatel y abs t r ac ted  ot. I in the’ course ’  of huildinng our mode In many

cases, though . i’ve ’ -~~s may be a~ sumed to be relativel y small , and the buffering

requirements reila liv e - l  y mode’’; I, or a tea -st  relatuv e l y ,mn,.fl t o t e d  by chances in

event distributio n In n sui t c - ’s e -nu , the’ s to rage of algorithms may he the main c r. t ~i~

butor to memory use

A simple ac’ ,umpt u’ ) rn about men’iory use i’ that i a transition us executud at all

on a procecsnr , however infrequently, a copy of the corresponding al9orithm must

reside on that processor Then the memory used at node m us

XP A U 1 (t A ) (6.7)

where is the si;e of the algorithm implemnenting transitions ‘ it  c lass A , and
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is the unit step function

(o it x 0
u 1

(A’ ) — 

~ ~~ ~ > 0 (6.8)

Note that expression (G.e .’) Is nonlinear inn t
Am and hence cannot be used In either a

constra irnt or ann optimality criterion in linear programming 1~e that as it may, a more,

serious question us how memory usage ought to be accounted for in any model,

linear or nnot, Should some weighted average of throuqhput and memory usage be

‘ised as the optimality criterion , rather than throughput alone? But what is the

poinn e. - given, s effi cue ,nt memory in tine sys t  i’m , ud sell ling for lower throughput sunply

because it makes less intensive use of memory the system already has? One

justification for so doing is the existence in the system of activities other than

that being modeled. If the computat ion being modeled tak es up less space’, t h e n

more space us f ree. ’  for other uses But winy account for tine spatial Impact of other

activities when no such accounting is made of their temporal impact? On the

whole , it us of some unter~~~t to observe the memory requirements of the optimal

(maximum throughput) solution or , i f  there are several , the optimal solution rcqu:ring

the least memory, but i t  us difficult to justif y proclaiming the superiority of a lower-

throughput solution simply on the groun ds that it uses less memory

A different tack is to t reat  meinnory usage not a - . part of any optimality c n u

ten on , but as a constraint on possible solutions. Borrowing fronu t ’c 1 ;;Ctetu n (8 1). a

new constraint of the form

ZP A U 1 (t A 5 C (6 9)

could be added for each node m, where Cm is the memory capacity at node m.

The resulting problem is no longer a linear programming program , but may still be

solved by combinatorial means. This approach at least begins to deal with the

reduc ’ions in network capacity that may be forced by space constraints on the dIs-

Section 6.5: Memory ConstraInts 163. 
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t r ibut ionn of al gorittnms (we countinnue to ignnore s t m a - e. . requirements for buffering).

Such space const r a i rn ta  will only be signuticaint , howe ve r . m f  the’ Si . i. m ‘I m i ! q’ m u I l i u m ’ ; 5

of the sanne or de ’ r  md magnitude.’ as the memory m : u : i m i m ’ i t t  i’’, ?  i ’ r m m  , ‘ S s m m u S  I or i m i S

pcitut ions accurately representable by our simple model , t h s  m s m m c i l i k  el y to he ’  t he

cost ’ P urthern nnore.n . the t iun Post ’ of coin -strut ’ t inng this nnode’l us to del e’ r nuu ,ne ’ the ’

optimum pt’r ti ‘n inm inu m ‘‘ - for compar msonl wit in that e x inub lte . 4 by vu r iu uij  s sc iiedulinig ,ilQO—

rithms lnncorporatin~ into th es i m  algorithms Coflsi ’ tmOi ’., le’SS of fe t ur ly  - ,e’ ve . ’ re ’  spu::i’

i,;onns t r a i nnt  s adds a whole n w  level f complii ,i t Ml to tht~ir con ist ’  um ’ I ion and

analysis.

F o r  these ’  re’usorns . memory usage’  will be of relat t mje ly l itt le inte’re~ t t ;~ :ls

There is . however , roonn to wonder whether our ste p-funnct io in ap;iroach to measuring

memory usage is a lways tI’ ’ most sc~ :u’a te ’  At a Prom ,‘s smi r w inere ’ c )rr p t ransit ioi ,s

are hi ’ u nr m i p x e ’ m ’uj f i ’ m I Onuly ni ‘Ia t m v e l~ inf reqi,enntly, ~ nneJ u ne ’ i , Iu t ionmn n l network elements

are not fully loaded , a dynnamic s m i l i m t ion i  in w inich algorithms are conn t innuall y moved

back and forth may acte ,aUy f t i r tt ner economize memory usage w tbo~ t reducing u u e. ’ t ’

work throughput 1 ru ’ . may c a u se  t o ta l  mem ory IJ ~ ~eqo  to be lower t inan given by

equation (ii 7) On tine other hand , (6 1) ce rtaunl y provide ’s ann upper bou n d  on

memory re’ q u t r i ’m u’n ts , as long as buffering requirement.-’ continue to be regarded an .

negligible.

6.6: Discussion

Simple and limited though our m ’ r , ’ar programming model m~~y In’ . m ’ c; ;n be’ mtSt ’d

to gain understanding of :;ome important Si~ ii;’ t u m )  n’ . a” ,l perhaps explode a f t  w

precor ceptie; - s mO nt ’ ,nuci lt be ? e’mpte.’d to fnnr u t mega n dinn~i the performance of refe r-

ence tree nnetworks One ‘,t u - i u  pre:rnniception is that throughput of a reference

tree network , c~ lcc ikted as described earlier in this chapter , ~n be mado
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arbitrar il y large by j tes t  addinug iu i :un e p rocessors  As long mis :o nnun n i ,n uo - at ionn c o s t s

are u ;onu _ ’ u ’ ro , liii’, is not t rue.  Also untrue , as long as comninunlo-at mor n h~~s ~ ( :m )st , is

thi’ t t r t ’ ’ ,i’, lIu,t t uddiung mont ’ I ’ nm ~~es- ,m~rs  wi ll m ’ m i m es , ’ a linnear in ic n i~a s e n  m u m  t in r o u g h pu t

I tne ’ s t ’ s t , i te ’ rn t ’ nn t ’, ‘, t i m i i i ! m t  l it ’ m 1i imil uf i i iml somewinuf muuc r i ’ ,i-~mflq tine nunnut e ’ r m : t proces~

st un ’. will .i Iw uy- ~ rvso l t  in a Iur n t ’ ~~r unn &-n i ’ ,ist ’ inn net ,wi uk ~q’~i -~ y hut i f  e ’ v ’ ’ u n t ’ ,

• ‘ num . inn ,, t e’ f rom m l tux ’ -cI nuunnnbe’ n of S mo i rm - u’ :, more and more of that i:,ip;icity will In’

e.’,i te in up m u m connmu mn icütm mmn n ov i ’ n tn t n,u ; l  us the nn i ’ tw o rk  grows. If , omn tIne ot her iuannd ,

tine ’ ununniber of &‘ ve ’nnt s m u t ’ ’ , li ii r u ’ ,i’.t ’ ’, wit h tIne ’ ‘o ’ e ’  ml the’ ,nu’twork , Pu’. e ’ f t i ’ m :t

( :8 1 1  1) 0  mivm ~ ’1i..’d

6,6,1: Performance of Some Simplc Topologies

A f ew  e ’ x .e m ; ’ h s ~~~ . ‘ io’ I p I l u s t r m i l , ’ l~~m m * ; I ’ m m r t , ann) also (J I v e  ‘ c m i i i ’  m ’ m i r n t . ’x t  f ‘r

~‘valua tunng MuNet pi’r orm,i r im • ‘  nu’sul t s to he ’ ~~ • ‘, i ‘otto ) Ia te n - C o nns uden n the ’  ‘,m n i m plu ’ st

Im o s S u t u l e n  c ( ,m pu ta t im iur , inn whi m hi t 1 n, ’ r e  ,inu ’ mnm l~ t w m i  u ’ v e ’ n n t  m l a ss e ’ s  tine m nni ’ua l eveiul

la ss  alit) the’ f inal ‘ ‘ven t  i l,n~,’, I t n u’ni ’  m ’ onnl > one’ kind m it t nann su t nonn , which i ’ uunve. ’ r Is

ann i ’v ’ ’ ’ ut  mi t  t i n ’ ’ innut i 3 l  m l,,s’. nt,) an u ’ , j e ’ u :t  ~ f tine f~nu; ’l :la~ ‘. A- ~ fa r  ,u ’ pbnys ica l

pni m l ) u ’ r  t i e ’  - , of t in,’ nne ’tw o nk are’ i nun i ’ n j n e ’ m )  we’ e.issunne t h a t  all J u r in - 1 5 5 0 ? ’ . and link:.

are idcnt it :aI  ( p - tncive the ‘, em ’’ m M  t ’ nnuance t ’ a na m i ’ te ’ rs )  We furthe r assume

that  the ’  I,anndwudtin cit tu ;n k ’~ doe’s not ,- m , u ’ s t r a m n n  s y s te m  throughput  This us

pu luj i va le .’  t t in  rosut Tin t h a  t In ’ ’  ‘~ Pit I i m nie to procu’ss Inc oming and out gounuq i’ve’  i t ’  is

greater t hann the lunk t ni’ n e c ; ’  red f i n  t i n~~ur I ‘ansmissiOnn , somethinn g which is t run’ of

t In.’ MiiNi’ ’ , , r m m l Ii l ’ laui’ ;i in ’u’ I i ’, pm i t t m , ’  . 5  atnoe. it many other sy s t e ms  F innally. we

,is’.ut IT ie ’  ut na t  ‘lie C I’ll ~ er~~1 an  . ‘tO ’C’ iVP t ,mr p ”. fo r  all eve nts are equal to the con-

‘. tant  (ii. , R ~~ 
r 

~~
‘1 uj nnd t l m . i f  l i e ’  tuni c to px e ’ ( ’ tj t e ’  a transit ion ni uiuiy pro m ’-

e-’s’.or n ’ , ~ ( i  us , T Am t)

c u is i ,  l.’r t 1ni ’ u the pc - form alic e ’ m~ i “pipeline” u N prnct ’ssor s , as showr’

Section 6 (3 1 Performance of Some Simple Topologies 165.
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F igure ( 1 A pipel ;nne topology

F i ( )Le r e ’  h i  , wh u er r e ’  e ’v t ’ n i t ’ , ‘if  t ine in i t ia l  c b s’, ;i ru ’  J ,o ’ -  , ‘ n i t i ’ m I  at  i m n m i i  e ’’,’.or 1 , arid

e ’ v e ’ ’ m t  of t i n t ’  fini~~l m -I,i r-,’. are ex t r a c t e d  fro nnn J m r m i m ’ e n ’ . s i i r  N. Our linear progrnninminq

annal y s m ’ - gives as thtn t i m r , m ; j m l i i i - t i t  S (It t i m ’ , lu i h i t ’ t m f l u ’

N 
- ( 6 1 0 )

T i ne ’  m m m m n n m u ’ r i l t m ’r ni lI;~’. e ’ I I u t ’ s s i i ’ r ;  ( l ive ’ , t intn tut~~l n iumt ie?r of om it:. of ( P11 lumen , n v a m i

a t u le ’  p u n  om it mif n i ’ ,uI t uirt’ , whi le’  t ire de ’ i uo m uuma ’, m r  uund m ~ t i’s  thc ’ tot a l  nnumben (‘ 1 i m i i i t ’ ,

of CPIJ t ,nne ’ i n i ’ u m l e ’d t m s  J ’ u m ’ ~ 0S ’i (‘ t m ’ 1) i n i c o m u i .m j  t ’ v e ’ n t  t units of time t m i  actuall y

( nxe ’(’ l it e’ t int’ t r , u m m s , t m m m  that  m i n n v u ’ r t s  ml from au iuumf i ~~I e ’ve ’tu t to a final event , and 2~

time’ uni ts  per rn ii’ u - s  s u n  I - ‘ f o rw a r d  the. ’ event along from the’ hc’gmnninq to t he ’  end

of t h en pipeline’ As N l uu ’ i  cmi’s larger , the ’ throug hput approaches 80 ASyml) to tP  of

as each t rni ’ ,’ s ’ .m r s t m u ’ uS IS a hiq t nu ’ r  and huqt nt ’ r  propu rt ioun f 1’. time simpl y fon

warding u -v i ’ u i l  s linus aml m h iu ; u  unihouj nnded nnumhens of p t m ’ m  u’ : ~mm r :. lo u ’s not nu ’sult  in

unto ~ i u n m lo ’  :1, ’ r ‘ ‘a s e ’ s  inn t” rcug h p u t  - It us po’-. sui n le ’  to nu apin equa uomn (6.1 0) as

shown in F ‘gum (3 . 4

In ‘ ‘ m Ie n I’  avoud the ’  perform am ni - - ‘ leg ~~ m~~t i 1  I ‘m at  m ’ mu me ’ s  with having to ‘.e’n d

every - ‘n. ,‘ r ’ t  t nr :n tug h n ho! , pmppl niu~. whi.e’ st i l l  “na vinq only ,‘ne’ sour c~’ and sunk m i t

u’ v ’ ’ m m t ’ .. we ’ mmçj h’ he’ t em p te d 1 iu t r y  a “ t m ,us h m ’ - - ” s t r o m -tune  ~‘ uui hi as t h at  inn F ii~ure’

6 ~ The linear programming model mow gives a t ) mrm ) u I u l:pi,t o

T his I .~~ckig’y m a y  ii’’ n:cnn’ .tru ed as violating the “limit ed nnunnber of neighbors”
(. O ’ n ( I i t m m ) f u  (if nu ~~.’ni~ u m .  ‘ I n u ’ e ’  network ~mu I n m m $ u i t l  i ’ s , t ou t  th i’ , lumitatu o nn is less important
for ocr pm n i u m u s u ’ s  ihan Pie’ penfn rmannce’ in’ ’ ‘1 t i i ) m ‘s it l ie ’  t m i p m i l m ) ‘JV
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Number of 1° ()( i’’ .’ .m~t i, N

t tmm ” to e ’ x u ’ u  d c ’  a t r a n n s m t i o n n  on a pr o m -e ’ s sor
c (‘ PU time? to ‘,i’uuil or ne ’ m - u ’mvt ’  an event on a pro’ :Pssor

F uqune P 4 1 hrouighput of I m u ’  p m pu ’ lmu n u ’  topology shown in F ugure’ 6 3

‘~~ I
//~ ~~~

/~~~~~~~2~~ 

>

N :  /

N 
~

Figure (3 f A paralle l topology

(6.11)
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which increases linearly w l t tn N up to the cr i t ical  ttnrougiiput 1 
- Below t tuu ~ cri t ical

2c

througinput , an annalysis similar to t h a t  iii our ~ e ’vu uu’ , a se ’ hit k):. N. ~ ‘ units of m l 11

tinni ’ a r e  av a u la t m le ’  j e ’ n unit tn t  real  t ime’ , and each e ’v t ’ ’ m t t u t k e i ,  t i m t ime unnits for

e : m u mm n ; u n m um ’at ion ( t m u  be n t ’ m  i’ ivenul  annd ‘-.t’nI a t pom ii of t hmr e ’ e ,  lOO ( t ’ S ’ . m m n ’,) anti I time’

w i lt s  to lit’ .‘~m mm ’,-, ’r t , id trmn’u i an n inutial e ’ v t ’ r n t  to a f irnal e ’ve ’ u i t  But t i m e ’  ttnroug input u:f l n i-

riot e ‘c’ed - beca use ’  at liii’ , point the ,’ let t -i nann d and rig ht-hann d JmR ’( e’s ’,or 5 .

t l m r m m m m - t hn whic in m u !  e ’ v e ’ m m t s  munust t ’ ,iss , tm i ’ i m,me ’ fully k,a.le ,d wi t h  ( onnlunuunsu ,tt ioni s and

cannot handle a uny additiona l ( ‘Vu,.’ it ’,

In many ~~,c:.,’’, ‘.~~ I- as the a c t u a l  iier fomm a nnc ’ tp~,l,. th at w e ’ n .? rum m u m  t i m e ’

MuNet . e ’ ve ’ u u ’,s m it t h e ’  flnnal c: ’ as’, rnuu ’.I t ie- ’  t a k t n n u  out of the’ sy- ’~te r n at  liii’ sun ie’

pr , e ’ ’ .s in n.’,hn ’ r , ’  ,‘ .,,‘ ‘ m t ’ . , - !  liii’ u , im t u a l  ~~~~~ a r t ’  m n m l r m u m i u m , e ’ i l  In m t h u e ’ n  w I in i~s , t h u

an nsw e ’ r ’ , must  , e p pt ’ ml r a t  Us’ ‘,am , ’ 1 1 a m  t ’ w t~~’ r , ’ liii’ i n m u t Iu’m ’ ~~u ’ l e ’ I i m m ’ ~~ d Thin:. Ibm. ’

e’~~m i ! u u m n t i i ’ u  ‘‘I MuiNt’t h e ’ l l  r m i u m m  e’ r e ’ ’ . ; u l t ’, is urnmi n e ’  d m r e ’ m  t l y re la ted  t m  l w ’  t m ’ p

we mo w  i m ur m ’,mm l t ’ n  The ?rr ’,t m u? h inu ’ ’ . u ,, s how n; in I c l i m e’ P ii . ‘ similar tm l l ;e~ para l le l

tm iptul i  ~~~ ~m ? I m — i f  C -  I - 5 e ’ x i  u p  I t in at  t h u , ’  ‘. ‘ m i i i  ‘ ‘ ci iii - - m i m e .  I - i n  ( ‘V ( ’ mm ‘ i ‘, Oni I t m i .  -

proc ess ur

i~~~~~~
!

I

-v

-- 12
- 

-

F ig ur e  (3 13 Paralle l I opmnl m ‘g~ with common sour ’ ’’ and s unk
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line linear proçj ramminiq model gives for tine ’ throughput of this network

- oc ‘~~I ~~~ )mimn ( 
~~ 

- , •~
) 1 (6 12)

w h i mm. ’ ln unnv m ’m ise ’ s  hinn i’ar ly wut in N um ntil it re am - i nc ’ s  a nnaxumum value of I — ~~~~~ at

N — • Numbe’r s r o~ir e’ ’. ‘nit alive of t ine MuNet applic ations to be discussed
4c .‘

I.e I i’ m a r e ’ r 0 h s e ’ m m inds aund 30 to 10 iii ’., g ivin g a maximum throughput of 4

to 8 t ask ”  Int ’ l :.t’m ’cu iu l, fur ‘.1 rc’ iec hne ’d f i n  N t’ic’twt ’t ’ rn m ’ ~ nn m l . t ( ~~~~ iuis ly this number

is s t n i u u m c j m~ u im f l u , u ’ m -  e , .I b~ t he’  ra t i o  t h a t  m . l i a r o m ,t ,’ r ’ : e ’ ’ .  a par t icu lar  euppl icati on , onn

the MuNel , us tnmat es ii? m are par t icu lar ly unreliable , s : r n m e’ communicat ion overhead

seems to depend in a significantly nonlinear way on the’ amount of commun ication

anne) cxn the K mu ’ Is of other a m t i v it  i t’s  I u( c ’ ( urn m u g  onn a po e: e’ s’.or anud i ts neighbors

“- 
‘
~~I~~ ~~~~~ • . ~~~~ ~~~~~Nj

FIgure 8 1 w S ta c k l  topology

A funal famil y ~~f topologies . interesting because it was also the subject of

actual MoNet e ’ x j ’e ’ rumer nt s , and inte ’n i’s t ing as w el u bocause 1 is a simple example

of a fami l y of Ii mpoioq ie’ c w bous. ’  na ximum Iu ,) S S u t m I l ’ throughput has no simple closed

for m, is the ’ family of “ r. ta ,k ’ tnpu’ lngu.’ s illustrated inn I egura 6 7  The throughput

5 ( N)  of a stack top ’loçj y of length N mc given by the recurrence rel ation

I 1•O ? m : 9 ( N )
- , - - -

4g.-

1 (6 13)
5(1 ) -

I .7c

A plo t of 5 ( N)  i lsu nig the parameter values I 0 8 seconds and : 30 ms us shown

inn F igure 6 Ii
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-. b’ e ’ r f m run:amm t ’  of  tine ’ s t a -  t u m l m m n l m i m l ’ + s h u i ’ e . u m  urn I mij . . r e ’  t i ~

‘

6,6.2: Assignment of Ev.nts to Processor s

Other apphiu ’at ions m i t  t ine ’ linear programming model , l r e ’  to computations more

complex than the ’  u,. e ’ r - y simp le’ ca s e ’  we have been cons uderirng When there are

s everal c lasses of e ’ve ’nnt~~, t he  ~t r a t e ’gy issue arises of whlc ’n kinds of events to

execut”  where This m ir”isuu mn us not alway s as simple as It might seem For exam-

ple , consider the computation ‘f the function f ( . ~( e ) )  of some stream of input

values Such a computat ion mi’j ht hp performed in t wo steps end involve three

classes of events an init ial ,vn s containing u.uput values ~ , an interm edi ate lass

cootalnung par t ia l  , e ’ c i - I t ’, g( e) .  and a final ,.lass nontam ’iing re sul ts  f ( gm P

r }  -
~~~2 }  >

F Igure 6 9. T w - - p r mmc p s son pipeline tcipokrny
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It this computatiorn we ’ re performed on a t wo-proce’,sor pipeline topology such

as that shown inn F igure’ 6.0 , it would s eem appropr iat e to nua ke tile “n a t u r a l ”

cor re ’ . h mann&Ie ’ u im u ’ betweeii the’ ~ug ut ’ lin,ed coniliutation and tine pipeline topology by

doinng a ll computation;’. of q onu pro,  ‘‘‘,“ mur  1 an nd all c om l u u t a tu m m n ns  i f I one pno . e ’:.sor

2 Such ann nssiç jr nmc’ni t  us a m tually l m i ’  ‘- t Ii’ w e ’  ~ e ’ n  , m u u u l y u,jnieie,r fa i r l y  liniutt emi se t s of

c m r , ’ i mu n’,~~. I m u c’s F i r s t  o f &I, it will not gt ’nut ’rul l y Iii’ the t ie’..’ that thus assignment

will resul t inn a b~ Ianct’d load 011 the sy’~te’nn i onnl y b r  ve ry spec ibm values ot corn-

meunnic atio n annd m’omputationn m mi s ts  will p . ’ r f m mnm ’ u nmq c m ump ut a t iou m s ( i f  g on p n u im i’’,’,on I

at Stiflici T t i t  t ’ I ~ et’p Unat ~~ m t’’ .’.mi ~ fully mit lu _ c i t w t m m tm u - - - inm h ,uta * uoemm , of I on proces-

sor 2 m u u ’ u ’ t j r r u u : u l  at  linen s i l m n l e ’  ra t e ’  I are also u ’ e ’ l  m m m i  thu hurocesso r fully u t m l m .’ e ’d

More likely. wini . ( m ov e r  prom - ,‘s’~on has been a’ - m u  - I I n . , . coi l c itation that involves

lower m i  I n n i m m i t  e t u i u n m  mu m ,ummniunnication m’ u i ’ . tS  w ill I;. e’ ‘ mi ni m - idle ti me , meanni un g tinat

sys t em t hrough put could tni’ mn m:rea sed by shifting to that prom - e ’ :.:.mit some of the

load on the ot h er processor linus if t I ne ’  computation of g were , say, only half as

expensive as t h a t  of ~, tlnroemghput greater then that exhibited by the “ ObV% OUS”

pip e r : i n n . ’  would be’ a ’ b m u u ’ v , ’ml by a s m u l , m t u u  mum in which b~~m u ( . ~ ’S~~o~ I performed all compu-

tations of ~ annd a l ,  m some of I, whuli’ I’ro( ’ e’ssor 2 performed the remaining compu-

tat ionn s of I

m u ci t h i s  minor I ad-hnlan(’ umn g adju stment , however , li~~ room lam questioning

the’ whole idei~ c u t  pupe ’ inn umnq tine’ co mp iu tateon at all Ann alternative is to have each

prom u’s so, ii,’r t m u ’m c’ quim l numh.-r s of computations of I and g, never passing anny

n u m b  e ’ u i n ’ ue ’’ ‘ m ,it’~ re ’c t j l t s  g( ) hi’ ’twi’ ,’ nn processors. Onl y events of tine initial and final

cl~~ se~ w~~ $d t h ne ’n be pass,’ .i be tween processor s This approach will be inferior

if the innte ,rmednat ,’ events are less expensive to pass between proces sor s than

the irnuti al ,r fInal events , for then it will pay to convert initial events as quickly as

po~~ iblo to the ’  m ire ’  cheapl y communicated intermediate form, and to put off for as

SectIon 6.6 ? Assignmen t of Events to Processors 1 71.



long as possible the conversion to tine fInal form that is , it will pay to usa the

pupelined approach. On the other hand, If the Intermediate events are more expen-

sive ’ to communicate than the initial or final events (a common situation situation in

programs which build up a large collection of partial results before disgorging an

answer), then the highest t hroughput will be attained if intermediate events are

never communicated , but are consumed as soon as they are produced.

Thus the unmodified “natural ” pipeline arrangement will very rarely yield the

optimal t hroughput In most cases , the only reason that would dictate sur.h en

arrenigemef it would he,’ memory ro’ns~ raints making it impossible to fit the algorithms

for I end g both on the same processor Although this might sometimes be a real

problem , it is not likely to be en overriding concern in general

The o hs e rv at ionn s made in this section gonorali:e in the obvious way to longer

pipeline’s The linear programm ninq model remains able runt only to give the maximum

possible throughput u t  such configurat ions , but also to  indicate the distributions of

events which will brirng about the maximum possible throughpat Perhaps more

important than this capability, however , mc the lesson thct  the distributions that

cenIr the most natural are not always the best , and that the Ioo~ of a distribution

which is optima may be p r o f o u n d l y influenced by small changes in the relative

cos ’s of various operations A lesson tom the development of scheduling strategies

is that appealing heurist ics s~~cin as “find and exploi t any natural pipeline structures

in t he  object  program” should be approached *ith extreme cauVon . A scheme that

is likely to he more generally sat isfactor y ought to ad just i ts  behavior according Ii

the run-time load ef fects produced by previous decisions, or else ought to rely on

the rpsu,It ~ of a more thorough analysis of the program to be scheduled
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6.7: Summary

A model ~~~~ tu oe ’ni c l e ’v •‘~m i ~~C’ m i for the performan ce’ of r e f t ’ re ’n n-  e ’ t re e ’  networks

xt ’  uti nnq m . c ’u t * ium i  si mple’ . . u T m I ’ c m t  c i t  u ‘ mis  of a rec urr ing nature Applicti t ion s that

wenuhi ta l l  into this • Li - .5 u nnelude some k unn ds mi t  r i’ iu - t i m e’ d a t a  ac qec i s i tu nn u , along wut in

t m u ’ r i m m u l m ’ nepeat ,’d cunnptut~~t m m u n m ’ , s t e . Ii ,o, would t i e ’  requ i red , f u r  e’xample , to tip(late

a mov mnng pm I or u’ ‘ ut a t h nre ’e- dim’ ‘ m u s m o u n u i l  ‘. m e ’ u i e ’  Using lirnear progn amm mn ng nnethods , it

is  p c u s s m ( u i e ’  1 m m  m l,’ t e ’ n u n m i u i e ’  t t i u ’ maxmum p u m ’,’- il k’ t liroe.njtnput to n — , m j m ,-h (.orunputationns of

a ~- . i u t ~~ m : i , i r  r i u ’t ~~~m ’ k  T h i s  t tn r o tng hput c,em n t l m e ’ u r  he’ use’d cn ’~ a s tandard lime. comliaru.

s u n  wi th t i , ’ t h i to m l i t l i l ilt a. l m mt ’ ve ’ m l  L I - , pan t i m  tu la r  s u ’ i ne ’d t i l i un n j  alqorut bnms

lint’  lmui . ’a ’  1 01m m m u , nu rnmm ml model m a r m  a i ’~~m t i e ’  ii’ ed to explore ’ t t ne un ib nc ’ rennt perfor-

un m an ,  t ’  lumut at ions of various t c q u i  iii im ~ ie, ’ s - ~tfl (1 to m m ,  mk at strategies for as ; iqnunnq

~~‘-,u - m i t ’ . to  p r m u m & ‘ ‘ , S m i r ’ , Th i’ • l m ’ . -  m i ’ .’ , m m m f l  m b t i i u ’ s u ’  t m i t l u m  at the i ’ nnml m t t tnu s chapte r :s

not m r , t e ’ u n m ( e c I t i m  m m u u uu , . u ’ ’ ~ t ine’ u n,I r c ’ ’ .s mm ’un n t h at  r i ’ t , ’ re ’ n . t ’  t r u ’ e ’  networks  a r e  nnot ‘- (  al

,ihnI , ’ 1 or u - r ue ’  t huung, t hu ’  i’ . . m m m t  a t  cetm i c  Pr t i m e ’  l i m u t , u t m m u m l ’ , e’xn n’mine l t m e ’ m  m m m c ’  manifest

m ie ’ pe ’ nut ls  s t r  r nc j i y u r n  the ’ 1 , i t i m n  i f  ( ‘om pmj ta tuonn lii m :m .n nni nn nuu r - cn t i o r r  s tu i ’t ’d  at each node

More- m m po r t a r n t i y .  t I m e ’  u ’xa inp lu’s  nun S t ’ u : t u u - u n  I ,  b a re ’  uni t m 1 u ’ - ~’ . j r n u ’ u L  t o  imply that  r e f e r -

e’nnm: o t r e ’ u ’ u n u ’ t m,ee- m m u k  t :a pac uty  , r u m . re ’ase ’ ’c  !e’sS t lna nn linearly in tIne s m . ’t ’  mi t th~ net work

Th u ’  -,p e’u’t i  of p u ’ r f i r m m n u g  any vu .’ se ’ t  ni ca l c i i la t uo uns will at ‘nu n’ne’ point stop

unit:’ .’ n s - u m g  as ~~~~~~ p 0 m m  ‘‘ ‘. ‘vmr ‘. are a m i m i c ’  ml , because’  at s’ mi’ point commu necatnon

e ~s !s will ciomu mnatin thet ‘5 ira u i m i ’ um t  a t umi un power available , howeve r, a larger m d  -

work w ill still fna ~ m ’ r ~ n- e as e d  capa c u t y f u r  acid, tiona/ ( :onnctj r ront  l ac k s

Section 6 1- Summary 1 ~a
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Chapter 7: Scheduling Strategies for Reference Tree Network s

the term “scheduling strdtegies ” is perhaps something of a misnomer for t u e

subject of this ciidpter , whicin us little concerned wit in the su-ineduling of events in

time , b u t  much more m ount ’ en n me ’ul with t tm e ’  distribution of obj ec ts  annd evc ’rits in

space , I..’., their allocetiomn among thu.. various ‘mode ’s  t -t the enetwork l ine former

su hnj e u i  t us not wholly wit inout un i t i’ m u’ st the treatment by tine system of tasks with

diflerinnq pr uuu rmtue ’ s , or the r ,‘ s m m i nn m s u ’  of tine ’ ‘.y ‘.tem t i m  I a’ ,k s wi t tu real-t ime con-

s t ra i n t s , would h e n import ,n nnt m snout’s urn nnau uy c 115ev. However , spat a l scineduliung

(Ie’t ismtn rn s  crucially a f fect  lii,’ emc uem ncy of the ’ sys tem by detorm usn imnq tine amotemu t ot

internode communication that will be unto e.’ssary in the course of execut inng a pro-

gram I bum’ amoumn~ oh t~nin . m uv i  ‘n-head ca n have a profound impact on the ability i t

the system to meet real-t ime demannds . but us of i nn t i ’ ne ’ s t  even to the use’r whose

only desire is that the s y st t ’ r n  e xecut e ’  l ie s program in a reasonabl y expeditious and

fa ir manner

An i mn te ’ re ’ s !unn q  a t t r ibute  of scheduling s t ra teg ies  that se’t~ them apart from the

rest of the ’  material p r u ’  s u’ in t  vi in this t he ’ s us  is their discretionary nat cim n , Up to

Itnis poefit , a i: tm , ’r 5 performe d by the system have iuu’ .’ ni ‘ re ’sc r ibed  by algorithms for

conflict resoiution , reference t ree  maintenarnm :e’ , oh. T hese al gorit hms are dpplied

mec hanisticall y, a f te r  having been inivoked either by some part of a user ’s program ,

or by desires whose origin has until now remained unspecified, such as a desire on

the part of a processor to o ut ai n Ioc~ ll~ a c opy of a te xt. ‘t he origin o~ these

desires , w iuch are rncu t expr ess ed dcrec t l y by the miser , us the mn ntwork scheduling

strategy . For example , if the scheduling strategy determines that an event is to

be executed on a particular processor , and that event requires a copy of a cert ain

object t e x t , then 1 v- i l l  become necessary to obtain ~i copy of that text  on-i that

Chapter 7: SchedulIng Strategies for Reference Tree Networks 1 75.
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In rmfl: , ’SSO r

Inn the c o un t eus t  of in r e ’ t e ’ n t ’ u m c , e ’  Ire.’ r me ’ tw o rk , tin e di’~c r e ’ t io nn  t h n a t  ma y be oxen-

c use d by Sm : i n t ’ d tm lmn nm l  s t r u t  c l i me ’ s  iS  extremel y broad. VIM ~ro(irams t~ mint  ,,.mn m no e’xpli-

m ’ m t d irem.- t u ouis fo r a llocationn of even ts and object ’, to processors , am nd t i ne ’  reference

In c ’ u ’  alijon ittnnn s v.ull s m i t i t  mm u t  - at varying nv t-uls of t’ttn m i c ’ n& :y ,  tinny distribution whatso-

ever 1- ur t i it ’ rn mm m u e’ - nuovu:i~ ,‘v u’ui t s or mmii j t ’ c  ts us suffIciently men x lut mu ns ’ ‘ that it is

practical wtn t ’ r ie ’v c ’ r  there is an indication that some benef it might be gained

thereb y

one degree of tre,’tndon’n open to a scl’edulinçj s t ’ateqy is the choice between

dunmand-driv er n and what meqint he called notice-driven behavior A m y  scheduling

s t ra teg y  will have to face situations that demand some action. I~or examp le , an

~ x e’ct i tu ,nu~ •‘u, - ’’r’ t may ‘e m 
~

m
~~

’ ’ ’ . I n - u:e’  ‘; s to come’ tex t  not c’ irrenhl y locally available

In such a c ase ’ . t in e ’ rc ’  are several plausible coe urce’m ’. of action a request can he

made t i m  bmun q a m Op~’ of the desired tex t  to the curre,nt processor (so that the

evemn t c an rc ’ ’ lmm me •~ x e n m - t m t i t m n u ~~. the event can be ‘.cvn t to a processor that already

hie s a m p y  of the t ex t , m n r  some u:ompr u.m ise n solution can lie’ adopted, Whatever

decision us mac ic a f f ec t s  the distribution of events and objects and is properly

term ;nd a ‘chedtul ing deu ’ u~ e ii u n A scheduling strategy might also operate in a more

contemplative -’ mode’, however , ohseriieng the operation of the system and making

adjustments that , although not demanded by any immediatel y critical situation, will

help the’ system ,mpi ’ rate in a more emcient mariner in the future. Examples of such

“flo tu n:e  u i r uv ” rn ” scheduling hu e- han m r  include processor and memory load balancing,

grncping of related oh je ’- ,~t ’, in: nearb y prm )( ’ ( ’ccm ’urs , and the luke’ This chapter will

c o n c e n t ra t e ’  mainl y in notuce-dru ven s t ra teg ies , for it us here that tine choices are

widest and the opportunities greatest,
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7,1: The Diffusion Strategy

T ine’ simplest imaginable ki~cd- oilaincinig s t r a tegy  that operates strictl y on a

kit-al b u s s  is ~t ‘‘ ,j i f t m a s i u m nu ’’ s t ra te gy  in n w hic tn load is continuall y t ra nsferred ove r

no h link f ro nn t h e rn  more’ uuot uie ’d e ’ uu ( i  to t ine less loaded end, Under thu . s t rategy ,

mn ni y c h u m ’ e ’uit ‘a t i (u n i  of load at a particular point  will gradually f lat ten  and s p r e a d  m m m m l

w itin t ime ’, nnu(-bn as impurities diffuse’ t hroeiij h a c rys ta l  lat t ice.  This strategy c_an be

applied h thn to t.~ t’~~~t s (primarily to balance ~mro - i ’ s.su umq load) and objects (primaril y

to ba lo nnt ’ e ’ memory load) T in ’ s t ra te ’qy  us appealing for i ts simplicity and elegance ,

hut the a1m pl m i  - , i b m l mt  y m i t  the simplest version is limited by t u e  fac t  that it ‘qnores

iumf o rm at io n about relationshipn, betwee nn e ’ - .’ e ’ r uts  ~nid objects which could be osed to

make butter scheduling cle’i i s m mn nn s Nevertheless , it  does begin to address the

issue’  of bringin g int o play as many as possible of the resources of a network , arid

can tie ’ modified to t ake into accounnt some of the information that the simple ver-

sion ignores The diffusion st rategy us also of interest because i t  is the current

scheduling st ra tegy on the MoNet , and thus some preIimi~ ary performance results

can he reported

The current diffusion strategy for events on the MuNet incorporates a parame-

ter known , for historical re ’ as ( ’ nn c . ss OFUDGE - The eaqerness of evenits to diffuse

throtig hot.u t t he’. MuNcu t us curbed by tY iu ” requirement that , in order for an event to

diffuse from a processor to i ts  neighbor , the number of act ive events on the proc-

pcs’nr must exi:u’i’d th at  on the neighbor l v  at least ()FUDmil There are two rea-

~,irn~ for clo’nig this - m inni e m’, to enhance the” ‘~ i m t m  ‘it ‘,- c- if the ‘. yst r’ m, and cut  down on

r e ~. m n l a r t  , -  ummu ,nicatiorn , by trying to ensure that once an event has diffused to a

Oew p ’u  uu - C’S S t u n - , ml will not immediatel y diff use hack Ilne other us that diffusing

events across a wider set of processors will , in general, increase the amount of

(.ommuniu ationi that must c r:cor A pa r t ic ul ~ r “elue” of OFUDCF reflects a certain

Section l’. l: The Diffusion Strategy 1 77.
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t r a deoff b e ’ twe ’ t ’ nm tint’ t ue ’ uut ’ fu t s  of us iu ng more of the system resources and the ext ra

comniunic,itiofl costs incurred.

7.1, 1: Tests for the Diffusion Strategy

I t  us cv i  ‘-. y t i  m o nust r in’ t en xamples w imi u r c ’ the simp le’ diflusmorn s t ra t e gy will c ’ xi ii -

but very poor per for mannce Ti ne nnore ‘;t ructur ed t im e ’  r t-’ It jt ionnshilus among line evc ~ r u t  s

arid ci- j ’o ’  Is that make ’ up a cunipLitotioni , the more likely diffusion us to m ake “htin. h’

out of that structure and s t re tch  com munnicatum ’n lim it ’ s to unfortunate lengths

I~n Ii’t ml , m a n ,- programs that  woulci actual ly be wr - it e m (assuming they conta in

enough para llelism to I m e ’ ablen to benefn t from multiprocessing inn the first place)

would probably suffer under the diffusion s t ra te gy Ilnis section includes results

from some t ’ ’ - - t ’ . m ’ mi n i t r m ~~- u ’ u1 1m m show liii ’ t iu t l t i s i , n u m s t ra tegy  inn the host ;nossu t ’ ic ’  ligh t ,

to give an ni id icatuon of w h at is puss m i m i c ’  and  - it w h a t  may he ’ the ultimate limut uit tons

of the approach Wh ileu t ine ’  actua l unnu luutat  onus per fo rmed w o nt ’  r~ the’r artificial, ann

attempt wi ll he made to re late’ t Pic ” .u ’ to oct ual  tasks that one miy tnt ca r ry  out using

a re  fe r c ’ nn m - e ’ t r u’ u ’  ne twork

In t uu 1 ,  first t e ’ s t  - which we sha l l  ca l l  the’ “asynchronous ” t e s t , a controlled

number of parallel tasks mc entr od u, ’ u ’ u i  unto the’ network , such that ‘‘ a c m  task corn-

pu~r’s for in Ii ~ed period (thus us a f nxe ’d amount c f  :P U  tim e , not a f ixed per ic- id tif

real lump), riotitues a met e r i n g actor mit i ts completion, and linen ies t tn r ts  ex ec utio u n

from tine beginning ~ f the tas k TI ne ” tasks are simple timing 1oops not performing

any useful computation , but tine sc unf la rno  is sunni’ ar to t h a t  of a ‘.ys u r n  periodically

a - m e’p tu’u q pa c k e ” t -~ of inpe t data . prnc-essing them in some lashuon , and emitting out’

put packets

To form an exac t  analogy with our test . a packet-processing application would

have to have the propert y that a new input packet is receu~ cd e’- iery t in - ne- an
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output packet  us enn it t e ’ m l Then the “degree of F,arahlelusll , e or total number mm f input

packets currentl y undergoing processing, always remains constant , Perhaps a more

rea l is t ic  Si  ~ rnario would ben to assum e t i nat imn pu t pt ~~k e’ Is arr ived at regult~r mui ~ c nn

vaR . m n - n  t ’s pe’ i - l i ve ’ of t l i~~ ito  of qe ’ une ’ r otionu of output peck et s linus was not done

on the MuiNet due’ to the diff iculty of m j c ’ m i e ’ u  ~~ t m m n j  t asks  at l u re ~~tso l y timed moments

l icwi’vu’r - mm glance’ at t h e n  j r m c j ’ P m s  presennted helo .~~ should convince the reader thüt

if pam :k c ’t  ‘ - l i r e ’  p re su ’ u n t  c ’ d  at ri.gtilan uni t e ’ f  v~~R nn~ it shorte r than the average interval

t i e’ t w t ’ i ’ n I ,isk COi T n lml e ’t  mml i i ’ , inn m ) hmr I e ’ s t  ( f in n  tine’ pa r t i cula r  dc’g rt ’e ’  of parallelism that

is of m i m i  ‘ ‘ r u - s t  ) - t t n e ’un  t i m e ’  MmiNpt ~, Pn si I han,, - a de qu a te  throughput to handle tIne job

Another t e s t  ( t h e ’  ‘‘ ‘,~- u m m  imr m ’ii ’ m i ’  - , t e s t )  ( , i u nn l tm m ted  cnn the MuNet is closel y

rt ’ la te ’,i to thus one , t-~~~
- ef ’ t  tha t  i n l t e ’ n  the countrolled number of tasks us introduced

unto  the’ s-
~- ’ .to m , ,iIi n im is t  ru ’ ; ’ . ’ rt  thour i - mi m l i? c ~ t i m u n n  t i  11mm ’ m e ’ i n ’ r m n u i j  actor , a f t e r  ~ ‘hech

all will be res t  a r ted  in m m nu ct u n n A rea l-wor ld  an a l o g y  for t h i s  t e s t  might ho founnd in a

( j r m n m ) ) n m n  d isplay sys te m , where! at inte rva ls ( for e x a m p l e . whe n a viewpoint

e.harngr’s) it might be’ , ie ’ s i r  e ’ m i  to recalcu late t ine ’  position of each point and line onn

the screen Whereas the ~msynchronnouis tes t  reveals oniy ti’ie ave ’rage ~ delay

he’twe’enn t h e ’  uni tu a tuor u of a t a s k  and i t s  con’p letion . the synchnonous test  us c ‘no- u’

t ive to worst - m mi su ’  behavior , inntl w:lI perform more poorly than the .msy nc hro nou s

one f the netwou k takes anomalously 10m g ‘imes to complete s mt ’ of the t a - k s

A third test , conducted urncler somewhat ie’s~ rigorousl y contro lled cur-

c mm m s t a m u i  c’s , was of a program to e.omputeu . in a parallel fashion , soimm t imnns t,n the

ci  is mi ‘n “e ‘m j t mt  i j u  i ‘ u ’ n i s ” problem The p oblem is to find plac . ’me’n,t s for .night

- p e ’prns cu ‘n st inndarr  m t n e ’ s ’ .hmnard st ic-h that nun queen could en one move capture

any of t he  ~ t t nu ’ r s  I t mc clear , from the rules of chess , ‘that every queen must be

placed in a diffe rent ftl~ , inn - column, and that uric queen must be placed in each file.

a standard a içjo rnthm ‘m ’ir solving the problem is to tentat ively pl~ co queen cmi

Section 7 1 1 :  T e s ts  for the Diffusion Strategy 179.
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one of ttn en squares of the fi rst tile , anu t i  them continue placing queens m u  subsequent

tiles in positions where they could not be captured by any queens alneady placed

It it is fo umnd m u u m j - o s s mtm le ’  to place it q t mc- t ’ n n  in some tile’ - thenn then algon ilium must bac- k-

t rack auid tlm n(i a d ufleme nnt , previously umn t rm c ’ d  arran igonnont of the queens alread y

pl ,tm u ’ mi t hen algoritinm m um e ’ft ~~& t  se ’,t rt  inc ’s a in cc ’  of possibilit me ’ s , w int ’ r  e ’ eac h  inter-

nal node corresponds Iii s t i f l e ’  partial qut’t ’mn placemernt - I, ach suc h node has eight

si mu n ’ . corn  c~ ’,l,oum m h i u m q  to tin e eight possible pltic eu me nuts of ~i queen in the next tile

I cvi t u no m im ’ s  re prense mnt pote nntial  s & m l t . t m n  m m n s  in-u which all eiig tnt qu u’t ’uus h,tvi’ heenn

placed A t ree - p run in g t n ’~ t ’ m ~- lmc m m t i m e ’  al goret innn CO USOS  back t rack ing  whe n it i~

clear tt n~ t rio leaf n o P e ’ m i ni  mie n- I tie ’  current inc i te’  could possibly be’ a solution

T h e  program tested onn the MuNet e’~~pIores the same tree, but all of a node’s

-~,)nn ’ . t ha t  C m i m m m m m i t  mmm cdi c t e ’ i y be’  ; i r m i un e ’ ,i a r e  u ’ * j - o n c ’ d  in parallel . i- . ’ ,e’ i m u m ~ 1 m m  8 max-

imum m i t  se ’ v  c ’ r m t l  i i t j nndrt ’m I m : m n n n c  m i n t  c ’ u m t  tu isk  s I’ am ’ h innte rna l  node under winmch act ive

exp loration is p r o m:e ’ u ’ denn ç j  has  ann ~i’.smn m: m , c t t ’ d  m u t i j c ’ m  t n e ’ u : m u r  dm n n m j  l ine’ nnumht~r of act ive

so uns of I ii,i I nm ’ m j u ’. and the ’  n umber of solutions tin int have t iu ’ u t i i  founnmi so far. The

solution m:m ut i m m l  m ’ ; p insse’t i  ham k t ip the ’  t r u - C ’  as comput at ion s finnish, until when inil corn-

putat ionns m e ’a ’ ,u’ t ine ’ t is t ri de’ h a s  a n c n m : , m n - m l  m i t  t ine ’  t o ta l  n u m b e r  of so luteonus fournd

I hems th e ’ eigh t  i j im e ’ e ’ n -  ‘ Ni mu j r  in- nm .1 - c ’ s  ha v ’ -  some struc turf! of m u n t c ’ r r  ‘fo r  i~ncinug

objeuc ts . arid as result we ’ would exp ec t  the ’ simple diffusion s t ra tegy  t u n  he less

kind to i t  arid I’ ’~~mi t m  i higher ‘ mnnum n i m u n i m mition costs thann inn our p r e ’ v  m i mic t e ’st ‘, Ar

addutuonal fac t o r  pointing urn this d irect ion-u ‘. tha t - - inl ulatmons in the eight queens

program t e r m  in it ør t i f uc ua l ly  rolomuged , as urn our previous tests , thus the rat in of

commuinuc ~ttion time ’ 1mm comput irng time shouu m1 be inigher

180 Chapter u’ Scheduling Strategies for f leference Tree Networks
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7.1.2: MuNet Performance Pecul iar i ties

Th e r e ’ ,idtc will he ~~blt  to m n m ,ek e ’ a more etluc,i It’d ttss u’ssme ’ nt of MuNet per ton-

nnu , I mm m t ’ r e ’ s m s ! t ’ , ii _u f c ’ ,v q m u u n l s  inn t i m e ’ i m l c ’r,i t m m , m m  of tIne MuN1’t m i l e  e ’x p l ii m i c ’ d  f m r - ,t l i i

t i me ’  MuN~~t , bcm m nnu ,j  ,ut t . i i  ht ml t i m  a co n ununnunnm m ’ ,m t m m i , m  link i’, an n item tnt  s m q n n m f l m  a u m t  t _ P11 time

min , , t ’ r t m , ’ , e m t  ! m m  a j m r m i m e ’ ’ ’ ,m iu ~‘d tu e ’ t hc ’ r  u i m ~ ~ hj e ’ c t ’ , - i t  e v e ’ ’ u t s  a r e ’  i m u ’ m m m u i i m i m m i m m i m m i -  ,i~ e ’ m I

m m v c ’ r  the luink or riot T h m s  5 hem ,iu’ - m ’ - 8 ‘--h oly m l i , i lmn , ’ t 1c ’  o f ‘,t , i ’ t j ’ . ,j i i - l  ‘ e m

rn~n w l c ’ m i m j n u m e ’ u m t  m u m m ’ - , smin jen ’ , m n i , i m m m t , t m u u c ’ d  m v c ’ r  e ’ ,uc hi hunk i m y  l ime ’ j m r m i m  e ’ s ’ .ii r ’ ~ , iT i ts u ’ m m m l ’ ,

s , i r n i u ’  n - t ’ t u ’ r , ’ u m m  t ’  t n u ’ u ’  p n m m t m m i mn l  uumt ’ ’ .’ m i i l u ’ -  t r m i i , i u ’ n u ’ ml I , mj , ,t t i ,c m l m  m - i l t t ’ m t i o i m

. u i  t i m~ m t , Itmim s , i l l  t i ’’ lIii~m m ~~ i u ’ i ’ : m I  u ’ijti ,il , ,u m h i l m i m m j  ,c ! , n i i  1 - , a ‘.y ’ -~t ’ mn m r i ’  mc m’s ‘ h i t ’

a nuu m > t j n i t  of ,iv ,im~,it l c ’ m Ph h u n t ’  inn t i m e ’  ‘,, S t e - r ’ ~ i m r l i j , t n m : n l . , m u ’’iir n ’ i  c ’ ’ . ’, .r t m i I - m i h i m l m e ’ ’ . t i n

tw , ) — l m r oce , ? s s m n r  t~iji~ m hi ~m j , t s is € ‘ s j m m ’ c m a l l y t n a : a r m i ( n m I ’ , liii mimi t~o’ mi u le - I n m m , e ’ ss ,n n  net—

mi,i in ks ,nll t ine ’  i Ph i  t m m u m e ’  (: , m n m  t i c ’  il e’i,’ i t i ’ d  Iii u ’ , iu’ i i t , ‘ * u - i  L i t  i - i ’  ,.~i umle ’  n m m m  h ut ’ t .’,- u-

u ’ - - s m m r  i, ,’r’ , i t i n m s  n i t  on ly ml i i i ’s  the n i l i f t m i ’ , i m m m i  ~ t i u i t e ’ i j m j P - ,c.’ e ’  i t s  f i rs t  mi l l i t t i m m m i t y  to  mix

t im in g s  tip, but t i l s im l im it  i v e ’ r h u u - ,iih ,i S - , m m i  m i t e - - i  w i~ h m I 1 . ’ i m r m k us t e ’ m I f i r  t i ne ’  f i r s t  t ime

A u ’ n n u m s m u m m j i ’~- m ’ m m m n u g iu . if ~ j m r m m i  u ’ ’ . ’~- ir is s t m f f n c i e ’ n n t l -n- bu s y  c x c ’ m m i h i u n m j  e ’~ t ’ int “., the load

it r . i m m s u ’ s  mts  mn c ’, m j h m l n m i n ’  i’.ii.u l c n- m J m m m j - s ~ T h i s ,s I i’ m , i im ’ ,’ ’ . w i t i n  a surplus it e ’ m - e ’ u n t s  lii

u - c u ’- ti lt’ , lu’s ’ , turn,’ us m l c ’ m ,, - t e ’ t i t i n  j m c i t i . i i j ’ ’ m t , l lei  t m m m i i  innml m j e ’ m m e ’ r , i t m m m m n  iii s t , i t ij s  i m u t i r-

rn ’atmm nn Ihu t is the ’ j i c ’ r f m ) r r ’ l m n : m - n -  ‘ t a t - .’ i s s h i -m~ ~ : , l m m i t m u u m  inn c o mm mi u im , e t i m m i n  l muuk

ovprtnr’ad liii In u ’av i  y m i i h c ’ m i  MiiNc ’ts .

Neuth’ ’ r  t i t  t he nse ~ penr f o r u n n n m m t , u~ p i c u k ’  i s  aru m n h m u ’ r e ’ u n t  p r i n l i c - I t i mi t  the r. ’ l e ’ r u ’ u u  e

t n - u ’’’ n ue ’ tw mnrk a ’  t u t u ’ h i — u ’ , t h u  i m u m i . e ’  us t h e ’  s i . m w n n ’ ’~~s m l t h u  I SI-  I mini m m m m l m r m n m - e ’ - ,-

si r’. mum t i n e ’ MuNet , comb ’ uc ’ ’ m i  ~., m P n the s m m j i l i m  .‘y tn t  I b m , -  hunk bna ndw a re  m~~l m i i - l . .c; a

rc ’s mi lh , requ.u u’s in m u  . m rnmnm u n l  of a t t u ’ m  tu o nu front tine p u m i c e - s o n -  b - i ’  c j i mir ~~’, a re iii’,-

cm j ’~s u ’ m i l i e - r i ’  i m u m l y ~~ T~ u in t  t u ne r eader c a n  m i i s m  u m m n t  the i r  .nf fe ’ i :t ’., t i m  the e ’ x t c ’ n u t  that

he te ’e ’ l~ is justified, in c ’  xam mn n mrmg tine follcwing pu ’ r fo r ma nce ’ n e ’ s m m l t

Section 1 1 - ;‘ MuNet Performan ’ m - ~ Pet - mj l i a r m tu e s  1 81 -
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7,1,3: MuNet Performance Results

All MuNe’t pe rf orm an ce ’  he ’ s  Is mnncl udod a special  mnie’te ri ng actor wh it h recorded

lI e , ‘ I n e r t  .in i t nn nm s iu t i n e ’ s  f in n -  t ask  e ’ c e c t m 1 m : m m i ~ I mu m mi va r ie ty  of reasons , many of

wiu u m ’in m i r e ’  m inn i r n t , ’ r e ’ s tm nn g  f r  mum h ue ’  i m m ) m u i h  of view of t h is thesis , t i m e ’  mc~t e n r m m n q  actor

t i - - r i b  .e . J ’ e ’  c m i  Mt iNm ’t f m i t ’il m t i tm “Wi r e ’ it~~ri tt  down” t i  ml par t icu lar  ; m r m m m i’’,s c m n  ( Ibr i’ .

t~ m lily is I c ’ ’ , n m t m . ’ m l  inn A~~pe~n mm Imx A l  Th us ill n-mow tasks  were ’ r e ’ m n t c ’ m l  orm tinis I m n - Oc—

- , ‘.~ m t  a m P  m u  - m iur u p I~ ’ t c ’ m1 t u sk ’ . tm l tmm a t t ’ l y m ind t m r e ’ i n m n t  bat ’ k  to  ml m m i i i ’  dividend c i t

I b m ’ . apl r m , m I’ is t h a t  ml ma~ i’s i m is ’ . mh Ie ,i t am n l y  i l m n e ~~I - m m ;mmn ri so n to the linear pro—

q r .emn mun ~ , rmi t e ’ i  i’ .s t l mm e,q  m m ’  iu m : i t i t  luc k innml tine oemt pt m t lurnk c’n h a t t a c h e d  to l in e ’

‘Oi c ’5’~~’n- ( ( u i t , i c i m ’ i i l  t tu , ’ i r i e ’ t i ’ n - i r m i j  u I t  A m n m m h t m e ’ r  i-ayof f  is Iinat the met c ’ ru m g actor

c ern re ’ i’ o r m l t ho  pt i - n t t , t um of t m f ln c )  sne ’f l t  0,) 1’. J ’ r C ) u c ’5 ~~0f for event ex ec e t  mon . corn-

m imm n - a t m n u n . inn-I  bh’ ’ r  o v u ’ : b m u ’ : i m i  ( Psi i j e ’ I t i r m ( j  ml  ‘,mr n n u! t , min i i ’ m i i ic  l O t i t u ’  ‘ if tint’ 5 ’ i ’ u of

t i t l e ’ ’  p ? ’  e ’ s S i u ’ S  iS hmi t l . - r )  T h m ’ . d int in  he ’ t ;’. e ’ xp l i nmn n  some ’  tnt the pe r f o r m a n m m e’

r~ ’s tj I . c  t e ’ m ’ i m t Ie ’ mi . ,innd also pr m vmc i c ’ s  lii , ,  t ua’, m ’ , f~~r c r t i t l e ’  e s t i m a t e ’ s  of pc ’ r forma nce

pa n- un met  e ’ rs  i’ r c nil’ mir ‘ - nun ’ , w i th  th e ’  l uu uea r pu - o u r a n’nn mmnug model

ri m e .  ,‘~~ e ’ i t m t u m m u u  t i m e ’ s  t m - n -  h u s k s  usc’d inn t i’ u ’st’ h~~s t’-. m i r e ’  qu i te’  king In part , th is

is l i m e ’ t i  t l c u ’  ‘,Ii w ’- u’ ’ .’, i - f  1! - • ’  S I - I l  mu(: nci l - r m i .  c o - s o n -s  executing them , but it is

i-k ‘i~~ th int  sm r i ’n r t ns k s urn re ’e e l  appl icatio n s would he ~hm,r tpr . even on I SI- i l ’ s

Aot n t b n u ’ r  a s
~ ’” ‘i m if ’ 1 e ~~~~.

d c W i ~ i ss of I SI- 1 i s  s h hat ant erproc e ’ssom communication

‘ime ’s ( t i c , .  pa r . i s - u ’ t  en mu m Su’r l ion I (~ 1) are re la t ively Ionnq on thn MuNet - To bu rug

the’ ra t m o u - t  i m immlinui a hi in t i  m n  nip m i t , ’  I m m m’ s closer to what t rue’ can realisticall y

u ’ X l - ’ ’ ’  P in the ’  f u t u r e ’ , f l i t - im n u pu i t o time W 15 ar t i f ic ia l ly lengthened ( i t  is t rue that

e p , , inlsn ma ke’ ’  t h e’ I c  n- t o rn  e~~m r’ d i n t - c  iu~~ ik r,nre pleas ing) Th~ only ca se where

thus w ins i - i t ( i(nflP was ‘u tine eig h t  qtip, ’ rms lnr u~1ram

~ m q ure’  u’ . l ~jnv es an example m~~ the d in - i ’ m  t o u t p ut  f rom t he p er f o r m a n c e  t e s t s

Ac i u-i n 1 ’ ’  s e ’ e ’ u -  t h u .  t ime J i u ’ r  ~‘v~ ”’h ( w inmch i’ h ue ’  r e ’ u - - l n r m n m  u-u ’ m i t  t i n e ’  throug 1npej t ~

8? 1 hapter  I S m hnu’miu! ing Strategies for Reference Tree Networks
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Shc.)14’ (hint. nmu t h u s  tP ~’ e” ’  / u P ( u - ,  ,‘ ‘~ ‘, Of r u ~~ m m . c ) ~~ i, ~
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, ’ ‘n ‘.‘.:s~’c t’ i, a t.~ n to,
of tw ’te i . e ’, ’r ’  ?~~-o , I-~~1 I ’  . ‘ ‘ ‘  u - rn f lu.’ pru’s, ’ u . e ’ of enu-,”ie,g i’-i m - , v , m - ” ’ f ’,”

~ igurum 1 1: Mt,Ne’t I’e ’ fm n ,r i ’a ru c e’ dint ‘

s t i rt s  otit at a h-g b I c ’ . p1, whe~nu the P ’ m m r e ’ c ’  ( . f  I ’a l u ’ m ’ m us tune l~~w ‘m m  t a m - s e ’  any
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du f ? tcsu i  mm hi’ t in ken ;‘ Imu c e’ , t l ne ’ u m t i n - m i’s anud lt ’vc ’ I ’ , oft at a nnew , l m mw , ’ r  value es t ine

Qi ~I1)i ,l t ’ m n , ’ ’ .P n~ - I ,i us m nm i ’ o .e ’ ml P or hint’ c .x l m e rm monnh s that were i i m u m m i t i m  t e ’ t j  this

.i’, iuil t m u t i C  , e i c i . ’ - m l  l ime tame . pc ’ n  c ’ v , ’ un t  dud intl se u - e ’ u u ’  maclu at te ’ , te d b- u- liii ’ ‘ ‘ su m I

c~~i t i l l  ,i c ’ . e ’ ii m u 1 tine ; n e . m , u l m u t m , L i ’ .mn , ’ . .s of t i ne ’  m i r tu p towa nd lh~~t ic’ .~~uun I mt mi t ( .

- t c - - i ’ d l ht is It is n, ’ is ’ m, ilult. 1cm i’. s m a m a t e ’  this a s y n n n l i t m m t i m  vinlue. w it in t ine

thu -  n,g h i I ’ c b - -u- t i me t u e ’ t w ’ F k  w h i m ’ n ’  ‘uumc ie’n,t c ’ v e ’ u u h ’ , n r c ’  f t m ’ s c ’ r l t  and compare ‘iii~

w i th  t b ’ . ’ u l c ’ t u  mc ~ p r e ’ - h u u  l ouis u b , - n , u , - ’ ’ m l f n t ~ nn t h e ’  I m c m , ’ ,in Im r og ran unn imnu ’ i  mu m drii Ihi ’. c ’ , m u - m u ’

mm I - liii?.’

T h u . t e ’ .i’., n  m IHc ’  ,e~ im, ’ u ’ r r m , ’ ’ i ?  m t  i nctua l  amid tfn e ’ u u n e ’ t u u I  n c ’ s m i f t ’ , in-n I u m j u i u - c ’  I

m mm l i ,u t . ’ ’ . t h a t  t~ m e ~ l i ft  L , u u i n  s h t i t c ’ m p y  is m i i m~~ at im ui l  a’, gtac nm l  in i t -  as m a r m  be ’  du n ,’ in

t b i  ~~~~~~~ n u t  a pa r t ica i l ar i ) ‘, , L v i m n m ’ . m i i m j  r e ’ s L i t t  l i m e ’  lack of g rea t e n  mm 1unov emenl inn

inu: ’ ul i e ’ ~~~~ r mrm .- ur  m’  t e ’ t ~ ’, u ’ , - n c  1u 11 , m u m . ’  innnu l t~ du ’  ‘ t i m e ’ s ’ . m - ’  i ’ f l s c ’’’ i ’. a t e ’ ’,ii lt m t  ‘ in,

i e u- r f t , rm in u i  ri - p u n k  m t ’ ’, ( T L i S S O d  e’ a r t i t ” r , ‘,‘, i b n m , - h n  i - u  m r s  as  the ’ ,- n m u j i u i . 1 I i - n ut ,‘ s s m m t  m i ’ ’ t s  i t ’,

flrsh m u a ’ m g l m t i i r

he m actua l  c~ * lie~u - u e u n n ( ’ u. w i th  piirinli~’l t tnp m u it uQ i e . s  ~howfl ~ ~~~~~~~~ ,‘ ~~(I~~ e ’ v e ’ ’ i t m i

~~Ii , um ~~e ’ ’ g ’ ’ ’ , f rom the ’  t heorntucai  t i , ’ m ’ z c u j s e ’  of a s ’ ’ t m ( S m S  m a ’ e ’ m m ?  t i t u S  i u e . r f u n u1uan icc ~

q mi ur k lPue ’se ’ ‘ ia n-vt ’ s u inunnmo ’~ r,.al ! i t i e ’ se ’ e ’ n i  inn in lurt , Pe ’ n ligh t c”x c ’pt tmy  compatmson

wi ll’  tin.’ - ‘ ii r ,e’ lint ,’ u’’ l ’’ c~~’ i(’ m, I  = “- ‘‘ 
~,‘ln i i  h ‘.1- ‘w- ’- tin,’ i ie ’ n fo rm a n nu  e’ l n n r u - u t : t e ’ u m ’  - m ’ c

o f the t m l ’ i m l~ m~~y w i n ’ ’ mm inIl e ’ v e ’ n n t ’ m  a rc ’  u m ,n ’ ,t r i n i u n c - ’ l  tm  e ’ X e ’ m  mi t t ’  on the m e t e - n - r i g  l u - u

c ’ s - ou r  As t i m e ’  n mm i m ’ m t ’ e ’ r  i i ?  l mn m i , u’ss~~rs pns’ .c’s f nm i i r  (the mete ’ni ’ :m l p rom -c ’ s ’ . - ’ —  ph

th re ’u’  n~u-mghhors ), t bnro, J u I bn i u m 1 drops alum i -.1 to ,‘e ’ n - m , * amunatuon of the’ detailed

u , n  ,.‘‘m ~~ r t b uec m u- , s s ’  re ’ , u’ p u i ’, that  tine nt - no te ’ ium q j u roce’.s, ’r ~ c p e u n i l m - g  v mr unlly inhi i ts

turn.” rn i : m m r n m u m m u u n m ,  a t m mum m • ‘ r i n e ’ .-)u I , m u s  u ’ , t )er nuinc r’ MuNc’ t proc c’’ sor s give commim nu-

t int ion m t , a u n i t u u i rnc in n m ’ r u u l u t m , iuna- i l 1 m r m u r m ?
~ m n ve’r evennt Q x e ’ m i i t m m , r m  w i th  t inm e ’e u-n m l u m i m n

neighbors , at  “u‘.t un u’ t lu- ne -nm mc almr~~? c e r ta i n  ho h ave something to send a p r u u

e- nss ’ r ~ m l ’ , Ii -  ‘ ‘ T i  - ‘un , i l i u m ’ Ii i re ’  i’ , very lutt lp , t na ’ ’ t e’ for even ts  to u” x e -i n- m a t e on
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(a) Stack topology (as showmn in Figure 6 7)

~~~~

time. l’~” event theoretical - -

I 3 4

number of processor s

(b) Parallel topology (as shown in ligure 6 6)

Pang im pt e’un -s t i’ ,c’’ l t u n n thoo retu r- in i  modi’I t r 0 1-fr s e ’ m - n m nc j ’t . r = 30 mc

The ”,,’ grap hs c how the a~ t i i a i  throughput m hinrinm’ te ’ ru -~st i i  s of two Au,d,c of
MuNet topo/og m e ’ s I t )  (he p r i ’  son, . -  of large numbers of ‘ of,’ u -‘ rc ~nhly iei .cc ut-
lOg ,‘ve’,n t’, - f , m ’  bo(tn t h e ’  ,u’,m, p, hr r , / - muij ~. 

,n,~ 1 .cyru -’ hronouc 1e’ ,s t  ‘,

p r . ’- l ,  t mor , ’, ‘1, ’, c-e~’1 f r o m  f t, ’  l inpinr p rogramming  mO(l ei’I of (‘.hap(e’t 6 ate
lnc lud.u.1 f o r  compar ison . 4ru-ornin/,..s u-ru the ’ lown, graph are ‘i,,c u,s ,se’u-’l in the
( P 1’t .

ligure 1; ’ lhroughpt,t of the MuNet

the metering proc esso r When m i thc’ r p noce - ’ s s u - .m s inn-n busy executing events , linus
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~~tte ’ m I us  , tuum e ’ I m r u - i t , ’  ii somewhat , but ml still eve.nntually makes itself felt

I u n n a h l y - P go re’  I ~i show s the n t ’s t i lt ’, of c’s e ’ ( ’ L i t  rug the eight quceuns program

I h ue , ‘ in te l  c ’ of 1 m m ’ .  ‘. urve compares faiv~~ inbly wit in those’ of Figure 1 ‘(b), a reasonu

f u in m m l 1 -n i’ , mun t ha t  t ime tna s uc iIuf1 t~ - ionn strategy can inn f ac t  he’ useful over some rea-

s m m u m m e h m l e ’  r annqt ’ of appluc at , m unn s

IOOi

5O~ --

Soc

tern.’ for sol t a t umi nu

1 2 3 4 5

number of processors >

topology parallel l ’l’m)ioç ,y (as shown in P igure 6 ( )
QF(JDGI 10

This  graph cho~.,s the anu-ourut of re’ ,,l t ime ~u-qu-r. ”d by the MoNet to solve. the
eight queens pr oblem , using l i f f e . r e ’n t  numbers of processors,

r igurcu 1 3 P eght queens performance results
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7.1.4: DIffusion of Objects

(ho foregoing discussion has concentrated largely on the diffusion of events

through the network to take greater ed vantage of the computing power available.

It is equally roasoinable to think of diffusion as a d istr ibution str ategy to t obj ects to

take. hc ’ htc ’n advanm t aç j e” tnt the memory space col l e s :t mve ’ ly  available among the nodes

In a network, Of course , even without explicit diffusion of objects , diffusion of

events does i m p ly a certain strategy for distributing objects about a nnetwork ,

Onn( c’ an event hins dIffused to some location where it is to be executed , objects it

e’’,, ,tu - s must either aiready be present there or be brought th e n- c ’ , otherwise,

the location of the evernt wall not hinve been dotcrminned solely by diffusion , but also

by other factor s This latter may well be G preferable s tate  of affairs, but

rnprc ’se ’uu ls a di’parture from the pure event diffusion-n st rategy

The moral of the’  story us that the distribution s t rategy for objects cannot be

divorced from ttr - for events , and if independent d iff us ion strategies are to be

used for each, then some pobcy mus t be adopted for resoivung conflicts when they

a rise ’ A reasonable approach would be to mist’ object diffusion to ‘ , , ‘c re ’ t e ’  away

little-used obj e c t s  wherever there Is ext ra  memory space , but let lrnqueaatl y

accessed objects  be mf ust r i butc ’mI s -u  as to he nea, the events thn int use them

The’ object di~~trmbution questeorn has other facet s as well. When and where

should multi ple cop ies of an-n object be made ? What kind ot s t rategy will keep

related ohj e”c’ ls on the cam. ’ or neighboring rmro(;l’ssors , to minimize rm’te ronce tree

overhead and make- n sure that once an e ’ve ’rn ’ has been moved to a processor where

there us a copy nt one obj ect i t  necds , copies of other useful objects will be an.ad-

able nearby ” In general, it Will probably be harden to operate efficiently in an

environment where objects must be distributed due to lack of memory space than

one in wtumc.h pv~ nt~ must be distr ilu-oled dime to linck of computing power.

SectIon / 1 & Diffusion of Objects 187. 
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Nev ert ineless , t i ne questions cannot be complet el y separated , so the next 3 0 d b . - ,

makes a stab at a better strategy for event and object d istrib ution

7,2: Extens Ions to the Diff us ion Strate gy

7,2, 1: Pull Factors

The ma in problem with the simple diffusion strategy as not its concept of

spreadinn çj the load acr oss the network , but its naive assumption that events (or

objects) are all interchangeable , and that sending one event out in a particular

direction is as good as ~‘o ndin ~j another. In fact , different events may well have

“roots ” (I  ci . , copies of objects they access) in diffe rent d irections , and if it is

desired to send an event In a particular direction for load balancing, some events

may be much more appropriate for this purpose than others.

To reflect this distinction, one might imagine adding “pull fac tors” to the basic

diffusion strategy If an event were being moved closer to copies of the tex ts  of

any objects it referen ced , the OFUDGE in af f ect  f or movunçj the event in that direc’

lion would be reduced by the number of s uch objects times the pull facto , If an

event were being moved away from copies of the tex t s  of objects it referenced,

mult ipies of the pull factor  would be added to OFUDGE . The event would thus

experience a “ pull” in whatever direction most of the object texts  likel y to be use~

ful to It might lie. This strategy Is analogous (assuming for the moment that the

distributuon of objects has been fi xed In adv ance) to att ach ing a spring between

each event and every object it ref erences , then allowing the events to be pulled

around un’il equilibrium is reached. A fo r m of our original diffusion strategy can be

incorporated into thus analogy by imagining a repulsive force between any pair of

events, encouraging them, other things being equal, to spread as widely as possible

188, Chapter 7. Scheduling Strategie s for Reference Tree Networks

hi ~~~~~~
- - -—-—-- -

~~~~~~~~ —--—.- - ~~~~~~~~~ - —- -- -~~-- — - - - ---- -
~~~

. 
~~~
- --- -  ‘ -~~~~

-- ‘ — -- - -------



____ - 
- 

-
~~~ ~~~~

-‘: “ _________________________________________________________________

across the network

Just as pull factor s can be used to improve the diffusion strategy for eve nts ,

they can be used wut i n the diffusion strategy V or objects Of course , the use of

pull fac tors alone would tend to pull all objects together onto one processor Sucin

a distribution -n mi g ht well demand memory space in excess C)? that avail able urn that

processor , and doe ’s not open any very interesting possibilities for tine distribution

of the events that use those. objects These problems can be solved by counter’

ba la rncun tj  t t m c ’  a t t rac t i v e  force of object n- nt or On ce ’s  w ith a repulsive ’ force ’ tending

to move td j~ ’~ t away from inuglu rumor c ’ un t r  at io rns of other ob jec ts  I he synergy of

tt u i’s i ’  two f o r c e ’ s  would t ine rn cause t ight ly related groups of m u m n  je ~i t t m c lust er

toget iner oin the same processor , while objects more tornuousl y related would be

s to r .~~1 f i n r t t m i ’ r  away

To get some idea of the hossu bie , e f f ec t s  of this s t ra tegy ,  some simula tions

w o n- u’ carr ied out uc m rn ~ a structure ’  of into rre te.re iucu ung ob j ec ts tt nat  wcuuld be

t uarac I e’ r i’ , t u t :  ~ f numerical i terat ions over two’dmmensional a r rays  of gri d points , as

urn s , u l i i t m m~~n’, ~ t ap lace ’ s equation or other se ts  of partial diffe rent al equation s

Se’ man ntuc al i y , one may imagine ttn ~~sc ’ objects arrange d in a two-d imernsiornal grid

( thus sa y s  rn , t t nn r u  ‘ .j about their ac tua l  physical nh str ibuteon urn a network) suctn that

t~~u ’ ’  I has r e f u ’ r c ’ n r c  u’’ t it ~~ rn.’egt ’ t)ors urn the’ r~ ,rt h ca rt , w est , and sout h.

Cub j e m - t s in - ‘-u nlJ the e’ Iqe’s t u t  th~~ grud , roma n-  Se ’  - havo fe ’we r neighbors

he e tc i r a tuv e  cumput at~ n to hi’ I ne ’ r  to rmed o~- urn- t Ines,’ grid point ohje ’:ts can be

u t e ’ s  r u b e ’ ,I in general t u r n  s ~~ ‘, 
f~ ,llu ws When ann i t  e’rnt iotn us to t)PQifl , thus tac t  is

-,wnalled t u  c’n ’~n grmd point l arh grid point th en- u sends to each ot its neighbors

the current values of the relevant s ta te  var ables at that point , When a grid point

object has r~ ce’ ivod t hese s ta t e  variable values from all its neIghbors, those values

are combined w ith tine - m r re nt  state at the grid point to produce the n~’w state

Section 7 ?  1: Pull Factors 189.
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that will reign at that grid point when the iteration is complete

As our running example of object distribution strategies , we will assume a

1 .‘~~ 12 array of grid poirnt objects , mapped onto a 4x 4  square network of proce s-

sors Since each iteration of the computation results in a side effect (updating the

state variables) to each grid point object , there is little point in stonirng multiple

copies of any of these objects We will assume that the object distribution algo-

rithm is aware of this and keeps only a sIungle copy of the text  of each object .

Thus it  us meaning ful to talk about the location of a particular object tex t
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. ~~~~~~~~ ~± - 4 .~~~~~~

~~~‘ u::: : t : : :1 : ~:i :i, :i-
Figure / 4  Ideal distribut ion of grid point objects

The .SObvi ~~ ,s e
~ ideal assignment of objects to processors in this example is the

assignment of a 3’ 3 subarray of grid point object s to each processor , such that

adjacen t s ubarrays are assigned to adjacent processors. This assignmen t is

depicted in Figure 7. 4. The 1 ~~~~ 1? array of squares in this figure represents the

190 . Chapter 7: Scheduling Strategies for Referen ce Tree Networks
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1~” 1? array of grid point ob jec ts .  Within the square corresponding to each object

is shownn a picture of the reference tree for that object line 4x 4  array of dots in

each pmc t~~rt ’ reprosc u nt s tine 4~~4 processor array;  the processor marked wit h an

“ x ” us the j ur occ ’s so r  where tine object ’s t e x t  is stored Solid lines mark the

i rnt e rpr oc e ’ssm u u lunuk s t in i I u ’ onr~ur use ’  t t ic ’  m tm jc ’ c t  s re ’ f e ’ rc ’ nnc p t ree ,  I m e  rt uidc~r can

vt ’ r  it y that  t in e ’v e ’ r  ‘~ r ,i st t iii’, t r e e ’  m unt  lUtit’s eve ry processor containing a reference

to t In t ’  ~ t ij e ’

~ c ’ s i u I t  s i~ ap Ful~ l u ng  I Pi e ’  sim p le ’  tIif!ii~ inirn s t r a t egy  to distributing ob ject s are

sh own in- n t h e ’  - , . ‘ n m e ’ ’ , -h ., i i (% i .s i n
~~t 5  urn P ~j m ~.’ u’ h figure ( . 5 ( a)  shows t i l e ’  initial

config m m r a t i n n ~~ t Pn all ~‘ -t i’ m - r u t s  st n - c ’ I on t Ine ’  lower lef t-hand pri nc ’ c ’sso r , To obtain

each ~ ubsc’ .~~ c ’ni t snapshot in I j u n - c ’  ‘ 
~ from the previous o ne , one pass was made

( vo n -  t he ’ c ’ r n t m r e ’  se t  - ‘ I  j r - I  ~ ‘n t  t j e .  us ( i n - n a rarndoml y dete ’ rmiuned order ) and t ine

simple diftusioun - n - i t  u ’ n -  I in ap~niie ’ d to e’ei P oune ’ to sure ! i f  i t  should be moved to a

neighborin g u r n  c ’ s  S i n -  I hi’ . is m i n t  an e x ac t  simulation of the way ri which things

would happe rn rim a real r c ’ f  or c ’ u m u  e’ t r e ’ c ’  network (presumably there would be more

conc urre’ rnc ~), but t m c ’  resu l ts  should be. fa i r l y simil ar In this -a so , we can se ’o that

the result us a s e ’ t l , ’ ’ , ‘ i t  long, tr .’t Pne ’ m I- nij t  r i ’f nrornce Irpe’s

Section 7 . ? 1 -  Pull Factors 191.
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Hesults of using a pull factor alorng with t ine simple diffusion-n st rategy are shown

ur n gore ~
‘ km Although many refe rer nco t n - e r o s  still become larger than ru the ideal

situatio n- n, t lmt ’ r u ’ un - c ’  e ’ rt ae nn ly several “domains ” of neighboring 01) ju r (:t s t inat have all

been as ‘.mgfl e( l  to the same processor , arid t ine , growth of ref ~~n c ’ um r e t r u e ’s - although

still tar g r e ’ e  t u r n -  t inatn mm t ine ideal , us nnm it nearl y as luxuriant as in f igure /‘ ~

Another thing to un o t u  e about I igure 7 6 is that t he’  use of pull f ac tors  has put

onCung im of .i danimper on-n diffusion that not all proc t ’ss i n- s are bei rn g used equally In

t~~i t , st ’v e ’ r ,el n - n n t ’s’~oT ’, on the uppe r right have not h i e ’ u ’ n u  use d it all Thus k~~~i’r

con -Tun un j in i t  (n i l i s Is  hay be ’ ur nn ac hmtlv ed ut the n -  expense’ of ann i r nc r u r a s u d computa’

tiornal lo~~I t t  some pr oc urusors Depending on tine ratio of t h ese costs , t his ma~ on-

may not represent a good compromise.
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7.2.2: Variable Pull Facto rs

Pull factors manage a significant Improvement over the Simple diffusion strat-

egy. but t.,ere is still clearl y a great deal of room for improvement. Unfortunately,

we are ( t)mir1(~ to the edge of informat ion that a scheduling algorithm might reason-

ably be expected to be able to discover for itself. In order to make much further

progress , some scheduling information supplied either by the user or by some

language pr& )( t ’sso r will have to be included with objects and events. In general , it

i~~ desirable for this information to be expressed in as topology-independent a form

as possible , to make it applicable to running the same program on a wide variety of

different refe rence tree networks [von within this constraint , the most appropri-

ate form for scheduling specifications will vary. For the array-processing example

dealt wi th  in the prev ious si t ior i~ the best form of specification might be an indica-

tion that the grid point objects fit on a Cartesian grid , giving the co-ordinates of

each object on the grid This section I~resents a simpler scheme that should be

suitable for many less structured tasks.

One problem with pull factors is that every referenc e contained in an event or

object tex t  exer ts  an equally strong pull, ror the array-processing example given

above , this is not especially a liabilit y, hut in most cases some objects referenced

are much more likely to actually be accessed than others. For example , an event

should be pulled hardest by its target object. Other object references in the

event might he passed along for several generations without the corresponding

objec ts  ever being accessed; to the extent that this is true, such referenc es

~ho ild exert  less pull. Similar remarks can be made concerning pulls on objects

Certain references contained in a text ma~ be much more likely than others to be

followed by anyone examining the text , the ref erences mast likely to be used
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should exert the strongest pull.

If different references contained in an event or object text are to exert

different degrees of pull on it , the question arises of whether the strengt hs of pull

should be specified in the event or object text being pulled, a particular str ength

being assigned to each slot containing a reference , or whether the strength of pull

should be determined by the object being referenced , so that a given object wilt

pull with the same force on every event or object text referencing it. In other

words , should the strength of pull be a property of the referencer or of the

referencee ” A strong argument for it being a property of the ref erencer is that an

object is not equally likely to be accessed over all paths by which it might be

reached. For example , an object named as the target object of an event is cer-

tain to be accessed by the execution of that event. A reference to the same

object , entered in a d irectory of a file system , might be passed over almost every

time the directory was examined . Even on the occasions when the reference was

retrieved from the directory, another long interval might elapse without the associ-

ated object text  actually being accessed It stands to reason that the reference

to this object should exe rt a much stronger pull on the event than on the directory .

7.3: CommunicatIon araphs

Thus far , the scheduling strat egies suggested all have a fairly mechanistic

flavor: a user with a program to run might have the operation of the scheduling

mechanism exp lained to him and be introduced to the changeable parameters

accessible to h’m, but then he would be on his own. There would be no guidance

other then experiment to tell the user which parameter values would best accom-

plish what he wants , namely to run his program as quickly as possible. The user is

being asked to inform the system about the nature of his program, so that the
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,c’ ~~~~~~~~ i t i ’  it C t t lc ! ( ’ I)t l y Rut t h~ form it the spn . iti i ~t : i  is so alien to

f tc ~~~~ in w h~ h t hc L st ’ r  might ~k’s :r iL t ’ the pro gram t P i t i t  the oii~~ Wd~ of tt~IIing

~~Ii h uP t w .  t ’ L i f i d t i O i i S  ~. t h t ’  m orn i c i r U t n  is t . exper iment  wi th them and

see which results in tester execution i

The situat ion fa~ ed b y a iisnr it this mechanism is sinl , i ltm r Ii that int runited by

a designer f r t ’~i~ t imo sys tems  who~~n ~iriI~ me ans P influencing system behavior

s t)~ ass igning pr ior i t ies tu t t s k s  Whet the user would like to do is spt~Cit y the

requniu l  r t ~~i l  t nu’ t .’nt id~~iOt , w hich Louhi then t o  sat isf ied by the ‘.y~;?. nm in any :,uit

dble n,i n tu What he i.’ r i l~ up l o n i  is t inkering w ith pr ior i t ies of tasks  until the

~~ st~~in ‘cu rs  t i  rnno t the requirud reel - t imt ~ demands This is bad because

t l iert’  i’~ no f ormal f ramework t.. ini lu ai t’  what  se ts  of priorities should be used , and

the re  is o f t e n  no as s .  r:i r~~: i’ that the sot  ñnially chosen will reall y guarantee the

required perfcrm anco under all circ umstenc p5

Similarl y, it would be bet ter  if ~ user f a r n ~ f i.’ re n c o  tree network could simply

describe the behavior of his program in reasonabl y hig h-level terms , rather than

indulge in tweaking li lt It ’ u~~dcr stood fudge fat ;  tor  One lioss itul it  y along these

lines ~~~~t : J  b’ r thi u’ ;n!r (or S m,’ r . ) j r a m n ~ n1j language p ro .oss or )  to suppl y a

“commun i~~. ii ~ ‘;i~ P sPi ’w ?lq ~P f r i’ i l i J P n r~ ~f mmunictition betwee n p u t s  , P

fTK)dLJlPS in the prri~ r am

Ihe actual wa~ in ~~P i . P communication would happen between a pair )f VIM

ob~~ c t s  is that an eve i’ or a ‘. . t  o~ re la ted  t ’vents would access both objects It

copies ,)f the te~~t ’~ of h.~ I . ; s ’ t~ ~~,‘rt’ ‘,l r o f  a t some d istance fiorn P3( h  other ,

then either object tex ts  or events or both would have to be moved, incurring com-

munication costs roughly proportional to the original distance between the object

texts. A communication graph would have a node for each object , and en arc for

sich pair of objects that might communicate. Each arc would be labeled with the
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communication cost Incurred per unit distance that the corresponding pair of

objects were separated. The object distribution problem would then reduce to the

problem of finding an assignment of objects to processors that minimized communi-

cation costs.

Ihe obvious assignment that minimizes total communication costs is the assign-

ment of all objects to the same proc essor In some cases , this might be ruled out

by memory constraints In most other cases , this would be undesirable because it

would encourage all events  u’,inlq the objects to congregate on the same proces-

sor , resulting in ~ (X)f load sharing Perhaps some arcs should have negative commu-

nication costs , indicating that the objects involved do not communicate , and further-

more that i f  they are assigned to the same processor , events using them will be

competing for CPU time It must be said, however , that this solution is rather a~

hoc, and that the problem needs more study.

Another aspect of object distribution strategy is the decision as to whether to

make multiple copies of an object. The wisdom of this will depend on the relative

frequencies of accesses and side eff ects to the object. A good way of conveying

this information in a communication graph might be to label each nod e with the cost

of dispersing copies of the corresponding object over some unit distance. This

cost would be high if side effects to the object were expected to be frequent;

otherwise it would be lower.

Making the best use of all the information in a communication graph is almost

c e r t a i n ly an NP-complete problem; however , it is an open question what kinds of

approximate methods might be able to produce good enough results to make the

approach worthwhile. Other open questions exist as well. Can a communication

graph be useful to a distributed scheduler each of whose components operates

strictly on the basis of local information, or must global knowledge of the network

Section 7.3: CommunicatIon Graphs 199.
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topology be available? How can the communication graph concept deal with a

dynamic situation in which objects , and hence potentially nodes end arcs , are being

created and garbage-collected? How is all the detailed information In a communica-

tton graph to be supplied? Clearly communication graphs are currently a long way

from being a practical medium for scheduling specifications, but the development of

some such mechanism for allowing the nature of a program to be communicated

more straightforwardly is an import ant goal for the future.

7.4: Summary

Ibis chapter , more than most in this thesis, raises many more questions than it

answers. A simple scheduling strategy, based on “diffusion” of events and objects

to less-loaded processor s, seems to do a reasonable job of load balancing, but

does not obtain any guidance from the relationships among data Items and may

therefore increas e communication costs disastrously. An example of such a disas-

trous Increase is given in Figure 7.5. Incorporation of fixed or variable “pull fac-

tors ” ameliorates this situation consIderably (see, e.g., Figure 7.6), but still leaves

an undesirable situation in several respect s.

One attribute of the “pull f actors” solution whIch might be regarded as a

feature is that it provides a large number of parameters through which the user

can twiddle the performance of the system. Unfortunately, the relationship

between the structure of a program and the optimum values of these parameters is

often obscure. The concept of communication graphs is an attempt to bring the

level of scheduling specifications closer to the level at which the user thinks about

his program, but many details of both th. structu~o and use of such graphs remain

to be worked out. Whether communIcation graphs or pull factors are used, how-

ever , there is still a large amount of scheduling information to supply. How much of
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that can be calculated by some language processor scanning the user’s progr am,

and how much must be supplied by the user himself?

Even though the introduction of pull factors works a marked improvement in the

performance of the diffusion strategy, many situations are still treated in far from

the ideal manner (compare Figures 7.6 and 7.4). It is hard to know what improve-

ments over the pull factor method can be achieved by using communication graphs

or the like , since the performance achieved using these depends on just how the

information contained in them is analyzed and used by the network, It is reason-

able to conjecture , though, that no such method will match the results of doing the

distribution by hand , as in Figure 7.4.

To keep from being too pessimistic about this state of affairs , it is worthwhile

to make an analogy with paging strategies on virtual memory systems. These strat-

egies , too, must make object distribution decisions (between primary and secondary

memory) and respond to changing conditions These strategies , too, attempt to

make decisions based on the obser ved behavior of ‘tinning programs, and these

strategies , too, could benefit from being told more about the exac t  nature of a pro-

gram being executed. Vet in most caseS programmers have refrained from fiddling

with the virtual memory strategy or taking matters out of the paging system’s

hands by doing their own input /output explicitly. There are several reasons for

this. One is that for many large systems of programs, the optimal scheduling strat-

egy is no less obvious to the system than to the user. Another is that paging

strategies do well enough that it is ordinarily not worthwhile for the programmer to

try to squeeze that last ounce of pprfnrmence from the system With hardware

costs decreasing, this argument becomes more and more compelling. Although there

are several ways In which the virtual memory problem is less complicated than the

reference tree network scheduling problem, a reasonable research goal is to make

Section 7.4: Summary 201.
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the two reasons given above valid statements about reference tree networks as

well. Then users can go back to getting their algorithms right , rather than fussing

with tunable system parameters.

The performance results presented in this chapter are very preliminary, but at

least they are not discouraging. Much work with more substantial applications

remains to be done to determine the adequacy, or inadequacy, of even the current

scheduling strategies. Beyond this, It must be seen if reasonable scheduling strat-

egies can be built around the cherished reference tree network philosophy of

decision-making on the basis of local information only, or whether more global infor-

mation and interaction is required. Although It would be nice to have a beautiful

theory to answer these questions, it seems that a great deal of experimentation

lies ahead.
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Chapter 8: Conclusions and Directions for Future R.s .arch

The future development of computer systems will be influenced by two thrusts

of technological progress: the ability to build circuits which are faster , and the

ability to build circuits which are bigger (I .e. . which have greater numbers of logical

components). The former thrust wIll lead to continued improvement in what is

attainable using architectures that are now in vogue, but the latter thrust poses a

challenge to develop whole new architectures. If the construction of a computing

system with a greater number of components is to render it more powerful , there is

no choice but to design a system in which more and more operations can be per-

formed concurrently. In an architecture based on strict sequentiality, once the

logic necessary for all functions has been provided, it is difficult to achieve any

further speed increase by adding more logic , since what matters Is the total

number of operations needed to implement a function , not the variaty of physical

gates which perform those operations.

The technological opportunity to build more complex circuits , if they can be put

to use , can be exploited to some extent by switching to architectures which are

internally parallel, even though they still give a superficial appearance of sequen-

tiality. However , to take full advantage of the fruits of the very-large-scale

integration (VL SI) revolution, the user must be introduced to the world of con-

currency and encouraged to express his algorithms in as parallel a fashion as pos-

sible. The purpose of the research described in this thesis has been to develop

methodologies for accomplishing this.

More specifically, this research may be described as a search for ways of

making multiprocessor systems usable. The word “multiprocessor ” Is Intended to

convey, first of all, the presence of concu”ency, and secondly, the idea that

Chapter 8: Conclusions and Directions for Future Research 203.
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general-purpose processing is going on. This is not meant to imply any restriction

on the physical incarnation of that processing power , but is intended to narrow our

scope to include only systems capable of general-purpose computation. The archi-

tecture of special-purpose VLS I systems , for example , although an important topic

in its own right , is not a topic addressed by this thesis.

Within the sphere of general-purpose multiprocessor systems , the  s t r a t e g y  of

this thesis has been to make a broad cut across the entire domain, covering both a

proposed user interface to such systems , an implementat ion supporting that inter-

face , and a preliminary evaluation of that implementation. It is appropriate to

review the progress made in each of these areas.

8,1: The VIM Virtual Machine

The VIM virtual machine is only one of many that have bean suggested for

parallel computation: communic ating sequential processes[19) and data flow[ ?,30]

are notable examples of alternatives On the more concrete side, the virtual

machines presented by modern timesharing systems , such es MUI.TICS[31) or

UNIX(29], deal with interaction between concurrent activities. These systems ,

however , frequently either fail to provide facilities powerful enough to support all

the kinds of interaction that might be desirable (the limitations of UNIX pipes are an

•xample of this), or provide facilities difficult to support on many multiprocessor

systems (e.g.. memory shared between processes). A final vIrtual machine for

parallel computation, the actor machine of PLASMA[ 18]. Is the closes t cousin to

VIM. The design of VIM was heavily influenced by the actor model of computation,

and in fact VIM may be thought of as a reduction to practice of many of the con-

cepts embodied in the actor model.

The interrelationships of the various parts of VIM have already been discussed

204. Chapter 8: Conclusions and DIrections for Future Research
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in Ch ap te r  2, particularl y in Section 2.1, and will not be further dealt with here. By

w.~y of comparison with other alternatives , however , It is worth recapitulating the

advantages of the VI M approach First of all , VIM is simple and tractable. It can

be described pr&~~isel y by the blackboard interpreter of Section 2.5; that inter-

prete- could be modified easil y to cover the enhancements proposed in Chapter 3.

The essential simp!icity of VIM stems from its roots in the mu calculus[ 15,38), a

simple syntactic formalism for message-passing computation.

Second , VIM is flexible and adaptable. This flexibility manifests itself in two

ways  in the abi!’~y to create cornpIe~ structures such as sophisticated synchroni-

:ation operators out of the basic set of VIM primitives , and in VIM’ s amenability to

extension to support additional demands Imposed by desires to implement various

operating system functions , as il lustrated in Chapter 3.

Third , VIM is designed for emcient execution on hardware of a familiar nature.

Although it does support actor-style message passing and a garbage-collected

space of objects , two concepts that have not often been associated with run-time

emciency. VIM also allows direct access to object texts and permits the compos.-

tion of several functions into the text of one type object , obviating some

message-passing activity at the very lowest level. As time passes and hardware

designs progress , this attribute of VIM may well decrease in importance

Finally and m~~ct importantly, VIM is a poworful and effective tool. It~ orienta-

tion toward objects corresponds with various modern views about how to structure

programming systems[5 .24] . end its ability to handle paralleli’m suits It ideally to

multiprocessor systems The various guarantees that VIM makes with respect to

the co-ordinat~on of event executions and object accesses reduce the range of

possible execution histories a programmer must consIder and thereby simplify his

Section 8.1: The VIM VIrtual Machine 205.
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task.

VIM is hardly a finished product , though. The operating system support exten-

sions discussed in Chapter 3 need to be worked out , implemented , and reconciled

with the Ideas set forth by Gula[13 ,14J on structuring a MuNet operating system.

Significantly, “machine-level” VIM is not a very easy language to program In ,

despite the various simplif ying guarantees made by it Thi:, is primarily because

many of the machine-level concepts are at too low a level for everyday use. The

need to avoid resource requests af ter  performing a side effect during the same

event execution , for example , is a constant distraction Additionally, many useful

concepts , such as procedures and environments , must be synthesized out of more

primitive facilities available at the machine level. Thus some higher-level program-

ming language , such as MuSpeak[34 ,35~, is vitally needed to make practical use of

VIM An Interesting question, in f a c t , is the extent to which the nature of the

basic VIM execution environment should be visible to a user of such a language. It

cannot be argued that the simplif ying guarantees made by VIM actuall y uncompll-

cate the programmer ’s task unless it can be shown how those guarantees aff ect

the environment in which the programmer works. If all character ist ics of VIM are

hidden snugly beneath a rather different-appearing programming Iang~..age , t h e n  the

use of VIM may be a convenience to the language implementor , but can be of no

concern to the user.

U~e of the VIM virtual machine can help make a multiprocessor system simple ,

f lexible, efficient , and powerful. This is true whether or not any of the other imple-

mentation mechanisms suggested in this thusis are employed. However , t he  des ign

of languages to serve as the primary interface between programmers and such a

system remaIns an open (and Important) research question. The extent to which

the “.hmracteristics of VIM are visible through this interf ace will help determine the

206. Chapter 8: Conclusions and Directions for Future Research
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real significance of the VIM concept as a good organization for multiprocessor sys~

tems.

8.2: Reference Trees

Reference trees are the principal implementation mechanism proposed in this

thesis. Although the VIM virtual machine could be used on any kind of computer

system , refe rence trees only make sense on certain architectures , no tab ly those

d I- ,Clisspcl in ~~~~~~~ 4 1 Then aga.u , on these architectures , reference trees

could be used to support an environment quite different from VIM

the principal a t t rac t i ons  of the reference tree mechanism are its simplicity and

completeness : s i mp / i c : t y  in that the var ious machinations of the reference tree

scheme , although not r i t’ (essa r ’ I y intui t ively obvious, are nevertheless uncompli-

ca ted , i:omp/otene.ss in that all essential object management functions (support for

side ef fec ts , multiple copies , garbage collection) can be handled easil y. The princi-

pal liabilities of the ri ’f e re r i ce  t ree  scheme are in the areas of reliability and, possi-

bly. eff ~ciency. The efficiency of a system using reference trees will be a strong

function of the shapes of re ’erence t rees that actuall y arise in the system. More

work needs to be done to determine the effect of various scheduling strategies on

the shapes in which reference trees grow.

To the extent to wh~.h reliability and efficiency problems exist , m a n y  of them

can he remedied by complicating th,. basic reference tree scheme. Some such

modifications are suggested in Section 5.4 and in forthcoming work by Baker[ 2].

Ultimately, reference trees may need to be only one of many object management

strategies in a multiprocessor system. Reference trees should be espr” -islly good

for objects known only In certain local areas , a category which probably includes

the vast majority of objects. Objects known more or I~~ss globally across the

Section 8,2: Reference Trees 207.



J 

- - - - .---—-. — —- . -. .  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -.---—=-
~~--

system might benefit from being managed using a different strategy.

1 inally, the usetulrii ’ss of reference trees depends heavily on the con?ormabii-

it~ of a p hy s ica l  network topology to thu model given in Section 4. 1 Although net-

work s of this so rt have ’  muc h to re ommend them, technological progress might ulti-

matel y favor a different kind of topology If a network cannot be viewed as a col

lection ~! nodes , each of which has “only a few ” neighbors , than the usefulness of

refe rence tre e ’s on that network will be greatl y diminished.

8.3: Performance of Reference Tree Networks

This thes is can hardly be considered a deflnit ;ve stud y of the performance of

reference tree networks The performance results reported here are too primitive

to form a basi’~ for (‘ ( p 1500 with Cm. or any other ex is t ing system This is

partl y becau-~e of t~ .’ pa uc i t y  of app lications studied , partl y because of the many

improvements that can st ill be made ri the MuNet implementation , and partly

because’ of the large cost , on tS l-  1 l’s , of implementing such functions as message

input and c o t pi,t . garhaQi’ r’lJe’rt ,on . and f r~~n storage management About all that

can be said at this point is that ‘n some cases the scelabfl ity promises of the archi-

tecture have been re&c .-e ’d, and in others there is still much work left to do Many

different sets  of implementation choices and scheduling strategies remain to be

explored, Beyond that , the really important performance characteristic of a system

is that obtained in actual use , not that exhibited t y  toy benchmarks. In order to

observe this , the system muSt be made suff iciently serviceable to a t t rac t  ordInary

users This implies not c-uliy the development of scheduling st rategies that are at

least adequate , but also of a congenial programming language and system software

to support it Only ~t t h i s  point could a reference tree network he considered truly

a going concern
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8.4: Additional Directions for Further R.s.arch

there is virtually no area touching multiprocessor systems that could not

benefit from additional research , herewith a brief list of issues that relate to the

material in this thesis The first is the development of applications for reference

tree networks Frameworks for general-purpose applications such as timesharing

and simulation , and  parallel algorithms for special purposes such as alpha-beta tree

search , or ~ o l t i t u c i t i  of partial differential equations , are both needed.

Work on some of these applications may in turn call into question one of the

design d.’ ’ su ns underlying the construction of reference tree networks: the

invisibility of network topology, interprocessor communication , and monitor opera-

t (c r ls sw ’ Pi as gartcag t ’ collection Sche mes for making visible these a s p e ( t s  of

system operation may h~~Ip  Improve the efficiency of certain cr i t ical  algorithms ,

although in general such low- evel details should remain hidden so as not to distract

the programmer

Another important research area may be opened up by the advent of easily

tailored special-purpose Vt SI c i rcu it s  Ideall y, in a system where , say, matrix multi-

plication is an important operation, it should be possible to hook up and use a

speciat-purpose matrix multiplier without either disrupting operation of the remainder

of the system or needing to make extens ive software changes The specification

nf constraints on the design of both the system and the special-purpose VI SI cir-

ci , itry so that this can be done in a clean and general fashion can be expected to

he an important research question for the future This can be regarded as a

subquestion ~ t the more general question of hew best to incorporate special-

purpose Vt SI into general-purpose systems.

Finally,  the multiprocessor systems discussed in this thesis, although they do
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not depend cruciall y on the assumption, assume a fairly tight degree of coupling

betwee n components Beyond the mer ely physical degree of coupling, it is

assumed that all elements of the system are under the control of one operating

authority, and that physical security of the system is not an issue. Applying the

tecnnoiogy developed in this thesis to more of a “distributed computing” context

where these assumptions may not be valid leads to whole new research issues

involving protection , awareness of physical system structure , and co-ordination of

independent authorities for name generation and other functions

8.5: Final Conclusions

The marriage of VIM , reference trees , and some hardware has already pro-

duced a system . the MuNet , which is capable of improving its performance by mak-

ing use of multiple processors Although much more work remains to be done, t h e r e

is reason to be optimistic that the MuNet and its  descendants will eventually be

able to exhibit acceptable per?~ rmance ove r S wide range of tasks. The most

important feature of these systems , however , will not be their efficiency but their

interface with users and programs The introduction of a parallel environment

brings with it a whole new set of concerns for the programmer. Our response to

this situation must be to remove as many as possible of the old concerns , leaving

the programming job still at a tractable level of complexity. Thus a good system

for programming a multiprocessor network must perform as many housekeeping

chores (such as communication and garbage collection) as possible automatically,

freeing the programmer ’s mind for other worries.

Whether or not reference free r’etwor~ - are the wave of the future, the tech-

nological arguments favoring use øf multiprocessor systems are irresIstible. Some

methodology for using them , based on t . ‘
~ fundamental design considerations that
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underlie reference tree networks , must be developed
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Appsndi x A: Th. MuN.t Virtual Machine

The virtual machine supported by the MuNet is In some ways an elaboration,

and in other ways a subset , of the VI M machine discussed in Chapters 2 and 3 .. f

this thesis. The differences reflect the pragmatics of optimizing use of the MuNet

hardware (a collection of LSl- 1 1 microprocessors) , and of decisions intended to

expedite the construction of the initial implementation. The MuPlet also bears the

scars of having been produced by an evolutionary process; several aspects of the

MuNet would be constituted differently in any re-imp lementation The purpose of

this appendix is to document the current MuNet virtual machine , and give some

examples of both good and bad ideas in reference tree network archItecture. The

appendix is not designed to be self-contained . but should be intelligible in combina-

tion with Chapters ? and 3 of this tho-~~ 1 urthor details about the MuNet exist as

Internal implementation notes[39 )

A .1: Object References

On the MuNet , an object reference occupies a 1E~-bit word.” Ordinary object

references are pointers to words in memory and hence , on the I. SI- i 1 , are a lways

even numbers. This fact  opens the door for the use of odd numbers as special

“reserved” object references. An odd number appearing where a reference is

expected is not a reference to any particular object , but Is a distinguishable

entity, differentiable from all other odd numbers and from all ordinary object

‘This is a local name , valid only on th~~~ rocessor where t he reference exists ;
it does not imply any limitation, such as 2 , on t he number of objects that could
exist in the network. It is thus incorrect to say that the MuNet has an “address
space” of only 16 bIts. T aking Into consideration the size allotted In the MuNet for
global names of objects , the MuNet “address space ” can be considered as large
as 40 bits.
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references. In certain contexts , specific odd numbers have special meanIngs to

the system.

As In VIM, each ordinary MuNet object reference has an associated text , which

may be acc essed using suitable monitor calls. In addition, a MuNet object ref er-

ence has other attributes , independent of its text. Since the only facilities that

exist for changing an object operate by changing its text , these other attribut es

must be determined when an object is created , and cannot be changed thereaft er.

E v e r y  MuNat object has two such attributes. The hrst is its type , which •n the

MuNet is a separate property of an object , not simply a distinguished reference

within Its text , as it Is in VIM (see Figure 2.3). It follows that every MuNet object

has a type , whether or not the object is ever used as a target object in an event ,

and that an object ’s type must be specifIed when it is created .

F xperience with the MuNet shows that this is an inferior way of handling

types Not only does it rob the user of the power to change an object ’s type , but

the special treatme nt for types complicates various sections of monitor code and

increases the space and time overhead for object management. Finally, it forces

objects to have a type even where (as In the case of purely “data ” objects) the

VIM type concept is not exactly what is desired, leading to further wastage of time

and space.

The MuNet distinguishes several classes of objects according to their types.

Genera! objects are most like the target object shown in Figure 2.3; the type of a

general object Is a ref erence to another object. This object , however , cannot be

another general object , but must be a type object, whose type Is the reserved

Integer 5. If the “closure” aspect of general objects Is not needed, a target

object may be a function object , whose type Is the reserved integer 3. W1’ien a

target object is a function object , the machine code to he executed Is found

216. AppendIx A: The MuNet VIrtual Machine
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d i r ec t ly  In the text of the function object. Thus a function object is analogous to

a VIM target object whose type is a reference to Itself. Finally, the reserved

integer I may be used as an object ’s type to denote a data object Which Should

never be used as a target object. No other odd integer may be used as a type;

thes e other numbers are reserved for use by the implementatIon to distinguish

objects from events and from other entitIes used internally.

The other permanent attribute of an obj ect Is a Boolean device flag . If an

object ’s device flag is set , the tex t  of the object cannot be moved from the loca-

tion where the object was created Therefore , an event that requests access to

the text of such a “device object” is forced to execute on the processor where

that text is — the text  cannot be moved to where the event is. Device objects

are Intended to model peripheral devices which exist on particular processors. An

event whose execut ion directly involves transfers of data to or from a peripheral

must execute on the processor wher e the peripheral is If the target object used

for final transactions with the peripheral is installed as a “device ” on the appropri-

ate processor , this outcome will be ensured (since gtext access to the target

object Is requested in the course of beginning execution of an event). A mechan-

Ism for creating device objects will be discussed later.

Although devices are quite a “dir ty ” mechanism, they are extremely useful any

time it is desired to force executIon of a particular event in a particular place.

This is the case not only when interacting with peripherals , but also for perfor-

mance monitoring and other kinds of Intervention In the activities of the MuNet.

Section A l :  Object References 217.



7 

.

~~ 

-

~~~~~~~

--.-

~~~~~~~~~~

._

A.2: Object Texts

An object text within a MuNet processor is represented as a series of words

in memory A text  begins with a hea lt’r word , followed by a sequence ~f r words

~ontaining object references , followed by w words containing uninterpreted binary

data (see F igure A 1). The low-order byte of the header word contains the quan-

ti ty r , while the high-order byte contains the quantity t•w Since this quantity

must be representable in a by t e , the length of object texts may not exceed 265

words Larger aggregates of data must be represented as several objects Joined

together using object references

header word r 

r references 
1

L -
~

w words

P igure A Format of MuNet object texts

If an object is a f i~r - t i u n  or type object , i t  is presumed to contain executable ,

position-independent PDP- 11 machine code starting at the beginning of the “binary

words ” portion of its tex t .  Control will be tr ansferred to the begInning of this code

whenever the object’s coda is Invoked in executIng an event. The ability to

Include ref erences along with actual machIne code in an executable text provides

a useful way of making avaIlable references (e.g., to other parts of the program)

~‘18. AppendIx A: Tb. MuNet Virtual Machine
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which may be needed during event execution

A .3: Events

An event has the same format as an object t ex t .  it begins w ith a header

word, followed by a series of references (of which thc f irst is viewed as the ref er-

ence to the target object),  followed by a ( possibly null) series of binary words.

When an event is to be executed , a pointer to the event is placed in the PDP- 1 1

register tO A pointer to the tex t  of the tar get object is then placed in ri (note

this is nor necessarI l y the tex t  that contains the machine code to be executed)

Ne x t , control is transferred to the executable code associated with the target

object.

While executing, an event can call on monitor services via tsr or Jmp instruc-

tions through transfe r vectors at absoIut~ locations in low core. The calls available

will be enumerated presentl y, some further conceptual differences between VIM

and the MuNet should be discussed first.

In VIM , eve ry event is created by a newev request , eventually executes suc-

cessfully, and then becomes Inactive. If en event causes additional events to

further the progress of a computation, it must create each such event by means of

another call to newev , It is possible to use this mode of operation when program-

ming the MoNet , but for the sake of efficiency, an alternative has been made avail-

able

Many events cause exactly one event to carry on the computation; I.e., In

most csses , the thread of event causality Is basically linear , With relatIvely few

forks and jo ins In this situation, it is desirable to reuse the storage allocated to

the current event , rather than go through the overhead of throwing it away and

allocating a new event, Thus if execution of an event on the MuNet ends with a
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n.xtev request , rather than a done, the current event is not thrown away, but

remains active and is enqueued for re-execution Unless it was the user’s intention

t~
) c rea te  an endless loop, he will presumably have modified the contents of the

event so that it now calls for the next step in the computation; i-a. , he will have

wr i t ten into it what would otherwise have been wr it ten into an event created using

newev , had that alternative been adopted

A few additional comments about the next•v mechani ,m are appropriate. First ,

writ ing into the current event must be considered a side effect (in the sense that

It would set the blackboard-interpreter side-effect flag . to true), and consequentl y

must be done after all resource requests have been made it an aborted event

has been modified, re-execution of the event Is not likely to yield correct results.

Second. the nextev mechanism is not inconsistent with forks It is entirely reason-

able to create several new events using newev and also reuse the current event

by calling n•xt ev. Third , an evxpnd primitive (descrIbed below), analogous to

objxpnd, is provided for handling situations where reusing the current ev ent may

require increasing it s size.

Another note regarding events in the NuNet -
~~ every event has Implicitl y asso-

ciated w i” it an operating system object , accessible via the getos and setos moni-

tor calls. The idea behind operating system objects is to make available the kinds

of capabilities associat ed with process objects in chapter 3 of this thesis; how’

ever , none of these functions is currently implemented on the MuNet~

A second difference between VIM and the MuNet Is that in VIM , gtext and

lockt.xt requests serve only to reserve access rights to object texts;  no values

are returned. When an executing event actually accesses data in an object tex t .

it does so by supplying a reference to the object along with identification of a slot

in the object tex t .  The imp lementaton is then responsible for finding the tex t  in

220. Appendix A: The MuNet Virtual Machine
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core and performing the desired acc ess For the sake of efficiency, MuNet gtex t

and Iockte xt requests return a pointer to the reluvant tex t , whic h may then be

accessed directly us ing POP- i 1 Indexed addressing modes I his pointer is oniy

good f or  th~ r i’mai,ider of t Ii~ current event t’xto ution , s ince the object t ext  might

be moved biifor t’ any subsequent execut ion , Any subsequent u sec u t  ion wishing to

acces s the object will have to 55111’ another gtext or locktext request in any

case , and should use the tex t  pointer returned f rom that request.

Unfortunately, the ob)xpnd request . wh ich incr eases the size of the area allo—

c~~t t ’uI to hold a t o  xt , may r’t ’ t ’d to move the tex t  in order to fulfill i ts  mission I hus

objxpnd return s a new t ex t  pointer which obsoletes any tex t  pointer previousl y

obtained for t h~ object during the ssme event execution Ihe resulting potential

for conf it s ioii is ni it igatt ’d somowh~i t t t  y tt io infr ’qt i t ’ r r t  y of objxpnd requests . but it

is fa i r l y  clear that . in the pro sent  i’ of appropr ia te  hardware support for accessing

t e x t s , ~ polic: y of not i’s plicit ly re leasing text  pointers is simpler and lt’ain’r

A third departure from VIM results from the nature of the LS I- 1 1 hardware base

for the MuNet In VIM , the legalit y of various op.’iat ions (such as aborting an

event) is contingent on th~ set tinq of the side-eff ec t flag ~, ndicat intl w hether any

side ef f ec ts  have bt’ i’cr perfo rmed by the •‘vent in question The la(:k of memory

management hard war e (in the MuNet I ~~ 1 l’s precludes any a t tempt  to ma intain

such a flag autom at ical l y It would he possible to construct a monitor call sett ing

the s ide - pf foc t  flag the user could t hen invoke th is  call upon performing a side

ef fec t  However , this appr oach was not taken , and in fac t  no side-effect flag is

explicitl y maintained for events i’i the MuNc’t . ibis means that the sta te of an

even t ’s side-effect flag cannot be used to determine the legality of aborting it

MoNet programs should ct ‘ follow the same rules as if the side-effect flag we re

maintained and checked , t hough, thus it is still unwise , for example , to make a

Section A.3: Events 221.
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gt.x t request after having performed a side affect ,  The MuNet monitor cannot sig-

nal an error if this is done , since it has no knowledge of whether a side effect has

been performed Rat h e r , this discipline must be followed by the user , or he risks

obtaining incorrect resu l ts

1 hi’ rrt ’* ’d to he able to abort events is as real on the MuNet , t iowi ’v t ’ r , as it is

in VIM Sinc e there is rio explicit side-effect flag on the MuNet to indicate whether

aborting an ,.vont is permissible , events on the MuNet can only be aborted at

places ‘~ h,’r.’ it c an he interred that the side-effect flag, had it been maintained ,

would be fa lse T his infe rence can lii’ made any time an event makes a request

which , according to the rules of VIM , is only legal when the side-effect flag is false.

thus events can be aborted wil y while trying to make such requests.

A.4: MonItor Calls

A Iistir iq of MuNet s y s t e m  cal ls follows. In each case , a schematic form of the

system call (~‘ g . gtyp.(ref) r.turns(ref)) is given, along w ith the actual PDP- 11

calling sequence and a description of the ef fect  of the call

gtyp.(ref) returns(typa):

mov Sref type

returns (moved into type ) the type of the object referenced by re f .

gtext (rof) r.turns(te~ tptr)’

mov , ‘ef ,rO
Jar pc ,Slgtext ,.v
mov r l , te%t p fr

obtains sharable (read-onl y) acc ess  to the text  of the object referred to by
ret , and returns a pointer to that tex t .  gt•xt may not be called following a
side eff ect.
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locktsxt(rtif ) rsturns( rastptr ).

mow ref ,rO
Jar pc ,S#locktext v
mov r1.te~ Ipt,

like gt.xt in every respect , except that it obtains non-shared ( read/wr i te)
access to the text  in question.

newobj(typa , ci .‘~~‘) returns(rt, f ,te r tptr )

mov typa,rO
mov sl ie ,rl
j ar  pc ,S#n.wobj v
mow rO,ref
mow rl ,tes tp (r

creates an object with t ype  type and .si~’*’ words of tex t  (not counting the
header word). A refe renci’ to the newly created object is returned , along
with a pointer to the new objt’ t ’s tex t .  n.wobj may not be called following
a side ef fect .

objx pnd(ref ,xi :t’) r.turns(teii rptr )

mow ,of ,rO
mov slze,rl
Jar pc .•lobjxpnd v
mow r1,te~ tpt r

ensures that the area allocated to storage of the t ex t  at the object
re f e r r e d  t o b~ re f  is at least large enough to support a t e x t  of iength s’:.’
words (not counting the header word) If the area allocated to the  object
tex t  s not large erri igh, the tex t  is moved to a new , suitabl y large location
Ihe te~ tptr returned is a pointer to the tex t  af ter  any required relocation.
end supersedes any tes (p t r  previously obt ained for the same object during
the same event execution • On the presumption that a caller of objxpnd
intends to modif y a t l e a s t  t h~ header word of t hi’ t e x t , objxpnd performs an
implicit locktext on the ob j e c t  objxpnd may not be called following a side
ef fect . However , since objx pnd does not actual l y modif y t he  t e x t , calling it
Is not considered a side e f fec t

A better approach would be to have objxpnd never return a Ie~ tp1 r , but
instead abort t he requesting event if the tex t  is moved The text  having been
moved to a more spac ious location, the objx pnd would presumabl y succeed upon
the next .‘xce ij t ion of  the event Aborting the event when a tex t  is moved, how-
ever , forces all tax rp t~ s used by th e event to be re-obtained, thus avoiding the
possibility of needing to discard a tex tptr  because of a subsequent objxpnd. and
the hazards o~ negligently continuing to use suc h a tex t  p tr

Section A 4’ Monitor Calls 223.
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n.w.v(nwor ds)  r.turns(evpl,)

mow nwords ,rl
Jar pc ,S~~n.w.v . v
mow rl ,evptr

creates a new event nwords words long and returns a pointer to it in ewpt,
the new event will be released for execution only if execution of the
current e vent te rminates successfull y . As with a newobj request , a n.wev
request may not be made following a side effect.

.vxpnd(nworcli ) r.turns(evpti’).

mow ,iwo,ds ,r l

Jar pc ,Sø.vx p nd .. v
mow r1.evptr

•wxpnd is like objxpnd, except that it operates on the currently executing
event rather than on an object text  .wxpnd is called when reuse of the
current event is contemplated, and as surance is desired that at least
nwo.rds words of event space are available to hold references and binary
words Like objx pnd, ewxp nd is not considi’ri’d ~ side effect (does not
actuall y modif y the contents of the event ), may not hi’ called following a
side effect . and may re locate  the event to a more spacious location. Thus
after a call to .wxpnd . the  returne(S evptr ~houId be used In lieu of any pre-
viously obtained pointer to the current event.

ns xt .vO:

mov ~ øn.xt .w ,.w p C

terminates (successfully) execution of the current event and re-enqueues It
on the event list. *,ny other events or object s created are also formally
installed.

don.O-

n a  PC

l ike nsx tsv , but does not re’onqueue the current event. Because of its use
of a return address on the processor stac k, the stack should be popped

bac k to its state when executio n of the current event began before done is
Invoked.
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g.to s () ,.t urns (os ,ef)

Jar pc S#geto$ .w
mow rO,osr ef

returns a reference to the operating system object associated with the
current event This request can never cause an event to be aborted and
may be executed at any time.

s.tos(os,&)-

mow osref ,rO
jar pc .~~~sIto * . w

changes the operating s y s t t ’ni obj ect of the currently executing event to
osref This is u:iuisid.’r.’d a siij * ’ effect and should not be done if the event
might subsequently to’ a b o r t e d  Note that the operating system object for
a n y  newly created i’vents (made us nq ne w sy) will be that operating sys-
tem object in effect at the enl of the execution of the creating event.

A few other monitor calls ex is t  also , allowing access to internal monitor variables ,

interaction with the UNIX development environment , and implementation of other

speciali:i’d functions These calls are not intended for use by ordinary users , bu t

aid in t h~ construction of special a c t o r s  performing various system initialization and

monitoring functions.

A.5: Special Objects

When the MuNet is in normal operation , two kinds of special objects exist

within it . pr o, i ’s .so , øbjtie ts and a sy s tem objee t There is one system object for

the entire MuN~ t , which may be invoked , a’. a target  object , to obtain information

and perform functions 0f system-wide significance. Among the kinds of events  t h a t

the MuNet system object will respond to are (using S to denote a reference to the

system object)
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(S 1 C) causes the event (C X), where X is a reference to an array of ref er-
ences to all the processor objects.

(S 3 C) causes one event (C P) for each processor object P.

Other calls to the MuNet system object allow I/O to the UNIX console from which

the MuNet was invoked, and provide mechanism for processor objects to inform the

system object of their existence

In a fully operational MuNet , there is one proc essor object for each physical

processor I ach processor object is a “device ” installed on the processor it

corresponds to. Among the kinds of events that a processor object P wIlt respond

to are

(P 1 ,~ C):  causes the avant (C Y) where V is a copy of the object X (same type ,
same text  contents) installed as a device on the processor whose proces-
sor object P is

(P 3 C) . causes the event (C X ) where X is a now object whose text contains
various pieces of status information about the proce ssor associated with P.

A.~~: Summary

This appendix has given an overview of the virtual machine supported by the

current MuNet implement ation. Generally speaking, the VIM vIrtual machine

described in the text of the thesis should be regarded as superior to the MuNet

virtual machine where their featur es differ; the purpose of descrIbing the MuNet

vIrtual machine here has been to expose some of the Influences on and alterna-

tives to VIM, and to show the elaboration of some of the VIM concepts down to a

more concrete end practical level.
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Append Ix 6: Cor rectness of the Membersh ip Protocol

The purpose of this appendix is to demonstrate that the ref erence tree

membership protocol described in Section 5.3 performs the functions claimed, vi z,,

that it prevents reference trees from becoming disconnected, prevents cycles from

forming in them , and is not prey to any other sort of error condition. As a side

effect , perhaps the demonstration will shed a little additional light on the workings

of the reference tree mechanisms.

The membership protocol is specified by the list of s ta te  transitions in Table

5.9, plus several restrictions not explicitly s tated in t h e  t a b l e  In t h i s  appendix , it

will be convenient to refer  to various of the state transition rules in Tab le 59.

The nota~lon

old-state : mes,sage-received / message-sent : new-state

will be used, so, for example , •iX: R+ /L. :S•~ refers to a transition that happens when

a processor in state X recei ves an P. message, changing to state S and emitting

an L.. message back to the sender of the P. message. Spontaneous transitions

have a null mes~.age-receive 1 field, arid a null message-sent field indicates a transi-

t ion not accompanied by any output Thus X : /:N denotes a spontaneous transition

from state X to state N which results in no output.

There are two kinds of important restrictions on the applicability of the spon-

taneous transitions listed in Table 5.9. One applies only to the transition M: / - :X ? ,

by which a processor leaves the reference tree A processor is allowed to make

this transition only if its state for every other link attached to it is either N or N?.

This means , among other things, that the processor making the transition must be a

leaf node of the reference tree. At the time when the transition is made , the proc-

Appendix B: Correctness of the Membership Protocol 22? .
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essor ’s other link states of N end N? must be changed to X and X ?, respectively.

ihe other kind of restriction applies to the transitions N:/ :X , N? :/ :X? , X:/: N,

arid X7 :/:fd’?. The first two of these exist only to :epresent the state chan ges on

other links that are associated with a processe leaving the reference tree , as dis-

cussed in the previous paragriAph. and should not be used at any other time . ‘Thus ,

although the transItions b o A  spontaneous , they are in fact  only used when other

activit ies on the processor cause it to leave the reference tree. Similarly, the

transitions X: /:N and X’7:/:N? exist only to handle state changes that must occur

when a processor j o ins a reference tree . Since it is always the receipt of a mes-

sage that causes a processor to join a reference tree , there is a sense In which

these two transitions are never “Spontaneous.”

Showing the cor rectness of the membership protocol divides into two tasks.

determining some local properties of the protocol as it applies to a microcosm of

just two nodes and one link , and generalizing from these to prove global properties

of entire reference trees An assumption that we shall make throughout is that

only one thing (a spontaneous transition or absorption of a message) happens at a

time . In practIce , this means only that each processor must act as an arbiter

among messages arriving at it over different links , and process them sequentially.

The need to ensure more global sequentielity can be circumvented by noting that

the effects of state changes at processors are strictly local. Thus simultaneous

events at different processors can be considered to have happened sequentially.

in any order, for the purposes of this appendix.

228, Appendix B: Correctness of the Membership Protocol
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8.1: Local Properties of the Membership Protocol

Local properties of the membership protocol are the following:

• closure - - all configurations reac hable from any possible starting configura t ion

should be possible to handle following the rules of the protocol; no proces-

sor should ever receive a message that it cannot handle in its current state.

• consistency - all quiescent configurations (I.e., configurations iii which no

messages are in transit) reachable from any possible starting configuration

should show the desired relationship between processor states; for exam-

ple , we would not like to see a quiescent configuration in which two proces-

sors each thought they were masters of the same link,

From our local examination of the membershi p protocol we should also like to

abstract a few properties useful in showing global properties of the protocol.

These properties deal with the relationship of the membership status (i.e., in or out

of a reference tree) of pairs of adjacent nodes to th~ membership status of the

link connecting them.

As discussed in Section 5.3, every node, or processor , has (conceptually) a

processor state for each reference tree. This state can be either “in the refer-

ence tree” or “not in the reference tree. ” The processor state is manifested in

the values of the processor’s link state for each link attached to the processor,

such that if a processor is inot in” a particular reference tree , each of its link

states for that tree will be either X er X?. Conversely, if the processor Is “in” the

tree, each of its link states for that tree will be some state other than X or X?.

Thus it is easy to determine whether a processor is a member of a partIcular refer-

ence tree; examination of any of that processor’s link st ates for that tree will

Section 8.1: Local Properties of the Membership Protocol 229.
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yield the answer.

It is more difficult for a proces sor to find out whether a l inA that connects to it

is a member of a particular reference tree In general , knowing the link state of

that processor for that link is not sufficient for an unambiguous determination

(e xceptions are states M and NI, which always mean the link is in the reference

t ree , and s tates  X , X’ , N. and N”, which always mean it is not). In fact , even

knowing the link state at both ends of the link will not always be enough to decide

whether the link is in the reference tree. In addition to the link states , t he

queues” of pending messages (messages sent but not yet received) on the I’nk

must be taken into consideration to determine with certainty whether a particular

link is a member of a particular reference tree.

Thus in order to comp l e te l y specif y the condition of a link between processors

A and B, for a particular object ’s reference tree , four pieces of information are

needed: the link states of processors A and B for that link with respect to that

object , and the queues of messages~ sent but not yet received from A to B and

from B to A. In our discussions , we shall represent the condition of a link as fol-

lows:

(A-state A-to- B-queue B-state B-to-A-queue)

Thus the meaning of the link condition

(M? (P. A-) N?1 0)

Th. reader is reminded that messages on a lInk must be received in the same
order as they were sent , In order for the protocols to work properly. Consequently,
the notion of a “queue” of mess ages on each link is an accurate one.

~These messages may be any of P., 1., L-’ , +, - , A., A- . or LN; in other words,
any of the messages mentioned in Table 5.9.

230. Appendix B: Correctness of the Membership Protocol
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is that the link state of processor A for this link Is M? and the link state of proces-

sor B is N”l , that an A- followed by an P. message has been sent by A to B but

iieither has yet been received by B, and that no unreceived messages have been

sent by B to A. Since interprocessor links in reference tree networks are symmet-

rical , the link condition

(A-state A-to-B-queue B-state B-to-A-queue)

is for all practical purposes equivalent to

(B-stat e B-to-A-queue A-stat e A-to-B-queue)

in that any comment that may be made about one of them is valid , mutatis

mutandis , about the other. In this appendix , we shall follow the practice of allow-

ing one of these versions to stand for both, rather than taking the extra space to

list both versions of all asymmetrical link conditions.

Obviously an infinite number of different link conditions are possible , since each

message queue could be an arbitraril y long string Therefore , it would seem neces-

sary to formulate a rule, or algorithm, that could be applied to a particular link con-

dition to determine whether that link should be considered a member of the

relevant reference tree Unfortunately, it is t roublesome to design a concise rule

for this purpose , so an alternative route is taken in this appendix.

At the birth of a system , when we are entitled to believe that no inconsisten-

cies exist and no messages are already flowing, every link will be in one of the fol-

lowing conditions:

(X 0 x 0 )  ( X O N O )  ( N O N O )  (1.010) ( S O M O )

Section 8. 1: Local Properties of the Membership Protocol 231.
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Thus the only link conditions that will really be of interest to us are those that can

be reached from this initial set by following the state transition rules spelled out in

Table 5.9. This closed subset of the entire set of link conditions is the only one In

which we are concerned with being able to determine membership of links in refer-

ence trees ,  Although this subst’t is still infinite , we can group its elements into a

finite number of useful c ategories by making one simple observation. Since sending

a local name never has any effect on the sender ’s s t a t e, and recei ving any series

of consecut iv i~ repetitions of a local name has the same effect on the receiver ’s

state as receiving just one, we can use the symbol LN in a message queue to

denote not Just a single local name , but any sequence of one or more repetitions of

the local name As a result , transitions involving the receipt of a local name by a

processor must be performed in each of two ways:  by removing the LN from the

Input queue , the proper action if the IN represented only one local name , and by

leaving the LN in the input queue, the proper action it it represented several

repetitions of the local name.

With the simplification of letting one instance of the symbol LN represent any

number of repetitions of the local name , the number of link conditions accessible

from our initial set becomes finite A mechanically generated list of all these

accessible link conditions is given below in Table B.1.

In the  t ab l e , each link condition is given with a reference number , an indication

of whether the link in question should be considered a member of the reference

tree , and the reference numbers of all link conditions that could be successors of

the current one (I.e., which could he derived from it by applying some transition in

T able 5.9). The status of the link as being in or out of the reference tree has

been chosen so that

232. Appendix 8: Correctness of the Membership Protocol
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a the status remains Invariant from a link condition to any successor except

that

• when one of the processors undergoes one of the transitions

X:R+/L+:S or X?:LN/:N?, the link (which should not previously have

been In the tree) joins the tree , and

• when the link and both processors are in the tree and one of the

processors undergoes the transItion M:/ :X’, leaving the tree , the

link also leaves the tree , and

• the link is not In the tree for the quiescent conditions

(X 0 X 0) (X 0 N 0) (N 0 N 0) (1 0 1 0)

but is in the tree for the quiescent condition (S 0 M 0).

That the as~ lgnment of link status (in or out of the reference tree) to link condi-

tions in Table B.1 has these properties has been verified mechanically; the reader

is invited to peruse the table to convince himself of this and, perhaps , gain  f u r t h e r

insight into our approach. The reader should bear in mind, when following the rela-

tionships between link conditions and theIr successors , that only one of the link

conditions belonging to each symmetrical pair Is listed. Thus the change from a link

condition to Its successor in Table B 1 m a y  Involve not only a state transition at a

processor , but also a reversal of the roles of processors A and B.
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Table 8.7: Member ship Pr otocol ( m A  Conditions

Is ( m A
Number l i nA  Condition In T,e~’? Successors

I. (1010)  No 2, 4
2. (1 () I ((N))  No 1, 2, 3, 5. 15
3. (1 ( (N )  I (I N ) )  No 2 , 3 , 8
4. (1 () 1’ ( )) No 6 , 15, 1 / , 225
6. (1 () 1’ (-  I N ) )  No 

~~~~~~~~~~~~~~ ~~~~, 
18 

-

8. (L 0 1’ ( I N  - ) )  No 8, 16. 19 , 226
1. (1 0 1? (LN I N ) )  No 6 , 7, 9. 20
8. (1 ( ( N )  1? (- LN) )  No 5, 8, 9, 15, 21
9. (1 ( ( N )  1? ( IN  - ( N ) )  No 7, 9, 16 , 22

10. (1 (l. -) M’ 0) 
- 

No 1L 11
~ 

13 , 2?
11 . (L (I -) M? ( I N ) )  No 2, 10 . 11 , 14 , 2h
12. (1 .) M? ( I N ) )  No 2, 12 , 29, 64 , 66
13 (1 i, .’N I -) N’ 0) No 2. 13. 14 , 30
14. (1 ( (N  I. ) N’ ( ( N ) )  No 3, 13 , 14 , 31
15. (L’ ( )  I ( I N ) )  No 4 , 15, 16, 18 , 57
16. (1’ (IN -)  I ( ( N) )  No 6, 16 , 23. 61
1 1. (1’ ( - )  L’ ( )) No 19 , 55
18. (1” (- )  I’ ( L N) )  No 17 , 18 , 20 , 23 , 56
19 (1? (- )  L? (IN -)) No 19, 24 , 58, 22/
20 (1’ ( ) I’ ( I N  I N) )  No 19, 20 , 25. 59
2 1 . (1’ (- I N )  I’ ( I N) )  No 18, 21 , 27
22. (1’ ( (N)  1” ( I N  I N ) )  No 20 , 22 , 23 . 26
23. (1’ ( I N  - )  L’~ ( - I N) )  No 19, 23. 25, 60
24. (1’ ( IN  — )  I” ( I N  - ) )  No 24 , 62
25 (I~ UN - )  17 ( I N  - I N ) )  No 24 , 25, 63

- 

26. (L~ ( I N  I N)  I’ ((N - I N ) )  No 25 , 26
21. (1? ( I ) N’ 0) No 4, 28, 32
28. (1’ ( I - )  N’ ( I N ) )  No 16, 27,  28, 33
29 (L~ I- •) N’ i, I N ’t~ No 15, 29 , 34 , 61
30 (1’ ( IN I ) N’ 0) 

-  
No ~~~~~~~~~~~~~~~~ 35

31. (1’ ( I N I ) N’ ( I N ) )  No 8, 30, 31 , 36
32. (1? (LN - I- ) N’ 0) No 6, 32, 33
33. (1’ ( I N  I ) N’ ( I N ) )  No 16, 32 , 33
34. (1? (IN - .) N? ( I N ) )  No 16, 34 , 89
35. (1’ ( (N  - IN 1 ) M ’  0) No ~~~~~ 3~~~, _ _
36. (1’ (LN - (N I -)  N’ ( L N) )  No 9, 35 , 36
3 7. (1’ 0 N’l (. A - ) )  No 42, 126 , 236
38. (1’ 0 M’l (. A - - I N ) )  No 37 , 38 , 43 . 47
39. (1? 0 M’l (. A- I N ) )  No 39, 44 , 48, 124
40 (1’ 0 M’l (. A (N - ))  No 45 , 49~~~37 

_____ --

41. (1? 1) M?1 (. A- (N - I N ) )  No 40 , 41 , 46 , 50
4?. (1’ 0 M’l ( IN  . A - ) )  No 42. 1 53 . 238
43. (L? OM’ l (IN . A -  - (N) )  No 42, 43. 51
44. (1’ 0 M’I (IN . A (N ) )  No 44 , 52 , 151
45. (1’ ()  M”i (IN . A- IN - ) )  No 

~~~~~~~~~~~~~~~~~~~~~~~~
48. (L? () M’l ( I N  • A I N  . (N) )  No 45, 46, 54
47. (1’ ( ( N)  M’l (. A - I N ) )  No 38, 47 , 51 , 126
48. (1? (IN)  N?1 (. A- (N ) )  No 39, 48 , 52, 125
49. (1’ (IN )  M’l (. A- (N -)) No 40, 49, 53, 240
60. (1’ ( (N )  N’l (. A- (N - LN) )  No 41 , 49 , 50, 54

234. AppendIx B: Correctness of the Membership Protocol

-_.~~ 
_ _ _ _ _  _ _ _ _



- 
--.—-

..- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ =.
-
~~==~~~~~=-~

-‘-—-- .:-::; ~~... ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — ~~~~ —-“--‘~~~ -—

lable 8 .7 :  Membership Protocol ( m A  Comiit,ons

Is ( m A
Num ber (mA Condition In 1rt ~v

2 Successors

51. (1? ( I N )  M?1 ( I N  • A- - I N) )  No 43, 51 , 153
52. (1’ ( I N )  M’l (IN • A-  ( N ))  No 44 , 52 , 152
53. (1? ( I N )  M?1 ( I N  . A- IN -)) No 45 , 63, 241
54. (L~ ( I N )  N’l ( I N  + A IN I N ) )  No 46 , 53. 54
55. (L’ () W? 1 (A-  - ) )  No 3? , 22? , 252
56 (1? 0 N?1 (A - I N ) )  No 38, 65, 56, 60
57 (1’ 0 N’l (A ( N ) )  No 39, 5/ , 61 , 225
58. (1’ ( )  N?1 (A-  (N -) )  No 40, 62, 253
59 (1? 0 N’l (A IN ( N ) )  No 41 , 58, 59, 63
6O. (L’ (IN) N?1 (A I N ) )  No 47 , 56~~6O,~_227_ - -

61 (1’ ( I N )  N’l (A I N ) )  No 48 , 57 , 61 , 226
6?. (1? ( ( N )  N’l (A (N )) No 49 , 58, 62 , 254
63. (1’ ( I N )  N?1 ( A -  IN I N ) )  No 50 , 59 , 62 , 63
64 (N? () I (.

~
) No 1, 12 , 65, 6/

65. (M?O L( I .N  .)) No 2, 85, 66, 68
86. (N? ( I N)  I (IN •)) No 3; 65, 66 , 7i
6/ .  (N’ 0 1’ (- + ) )  No 4 , 29 , 89
38. (N? () I’ ( - IN .)) No 5, 70, / 1
69. (N’ ( )  I? ((N - •)) No 6 , 34, 89
/0 (N? ()  1’ ( iN  I N  •)) No 7 , /0 , /2 

-
/ 1 . (N’ ( I N )  1’ (-  I N  •)) 

- 

No 8, 68 ,
1?. (N’ ( I N )  I? ( IN IN •)) No 9, 70 , /2
/3 (N’ (.) M’ (.)) No 64 , 74
/4 (N’ (.) N? ( (N  .)) No 12 , 65, /4 , /5
lb  (M’ (IN .) M’ (IN .)) No 66 , 75 

-

/6 (N’l ( )  I (A.)) Yes 82 , 88 , 100 , 301
71. (M’l 0 1 (A. I N ) )  Yes 76 , / 7 , 83 . 89, 101
/8. (M’l ( )  1(1 A - )) No 10, 84 , 90 , 102
19 (M?1 ( )  I. (I - A ( N ) )  No 18 , 79 . 85 . 91 , 103
8 0 ( M’ IO L( .  A )) 

- 
No 

~~~ 
86 . 92 . 104 

— - -

81 (M” l 0 1. (, A I N ) )  No 80 , 81 , 8? , 93. 105
82. (M’? l () I ((N A .)) Yes 82 , 94 , 106 , 302
83 (N’l () L ( I N  A . I N ) )  Y,’.c 87 , 83 , 95, 107
84 (N’l () I ( I N  I A )) No 13 , 84 , 96 , 108
85 (M’l 0 1 ( (N  I A I N ) )  No 84 , 

~~~~ J 91, 109

~~~~~~ H0 L UN • A ) )  - 

No 65, 88, Q8 , 11 0
8/ .  (M”l () I ( I N  • A I N ) )  No 86 , 87 , 99 , 1 1 1
88 (M’l ( I N)  L (A. )) .‘~~ 16 , 88 , 94 , 12? . 303
89 (M’l ( I N )  I (A. ( N ) )  Y~’.s / 7 , 8.3 , 89 , 95, 128

~0 .~~M’1 ( I N )  I (L A )) No 11 , 18 . 9~~~96 , 1~ ’9
91. (M’l ( I N )  I (I- A I N ) )  No /9 , 90 , 91 , 97 , 130
92 (N’l ( I N )  I (

~ 
A - ) )  No 12 . 80 , ~1?, 98 , 131

93 (M’l ( I N )  I (. A I N ) )  No 81 , 9? , 93 , 99, 132
94 (M’l ( ( N )  I (IN A.) ) Yes 82, 94 , 133 , 304
95 (M ’l _(LN (I . I N ) )  Yes 83~~Q4 , 95, 134
96 (N’l ( I N)  I (I N  I. A )) No 14 , 84 , 96 , 136
9? (M’l ( I N )  I ( I N  I -  A- I N ) )  No 85, 96, 97 , 136
98 (M71 ( I N )  I (IN • A - )) No 86, 86, 98, 13?
99 (M’l (IN) I (IN ~ A I N ) )  No 87 , 98 , 99 , 138

100 (N’l 01’ (- A.)) YeS 11? , 127 , 310
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Fable 8. 1: Membei ’ship Protocol I ink Conditions

Is (ink
Num ber I ink Condit ion In Tree ? Successors

101. (M? 1 () I’ (- A. I N ) )  Yes 100, 101 , 113 , 128
102. (M?1 () I? ( I A )) No 21, 114 , 129
103 (N’l () 1’ (-  1 - A -  I N ) )  No 102, 103 , 115 , 130
104 (N’l 01? ( • A ) )  No 6,’ , 116 , 131
105. (M’l 0 1’ ( - • A - I N ) )  No 104, 105 , 11 1. 132
106 (N?1 () 1? ( - IN  A.)) )‘~~‘~ . 118 133, 311
101. (N’~1 () 1? (—  (N A. ( N) )  ~~~~~~ l ot). lOe ’. I ~~ 134
108 ~N?1 () 1’ (- IN I A--)) No 30, 120 , 135
109 (M’l ()  1? ( (N I A - I N ) )  No 108, 100, 12 1 , 136
110 (N”l () 1’ ( -  LN • A)) No 68, 122 , 13/ 

—
111 (M”l ()  I? ( —  i N  • A— I N) )  No I In . 1 1 1 , 123 . 138
112 (N’l 0 1’ ( (N A.)) Yo~ 1 1.’ , 139 , 313
I 13 (N’l () I’ ( i N  — A. I N ) )  ~‘‘s 1 12 , 1 1 3 . 140
114  (M?1 () 1’ (IN I -  A )) No 3;’, 1 1 4 , 141
I t S  (N’l ~ 1’ 

( I N- I-  A -  I N ) )  No 114 . 115 . 142
11 i  (N’l () I’ ( I N  • A ) )  No 6o . 1 1~ 143
1 1 /  (M’l ()  I’ (( N - • A I N ) )  No 116 . 11, ’, 144
118 (M’l () I,’ t i N  - IN  A.)t ~~~ 1 ~d . 145, 314
119 . (M?1 () 1’ ( I N  - IN A. I N ) )  Ye~ 118 , 119 , 146
120 (M’l ( )  1” ( ( N  iN  I A ) )  No 35~~1?0, 14/
12 1 (N’l () I’ ( I N  - I N  I- A - I N ) )  No 120. 12 1 , 148
122 (N’ I I,) 1’ ( I N  I . N • A ) i  No 70 . 1 2;’, 149
123 (N’ I ( .i I’ ( I N  - IN • A i N ) )  No 1.’,’, 123 , 150
124 (M’l (. A -- ) 1’ 0) No 1 25. 15 1 , 180
125 (N’ I (. A ) 1’ ( I N ) )  No 124. 125, 1 5,’. 181
126 (N’ 1 (. A - ) I” ( I N ) )  No 37 , 126 , 1 53. ?0()
1?,’ (N’l ( I N )  I’ (“ A.)) •r.~s 100 , 12/, 139 , 316
128 (N’l ( I N )  1’ ( - A . I N ))  Y,’,s 101 , 12 ? , 128 , 140
1 ,‘O (N’ 1 ( I N )  I” ( —  1— A )) No 28, 102, 1;’o . 141
130 (N’l ( I N )  1’ ( I - A IN ) )  No 1C 3. 1?0, 130 , 142
1 2’ (M91 ( I N )  I’ (- • A ))  No 79, 104, 13 1 , 143
13 .’ (N’l ( L N )  L’ ( —  • A I N ) )  No 105. 131 , 13~’, 144
133 (M’l ( I N )  1’ (- IN A.)) Ye ’s 106, 133 . 145. 317
134 (N’ 1 ( I N )  I? ( IN A. I N ) )  ~~~~ 10? , 133. 134, 146
135 . (M’l ( I N )  I’ ( -  IN I -  A-)) No 31 , 1O~~ 135. 147
136 (N’l ( I N )  I’ (-  IN 1.- A I N ) )  No 109. 135 . 136, 148
13~’ (N’l ( I N )  I’ ( (N  • A )) No 71 , 110 , 13?. 149
1.Ui (M’l ( I N )  I’ (- IN • A ( N ) )  Nn 1 1 1 , 137 , 138. 150
139 ~M”1 ( I N )  1’ ( I N  - A.)) Yes ii;’ . 139 , 319
140 (N’l (IN) L’(IN ~~±NJ) 

- 
Yes  113 , 139 , 140

14 1 (M’l ( I N )  I’ ( (N I A )) No 33, 114 , 141
142 (M”l ( I N )  1’ ( I N  - 1 - A I N ) ’ ) No 115 . 141 , 14~?
143 (N’~ 1 ( IN ’~ I’ (IN - • A - )) No 34, 118 , 143
144 (M’l ( ( N)  L’ ( I N  - . A ( N) )  No 1 1 ,’. 143 . 144
14.) 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
Yes 115 l45~~~~’O_ _ _ _ _ _

146 (M’l ( i N )  1’ ( IN  - IN A. I N ) )  Yes 119 , 145. 146
14 7 (N”l ( ( N)  I’ ( I N  IN I A )) No 36 , 120, 14w ’
148 (M’l (( N) I’ ((N - IN I A- I N) )  No 121 , 147 . 148
140 (M’l ( I N)  I’ ( IN  - (N • A-)) No 72, 122. 149
150 (M’l ( I N )  I’ ( IN  - IN • A- I N ) )  No 123 . 149, 150
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s able 8.1: Membership Protocol Link Conditions

Is Link
Number Ii ~ A Condition I,, Tr..i~ ? Successor s

161 (M’l ( I N  • A - )  1? ~
) No 151 , 162, 1 2

152 (M’l ( IN  • A ) I? ( L N) )  No 151 , 152, 183
153 (M’l ( IN  • A- -) 1’ ( I N ) )  No 4? , 153 , 201
154 (N? 1 (.) N’ (A.)) Yes 16. 158 , 162 , 351
155 (M’t C .) N’ (A. I N ) )  Yes 17 , 154 , 155 , 159, 163 

—
156 (N?1 (.) N’ (. A - ) )  No 73 , 80, 160 , 164
15/ (N’l (.) N? (. A (N)) No 81 , 156 , 157 , 161 , 165
158 (M’l (.) N’ (IN A.)) Yes 82, 158, 166 , 358
159 (N’i (.) N? (IN A . I N ) )  Yes 83, 158 , 159 , 161’
160 (N’l (.) M’ ( (N • A )) No /4, 86 . 1O0~ 168
161 (N’l (.) N’ ( I N  • A - I V ) )  No Mi’, 160 , 161 , 169
16. ’ (M’7 1 ( IN  •) M~ (A.) )  ~ ø’s 88 , 162 , 166 , 359
1 6.4 (M’l ( I N  •) N’ (A.  I N ) )  

~~~~~~ 80. 16?, 163 . 16?
164 (M’l (IN .) N? t .  A )) No 14 , ‘~1.’, 164 , 168
165. (N? I ( i N  •) N’ • A -  I N ) )  Ni: 93 . 164 , 166 , 169
166 (N’ I (IN .) N? ~~N A . ) )  V o .~ 94 , 1 6(i, 360
16,’. (M’l ( (N .) N’ ( I N  A. I N ) )  Yo~ 95, 166 , 16-
168 (M?1 ( I N  .) N? ( I N  • A )) No ,‘5 , 98, 168
169 (M’l ( ( N  •) N? (IN • A I N ) )  No 99, 168 , 169
11 ,0 (N”l (• A ) N’l (+ A )) No 156 , 1 w ’?
111 (N’l (, A - ) M’l I,. A I N ) )  No 15? , 1/0, i i i . 113 , 1/6
1w ’.’ (M?1 (

~ A ) M’l (IN. A )) No 160 , 164 , 112 , 171
1 1.4 (M’I ~. A - ) N’l ( I N  • A ( N ) )  No 161 , 112 , 1/ 3 , 178
l i ’d (N’l (• A I N )  N’l (. A 1 N ) )  No 1 1 1 , 1/4 , 115
I ,‘h (M’I (• A I N )  M’I ( I N  • A IN .) )  No 1 7.4 . 1/5 , 1/6, 119 

-

1 76 (M’l ( IN  • A ) N’ I (. A I N ) )  No 165 , 1 72 , 1 76 . 1 18
1 7 7  (M’I ( IN  • A ) N’l ( I N  • A )) No 168, 1 7 ,’
118 (M’l ( I N  . A ) M’I ( I N  • A - I N ) )  No 169 , 111 , 178
17 9  (M’I ( I N  • A I N )  N’l ( I N  • A I N ) )  No 1/8 , 11.9
1 80 (M’l (.) N (A )) No /8, 156, 18?, 210, 222
181 (N’l (.) N (A I N ) )  No 79 , 15? , 180 , 181 , 183 , 211
1 82 (M’l ( I N  .) N (A I) No 90, 164 . 182 , 21~ ’. 223
183 (N’l (~ N •) N (A- I N ) )  No 91 , 165 , 182 . 183 , 7 13
184 (M’l (. A ) NI ~~

) ~~‘.c 164, 1 5 , 188
185 (M’l (. A ) N! (IN)) Yes 1 184 , 185, 189
186 (N’ I (. A - ( N )  NI ( ) )  Yos 184, 186 , 187 . 190
18,’ (N’l (. A- I N )  NI ( I N ) )  ~~~~~~ 185 , 18~~. 18? , ici i
1 1-4 8 (N”l ( ( N  • A ) N’ Q) ) ? ,ç 162, 188, 189
189 (N’I ( I N  • A ) NI ( I N ) )  Yes 163, 188 , 189
190 (N’I ( IN  • A IN)  N! C )) 

-~~ - 
Yes ‘BB,, IQO , 191

191 (M’l ( I N  • A I N)  N! ( I N ) )  Yes 189, 190 , 191
1W ’ (M’l (. A ) N’ Q) No 180, 193, 196, 2 14
19.1 (M’I (. A -~ N? ( I N ) )  No 181 , 192 , 193, 197 , 216
194 (M’I (• A ( N )  N’ C ) ) No 192, 194, 195. 198 , ;‘Ifl
195 (M?1 (.A I N )  N? ((N)) 

- 
No 

~~~~~~~~~~~~~ 
199 , 217

1 96 (N~~I ( IN  . A ) N’ C) ) No 18;’, 196, 19? . 218
1’ 1 (N’I ( IN  . A ) N? ( I N ) )  No 183, 196 , 197 , 219
198 (M?I (IN • A (N )  N? 0) No 196, 198 , 199 , 220
199 (M’I ( IN • A- IN)  N’ ( I N ) )  No 197, 198 , 199 , 221
200. (M?I (• A -) N’l (A- I N ) )  No 171 , 181 , 200 , 201 , 236
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Table 8.1: Membership P,-o(ocol I nk  Conditions

Is Link
Numbe r l i n k  Condit ion In Tree? Successo,s

201 . (N?I ( IN  • A - ) N’I (A- I N) )  No 176. 183, 201 , 238
20? (N?1 C) S (L. A )) Yes 204, 206, 265
203 (N’I O S  (I. A- I N) )  Yes 20? , 203 , 205, 207
204. (M’I () S ( (N 1. A )) Yes 204, 208, 2 6 1
205 (N? I () S ( I N  I.. A I N ) )  Yes 204, 205, 209
206 (M’I ( I N)  S (t . A - ) )  Yes 20?, 706, 208, 766
207 (N’I ( ( N)  S (I. A- I N ) )  Yo ~ 203 , 206 , 201, 209
208 (M’I ( ( N)  S ( IN  1. A- ) )  Yes 204, 208 , 268
209 &M?1 ( (N)  S ( (N I .  A IN) )  Yes 205, 208 , 209
71() (N?1 (.) X ( A - ) )  

- 
No 180,20? , 

~I?J 5~~~~~ _~ __

7 1 1 (M’l (.) X (A I N ) )  No 181 , 203, 210 . 211 , 213
21.’ (M’I ( (N .) X (A )) No 182 , 206, 21~ ’, 558
21 3 (N’l ( I N  •) X (A-  I N ) )  No 183, 207, 21?, 213
214 (N’l (. A - )  X’ ~~

) No 192 , 210, 218
215 (M’?1 (. A - )  X? ( I N) )  No 193, 211 , 2 14, 216 . 219
716 (N’l (, A- I N )  X? Q) No 184, 186 , 194 , 220
21/ (M’l (. A IN)  X ’  ( L N) )  No 185 , 187 , 195, 216 , 217 , 221
;‘1~M (N?1 ( I N  • A ) X? ~

) No 198, 212 , 218
219. (M”l ( (N • A-) X’ ( ( N ) )  No 19,’, 213, 218 , 219
220 (M’l (IN • A- IN) X’ 0) No 188, 190, 196, 220

~‘?1 (N’I ( I N  .A I N)  X ’  ( I N ) )  No 189, 191 , 199, 220, 221
2;’.’ (N (1 N’ (•))  No 10 , 73 , 223, 55?
223 (N C) N’ ( I N  •) )  No 11 , 74, 223, 558
;‘.‘4 (N 0 N 0) No 222 , 559
.‘.‘S (N?i (A ) 1’ ~~

) No 124, 226, 242
/26 (N’i (A ) L~ ( ( N ) )  No 125. 225, 226 , 243
277 . (N’f ( A  ) 1? ( I N) )  No 55. 126 , 221 , 2 63
228 (N’l 0 N’ (A .) )  Yes 154, 232 . 265
229 (N’t () N? (A. ( N) )  Yos 155 , 228 , 229, 233
/30 (N’l ( )  N? (. A- P No 166, 222 , 234
231 . (N’I () N’ (• A I N ) )  No 15/ , 230, 231 , 235
232 (N?I ( )  N’ (LN A .))  Yes 168, 232 , 268
233 (N’I 0 N’ ( IN  A. I N) )  Yes 159, 232 , 733
234 (N’l C ) N’ ( I N  • A )) No 160 , 223 , ,‘34

~~~ ~~~~~~~~~~~~~~~~~~~~~~~ .~~~~~~~~ - .

/36 (N?I (A ) M’I (. A )) No 170 , 180 , 230 , 238
23 i ’ . (N’I (A ) M’l (. A- ( N) )  No 17 1 . 231 . 236. 237 , 239
738 (N?1 t~ 

) M’l ( I N  . A )) No 1 12 , 182, 734 , 238
2.49 (Nf l (A ) M’I (IN • A ( N ) )  No 113 , 235 , 238. 239
240 (N’I (A (N)  M’I ( . A  I N ) )  No 174 , 200~j~~,,,240, 241
241 , (N’I (A (N)  M’I ( IN  • A ( N ) )  No 175 , 201, 230, 241
26;’ (N’I ( )  N (A )) NO 180 , ~~‘4, 730, 2~~5743 (N’I () N (A (N)) No 1~M 1 , 23 1 , 242. 243 , 256
244 (N’I ( A — )  N! 0) ~~~~ 184 , 228 , 245
245 ~ ?1~~~j,,N! ( IN) )  Y.’ .c 1!L 229, 244 , 246
246 (N’l (A I N )  N! C ) )  ~ i~c 186 . 244 , 246 , 24/
24,’. (N’l (A I N )  N! ( ( N ) )  3~~.s 18/ , 245, 246 , 24/
248 (N? l (A - ) N? 0) N’~ 192. 242 , 249, 257
249 (N’l (A - ) N’ ( I N ) )  No 193 , ?43, 248, 249, 268
250. (N’l (A-  IN)  N? 0) No 194 , 748 , 250, 251 , 259
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Table 8. 1: Membership Protocol I ink Conditions

/s (mA
Number l ink Condit ion In I r i ’t ’2 Successors

251. (N’I (A I N )  N’ ( I N ) )  No 195, 248 , 250 , 251 , 260
252. (N’I (A ) N?1 (A ))  No 236 , 242
753. (N’l (A ) N’l (A I N ) )  No 200 , 231 , 243 , 762 , 253
254. (N’l (A I N)  N’l (A I N) )  No /40, 253. 254
265 - (N’i () X (A- ) )  No ;‘~~0, 242 , 559 

-

256 (N’l C) X (A I N) )  No 211 , 243 , 256, 256
25,’ (N?1 (A ) X’ C ))  No 2 14 , 248 , 255
258. (N?I (A - ) X’ ( I N ) )  No 215 , 249 , 256, 257 , 258

— 259 (N’I (A I N )  X ’  0) No 216 , 244 , 246 , 250
260 (N?I (A IN) X’ ((N)) No 2 1 ? , 245; 241, 251 , 259, 260
;‘t~ 1 (S () N ( )) ~~~ 26? , 263 , 785 , 293
267 (S ) N ( ( N) )  ~~~~~~ 7t~ I , .‘

-s;’, 264 , 266 , 294
• ‘t ;3 (S ( I N )  N 0) ~~~~~~ 26 1 , /63, 264 289. 297
264 (S ( ( N )  N ( L N ) )  ~ ~~ 7b~’ , / 6 3 , 264 , 290 . 298
265 (S U.) N’ ~~

) ~~~~~ 751 , 266, 267
266 (S (I. .) N’ ( ( N ) )  ~~~~~~ 76;’, 265 , 266 , 268

— 26/  (S ( I N  I .) N’ 0) ‘?~~~‘~~ 763 , 261 , 268
268 (S ( IN  I .)  N’ ( I N ) )  Y~’~ 264 , 267. 268
269 (S ( )  N! ( - ))  Yes 244 , 27 1 , 2/3
;‘/O. (S () N! (—  I N ) )  Y . ’~ 269, 270 , 7 / 2 , 2 14
7 7 1  (S ()  N! ( I N  — ) )  Y.’.’~ 745 , 271 , 775
27 ; ’  ( S  ( )  N! ( I N  I N ) )  ~~~~~~ 7 7 1 , 2!?, 276
2 13.  (S ( ( N)  N! ( )) V * ..~ 246 , 269 , 2 /3, 2/5
2/4 (S ( I N)  N! C- I N ) )  Y.’ .~ /10, 2 73 , 274 , 2 /6
?/5  (S ( I N )  N! (IN )) 

— 
Yt ’~ 74/ , 2 / 1 , /~~5

278 (S ( I N )  N! ( I N  I N ) )  Y~’.s 2~’7 , 215 , 7(6
2 / 7  (S ()  N’ ( )) No 248, 219, 281 , 293
218 (S 0 N’ (-  IN)) No 7 /1, 278, 280 , 28? , 294
;‘ ,‘ o (S ( )  N’ ( i N  )) No 249 . 219 . 283, 295
2(10 (S () N’ ( (N  ( N) )  No 719 , 280 , 284~ 296 

-

;‘~i1 (S ( i N )  N’ (  )) No 250 , 2 7 7 , 281 . 283 , 79?
287 (S ((N) N’ ( I N) )  No ~‘ d , 281 , 282, 284 , 798
/83 (S ( I N )  N’ ( I N  )) No 761 , 279 , 283 , 299
284 (S (IN) N’ ( IN  - I N ) )  No 2(10. 233 , 284 , 300

~~~~ - - 

Yes ?~~~~~ ?~~~~~ ~~~~~~~~~~~~~ ~~~~~.

286 (S () S (~ 
I N ) )  Ye.s 785 , 286 , 288. 2~ 0

2dT (S () S ( IN .)) Ye.s 7(3.” , 787 , 291
28(1 (S ( )  S ( IN  • I N) )  ~~~~~~ 787 . 7i9-4 . 292
289 (S ( I N )  S (• ) )  ‘r e ’ s  ; ‘s ; ’ . 286 , 289 , 291
290 (S ( I N)  S (. ( N ) )  ~~~~~~ 786 , 289, 290, 292
291 (S UN) S ( IN •)) Ye.s 264 , 287 , 291
73i ,’ (S  ( I N )  S ( I N  • I N ) )  ‘r .’~ 288, ?‘il , 292
293 (S  ( .i X ’ ( )) No 251 , 777, 297
294 (S () X’ C IN)) No 278 . 293, 294, 298
295 (5 () X’ (IN )) No _ 25~~ 279 , 299 

_______

296 (S () X’ ( I N  - ( N) )  No 280 , 295, 296, 300
29,’ (S ( I N )  X ’  ( )) No 269 , 268, 273 , 2dl , 297
298 (S (IN) X’ ( IN)) No 2 70, 274 , 282, 29? , 298
299 (8 ( I N )  X ’ ( IN  -)) No 280, 271 , 275, 283, 299
300 (8 (IN) X~ (IN - IN)) No 272, 278, 284 , 299, 300
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table 8.7: Membership Pr otocol Link Conditions

Is Link
Number l ink  Condition In T~oe? Successors

301. (3’ (A.) I. ~~) Yes 302, 305. 310, 333
302. (S’ (A.) I ( (N ) )  Yes 301 , 302, 306 . 311 , 336
303. (S? (A. I N )  I. 0) Ytis 301 , 303, 304 , 307 , 316
304 CS’ (A. LN) I.. ( ( N ) )  Yes 302, 303, 304, 308, 31~

’
305. (S? ( IN  A.) I 0) 

- - 
Yes 305 , 306 , 322, 345 -

306 (S? ( IN A.) I, ( I N ) )  Yes 305, 306, 323, 348
30,’ (5? ( I N  A. (N )  I 0) )~t’~ 305 , 301, 30(1, 32(1
30(1. CS? ((N A. (N )  I ( ( N ) )  ~‘~~s 306, 307. 308, 329
309 (S? (A.) 1’ ()) ~~s 312 , 321 , 333
310+ CS’ (A.) I? (- ) )  Yti~ 309 , 313 , 322, 334
3 11 (S’ (A,) 1’ ( -  I N ) )  ~~~ 310, 311 , 314 , 323 , 335
3 1 7 .  (S’ (A.) I’ ((N)) Yes 309, 31? , 324. 336
313 (S’ (A.) I? (IN - - ) )  ~~~~ 31,’, 313 , 375, 331
314. (S? (A.) I? (IN (N)) YOS 313 , 314, 326, 338
315. (S? (A. IN) 1’ C)) ~~~ 309 , 316 , 318, 327
316. (S’ (A. I N )  L’ (- ))  Y~’.’~ 310, 316, 316, 319, 328
31?. (S’ (A. (N) I’ (- IN)) Yes 311 , 316 , 311 , 320, 329
31(1. (S’ (A. I N )  I’ ( I N ) )  Y~~ 312 , 315, 318, 330
319. (S~ (A. (N)  I’ ((N - ) )  Ye~ 313 , 318, 319, 331
3/0 (S’(A+ I N )  I’ ( ( N  I N ) )  

- Ye” . 314 , 319 , 370, 332
321 CS’ (IN A.) 1? 0) ~~i’~~ 321 , 324, 345
:1.’? (5’ ( I N  A.) 1’ ( P ~~~~~~ 321 , 322, 325, 346
323 CS’ ((N A.) I’ (-  I N ) )  Yes 3?? , 323 , 326 , 34?
324 CS’ ((N A.) I’ (IN)) ~‘ t’ .s 32 1 , 324 , 34(1
375 (S’ ( IN  A.) 1’ ( IN -fl Yes 324 , 325 . 349
326. (S’ ( I N  A.) L’ ( I N  I N ) )  Y . ’c 376 , 326, 350
37?. (5’ (LN A. I N )  I” ~~

) ~~i’~~ 371 , 32i’, 330
321-3 (S’ ( (N A. I N )  I’ ( )) Y * ’ s  37? . 321 , 328, 331
379 CS’ ( (N A. I N )  I’ (-  I N ) )  .‘~ ~~~~~~~~ 328. 329, 332
330 CS’ ( (N A. I N )  L? ( ( N ) )  ~.‘-s 324 , 32/ , 330 

-

3.3 1 . (S~ ((N
A . I N )  1’ ( I N ))  Yes 325, 330, 331

33~ (S’ ( (N A. (N )  I’ ( I N  I N ) )  Yes 326. 331 , 332
333 (S~ ( )  N (A.)) Yes 261 , 339 , 345, 461 , 509
334. (S’ () N (A. )) Yes 333, 340, 346, 462 , 510
335. (S’ ()M(A+ - LN)) Yes 334~~335, 341 , 3~~~~~~~~ 6i1
335 (5’ ~Y N (A. I N ) )  Y~ ,s 333, 336, 342, 348, 464 , 512
337 (S’ 0 N (A. I N  -) )  Yes 338, 343, 349, 465, 513
33~. 5’ () N (A. I.N ( N ) )  ~es 337, 338, 344, 350, 466, 514
339 (S’ () N ((N A.)) Yes 26?, 339 , 351 , 467 , 615
340 

- CS’ ~~M (LN A. - ) )  
- - - -- 

Yes 339, 34~~~352~~~~~~ 516
__ —34 1 (S’ 0 N (LN A. - I N ) )  Yes 340 , 341 , 353, 489, 517

34;’ (5’ () N ((N A. I N ) )  Yes 339, 342 , 354, 4 70, 518
343 CS’ () N ((N A. I.N -) )  Yes 347 , 343, 355, 471 , 519
344 (S’ ( )  N ((N A. IN - (N)) Yes 343 . 344 , 358, 472, 520
345 (S’ ( L N )  N (A.))__ Yi~s 263, 333, 345, 351, 48~~~~~ 3
346 (S’ ( I N )  N (A. -)) Yes 334, 345, 348, 352 , 486 , 534
~44 ! (S’ ( I N )  N (A. - I N ) )  Yes 335, 346, 347, 353, 487, 535
348. (S’ (IN) N (A. IN)) Yes 336 , 345, 348, 364, 488, 538
349. CS’ ( IN )  N (A. (N -)) Yes 337 , 348, 349, 356, 489, 537
350 CS’ ( I N)  N (A. (N - (N)) Yes 338, 349, 350, 356, 490 , 538
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l able 8.1: Membership Protocol l ink Conditions

Is Link
Number L ink Condit ion In Tr . ..” ~ uccesso,s

351. (S’ ( I N)  M ( IN  A.) )  Yes 264 , 339 , 351 , 491 , 539
35;’ (S’ ( ( N )  N (IN A . - ) )  Yes 340 , 351 , 352 , 492 , 540
353 (5’ ( I N )  N ( IN A. I N ) )  ~~~~~~ 341 , 35?, 353, 493 , 641
.3S4 CS’ ( I N )  N ( IN A. ( N ) )  Yes 342 , 351 , 354, 494 , 54.’
365 (S? ( I N)  M ( I N  A . IN -) )  

— 
Yes 343. 364 . 366, 495, 543

356 (S’ ( I N )  M ( IN  A. IN - I N ) )  Ye.~ 344 , 355, 356 , 496 , 544
35/ (S? (A. .) N’ ~~) Y~:s 301 , 358 , 3 ’ l
358 (S? (A. ‘) N’ (I N) )  Yt ’.s 30? , 35/ , 358, 362
359 (S’ (A. LN .) N? 0) Vt ’s 303 , 360 , 363
360. (S’ (A’ IN •)  M’ ( I N ) )  

— 
Yes 304 , 359 , 360 , 364

361 (S’ ( I N  A. •) N? 0) VI’S 305, 361 , 362
362. (S’ (LN A. .) N’ ( I N ) )  ~es 306 , 361 , 382
363 (S’ ( IN  A. IN .) N” 0) Y .~. ?0~’ , 363 . 351
364. CS’ (IN A. LN .) N’ ( ( N ) )  Ye~ 308 , 363 , 364
365 (S? C ) N! C -  A.)) Ye~ 769 , 3/1 , 389
366 (S’ () N! - A. ))  Y.’s 365, 3/8 , 390
361’. (S’ ()  N I ( A. I N ) )  Y.’ .~ 366 , 36/, 3/9. 391
36(1 CS’ C ) N! (- A . I N ) )  Y i’ .’~ 365 , 368 , 380 , 392
369 (5’ 0 N! ( A. (N )) Y ’ ’ 368 , 381 , 393
370 (S’ () N! ( A. IN I N ) )  Yes ‘369, 3/0, .lfl.’, 3314
3/ 1 (S’ 0 N! ( - I N  A .))  v~ ;‘ :o , 31-33 , 395
37.’ (S’ () N! ( - IN A. )) 

~~~~~~ 3(1 , 384 , 396
3/ 3 (5? () N’ (- IN A. - I N ) )  Yes 37?, 3/3 , 385 , 311?
3/4 (S’ ( )  N~ C - IN  A. I N ) )  Yes 3 / 1 , 374, 386, 398
375 (5’ C ) N! ( IN A. IN ) )  Yn .c 3,’4 , 38/ . 399
3/6 (5’ C ) N! ( IN A. IN I N ) )  Y.’ .~ 376 , 376 . 388 , 400
3?!. (3? O N!  ( (N - A.)) Yes 211, 31~’, 401
3/8 . (S? 0 N! UN A . - )) Y.’~ 377 , 378 , 4O~’379 (S’ () N! ( IN  A. I N ) )  .‘~ 3/(3, 3 79 , 403
380. (S? 0 NI ( (N - A. I N ) )  Yes 3/ / , 3Mb , 404
381. (S’ ( )  N’ ( (N - A. IN -) )  Yes 3(10, 381 , 405 

-

382. (5? C) N’ ((N ~‘ I N  I N ) )  Yes 381 , 382, 406
383 CS’ 0 N! ((N IN A . ) )  Ye’s 272 , 383 , 40?
334. (3’ C) N! (LN IN A . - I )  ~es 383 , 384 , 408

~~~~~ 
- A’ - 

( N) )  V~ s 3ti~~~385, 409 
-- - - -  - -

386. (5? C) N! ( IN (N A. I N ) )  Yes 383, 386 , 410
38?. (3? 0 N! ( IN  - IN A. IN )) ~es 388 , 38? , 4 11
388. (3? 0 N! ((N - IN A . IN I N ) )  Ye ’ .’. 387 , 38(5 , 41?
389. (S? ( ( N )  N! (- A.)) Yes 773 , 365, 389, 401
390. (S’~~~N) N!±_~

.. -)) Yes 360 . 3(19, 3Q~~ 402 
- - -~~

391 . (5? ( I N)  N! (- A . - IN)) Yes 36? . 390 , 391 , 403
392. (S’ ~I N)  N! C A. I N ) )  ~.‘c 368 , 389, 392 , 404
393. CS’ ( I N )  N! (- A. (N - ) )  Yes 369, 39?. 393, 405
394. CS? ( ( N)  N! C A . I.N - IN ) )  Yes 370 , 393, 394, 406
395. (5? (IN) N~ (.J!d A .)) 

- - 
Yes 274, 371 , 395, 407

396 (S’ TTN) N! C -  I.N A. )) 
— 

Yes 372, 395, 398, 408
397. (S? ( ( N )  N! C- IN A. - I N ) )  V’is 3~ 3, 396, 397 , 409
398. (8? ((N) N! (- (N A. (N)) Yes 374. 395, 398. 410
399. (S’ ((N) N! C- IN A. LN -)) Yes 375 , 398, 399 , 4 1 1
400. (S? (IN) N! (- IN A. (N - (N)) Yes 376, 399, 400, 412
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T,sble 8.1: Membership Protocol Link Conditions

Is Link
Number Link Conditi on In Tree 7 Successors

401. (S? (LN) N! (IN - A .)) Yes 275 , 377 , 401
402. (S? ((N) NI (IN - A. - )) Yes 3/8 , 401 , 402
403. (S’ (IN) N! (IN - A. - IN)) Yes 379, 402, 403
404. CS? (IN)  N! ((N - A. IN ))  Yes 380, 401 , 404
405. (S? UN) Nl ((N_-_A. (N -)) Yes 381 , 4O4~~4O5 

-

406. (S? (IN) N! (IN - A. (N - LN)) Yes 382. 405, 406
40/. (S? ( ( N )  NI ((N - IN A ’ )) Yes 276 , 383, 40?
408 CS? ( ( N )  N! ((N - IN A. -)) Yes 384, 407 , 408
409. (S’ ( I N)  NI ((N - LN A. - LN) )  Yes 385, 408, 409
~~~~9- (S? (IN) NI ( I N - I N  A+ I N ) )  

- 
Yes 386, 410

411.  (S? (I N) NI ( IN  - (NA .  IN -)) Yes 387 , 410 , 411
412. (5? ( ( N)  NI ( IN - (N A. IN - I N ) )  Yes 3(38, 4 1 1 , 412
413 CS? () N’ (- A.)) No 277 , 425, 437 , 509
414. (S? C) N? ( A . )) No 413 , 426 , 438, 510
415 (S? C ) N? (-  A . - I N ) )  

- - - 
No 414 , 4 15k 427 . 439, 511

416. (S’ () N? ( A. IN)) No 413 , 416 , 428, 440. 512
41/ .  CS? ( )  N’ ( A. (N )) No 416 , 429 , 441 , 513
418 ( 5? ( )  N? ( - - A. (N - IN)) No 4 1 7 , 418 , 430. 442 , 514
419. CS? ()  N’ (- (N A. )) No 2/8 , 431 , 443, 515
‘1/0 CS’ 0 N’ L (N  A. )) No 419 , 432 , 444 , 516
421 . (5’ O N ’  (- (N A. - I N) )  No 420 , 421 , 433, 445 , 517
4;’:’ (S’ 0 N’ ( IN A. I N) )  No 419 , 422 , 434 , 448 , 518
423. (S’ () N? (- IN A. (N - ) )  No 422 , 435, 447, 519
424. (3? C ) N’ ( IN A. IN I N ))  No 423, 424, 436, 448, 520
425 CS? () N’ ( (N - A.)) 

- - 
No 279 , 425, 449. 521

4?6. (S? O N? ( (N - A. )) No 425 , 426 , 450, 522
42/ .  (8’ ()  N’ (IN - A. - IN)) No 426 , 42? , 451 , 523
428 (S? C ) N’ ( IN - A. ( N ) )  No 425, 428 , 452. 524
429 (S’ () N’ (IN - A. I N  -) )  No 428. 429, 453. 525
430 CS’ () N” ( (N - A. IN -- IN ) )  No 429, 430~ ,454 , 52_~ _ —.

431 (3’ () N? (IN - (N A .)) No 280, 431 , 455, 527
43?. (S’ C ) N’ (IN - (N A. )) No 431 , 432 , 450. 528
433 (5’ C ) N’ (I. N - IN A. - IN)) No 43? , 433, 457 , 529
434. (S ’ () N’ ((N IN A. ( N ) )  No 431 , 434 , 458, ~30
435 (3’ C ) N’ (LN (N A. LN tJ,~ No 434 , 435~ 459. 531 

____

436 (5? ~) N? (LN - (N A. (N - I N ) )  No 435, 436, 460 532
437. (S? ( ( N )  N? C- A .))  No 28” , 413 , 437 , 449. 533
438. (S’ ( ( N )  N’ - A. )) No 414, 43/, 438, 450. 534
439. ($7 ( (N)  N? C - A. - (N ) )  No 415 , 438. 439, 451 , 535
440. (S? ((N) N? ( A. LN)) 

— 
No 416. ?‘ 440. 452, 536

441. (5? ((N) N? (- A. IN -) )  No 417 , 440, 441 , 453. 537
44?. (S’ ( I N )  N? C A . (N - IN)) No 418 , 441 , 442 . 454 , 538
443 (8’ ( (N)  N? C (N A.))  No 282 , 419, 443, 455, 539
4 1 4  (S? ( IN)  N’ C - (N A. - ) )  No 420, 443 , 444, 450, 540
445. ($7 ((N) N? (-  IN A. - I N) )  No 421, 444, 445, 45? , 541
446. (S’ ( (N)  N? ( - (N A. I N ) ’  

-— 
No 422 , 443 , 446 , p58, 542

44/ .  CS’ ( I N )  N? ( -  (N A. (N -))  No 423 , 446 , 447 , 459, 543
448. (8’ (IN)  N? ( (N A. IN - (N ) )  No 424 , 447 , 448 , 460, 544
449. (5’ (IN) N? ((N - A.)) No 283, 425 , 449 , 545
450 C S? (IN) N? (IN -‘ A. -)) No 426, 449 , 450, 546
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Table 8, 1: Membership Protocol l ink Conditions

Is Link
N,j mber ( m it Condition In 7,ee? Successors

45! .  ( 5? ( ( N )  N? ( IN - A. - I N ) )  No 42? , 450, 451 , 54?
452. (5? ( ( N )  N? (IN A. ( N) )  No 428, 449 , 452 . 548
453. ($9 ( I N )  N? ( (N - A . IN - ) )  No 429, 452, 453, 549
454. (S? ( L N )  N? (LN - A. (N I N ) )  No 430, 453, 454 , 550
455 (S? ( I N )  N’ ( I N  - LN A’~ ) No 2(14 , 431~ 456L 551
458 (3’ ( ( N )  N? ( IN  - (N A. )) No 432. 455, 456, 552
45/ (S? ( I N )  N? ( ( N  (N A. ( N ) )  No 433 , 456 , 457 , 553
458. (5’ ( I N )  N’ ( IN  - (N A. I N) )  No 434 , 455, 4~i8, 554
459 CS’ ( i N)  N? ( IN  (N A. (N - ) )  No 435, 458 , 459 , 555
460. (S? ( I N )  N? ( (N - IN A’ IN - ( N ) )  No 436 , 459, 460, 556
461. CS’ C) S (. A.)) VI ’S 285; 47~~, 485
46? CS? ( 3 S (. A. -)) Yes 461 , 474 , 486
463. (S’ C ) S C. A . - I N ) )  Yes 462 . 4(3 3, 475 , 487
464 (S? () S (. A. IN))  Yes 461 , 464, 476 , 488
465 (S? () S (. A. IN -)) Yes 484 , 4 7 ? , 489
466 (S’ ( )  S (. A. IN - I N ) )  ~~~~~ 465, 466. 47 (3, 490
46/ .  (S? C) S C’ IN A.)) Yes 286 , 4/ 9 , 491
468 (S’ () S (. IN A. -) )  Yes 467 , 480 , 492
469 (S? C) S C’ (N A. I N ) )  Yes 468 , 469 , 481 , 493
4/ 0 (S? 0 S (. IN A. I N) )   Yes d6?~~4±Q~~ 8? 494 

- -

4 / 1 .  CS’ C ) S (
~ I N  A. I N  - ) )  Yes 4/ 0 , 483, 495

4/?  (S? () S C’ (N A. IN ( N ) )  Yes 4 / 1 , 472,  484 , 496
473 (S’ C) S ((N • A.) ) Yes 287 , 473 , 497
4 / 4  CS? () S ((N • A. - ))  Yes 473 , 474 , 498
4,’b (S’ () S ( (N • A. - I N ))  Yes 474~~475. 499 

— - -

478 CS’ C )  S (IN ‘ A. L N ) )  Yes 473 , 478 , 500
47/ .  (3? 0 S (IN • A. IN -)) Yes 4/8 , 4? ,’, 501
4 78. CS? C )  S (IN ‘ A. I.N - ( N ))  Yes 477 , 478 , 502
4/ 9 (S’ () S ( (N ‘ IN A.)) Yes 288 , 4/ 9 , 503
480. CS? C )  S ( IN  • IN A~~,J)  Yes 41~~~~8Q 50d.
481 CS? C )  S ( ( N  • (N A. - I N ) )  Yes 480 , 481 , 505
482. (5? ~ S ((N ‘ (N A. (N ))  Yes 479 , 482, 508
483. (S? C) S ( IN , IN A ’  IN -) )  Yes 48?, 483 , 50?
484 . (S? () S ( (N • (N A. (N ( N ) )  Yes 483 , 484 , 508
485. (5? (IN) S C. A.)) 

_ ,_289, 461, 485, 407
488 (S’ ( (N )  S (. A’ - ) )  Yes 462 , 485, 486, 498
48 7. (S? ( IN)  S (. A. - IN) )  Yes 463 , 488, 487 , 499
488. (S’ ( I N )  S (‘ A. I N) )  Yes 464 , 485, 488, 500
489 (5? ((N) S (‘ A. IN - ) )  Yes 465 488 , 489. 501
490. (S? (IN)  S (‘ A. IN I?) ) )  Yes 46~~~489, 490, 502 

—

491. (S? ( (N)  S C. LN A .)) Yes 290 , 467 , 491 , 503
492. (5’ ( ( N )  S (. IN A. ))  Yes 468 , 491 , 492 . 604
493. ( 5’ ( IN)  S (. IN A’ - I N ))  Yes 409, 49?, 493, 506
494. (5’ ((N)  S (. (N A. ( N) )  Yes 470 , 491 , 494 , 506
495. (8? ( IN)  S (

~ 
(N A. IN -)) ~es 4 71, 494, 495, 507

498. (S’ (I i~fl. (4  LN A. (N - tThY” Yes 472 , 495, 496, 508
49 7. (S’ ((N) S (IN • A.)) Yes 291, 473, 497
498. (5? ((N) S (LN . A. -)) Yes 474 , 497 , 495
499. (S? (IN) S (~N. A. - IN )) Yes 4 75, 498, 499
500. (5? (tV)  S (u N • A . (N)) Yes 476 , 49? , 500

Section 8.1: local Properties of the Membership Protocol 243.

I 
_ _ _ _

— - ~~~~~~~~~~~~~~~~~~ , - - - 
-~~



_ _ _ _ _ _ _ _

Table 8.1: Membership Protocol Link Conditions

Is Link
Number l ink Condition In Tree? Successor s

601. CS? (I N)  S (IN . A. LN -)) Yes 477 , 500, 501
502. CS? (LN) S ((N . A. (N - LN)) Yes 418, 501, 502
503. (5’ ( I N )  S ((N ‘ (N A.)) Yes 292, 479 , 503
504. (S? ( I N)  S (IN • (N A. ‘~) Yes 480, 503, 504
505. (S’ (LN)  S U N . IN A . -  (N ) )   Y 4 ~~~~~~~~~605 

— -  - -

506. (S’ (IN) S ( (N . IN A. (N ) )  Yes 482, 503, 608
50,’ CS’ ( IN )  S ((N • (N A. (N - ) )  Yos 4(13, 506, 507
508. (S? ( I N )  S (IN . IN A. IN - LN))  Yes 484, 507, 608
509 (S’ O X? C- A .)) No 293, 413 , 533
510. (S’ O X ?  (- A. - ) )  No 4 14~~50~~~~3~~__
6 11 (S’ ( X ’ (- A. - I N ) )  No 415 , 510, 511 , 535
51..’ CS’ C )  X? C - A . L N ) )  No 416 , 509, 512 , 536
51.~ (S9 () X? (-  A. I N - ) )  No 417 . 512 , 631
5 14 (5’ C) X? C A . IN - LV))  No 418 , 513, 514 , 538
615 (S? O X ? (- LN A +))  

- 
No 294 , 4 19~~539 

—

616. CS’ C) X’ C- IN  A. -)) No 420 , 516 , 840
51/  (S’ O X’ (- (N A. (N)) No 421 , 516, 517 , 541
515. (S? Q X ? ( - ( N A . (N)) No 422 , 515, 518 , 542
519. (S’ U X? (- IN A. (N - ) )  No 423 , 518 , 543
5’ O  CS’ C ) X’ C- (N A. IN - LN ~) No 4?4 , 519 , 520, 544
521 CS? ()  X? (IN - A. )) No 295 , 425, 545
52? (5’ () X? (IN A. )) No 426 , 521 , 546
523. (S? C )  X? ((N - A. - (N) )  No 427 , 522, 523, 54?
524. (S? () X? UN - A. (N) )  No 428, 521 , 624, 548
525 (S’ ( )  X? . ( N - )  No ~~~~~~~~~~~~~~~~~~~~~~~526. (S’ () X? (IN - A. (N - (N)) No 430 , 525, 526, 550
527. (S’ C) X? (LN - LN A .)) No 296, 431 . 551
528. (S’ U X? (IN - (N A. -) )  No 432 , 527 , 552
52~ CS’ 0 X? ( IN  - (N A. - I N ) )  No 433 , 52(3, 529, 563
53(~ (S’ OX ? U N - I N A . LN~) No 434~~~~j~~~30~~~~4
531 (S’ () X? ((N - (N A. (N -) )  No 435, 530 , 555
532. (5’ OX ?  (LN - (N A’ IN - ( N) )  No 436 , 531 , 532 , 558
533 (S’ (IN) X ? ( -  A.)) No 297 , 366 , 389, 437 , 533
534 . CS’ ( ! N )  X ? (- A. - )) No 366, 390 , 438, 533, 534
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — -  

No 36/ ,___ ~~~~~~~~ 535
538. (S’ ( (N )  X ? (- A. I N) )  No 388, 392, 440 , 533, 536
537. ( 5’ ( I N )  X? (‘ A. IN - ))  No 369. 3~~3, 441 , 536, 537
538. (S~ ‘IN)  X ’ (- A. (N - (N ) )  / .o 370 , 394, 442, 537, 638
t~30 (5” ( I N )  X ? C- (N A .)) No 298, 371 , 395, 443, 539
540. (S’ (LN) X? C- IN A. -)) No 3 7~~ 39~~ 444 , 539. 540
541 CS? (LN ) X ? ( IN A. - IN)) No 373 , 397 , 445. 540, 541
642 CS? ( IN )  X? C- I N A. I N) )  No 3 7 4 , 398. 446 , 539, 542
543 CS? ( I N )  X7 ( -  (N A. (N - ) )  No 375, 399, 44. , 54? , 543
544 (S~ ( ( N )  X? ~- IN A. (N - t N ))  No 376 , 400, 448, 543 . 544
5”5 ? ( IN)  X? 1~LN - A.~} 

— 
No 29Q~~377 , 401 , 449, 545

f46 .  CS’ (LN~ X ’ (IN - A ’ -)) No 378 , 402 , 450, 545, 546
54 7 ($7 ( I ’ ,’) X ’  (IN - A. - IN ) )  No 379 , 403, 451, 546, 547
b48 ($7 (IN)  X? (I N - A. (N) )  No 380, 404, 452, 545, 548
549 CS? (IN) X ? (IN - A. LN — )) No 381, 405, 453, 548, 549
550 (S’ ( I N )  X ? (IN - A. (N - LN))  No 382 , 406, 454 , 549, 550
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Table 8. 1: Membership Protocol l ink Conditions

Is link
Number L ink Condition In Tree? Successors

551. (5? ( I N)  X ’ ( IN  - IN A.)) No 300, 383 , 407 , 456, 551
552. (5? ( (N )  X’ (IN (N A’ ‘)) No 384 , 408 . 456, 551 , 562
553. (S’ ( I N )  X? ( ( N  - IN A. - I N) )  No 385, 400, 45i’, 55? , Sf:3
554. CS? ( (N)  X? (I.N LN A. ( N ) )  No 388, 410, 458 , 561, 654
555. CS? ( I N )  X’ ( IN - (N A . IN -)) No 387 , 411 , 469 , 654 , 555
556. (S? ((N) X? (I N - IN A. IN - IN)) No 388 , 412 , 460, 555, 566
55 / . CX C) M? C.)) No 222 , 265, 558
558. CX C) M? (IN .)) No 223 , 266 , 558
559. CX O N  C )) No 224 , 557 , 560
560. (X ( )  X 0) No 559

We can prove directly from Table 8.1 that our protocol has the desired closure

and consistency properties alluded to at the beginning of this sect ion For closure ,

we note that there is no confIguration in the table In which a processor is

presented with a message it cannot handle in its current state. For consistency,

we note that the only quiescent link conditions are our original fIve-

(X C ) X O )  C X O N O )  ( N O N O )  ( L O L O )  ( S Q M C ) )

and that eac h of these has the desired status of the link as being in or out of the

ref erence tree.

8.2: Global Properties of the Membersh ip Protocol

Determining additional properties of the membership protocol requires combining

the data presented in this section with a little graph theory. For our purposes , we

mak e the following defInitions.
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D.flnition 8.2:

An undirected graph is an ordered pair (11,4) , where N is a subset of the set N

of nodes, and 4 is a set of d!cS {m .n} such that m ,n ~ N.

Intuitively, for ~?v e ry arc drawn hetw, ’* ’ n  nodes m and n In an undirected graph

(N ,A ) .  4 contains a doubleton set (m ,n).

Definition 8.3:

A node n is a leaf i-o</e of the undirected graph G = (N ,4)  i l l  n € N and there is

exactly one node n’ such that (n ,n )  t 4 A node € N ‘S ar isolated nod.j of G itt

n a for any a t- A

The concept of a leaf node is the familiar one of a node with exact l y one arc

attached; an isolated node is a node with no arcs attached to it

DefinitIon B.4:

A referenc e tree trans fo,mation of an undirect”d graph (‘ = ‘t~.1) is one of

1. the original graph G, or

2. a new graph G’ CW. (n) , 4. { ( m ,n) }  where m and n are nodes such thet

m~ N and n V N , or

3. a new graph G = ( N - { n ) . A - { { m .n) } )  where rn ,n N , n is a last node i!

G, and {m n) 4 .

!r i t t j ;t iv p l~- . a r ’ ~ore ;i ,‘ t r i’~ ’ ‘‘ r insfnr mat ion a graph ‘i s ~f G i’. expanded , s

graph with a new node such that the new r ode - . a leaf node and is connected to

some other node already in G , and if ( is cont rac tod . c new graph minus one of the

leaf nodes in 0 (and also minus the associatei~ arc) The purpose of defining refer’

ence tree transformations Is to introduce
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Lemma 8,5:

If the set of processors and links that are members of a reference tree is

viewed as an undirected graph, the membership protocol performs only reference

tr.~,’ transformations on reference trees.

proof follows from the Information presented in Table B 1 , with some elaborations.
Our s t ra te gy is to examini the t ransformation effected by each kind of tr ansition
f rj ~ onu link condition to another.

(~ I5e’ 1 No change occurs in the membership Status of processors or links. This
is a valid r, ’f t ’ r ’r,ce tree traiisform at inn , by clause 1 of Definition 0.4.

case ? One of the procPss (’ rs undergoes the transition X:R./L.:S or X?:IN/:N!.
In this :ase both the link and the processor undergoing the transition join
the reference tree. In all cases where this happens , the processor at the
other end of the link is already in the reference tree , making this an
instance of clause ? of Definition 0.4 , assuming that no other links join the
refe rerce t ree at the same time Th is assump tion is valid because the
other link s ta t es  of t h e  processor joining the reference tree will simultane-
ousty undergo either the transition X: / :N or the transition X’?:/:N?, nei ther  of

which causes any of these links to join the reference tree.

case 3 One of the pro cessors  undergoes the transition X:I:N or X?:/:N’ . In

this case the pro~ essnr joins the reference tree but the link does not. If
some other link at ’ ached to the processor simultaneously joins the reference
t iec , as in case 2, above , then thi’ resulting transformation is a valid refer-
ence tree transformation It would be possible , though, to imagine a situa-
t’on in which a processor spontaneously decided to join an object ’s refer’
once tree , say,  by undergoing the transition X: /:N for all attached links.
ihis would not be a reference tree transformation because a processor
would nm the “tree ” without any corresponding link also joining. This
scenario is ruled out , however , by the restrictions on the applicability of
these transitions discussed at the head of this appendix.

case 4: One of the processors undergoes the transition N:/- :X?. In this case
both the link and the processor undergo’ng the trensition leave the refer-
ence tree. This transition is only allowed if the processor ’s state for every
othi” link is either N or N~ , which (as can be determined from examination
of T able B. 1) ensures that no other link attached to that processor is in the
ref erence tree. Hence the processor undergoing the transItion i~ a leaf

nc’ie - )f tt~e reference tr ee, making this a reference tree transformation of
th.2 kind described in clause 3 of DefInition 0.4.

case r,. One of the processors undergoes the transition N:/:X or N?:/:X’? . This
can only happen if on some other link the processor Is undergoing a trans!-
tion of the type discussed in case 4. Therefore this case , to~,, sa tisfies
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Ii ~~~~
‘ - ----- ‘--- —--- - ---------. —- - - - -- ---- -  ~~~~~~ — ~~~~

_ ~~~~ _ _ r ~— -- -.- - --~---~-.-~. - ~~~, 
—

~~~
— — - - --- ——



clause 3 of DefInition 0.4.

These five cases exhaust the k’nds of changes that occur between link conditions
that appear as successors of each other in Table 8.1.

0

We now proceed to develop some more terminology.

Definition 8.6:

A path from node n to node n ’ in an undirected graph G (N,A) is a set

p = {eO.a l,...,aA ) ‘ ~ such that

1. there exists a sequence m0,m 1 , . .., mk,l  ~ N such that for 0 s i A ,

=

2. if i s j, then a, ~ a ;  and

3 . m O n and mk,l  :~~~~~
‘

A path between two nodes is thus a set of arcs , with no arc used more than once ,

which connects the two nodes

DefinItion 8.7:

An undirected graph 0 = (N,A) is connected if? for any m,n € N, whore m ~ n,

there exists a pat ti from m to n in G.

Definition 8.8:

An undirected gr aph 0 = (N .A) is acyc!ic If? for any m,n € N , vi here m O  n, there

Is at most one path froir m to r’ in 0
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Some subsidiary lemmas help support the main result of this sm ’ . tioii

Lemma 8.9:

I f  an i iridir ‘c t~~iI ~j raph c, (N ,i i)  h~ s the property that INI = 1 • I~
I, t hen either

C has a leaf node or 0 has au iso lated node.

proof by contradiction A~.sume C has no leaf node cr isolated iiod ’ I hen or
(‘i., ’r~ iou ,’ n N . t f l t ’ r i  ,ur t ’ at least two a rcs a , A such that n , o Sinco all a rcs
are doubleton s m ’ t s , t t im ’  t o ta l  ‘umber of arcs must be at least ,ts gr .’at as the tota ’
number uf lii dos Thus ~Nl -. I/Il. contra dicting the assumption that INI 1 •141

Lemma 8.10:

If an undircu t m ’ l i r i~’h :~ (‘~. .1) is :uirur i i ’ - t ou l  and ~NI 1 ~~~ then the graph C

is uicy u lic

prc_ of tu~- ur ~u Iiiu t tour nit 1111
basis I~J 0 Then th.’r i’  i onl y 0114’ 10 Ii’ in C end Definition h ~ is satisfied

~ ,iu iii iii

,,ulri ton A ’ .’,~ m.’ t Pi , ’  i. -no f i r  A If A s- i then C has at least two
nodes Si riu n C is i o rr iu. ’ u  - t ed  thorn must t r m ’  a pa th  between .~ny node iii C
and tirr~ t t r , ’ r  No ‘cm lii (

~ caui lii’ dii isu) li lt(’ul r~Oii4’ , ru i ~ thOr. ’ ( ~O1 to’ fl(i

path from an i s u i l . , t m ’ .l r iuud i ’  to ally other m u m  The re fo r e , by l emma it ¶~~. (1

must have at na st o rri ’  leaf node n I m’ t {m ,n) A be the oni’ arc connect-
ing to route n. Thi’~i the graph 0’ = (N { r ) . A - ( {m ,n) ) )  -s the q r a p h  (. minus
the l,’ uf node n and t . :o r r r rm ’ u:t i r i q arc By the uridu ~ :!i~ i: h~~i’ot lu i ’sus , C’ is
ac y~

- l u - ~ uni - m ’  n is a leaf r~odm’ of C, tIn’ o:ily paths in C that include the arc
{ m.n) are t t-iesm’ that s ta r t  or end on n. In order for C to be ncy u lic , there
must be at most one path between any pair j , A , ~uf d ist inct nodes in C Iwo
cases can t im ’  d. - .t r i r q i u i  .In-d.

ca.c ’ ’  1 j,A C T hen ‘ -u and A ~ n, hence no path from j  to A in C could
include th~ ar -  { n ,n) Th us anj path between j  and A in C uc also a path
between j  and  ~ ~ , By ~iim ’ induction hypothesis , there can he at most
one of these

case 2 ! n or A ~ r- Without ic~ s of generality, we can assume thaT / =
The,i any path from j t .‘~ in C must heg n with the arc {m ,n)  I f  A ~ i, f tu -,
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arc us the unique path from j  to A If A ~ m, a patti from j to A must be the
union of {m ,n) and a path from m to A in C Since m,A .- G , any path from m
to A in G Is also in C’ By the induction hypothesis , there i’~ at most one
path from m to A in 6 Hence th erm ’ is at most one path from j to A in C.

0

Lemma 8. 11:

It a graph C = ( N A )  has th e proper t y that INI 1 . IA J, then any reference tree

transformation G’ = (N .A ’)  of C has ttie property that ~Ni 1 .IA’I.

proof F ,ich of t he thr .’ m’ ce’o’’, of Dmuf iuu ition B. ~ a(ld’ or subtracts the same
number of elements to or f uo m N and A , thus , ecpinj constant the difference
between their cardinalities

0

Lemma 8. 12:

If a graph C = (N,A)  is connected , then any reference tree transformation

(Pf,A’) of C is also connected.

proof by cases:

case 1 - C’ = C. Then C’ is obviously connected If C is

case 2 0’ (W~u ( n) A { { m ,n) ) )  where  m and n are nodes such that m s- N and
n 0 N Then 0’ is connected if there ex is ts  a patti in C’ between every two
distinct nodes j . s in C’ If j , A ‘ N then there ex is ts  a path from j  to A using
only arcs In C, all of which are also present in 0’ OtherwIse either j  n or
A = n. Withou t kus~ of generalit y w” may assu me j  a Then, it A m,
{ (m .n) )  is a path from ; to A in 0’. Otherwi3e , if 1’ i~ a path from m to A in
C, t h e n  P r { ( m ,n) )  us a path from j to A iii C Henc’ r. C’ is connected if C is

c~’rse 3- C’ ( N - { n ) . A ( (m a) ) )  wflr’rn m,n ~ N , a is a leaf node of C, and
(m ,n) E A Since a is a leaf node of 0. no path between nodes j  and A in C.
where j  a and b i a, could iv ’ u iuiu ie the an (.n n) Thus any such p a t h
between nodes j  and A in C is also .a path between j end A in 0’. Since any
pair of nodes in G falls into this category, and since C is connected, (,‘ must
be connected.

0
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Lemma 8.13:

If a graph C = ( N A )  is connected and has the property that INI = I ~~~ the

result 0’ (N ’ ,A ’)  of performing any number of successive reference tree transfor-

mations on G is also connected end has the property that IN’I = 1.IA’I.

proof by induction on t;ie number A of reference tree transformations applied:

basis: A = 0. Then C = C’ and the lemma is triviall y true

Induction. Assume the lemma for A n successive reference tree transforma-
tions. To show the result for A.1 transformations, consider the graph

(N” ,Il”) resulting at the end of the first A transformations in the
sequence By the hypothesis , C” is connected and has the property that
INI = 1.141 Then one more transformation on C will produce C’ . By lem-
mas B.1 I end B 12 , C’ is connected and has the property that IN’I 1.IA’I.

0

Theorem 8, 14:

Any number of successive reference tree transformation, on the initial graph

C ~ ( (n )~~) )  will always yield a connected, acyclic graph.

proof C (N ,A)  is connected and has the property that INI 1 
~IA l Th us by

I emma B. 1 3 any graph C’ (N ’.A ’)  produced from C by any number of successive
reference tree tr ansformations is connected and has the property that IN’I t 1.$A’I.
By Lemma B 10 , this means that C’ is acyclic as well as being connected

U

Since every Obj eCt ’s reference tree s tar ts  out including ju st the single proces-

sor where the object was created , Theorem B 1 4 assures us that no reference

tree wIll ever become disconnected or come to include cycles.

Section 82:  Global PropertIes of the Membership Protocol 251,

L,. .
~~~~ ,~~ -~~~ - -



8.3: Summary

This appendix first recapitulated the workings of the reference tree member-

ship protocol, Including the various restrictions on the applicability of some of the

state tr ansitions. This protocol was then analyzed for the local properties of clo-

sure and consistency, and the global properties of resistance to disconnection and

resistance to forming cycles. Conclusions of the analysis were as follows.

• closure — every message that can arrive at a processor in a particuf r state

can be handled by the processor in that state,

• consistency — our assignment of link status (as being in or out of the refer-

ence tree) to link conditions is consistent both with our assumptions about

when processors enter and leave the tree and with the link status desired

to accompany each quiescent link condition (condition In which no messages

are In transit).

• resistance to disconnection — reference trees do not become disconnected.

• resistance to forming cycles—cycles do not form in reference trees.

252. Appendix B: Corr ectness of the Membership Protocol
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