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A b s t r a c t ,  A distributed data structure is a data 
s t ruc ture  tha t  can be m a n i p u t a ~ d  by many parallel 

processes simultaneously.  Distr ibuted da ta  s t ructures  are  

the na tura l  complement  to parallel p rogram structures~ 
where a parallel program (for our purposes) is one tha t  is 

made up of m a n y  simultaneously active,  communica t ing  

processes. Distr ibuted d a t a  s t ructures  are impossible in 
most  parallel  p r o g r a m m i n g  languages, but  they are 
suppor ted in the parallel language Ltnda and they are 
central  to Linda p r o g r a m m i n g  style. We outline Linda, 

then discuss some distr ibuted da ta  s t ructures  tha t  have 
arisen In Linda p r o g r a m m i n g  experiments to date.  Our  
intent  is neither to discuss the design of the Linda  system 

nor the per formance  of Linda  programs,  though we do 
com m en t  on both topics; we are concerned instead with a 

few of the simpter and more  basic techniques made  
possible by a language model that ,  we argue, is subtly 

but  fundamenta l ly  different in itz Implications from most  
others. 
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1. Introduction 

A distributed data struet-urs is a da ta  s t ructure  t ha t  can be 

manipula ted by many  parallel processes s imultaneously.  
Distr ibuted d a t a  s t ruc tures  are the naturM complement  to parallel  

p rog ram structures,  where a paral!e,g program (for our purposes) is 

one that is made  up of m a n y  simultaneously active, communica t ing  
processes. Despite this na tura l  relationship, dis t r ibuted da t a  

s t ructures  are impossible in mos t  parallel p r o g r a m m i n g  languages. 
Most parMlet languages are based instead on w h a t  we call the 

manager p~oce~8 model of paral lel ism, which requires t ha t  shared 

da ta  objects be encapsulated within  ma na ge r  processes; operations 
on shared d a t a  are carmed out by the manage r  process on the user 's  
behalf. 
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The manager-process  mode] has impor t an t  advantages ,  It  
represent ,  a safe and convenient  borrowing from the conventional,  
sequential  env i ronment :  Since only one process deal~ wILh a given 

d a t a  object,  it m a y  do so in ~he conventional  way. P r o g r a m m e r s  
never  face the potent ial ly  complicated logic of  many  processes 

s imul taneously  manipu la t ing  one object.  But man ag e r  processes 

have  d isadvantages  as well. All p rocess~  in this model mus t  funnel 
their shared-data manipulations through the manager, and there are 

potential  cos'~ in parallel ism and in run t ime  in tc rproce~ 
communica t ion  and process m a n a g e m e n t  overhead.  Operat ions  that  
might safely have been carried out  by many user proce,:~es in 

parallel are  per formed by the (single) manager  process one at a 

t ime; every opera t ion  on a shared object  entails a conversat ion with 
its mmnager-process chaperone, and creating a new sharabie data 

object requires either the creation of a new process or an increase in 

the load on an existing manager .  Harde r  to quant i ty  but  perhaps  of 

greater importance, the manager-proee~ model prejudlces the 

deve lopment  of a t ruly parallel p r o g r a m m i n g  sLyle by lbrcing 

parallel programs into conventional, sequential molds. We illustrate 

these claims with examples  in the sections following. 

Linda ([GelgS}, [CG85i) consists of a small  set of communica t ion  
and process-control opera tors  thus suppor t  the creat ion and 

manipula t ion  of dis t r ibuted da t a  s t ructures .  When they are 

injected into a host language h, these opera tors  turn  h into a 

parallel  p r o g r a m m i n g  language.  Whe the r  the resul t  is bet ter  viewed 

as a new language or as an old one with added system calls depends 

on the compiler  or pro-processor we use. Linda  is a new language to 

the extent  that the compiler, among other things, recognizes the 
L lnda  operat ions,  checks and rewrites them on the basts of symbol 

table  information,  and can opt imize the pa t te rn  of kernel calls tha t  
result  based on its knowledge of constan~ and loops, 

Most of our p r o g r a m m i n g  experiments  so far have  been 
conducted In C-Llnda, but we have recently implemented a Fortran- 

Linda  pre~process~r, at, the request of Yules% Numerical  Analysis 

group.  Linda  runs on AT~zT Bell Labs '  S /Ne t  mul t i -computer  

[AhuS3] and on an E the rne~based  Micrc~.Vax network;  

implementa t ions  for two dlf%rent hypereube  mul t i eompute r s  t are 

now in design, ( ' / 'he S /Ne t  is a collection of up to sixty-four 
computer nodes -- currently MS-68000's -- communica t ing  over a 

feat, word-parallel  broadcast  bus, On both the S /Ne t  and, of 
course, on the Vax network,  processo~ are tnemory-dlsjoin~ ~- no 
m e m o r y  is physically shared amo n g  them.)  

In the following we outline Linda, then discuss ~ome dis t r ibuted 

d a t a  s t ruc tures  tha t  have  arisen in Linda p r o g r a m m i n g  exper iments  
da~e. In closing we briefly disenss some related work. Our  

1A 128-~ede i~td iPSC and ~ 84~aode cube designed and built by Erie 
DeBesedi¢~,i~ af AT&T Bell L ~ ,  
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the  ma t ched  tup le  i t se l f  r e m a i n i n g  in TS  in ei ther case. eval ( t )  is 

t i le  sarse  as o u t ( t ) ,  except  t h a t  e v a l  adds  an n n e v a l u a t e d  t u p l e  to 

TS .  ( e v a l  is not, p r i m i t i v e  in Linda ;  it, wi l l  be i m p l e m e n t e d  on top  

of o u t .  W e  h a v e n ' t  done th is  yet in S/Net-Linda,  so we omi t  
fu r t i l e r  n~ention or e v a l . )  

The  p a r a m e t e r s  to  an i n O  or r o a d ( )  s tatement ,  nee dn ' t  a l l  be 

fo rmals ,  The  l ead ing  p a r a m e t e r  is a lways  all actual ,  bu t  any o the rs  

m a y  be ac tua l s  as well.  Al l  ac tuals  mus t  be ma tched  by 

c o r r e s p o n d i n g  ac tua l s  in a tup le  for t u p l e - m a t c h i n g  to occur. Thus  

tile s t a t e m e n t  

l n ( " P " ,  l n t  i ,  15 )  

m a y  w i t h d r a w  tuple  ( " P " ,  6 ,  i 5 )  b u t  no t  tup le  ( " P " ,  8 ,  i 2 ) .  

W h e n  a v a r i a b l e  appea r s  in a tuple  w i t h o u t  a type  dee la ra tor ,  i ts 

v a l u e  is used as an ac tua l .  T h e  a n n o t a t i o n  v a t  may  precede an 

a l r eady-dec l a red  v a r i a b l e  to ind ica te  t h a t  the  p r o g r a m m e r  i n t ends  a 

f o r m a l  p a r a m e t e r .  T h u s ,  if  i and j have  al ready been declared a~ 

in t ege r  va r i ab les ,  the  fo l lowing  two s t a t e m e n t s  are equ iva len t  to  the 

p reced ing  one'. 

j - 15; i n ( " P " ,  v a t  1 ,  j )  

L i n d a ' s  ex tended  n a m i n g  conven t ion  -- i t  resembles the select 

o p e r a t i o n  in r e l a t i o n a l  da t abase s  -- is referred to  as structured 
naming .  S t r u c t u r e d  n a m i n g  makes  TS  eontent -addressable ,  in  the 

sense t h a t  processes ma y  select among  a collection of tup les  t h a t  

sha re  the s a m e  f i r s t  c o m p o n e n t  on the basis  of t i le  va lues  of  any 

o t h e r  c o m p o n e n t  f ields.  Any  p a r a m e t e r  to  o u t ( )  or e v a 1 0  except 

the  f i rs t  may  l ikewise  be a fo rmal ;  a f o r m a l  pa rame te r  in a tuple  

m a t c h e s  any t y p e < o n s o n a n t  ac tua l  in an i n  or read s t a t e m e n t ' s  

t e m p l a t e .  

Ti le  i m p l e m e n t a t i o n  and  pe r fo rmance  of ~he L i n d a  kernel  are 

d iscussed br ief ly  in sec t ion  4. 

3 .  P r o g r a m m i n g  e x a m p l e s  

The  d i s t r i b u t e d  d a t a  s t ruc tu re s  we 've  exper imented  w i th  so far 

h a v e  oecured m a i n l y  in the  contex t  of rep l ica ted-worker  para l le l i sm.  

In network-,style p a r a l l e l i s m  (the more c o m m o n  va r i e tyL  a p r o g r a m  

is p a r t i t i o n e d  in to  n pieces, where n is de te rmined  by the logic of 

the  a l g o r i t h m  or t i le  fo rm of the da ta :  each of the n logical pieces is 

i m p l e m e n t e d  by a process,  ann  each process keeps i ts  a t t e n t i o n  

d e m u r e l y  f ixed on ~ts own conven t iona l ,  local d a t a  s t ruc tures .  In 

the  replicated worker model  we don ' t  p a r t i t i o n  our  p rog ram al all; 

we replicate i t  r t i m e s  where  r is d e t e r m i n e d  by the n u m b e r  of 

processors  we have  ava i l ab le ,  All  r processes c lamber  

s i m u l t a n e o u s l y  over  a distr ibuted d a t a  s t ruc ture ,  seeking work 

where  they can ge~ it .  The  repl ica ted worker  model  is in te res t ing  

for  a n u m b e r  of  reasons :  

I. I t  scale8 transparently ,  Once we have  developed and 

d e b u g g e d  a p r o g r a m  w i t h  a s ingle  worker  process, our  p r o g r a m  will 

r u n  in the  same  way, only  faster wi th  ten paral lel  workers  o r  a 

h u n d r e d .  W e  need be only  m i n i m a l l y  aware of pa ra l l e l i sm in 

d e v e l o p i n g  the  p r o g r a m  and  we can a d j u s t  the  degree of pa ra l l e l i sm 

in  any  g iven  run m the  a v a i l a b l e  resources. 

2. It e l imina tes  logicatly-pointlese contest  switching. Each 

processor  r u n s  a s ing le  process. We add  processes on ly  when we add 

processors ,  The  p r o c e s s - m a n a g e m e n t  b u r d e n  per node i s  exac t ly  the  

s a m e  when  the  p r o g r a m  runs  on one n o d e  as when  it r uns  on a 

thousand, (This is not t rue .  of  course, in the ne twork  model,  A 

n e t w o r k  p r o g r a m  a lways  crea tes  the  s a m e  n u m b e r  of  processes. If 

m a n y  processors  are  ava i l ab l e ,  the  processes spread out ;  i f  the re  are 

on ly  a few, t h e y  p i le  up.)  

3, It balances toad dynamieally~ by defaul t .  Each  worker  process 

r e p e a t e d l y  searches  for a ~ask ~o execute,  executes it ,  and  loops. 

Tasks are therefore evenly divided at runtime among the available 

workers .  

I t  is not the  ease t h a t  d i s t r i h u t e d  da t a  s t ruc tu res  are i n t e r e s t i ng  

only  in the  con tex t  of r ep l i ca ted  workers .  O f  the p r o g r a m s  we 

discuss,  none is a pure  example  of this  type  -- all inc lude  some 

p a r t i t i o n i n g  as well  as r ep l i ca t i on  of du t ies  -- and i t ' s  easy to  

describe pure ly  ne twork - s ty l e  p r o g r a m s  t h a t  rely on d i s t r i b u t e d  

da ta .  B u t  these examples  represen t  our  experience to  date,  and  the  

l ink  be tween  d i s t r i b u t e d  d a t a  s t ruc tu re s  and  rep l ica ted  workers  is 

s ign i f i can t .  

T h e  examples  discuss  two  basic classes of d i s t r i b u t e d  s t ruc tu res ,  

unordered and  then  ordered ones. Some examples  (a d i s t r i b u t e d  

a r ray  is one) have  conven t i ona l  analogs;  o the rs  -- for example  t a sk  

bags,  b r o a d c a s t  s t r e am s  or " n e g a t i v e "  d a t a  s t r u c t u r e s  asssembled  

ou t  o f  b locked  processes in s t ead  of d a t a  -- d o n ' t .  

U n o r d e r e d  s t r u c t u r e s ,  I t  has been r e m a r k e d  2 t h a t  uno rde red  

s t r u c t u r e s  like sets seem 'to have  found  no n a t u r a l  place in 

c o m p u t a t i o n ,  One poss ib le  exp lana t ion  is tha t ,  whi le  we can 

e n t e r t a i n  the  abstraction of  an unordered  s t ruc tu re ,  a c o n v e n t i o n a l  

m a c h i n e  p rov ides  no way  to represen t  such a b t ructure .  Al l  d a t a  

s to red  in  a c o n v e n t i o n a l  m e m o r y  is ordered (if  only imp l i c i t l y )  by 

the i n h e r e n t l y  ordered  medium."  Since the  mach ine  has  no way  to  

take  a d v a n t a g e  of  the fac t  t h a t  i t  is logically s imple r  to  s tore  a se t  

than an array or a list, and will always take the  trouble to store an 

ar ray  or a l i s t  anyway ,  the  p r o g r a m m e r  might as well  be aware  of 

the d a t a  o r d e r i n g  and  m a k e  use of i t .  

W h e r e  d i s t r i b u t e d  s t r u c t u r e s  are invo lved ,  t hough ,  the  s i t u a t i o n  

is d i f fe r ren t .  A s t r u c t u r e  t h a t  exists in m a n y  d i f ferent  places  

s i m u l t a n e o u s l y  is in fac t  unorde red  ( though  each "p lace"  -~ each 

local m e m o r y  -- may  be ordered in te rna l ly ) .  M a n a g e r  process 

models ,  by r e s t r i c t i ng  each d a t a  s t ruc tu re  to  a s ingle  proeess ' s  

context ,  na r row the ho r i zon  r i g h t  back down  to  the  conven t i ona l  

un iproeessor ' s .  L i n d a  does not ;  i t  enconlpasses  unordered  s t ruc tu re s  

and is a good m a t c h  to p r o b l e m s  t h a t  use t h e m ,  

As  a first  example  of an uno rde red  d i s t r i b u t e d  d a t a  s t ruc tu re ,  

consider  the  task  bag. A task  bag holds  nex t - t a sk  a s s ignmen t s  m 

m a n y  k inds  of r ep l i ca t ed -worke r  p rograms .  W o r k e r s  repea ted ly  

d r aw  the i r  nex t  a s s i g n m e n t  f rom a t a sk  bag,  carry  our  the speci f ied  

a s s i g n m e n t  and  d rop  any  new t a s k s  genera ted  in the  process back 

in to  the task bag.  The  p r o g r a m  comple tes  when  the bag  is e m p t y .  

Note  t h a t  the  t a sks  in t he  bag  are unordered -- we assume t h a t  the  

o rde r  in  which t a sks  are processed doesn ' t  m a t t e r  so long as t hey  

are all  done even tua l ly .  

A d i s t r i b u t e d  m u t t i s e t  is exact ly  the  r ight  scruc~ure for  

i m p l e m e n t i n g  a t a sk  bag .  It is easi ly i m p l e m e n t e d .  The  e lements  of 

the t a s k  bag  wi l l  be t u p l e s  of the fo rm 

( " T a s k " ,  task-descriptor)  ; 

m a d d  a new t a s k  worke r s  exeeuLe 

on% ( " T a s k " ,  task-descriptor) ,  

and  to r e m o v e  one for process ing,  

in("Task", v a r  NextTask) . 

Note that we can interpret this in s~a~emen~ as meaning either 

"choose  a t u p l e  whose f i r s t  e l emen t  is " T a s k " ,  or  "choose  any  t u p l e  

f r o m  a sub - tup le - space  n a m e d  " T a s k "  -- we can r ega rd  all  t up le s  

w i t h  the  s ame  pref ix  as c o n s t i t u t i n g  a suo- tup le - spaee  in themse lves .  

F o r  example :  L U  m a t r i x  d e c o m p o s i t i o n  is a p rob l em  t h a t  we 

h a v e  p r o g r a m m e d  in s e v e r a l  ways  us ing  S / N e ~ L i n d a ;  one ve r s i on  of  

t he  a l g o r i t h m  i l l u s t r a t e s  the  use o f  a task bag.  These  expe r imen t s  

are i n t e r e s t i n g  in t h e i r  own r i g h t  for  several reasons, LU 

2Alan Perlis, personal communication. 
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d e e o m p o s i t i o n  is  the  m e t h o d  o f  choice  for  so lv ing  dense  l inea r  

s y s t e m s .  P a r a l l e l  L U  a l g o r i t h m s  h a v e  n o n - t r i v i a l  c o m m u n i c a t i o n  

a n d  con t ro l  r e q u i r e m e n t s .  F i n a l l y ,  s ince  t he r e  a re  m a n y  w a y s  to  

so lve  th i s  p r o b l e m  in L i n d a ,  i t  s e r v e s  as  a good  veh ic le  for  e x p l o r i n g  

pa ra l l e l  p r o g r a m m i n g  m e t h o d o l o g ? .  

'The f o l l o w i n g  is an  ou t l i ne  of  ¢he L U  a l g o r i t h m ,  wit& a 

m o d i f i c a t i o n  to aid n u m e r i c a l  s t a b i l i t y  ( p a r t i a l  p i v o t i n g ) :  
for (each col~mn c of matrix M) { 

/* Choose pivot row */ 
f i u d  row r such that Nit,c] is ~aximum for 

r in [c, .DIM] 
exchange rows c and r ;  

f o r  each row r in  (c. .DIM] { 
/*  Reduce row r */ 
s u b t r a c t  froY row r a m u l t i p l e  of 
roy  e such t h a t  the  c ' t h  

entry of row r is O; 
record the mu!tlpller i~ L[r,e]; 

) 

) 

U is the  r e s u l t i n g  m a t r i x .  ( F o r  s i m p l i c i t y  we h a v e  o m i t t e d  s o m e  

detMls ,  in p a r t i c u l a r  those  p e r t a i n i n g  ~o r e c o r d i n g  the  p e r m u t a t i o n s  

m a d e  to the  m a t r i x . )  

W e  lack  s p a c e  to desc r ibe  in de t a i l  t he  seve ra l  b i n d s  v e r s i o n s  of  

th i s  a l g o r i t h m  w e ' v e  t e s t ed .  In ou t l ine ,  t h o u g h ,  one  task-bag 

a p p r o a c h  w o r k s  as  fol lows,  eve  n e e d  a con t ro l  p rocess  and  one  or  

m o r e  w o r k e r s ,  T h e  con t ro l  p roce s s  fills t h e  t a s k  b a g  with a 
col lec t ion of  t up l e s  h o l d i n g  the  r o w s  to be r educed  on t h i s  i t e r a t i o n  

(one r o w  pe r  tup le ) ,  and  a d d s  one  a d d i t i o n a l  tup le  t h a t  ho lds  the  

p i v o t  row.  E a c h  w o r k e r  r e p e a t e d l y  w i t h d r a w s  a row a n d  r educes  it. 

u s ing  r e a d  to  check  the  p i v o t - r o w  tup le :  t hen  i t  s ends  the r e su l t  

b a c k  to  the  con t ro l  p roce s s  and  r e p e a t s ,  un t i l  all r o w s  a re  done,  

T h e  con t ro l  p r o c e s s  checks  the  i n c o m i n g  reduced  r o w s  as t h e y  

a r r ive ;  w h e n  t h e y  a re  all in,  i t  ref i l l s  t he  t a s k  b a g  w i t h  the  r o w s  to 

be r educed  on t h e  n e x t  i t e r a t i o n ,  o u t p u ~  t h e  new p i v o t  row,  a n d  

the  p rocess  r e p e a t s .  

In t i m i n g  t e s t s  on  the  S/Net, t w o  w o r k e r s  and  a con t ro l  p rocess  

f in i sh  f a s t e r  t h a n  a ve r s i on  of  t he  s a m e  a l g o r i t h m  in u n i p r o e e s s o r  C,  

a n d  the  LJnda  p r o g r a m  s h o w s  lineal" s p e e d u p  up  zo t he  s m a l l  

n u m b e r  o f  p r o c e s s o r s  -- c u r r e n t l y  8 -- a v a i l a b l e  to us. O t h e r  L i n d a  

v e r s i o n s  in which  r o w s  a re  d i s t r i b u t e d  only  once ,  at the s t a r t  o f  the 

p r o g r a m ,  s h o w  s p e e d u p  which is close t0  ideal  l inea r  s p e e d u p  of  t he  

c o m p a r a b l e  C p r o g r a m  -- a d d i n g  p roce s so r s  r e su l t s  in a p r o g r e s s i v e  

doub l ing ,  t r i p l i n g  and so on of  the  C p r o g r a m ' s  speed.  

The L U  t a s k  b a g  is a r a t h e r  t a m e  m e m b e r  o f  t he  r o w d y  

d i s t r i b u t e d - d a t a - s t r u c t u r e  se t :  Al l  w o r k e r s  w i t h d r a w  f r o m  it,  b u t  

on ly  t h e  con t ro l  p rocess  ref i l l s  it .  F r ee - fo r - a l l  t a s k  bags ,  a d d e d - t o  

and  de le t . ed- f rom by  e v e r y  p rocess  in the  p r o g r a m ,  occu r  as well .  

C o n s i d e r  a p r o g r a m  t h a t  f i n d s  all paths b e t w e e n  an a r b i t r a r y  o r i g i n  

a n d  d e s t i n a t i o n  n o d e  in a g r a p h .  T o  do so, i t  c r ea t e s  a b u g  a n d  

p laces  i t  on the  o r i g i n  node.  T h e  b u g  t r u d g e s  o u t w a r d s  t h r o u g h  t h e  

g r a p h ,  g e n e r a t i n g  n e w  b u g s  w h e n e v e r  m o r e  t h a n  one  p a t h  is 

avai lable~ T h e  p r o g r a m  m a i n t a i n s  a t a s k - b a g  of  bugs ;  " b u g -  

t r u d g e r "  p rocesses  ( the  w o r k e r s )  r e p e a t e d l y  r e m o v e  a b u g ,  ~0SS it 

f o r w a r d  one  edge ,  u p d a t e  the b u g ' s  p a t h - t a k e n  and l e n g t h - o f - p a t h  

logs, then squash it and generate new b u g s  f o r  each  possible next,- 

edge  in the pa th .  T h e  old b u g ' s  path-taken a n d  l e n g t h - o f - p a t h  logs  

a re  i m p l a n t e d  in  each  new b u g ;  n e w  b u g s  are  d r o p p e d  i n t o  the  task 

b a g .  tn  ou t l ine ,  then ,  each  b u g i r u d g e r  p rocess  execu tes  

loop { 
i~(~b~g ", v a t  Pa thSoFar ,  mar Leng thgoFar ) ;  
upd~a Path al, ad Length; 
f or  ages next ~dge 

out(*bug *, U~da%edPa~h, Upda%edLe~Ilgth); 
} 

The g r a p h  i t se l f  is a d i s t r i b u t e d  d a t a  s t r u c t u r e  as  well.  E a c h  n o d e  

is  r e p r e s e n t e d  hy  a t u p l e  o f  t h e  f o r m  

('~ode', node-id, a@cent-nodes, a@eent-edge-ten~th~) 
F o r  e x a m p t e ,  

("~ode" ,  12. [ i , 1 3 ,  i i . - i ] .  [ a o , ~ . ~ , - I D  

Here we use ~-i" to signal the end of a variable-length array 3, To 

f ind  n o d e  12% d e s c r i p t i o n ,  we  use  r e a d  w i t h  a s t r u c t u r e d  n a m e :  
r~ad(~node ", 12, vat AdJacesrgNodes, var a d j a c a s t E d g e s ) .  

N o t e  that we can  c r e a t e  any n u m b e r  of ' % u g . _ t r u d g e r  ~ 

p rocesses  w i t h  no c h a n g e  to a n y  p a r t  of  the  p r o g r a m  e x c e p t  for t he  

p r o c e s s - c r e a t i n g  s t a t e m e n t  i tself .  A n y  n u m b e r  of  para l le l  p rocesses  

can  sa fe ly  s h a r e  d i r e c t  access  to  t he  t a s k  queue  a n d  the  g r a p h .  

T h e  t a s k - b a g  m o d e l  gene ra l i ze s  to  a d a t a f l o w  model .  T h e  t a s k  

b a g  holds  t e m p l a t e s ,  one  t e m p l a t e  pe r  tuple;  each  t e m p l a t e  iuch ldes  

" r e a d y  ~ a n d  id f ie lds  ( a n d  a n y  o t h e s s  t h a t  a r e  needed) .  ' W o r k e r s  

a re  g e n e r a l  e v a l u a t o r s ;  t h e y  use  s t r u c t u r e d  n a m i n g  to select. " r e a d y  '~ 

t e m p l a t e s ,  execu te  the  spec i f i ed  tamk s t ep ,  a n d  u p d a t e  a n y  t e m p l a t e s  

to  w h i e h  a n e w l y - d e v e l o p e d  va lue  shou ld  be p r o p a g a t e d .  A 

t e m p l a t e  is m a r k e d  ~ ready  ~' by  the  w o r k e r  t h a t  fills i t s  l a s t  v a l u e  

slot,. T h u s :  

loop < 
in(~DataFloweag~ " r e a d y ' ,  var id, 

other-task-describing~fields) : 
execute the lask step; 
for e a c h  template N to be .updated < 

in(~DavaFlowBag ", ea r  f l a g ,  N . . . .  ) ;  
i f  N is now rea@ 

on t (" DataFlowBag", ~ ready"  ,N,updated flelds) ; 
else 
out (~DataFlowBag ~ , ~ hot-yet ~ ,N, updated fields) ; 

} 

We are using this control mechanism to develop in collaboration 

witah r e s e a r c h e r s  a t  A T & T  Bell  L a b s  a pa ra l l e l  V L S I  s i m u l a t o r  in 

L i n d a .  In one v e r s i o n  of t he  s i m u l a t o r ,  eacll node  in t h e  c i r cu i t  

g r a p h  is r e p r e s e n t e d  by  a t a s k ~ d s s c r i p t i o n  t.uple, w h e r e  a t a sk -  

desc r ip¢ iou  cons i s t s  o f  a p o i n t e r  to tl~e f u n c t i o n  t h a t  s i m u l a t e s  th i s  

node  a n d  a ser ies  of  s lo t s  for  i n p u t  v a l u e s  to t he  f u n c t i o n .  A t ask-  
d e s c r i p t i o n  w i t h  all of  i t s  s lo t s  f i l led in is " r e a d y " .  T h i s  L i n d a  

s o l u t i o n  wi l l  only  r u n  well, o f  course ,  i f  t h e  a v e r a g e  e x e c u t i o n  t i m e  

for  each t a s k  s tep  is s u f f i c i e n t l y  long  r e l a t i v e  to  an  o u t  o r  an  i n  to  

a m o r t i z e  c o m m u n i c a t i o n  o v e r h e a d .  ~Ve d o n ' t  c l a i m  by  al ly n]eans  

t h a t  t h i s  a p p r o a c h  wil l  w o r k  for  arbi~,rari ly f ine  d e g r e e s  of 

p a r a l l e l i s m .  P r e l i m i n a r y  ev idence  s u g g e s t s  that t h e  s i m u l a t o r ,  in 

w h i c h  an a v e r a g e  t a s k  s t ep  r equ i r e s  a b o u t  9 ms .  will  m e e t  o u r  

c o a r s e n e s s  c r i t e r ion ;  we  c a n ' t  y e t  s a y  for  sure.  I f  not .  {1) t he r e  a re  

ohher  r e p l i c a t e d  w o r k e r  so lu t ions  to  t h i s  p r o b l e m  w h i c h  r equ i r e  

f e w e r  T S  o p e r a t i o n s ,  a n d  we ' l l  t ry  those ,  (.9) f u t u r e  v e r s i o n s  of  the  

S / N e t  a r c h i t e c t u r e ,  n o w  in des ign ,  wi l l  a l low o u r  ke rne l  to  r u n  

faster ,  and  m a k e  the  g r a i n - s i z e  of  t h e  d a t a f l o w - s t y l e  p r o g r a m  we 

c a n  h a n d l e  c o r r e s p o n d i n g l y  f iner .  

AS a f ina l  e x a m p l e ,  c o n s i d e r  L i n d a ' s  tr iple s p a c e  i tse l f :  i t  is a 

d a t a  s t r u c t u r e  w h o s e  s e m a n t i c s  a re  those  of  an  u n o r d e r e d  co l lec t ion  

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

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

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

unordered. 

In S / N e t  L i n d a ,  fo r  e x a m p l e ,  t up l e  s p a c e  is s t o r e d  as  a repl ieat ,  ed 

s e t  o f  h a s h  t ab les .  E a c h  p r o c e s s o r  s t o r e s  atl t u p l e s  in t up l e  space ,  

b u t  t h e  o r d e r  in w h i c h  r e p l i c a t e d  t u p l e s  a re  s t o r e d  v a r i e s  f r o m  

p r o c e s s o r  to processor .  The r e p l i c a t i o n  h a s  b o t h  a d v a n t a g e s  and  

cos ts .  O t h e r  i m p l e m e n t a t i o n s  m a y  s t o r e  t u p l s s  on ly  once,  B j o r n s o n  

4 h a s  p r o p o s e d  a distributed hash table: a h a s h  code c o m p u t e d  

f rom.  a t u p l e  d e t e r m i n e s  a u n i q u e  node  w h i c h  wil l  h a v e  

r e s p o n s i b i l i t y  for  t h a t  tuple .  {GelS4] p r o p o s e s  an  i m p l e m e n t a t i o n ,  

a p p r o p r i a t e  on h y D e > c u b e - s h a p e d  c o m m u n i c a t i o n  n e t w o r k s ,  in 

w h i c h  e a c h  t up l e  is stored by :all m e m b e r s  o f  s o m e  r o w  or  s u b - c u b e  

of each  node .  See  [Lelc85] fo r  a f u r t h e r  d i s c u s s i o n  o f  t h e s e  and 

r e l a t e d  a l g o r i t h m s .  

3The bug-trudger we ira21eraer~ted ueed stri~lg~ hmtead of ~rraye ~or ~adj~eenb 
~ode~ ~ asd ~adjseesbedgeqength~% 

4Rob .~jorn~Js~ pe~onM connmunica~ion, 
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W h a t  a l l  these  a l g o r i t h m s  share  is an ac tua l  phys i ca l  

d i s t r i b u t i o n  o f  the d a t a  in  tupte  space, and  the  lack of  any o r d e r i n g  

on t u p l e  space e lements ,  No i t e r a t o r  over  tup le  space ls p r o v i d e d  

by L i n d a ;  no i t e r a t o r  is p resen t  in the s u p p o r t  kernel;  and  if a L i n d a  

p r o g r a m  i t e ra tes  over  t up le s  ~- by s imply  do ing  repea ted  l n ' s  -- i t  

can  expect  to  see tup le s  in  d i f fe ren t  orders  a t  d i f ferent  nodes 5. 

O r d e r e d  s t r u c t u r e s  

W e  can bu i ld  d i s t r i b u t e d  vers ions  of  conven t iona l  o rdered  

s t r u c t u r e s  l ike  a r r ays  in tup le  space by i nc lud ing  index f ie lds  in 

t u p l e s  and  u s i n g  s t r u c t u r e d  names  to p ick  e lements  out .  One o f  our 

e x p e r i m e n t s  w i t h  S / N e t  L inda ,  for example ,  i n v o l v e d  a m a t r i x  

m u l t i p l i c a t i o n  p r o g r a m  t h a t  consis ted of an in i t i a l i za t ion  process, a 

c l eanup  process, and  a t  leas t  one b u t  o rd ina r i l y  many  worker  

processes.  E a c h  worke r  is repea ted ly  ass igned some e lement  of  the 

p r o d u c t  m a t r i x  to c o m p u t e ;  i t  computes  t h i s  assigned e]ement and  is 

a ss igned  ano ther ,  u n t i l  a l l  e lements  of the  p roduc t  m a t r i x  have  been 

f i l led  in. If  A and  B are the mat r ices  to  be mu l t i p l i ed ,  then  the  

i n i t i a l i z a t i o n  process uses a succession of o u t  s t a t e m e n t s  to clump 

A ' s  rows and  B ' s  c o l u m n s  in to  1"S. W h e n  these s t a t e m e n t s  have  

comple ted ,  T S  ho lds  

(~A ~. l ,  A's-first-row) ("B", i, B's-first-column) 
(~A", 2, A's-seeond-row) (~8", 2, B~-seeond-column) 

hld ices  are inch lded  ~ t.he second e l emen t  of each ~uple so 1Anal 

worke r  processes,  u s ing  s t r u c t u r e d  naming ,  can select, the ith row or 

j fh  co lumn for read ing .  W o r k e r s  repeatedly  i n  a 

NextAssiKmnent t up l e  that, ho lds  the row gild co lumn of  the 

p r o d u c t  e lement  to be c o m p u t e d  next .  then  o u t  i t  again,  s u i t a b l y  

inc fe lneu ted ,  for some o t h e r  worker  t,o f ind.  The  row gild co lunln  

read  f rom t i le  N e x P A s s i g n m e n t  t a p i r  are used to select, the 

a p p r o p r i a t e  vec to rs  and  to  label  t i le  p r o d u c t  tuple :  to c o m p u t e  

e l em en t  (i, y) of the p roduc t ,  a worker  exeeut, ee 
rued(A, i, vat row) ; 
read(B, J, ear c o l ) ;  
ou t (p rod ,  i ,  j ,  DotProduct(row, c o l ) ) ;  

"]?hus each e l emen t  of the  p r o d u c t  is packed in a separa te  t up l e  and 

d u m p e d  in to  TS.  (Note  t h a t  the  f i rs t  read  s t a t e m e n t  picks ou t  a 

t up l e  whose f i r s t  e l eme n t  is " A "  and second is the va lue  of i: this 

t u p l e ' s  t h i rd  e l emen t  is ass igned to the fo rma l  row.) 

.,,\lt.hougll the  p r o d u c t  m a t r i x  is s tored  ill tup le  space as an 

uno rde red  s t ruc tu re ,  a c leanup process inay  t rea t  t.be p roduc t  as a 

bag  and reel m i ts  e l emen t s  irl a r b i t r a r y  order :  

for  (ro'~ = 1: row <= Numgows; row++) 
for (col = i; col <= NumCols; col++) { 

in (p rod ,  ear row, ear co1, ear r e s u l t ) ;  
prod[row] [ca l l  = resu l t , ;  

> 

/vri~lt prod; 

(A s i m i l a r  p r o g r a m ' s  per forn lance  on the  S / N e t  resembles  the 

L U  p r o g r a m ' s  pe r fo rn lance ;  aga in  vers ions  w i th  less co lnu lun i ca t i on  

exist,. F o r  example ,  we ha d  each worker  c ompu te  all ent i re  row at  a 

~ime: the result, ing L i n d a  p r o g r a m ' s  speedup  is close to ideal l inear  

speedup  over  un ip rocesso r  C [CG85].) 

A d i s t r i b u t e d  t u p l e  space array is closely ana logous  to  a 

c o n v e n t i o n a l  a r ray  ( a l t h o u g h  i t  may.  of course, expand and con t r ac t  

d y n a m i c a l l y ,  and  i t  is accessible to  many  processes s imul t aneous ly ) .  

Or d e red  d i s t r i b u t e d  d a t a  s t r u c t u r e s  are also possible t h a t  h a v e  no 

close sequen t i a l  ana logs .  Cons ider  the  fo l lowing p r o g r a m m i n g  

p rob l ems ,  tn  a d i s t r i b u t e d  mai le r  n t i l i t y ,  a n y  n u m b e r  of  user 

processes m a y  wish to keep abreas t  of  a c o n t i n u a l l y - u p d a t e d  

b u l l e t i n  board .  In a s i m u l a t o r  p rog ram,  we might, create a se t  of 

t a b l e - m a n a g e m e n t  processes,  each o n e 0 f  wh ich  s tores  one p a r t i t i o n  

of a g loba l  s t a t e  table .  W o r k e r  processes Send s ta te  upda te s  to  the  

t ab l e  processes,  and  each table  processe needs to scan every u p d a t e  

in o rde r  to d e t e r m i n e  w h a t  i t  shou ld  ask workers  to do next. (Such 

a s t r u c t u r e  arises in one v e r s i o n  of  bile \ q . S I  s i m u l a t o r  m e n t i o n e d  

5Note ~ha¢ two simulr, aneous-e×eca~ing processes executing such a series of ±n's 
would actually split the me,riling tapirs between ~hem in some unpredictable way. 
AIIowlag each to see all the ~uples require8 some additional structure. The broadcast 
stream structure discussed below is all example. 
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prev ious ly . )  

W e  can h a n d l e  these  p r o b l e m s  in  L i n d a  by  using a d i s t r i b u t e d  

d a t a  s t r u c t u r e  cal led a broadeaat atrearn, Cons ide r  a s t r e a m  cal led 

S; to  i m p l e m e n t  S, we need an S-counte r  tup le ,  

(~s ~, ~coanter" ,  current-vail 
where eurrent-val is i n i t i a l l y  O. In a p p e n d i n g  to S, processes 

m a n i p u l a t e  the  S-coun te r  u s ing  the u t i l i t y  r ou t i ne  I n c r C o u n t ,  in 

ou t l i ne  

InerCoun%(N) 
< 

in(N, "counter", Int i); 
out(N, ~eounter", i + 1); 
return i; 

} 

S t r e a m  S exists  as a n u m b e r e d  series of tuples :  
( ~ s  ~ , 0 ,  V a l 0 ) ,  ( ~ s  ~ , i ,  v a i l ) ,  ( " s ' ,  2 ,  Val2) . . .  

To  a p p e n d  NewVal to S, a process executes 

out(~S" , IncrCount(~S'), NewVal) 

Any  n u m b e r  of processes m a y  share  append-access  to  S; since the  

end-o f - s t r eam coun te r  i n h a b i t s  a s ingle  tup le ,  the  coun t  is 

m a i n t a i n e d  cons i s t en t ly  no m a t t e r  how inany  processes t ry  to  

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

a process  t h a t  wishes to  read the  b roadcas t  s t r eam wil l  execute 
index = O; 
loop < 

r ead("S" ,  index++, ear NewVal); 

} 

The  f i r s t  t ime  r e a d  is executed,  i t  awai t s  a tuple  whose f i r s t  

c o m p o n e n t  is " S " ,  second is 0 and th i rd  is any  va lue  t h a t  is type-  

conlpatt ible w i th  NewVal ;  the  second r e a d  a w a i t s  ( " S " ,  i . . . .  ) ,  

the t h i r d  ( " S " ,  2 . . . .  ) and  so on. So d a t a  e lements  are read in  

s t r e a m  order ,  as desired.  

T h e  b r o a d c a s t  s t r e a m  s t ruc tu re  has i n t e r e s t i ng  proper t ies .  I t  

r esembles  ill some ways  a pla in ,  na ive  b roadcas t ,  in which  senders  

r egu l a r ly  f lash messages  to  a set  of receivers:  but, there  are 

i m p o r t a n t  differences.  The  b roadcas t  s t r e a m ' s  readers  are 

comple t e ly  decoupled  f r o m  i ts  wr i te rs :  each read ing  process 

proceeds  en t i re ly  a t  i ts  own pace, w i t h o u t  h a v i n g  to  keep up w i t h  

the  w r i t i n g  processes and  w i t h o u t  reference to  any o ther  reader.  ;If 

a r e a d i n g  process  consumes  messages fas ter  than  the  w r i t i n g  

processes a p p e n d  them,  i t  r epea ted ly  blocks  pend ing  the  nex t  

message ' s  a r r i v a l  -- as i t  wou ld  be expected to  do under  na ive  

b roadcas t .  B u t  a r e a d i n g  process may  also scan the  s t r eam and  

receive each b r o a d c a s t  in sequence tong af ter  every w r i t i n g  process 

has t e r m i n a t e d .  

I t ' s  also i n t e r e s t i ng  to  note .  again  t h a t  the  b roadcas t  s t rean l  is g 

ful ly d i s t r i b u t e d  da ta  s t ruc tu re :  Any n u m b e r  of coopera t ing  

processes may  read  it. any  n u m b e r  may append  r,o it .  and no one 

process is any  more  r e spons ib l e  for i t s  s to rage  and  upkeep t han  any 

other .  

If  processes in the s t r e a m ' s  head  tup le  ins tead  of r e a d i n g  i*, 

(us ing  a second shared  coun te r  ~or coord ina t ion / .  ~he broaden.st 
stream becomes a task queue. ",at can append  and remove  us ing  

o the r  o r d e r i n g  d i sc ip l ines  as well -- a task  stack is as easy as a t a sk  

queue, for  example .  

T h e r e  is an i n t e r e s t i n g  s y m m e w y  between the  ~empla~es t h a t  are 

p a r a m e t e r s  to ~n and the  tup les  t, h a t  are paramet.ers to o u t :  ~,uples 

and t e m p l a t e s  are s t r u c t u r a l l y  ident ica l .  Th i s  fact nan im p l i ca t i ons  

for the  i m p l e m e n t o r :  t u p l e s  can be d i spa tched  t h r o u g h  tile ne twork  

s ea rch ing  for  m a t c l f i n g  t e m p l a t e s ,  or  t e m p l a t e s  can be sent  in search 

of tup tes .  Of  concern here are the  logical  imp l i ca t i ons  or the 

s y m m e t r y ,  the  fac t  t h a t  we can t h i n k  of  d i s t r i b u t e d  d a t a  s t ruc tu re s  

t h a t  a re  c o n s t r u c t e d  ou t  of  templates as well  as tuples.  Cons ider  s 

r ep l i ca t ed -worke r  task  bag  p r o g r a m  in a s t a t e  in which  all workers  

bu t  one  are  blocked a w a i t i n g  a task  tuple.  AS the  workers  wai t  a t  

the i r  
in ('Task", vat TaskDescrlptor) 



s t a t e m e n t s ,  we m a y  t h i n k  o f  the ( ~ T a s k  ~ , v a t  

T a s X D e s c r l p % o r )  t e m p l a t e s  as c o n s t i t u t i n g  a =nega t ive  t a sk  bag  ~ 

-- a bag  of blocked  processes.  

We may  b u i l d  o rde red  sets  of  b locked processes as well {ordered 

~ n e g a t i v e  d i s t r i b u t e d  d a t a  s t rue tn re s~) .  W e  can use such a n e g a t i v e  

s t r u c t u r e  to bu i ld  an u n c o n v e n t i o n a l  s o l u t i o n  to the  classic readers-- 

wr i t e r s  p r o b l e m .  Suppose  m a n y  processes share  access to a complex  

d a t a  ob jec t  which  is too  large,  we s~sume,  to be c o n v e n i e n t l y  s to red  

in a s ingle  L i n d a  tuple .  Processes  are p e r m i t t e d  to access the s lmred  

o b j e c t  d i rec t ly ,  bu t  on ly  a f te r  w a i t i n g  u n t i l  i t  is pe rmiss ib le  for 

t h e m  to  do so. The  ru les  of access specify t h a t  m a n y  readers  or a 

s ing le  w r i t e r  may  have  access to  the  data~ b u t  no t  bo th ;  a const .ant  

s t r e a m  of r ead - reques t s  m u s t  f u t h e r m o r e  no t  b e  a l lowed  to p o s t p o n e  

s a t i s f ac t i on  of a wri te  reques t  i nde f in i t e ly ,  nor  m a y  a s t r e a m  of 

wr i t e - r eques t s  i nde f in i t e ly  p o s t p o n e  reading .  

T he  s h n p l e s t  and  c leares t  way  to so lve  th is  p r o b l e m  is to  to  

a p p e n d  each new read or  wr i t e  reques t  to  the  end of  a s ingle  queue. 

If the  queue ' s  head reques t  is a read request ,  the  reques to r  is 

p e r m i t t e d  to  proceed as soon as no w r i t e r  is ac t ive ;  if the  head 

reques t  is a wr i t e  request ,  the reques tor  may  proceed as soon as 

neRher  readers  nor  a w r i t e r  are ac t ive .  W h e n  a r eade r  or w r i t e r  is 

g i v e n  p e r m i s s i o n  to proceed,  i t s  reques t  is r e moved  f rom the  head of 

the  queue. T h e  r eques t ing  process  reads  or w r i t e s  d i rec t ly ,  and 

no t i f i e s  the s y s t e m  when  i t  is done.  

The  f o l l o w i n g  is t h i s  s o l u t i o n  as i t  is expressed in A d a  ( f rom 

[iIabS8]). The  A d a  vers ion  is a typ ica l  m a n a g e r  process so lu t ion .  

W h e n  user p r o t e g e s  need t o  read or wri te ,  t h e ) /  send a 

" S T z < R T ( r e a d ) "  or "ST*. . .RT(wri te)"  request, to a m a n a g e r  process 

ca l led  " R V / S c h e d u l e r " :  when they  are done. they  i n f o r m  the 

m a n a g e r  by execu t ing  " S T O P R E A D "  or " S T O P ~ V R I T E  ~. Thus a 

reader  process executes 
START (read) ; 
read: 
STOPREAD ; 

and a wr i t e r  s imi l a r ly .  User  messages  are queued a u t o m a t i c a l l y  in 

F I F O  order  for  i n spec t ion  by R W S c h e d u l e r .  The re  is  one queue for 

" S T 2 J % T "  requests ,  one for ~ ' S T O P \ V R I T E "  n o t i f i c a t i o n s  and  one 

for  " S T O P P ,  EA.D" no t i f i c a t i ons .  Ti le  m a n a g e r  uses i ts  i n t e r n a l  

s t a t e  v a r i a b l e s  "n r r eade re"  ( the  n u m b e r  of a c t i v e  readers)  and  

"wl'it, i ng"  (TR1.J.g if  the re  is an act ive  wr i te r )  to  accept  reques ts  

f r o m  these queues,  and  the reby  allow the  r eques t ing  processes to 

proceed a t  the  log ica l ly  correct  po in t s .  

task  body RWscheduter is 

n r r e a d e r s :  INTEGEzR := O; 

'w r i t i ng :  BOOLEAN : :  FALSE; 
begin 

loop 
sel~ct 

• when not writing :> 

accept START(r: in request) do 

if r : r e a d  t h i n  

n r r e a e e r s  : :  n r read~rs  + 1; 
e l s e  

for i in i . .  nrreaders loop 

accept  STOPREAD ; 
e n d  loop; 
~Treaders := O; 
wrining := TRUE; 

end If; 

e n d  START; 
or  

when WTiti~g => 

accept  STOPWRITE do 

'~Titlng := FALSE 
end STOFWRITE; 

or 

"~he~ not writing ~> 
accept STOPREAD do 

arreaderN 1: ~Tregder~ -' 1: 
end STOPRREAD ; 

e~ sel~et] 

e~d loop; 

~nd RWSehed~/!er ; 

The Linda solution hnplements the same algorithm in an 

en t i r e ly  d i f f e r en t  way.  L l n d a  reader  processes  a g a i n  execute  

s t a r t r e a d  O ; 
read ; 
s topread  0 ; 

aa~d wr i t e r s  s imi lar lY.  B u t  no m a n a g e r  process admhf i s t e r s  a 

reques t  queue.  In s t ead ,  the  queue  is a n e g a t i v e  d i s t r i b u t e d  data  

s t r u c t u r e  -- an o r d e r e d  se t  of t e rap la tes ,  or b locked  processes, A 

process queue may ,  in o t h e r  words ,  be d i s t r i b u t e d  j u s t  as a data  

queue may;  we can assemble  b locked  processes in to  the  same  range 

of  s t r u c t u r e s  t h a t  are poss ib le  wi th  tuples .  

To  i m p l e m e n t  the  queue we use two counte rs ,  r w - h e a d  and 

r w - g a l l .  W h e n  a process needs t,o read  or wrRe,  i t  const~lts (and 

inc remen t s ,  u s ing  the  I n c r C o u n t  rou th ]e  d iscussed  above )  the value 

of' t i le  7 c w o t a . i l  coun te r ;  suppose  j is the v a h i e  r e tu rned .  The 

r eques t ing  process  now wai t s  u n t i l  the v a l u e  of t i le  r w - h e a d  

coun te r  is j. W h e n  i t  is, th i s  r eques to r  is first, on l ine and wilt be 

the  nex t  process p e r m i t t e d  access to the s h a r e d  d a t a  objec t .  The 

process queue exis ts  as a n u m b e r e d  series of te rdpla tes ,  each 

c o r r e s p o n d i n g  to  a b locked  process:  

(~r~,-hezd ~ , ~ ) ,  (~rw-head", n * l ) ,  (~rw-head ~ , ,,z+2 ) .. 

When  t,he v a l u e  of " r w - h e a d "  reaches  rz, the head t e m p l a t e  is 

m a t c h e d  and the  head process  con t iuues :  when itb i 'eaches r~+l the 

Bent b locked  proeess  cont inues ,  a u d  SO Oil. \ g e  use two other 

coun te r s  to a l low the  head  process to  de tern] i i le  ~vheI] i~ is safe to 

t ake  the  p l u n g e  and  s t a r t  r e ad ing  or  wr i t i ug ,  Before m'oceeding, 

the  head process m u s t  w a i t  for the  v a l u e  of  a " w r R e r s "  counter  to 

be 0 (a t  which  p o i n t  no wr i t e r s  are act ive) ,  and,  if i t  is i tself  a 

wr i ter ,  i t  m u s t  a l so  wa i t  for a % e l d e r s "  coun te r  to  be 0 as well. 

F i n a l l y  i% i n c r e m e n t s  eRher  the " r e a d e r s "  or the  " w r i t e r s "  counter  

{depend ing  on w h e t h e r  i t  i n t e n d s  to  read  or  wri te) ,  a n d  increments  

the " r w - h e a d "  coun t e r  to  g ive  the  nex t  w a i t h i g  l)rocess a chalme -to 

awa i t  access: 

s t a r t r e a d  0 
< 

read(~rw-head ~ , Inc rCownt (~ rw- ta i l~ ) )  ; 
r e a d ( % T l t e r s  ~ , O) ; 
IncrCount  (~readers  ~ ) ; 
IncrCoun b (~ Fw-head ~ ) ; 

) 

s t z r t w r i t e  d i f fe rs  on ly  in w a i t i n g  for boH~ r e a d e r s  and 

w r i t e r s  to  be zero, and  in i n c r e m e n t i n g  w r i t e r s  in place of 

r e z d e r s :  
s t a r t a r i t e  O 
< 

read(~rw-head ~, IncrCounb(~r-w-ta l l~)) ;  
r e ad (~ reade r s  ~, O) ; r e a d ( ~ w r i t e r s  ~ , O) ; 

l~crCount (~writers ~ ) ; 
IncrCount (~rw-head ~ ) 

} 

stoprezd and stopwrlte are simply 

stopread O 
< 

Decreount (~readers ~ ) 
> 

stopwrite O 
i 

DecrCount ( % : r i t e r s  ~ ) 
} 

T h e  r e a d - w r i t e  r eques t  queue exis ts  in the L i n d a  s o h l t i o n  as i t  does 

in the  A d a  s o l u t i o n  -.- bu t  in L i n d a ,  the  queue is a dis t r ibu ted  da ta  

s t r u c t u r e  i n s t ead  of  a c o n v e n t i o n a l  n o n - d i s t r i b u t e d  one. The 

p r o g r a m  is s i m p l e r  a t  r u n t i m e  as a resul t :  11o Jnarlager process and 

no user- .manager  eonversatlons are needed. {I , inda reqnh'es  each 

process to  execute  severa l  T S  ope ra t i ons ,  of course,  b u t  these are 

s i m p l e r  t han  message-exchange  o p e r a t i o n s  -- they  i n v o l v e  tile user 

process and  the  kernel ,  n o t  a sender ,  the  kernel  and  a receiver.) 

L i n d a ' s  r eade r s -wrRers  code is a lso s h o r t e r  and  s i m p l e r  t h a n  Ada's .  

No te  t h a t  L i n d a ' s  r u n t i m e  a d v a n t a g e  grows wi{l~ the  n u m b e r  of 

ob jec t s  to be m a n a g e d .  Suppose  re.any ob jec t s  are independen t ly  

r eadab l e  and wr i t eab l e :  p ro , / id i~g  more  Ada..style manager  

processes  increases  t h e  process>mainte 'aat lce  and  in ,er-process  
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c o m m u u i c a t i o n  b u r d e n :  k e e p i n g  m a n a g e r - p r o c e s s e s  c o n s t a n t  and 

g i v i n g  each m o r e  to do inc reases  each m a n a g e r ' s  bo t t l eneck  

p o t e n t i a l .  

N o t e  f ina l ly  t h a t  we can  bui ld  a r b i t r a r y  l inked  d a t a  s t r u c t u r e s  

in ~uple space  as  well  as sequen t i a l  ones. T h e  l a n g u a g e  Sylnl~letrie 

L isp  [Gelg5a] ,  a h i g h q e v e l  0ara l le l  p r o g r a m m i n g  l a n g u a g e  m e a n t  to 

be i m p l e m e n t e d  u s ing  L i n d a  p r i m i t i v e s ,  a l lows any  n u m b e r  of 

p roces se s  s i r d u I t a n e o u s  access  to dis t r ibut ,  ed lists; we can  h n p l e m e n t  

a eo~zs cell w i t h  a tup le  b y  u s ing  logical  n a m e s  whe re  a conve n t i ona l  

i m p l e m e n t a t i o n  uses  p h y s i c a l  addresses .  T h u s  
( e l ,  ~coes" ,  Ci7,  C23) 

is a c o n s  cell whose  car is t i le tup le  b e g i n n i n g  C17 and  cdr is C23.  

4 .  T h e  S / N e t  i m p l e m e n t a t i o n  

L i n d a  has  o f t en  been r e g a r d e d  as  p o s i n g  a p a r t i c u l a r l y  difficult,  

imp lenbac ion  p r o b l e m .  T h e  fo l lowing  p a r a g r a p h s  s u m m a r i z e  the  

w a y  in wh ieh  we i m p l e m e n t e d  L i n d a  on  the  S / N e t ,  for  t he  

e d i f i c a t i o n  of  the  cur ious ,  T h e  S / N e t  i m p l e m e n t a t i o n  is d i scussed  

in de t a i l  in [CG85].  

O u r  i m p l e m e n t a t i o n  b u y s  speed  a t  t he  expense  of  

c o m m u n i c a t i o n  b a n d w i d t h  and  local m e m o r y ;  the  r ea sonab l enes s  of 

th i s  t r a d e - o f f  w a s  o u r  s t a r t i n g  po in t .  ( V a r i a n t s  a re  poss ib le  t h a t  are  

m o r e  c o n s e r v a t i v e  w i t h  local  m e m o r y  [Leic85].) 

E x e c u t i n g  o u t ( t )  c a u s e s  tup le  t to be b r o a d c a s t  to  every  node  

in t h e  n e t w o r k :  e v e r y  n o d e  s to re s  a comple t e  copy of  TS .  E x e c u t i n g  

i n ( s )  t r i g g e r s  a local s e a r c h  for  a m a t c h i n g  t. I f  one is found ,  t he  

local ke rne l  a t t e m p t s  to  de le te  t n e t w o r k - w i d e  us ing  a p r o c e d u r e  we  

d i scuss  below.  If  t he  a t t e m p t  succeeds ,  t is r e t u r n e d  to the p rocess  

that,  execu t ed  i n ( ) .  ( T h e  a t t e m p t  fai ls  on ly  if  a process  on s o m e  

o t h e r  node h a s  s i m u l t a n e o u s l y  a t t e m p t e d  to delete t, and  it has 

succeeded) .  I f  the  local s ea rch  t r i g g e r e d  by  i n ( s )  t u r n s  up  no 

m a t c h i n g  tuple ,  all n e w l y - a r r i v i n g  tup les  a r e  checked unt i l  a m a t c h  

occur s ,  a t  w h i c h  po in t  t h e  m a t c h e d  tuple  is dele ted and  r e t u r n e d  as  

be fore ,  r e a d ( )  w o r k s  in the  s a m e  w a y  as  i n ( ) ,  except  t h a t  no 

t up t e -de l e t i on  need be a t t e m p t e d  -- as soon ms a m a t c h i n g  t u p l e  is 

f o u n d ,  i t  is i m m e d i a t e l y  r e t u r n e d  to the  r e a d i n g  process .  

T h e  delete  p ro toco l  m u s t  s a t i s f y  two r e q u i r e m e n t s :  All nodes  

m u s t  rece ive  the  ~ 'dclete" message ;  i f  m a n y  processes  a t t e m p t  to  

de le te  s h n u l t a n e o u s l y ,  on ly  one m u s t  succeed.  T h e  m a n n e r  in wh ich  

these  r e q u i r e m e n t s  a re  m e t  will depend ,  of  course ,  on the  a v a i l a b l e  

h a r d w a r e .  

W h e n  s o m e  node  fa i l s  to  rece ive  and  b u f f e r  a b r o a d c a s t  m e s s a g e ,  

a n e g a t i v e - a c k n o w l e d g e m e n t  s igna l  is a v a i l a b l e  on the  S / N e t  bus .  

O n e  poss ib le  de le te  p r o t o c o l  h a s  two  p a r t s :  T h e  s e n d i n g  ke rne l  re- 

b roadcm s t s  r e p e a t e d l y  un t i l  t he  " n e g a t i v e  a c k n o w l e d g e m e n t "  s igna l  

is not pre sen t .  I t  t h e n  a w a i t s  an  " o k  to de le te  l"  mes sage  f r o m  the  

node  on wh ich  t o r i g i n a t e d ,  In  th i s  p ro tocol  the  kerne l  on  the  

t u p l e ' s  o r i g i n  node  is r e spons ib l e  for a l lowing  one process ,  a n d  only  

one .  to  de le te  it .  ( W e  h a v e  i m p l e m e n t e d  o the r  pro tocols  as  well. 

P r o c e s s e s  m a y  use  the  bus  as  a s e m a p h o r e  to  m e d i a t e  m u l t i p l e  

s i m u l t a n e o u s  dele tes ,  fo r  e x a m p l e ,  and  a v o i d  the  use  of a spec ia l  

" o k  to  de l e t e "  m e s s a g e . )  

In  o r d e r  to  e s t i m a t e  t h e  t i m e  requ i red  t o  p e r f o r m  i n ' s  and  o u t ' s  

we  r a n  the  fo l lowing  p r o g r a m s  on s e p a r a t e  processors :  

PING: 

coun% a O; 
while (TRUE) { 

in ("ping ~ ) ; 

if (++count == LIMIT) break; 

out (~pong ") ; 
} 

print  elapsed t ime;  

PONG : 

whilo (TRUE) { 
o u t ( a p i n g  ' )  ; 
in  ( ' p o n g ' ) ;  

} 

Since we  w a n t e d  to  m e a s u r e  basic  c o m m u n i c a t i o n  cost,  we  m o v e d  

calls to  L i n d a  s u p p o r t  r o u t i n e s  out, of  t he  loops.  T h i s  is e q u i v a l e n t  

to  a s s u m i n g  the  ex is tence  of  a compi l e r  t h a t  is able to r ecogn ize  

t h a t  t he  s t r i n g s  " p i n g "  a n d  ~ 'pong" a re  co .as tants ,  and  t h a t  t he se  

support r o u t i n e s  ( m a k e _ p e p  a n d  p e p  t b )  r e t u r n  c o n s t a n t  v a l u e s  

when  cal led w i t h  c o n s t a n t  a r g u m e n t s  6, E l a s p e d  t i m e  w a s  m e a s u r e d  

u s i n g  t h e  68000 ' s  c lock v i a  rou t i ne s  s u p p l i e d  by the  e x i s t i n g  

o p e r a t i n g  s y s t e m .  E v i d e n c e  f r o m  th i s  t e s t  s u g g e s t s  that, a m i n i m a l  

o u - b - i n  t r a n s a c t i o n ,  f r o m  k e r n e l  e n t r y  on the  0 I l l  s ide to  ke rne l  ex i t  

on the  i n  s ide,  e x c l u d i n g  -- as  no t ed  -- t he  cost  o f  p a c k e t i z i n g ,  t a k e s  

a b o u t  1.4 msec .  O t h e r  e x p e r i m e n t s  s u p p o r t  t he se  genera l  f igures .  

As  a c o m m u n i c a t i o n s  k e r n e l  for a b u s - c o n n e c t e d  n e t w o r k ,  

S / N e t - L i n d a  fal ls  gene ra l ly  w i t h i n  the  s a m e  c a t e g o r y  as s eve ra l  

o t h e r s  t h a t  h a v e  been  r e p o r t e d  in r ecen t  yea rs .  E x a m p l e s  inch lde  

the  B i r r e l l  and  Nelson  L . P C  kerne l  {BN84}, C h e r i t o n  a n d  

Z w a e n p o e l ' s  V K e r n e l  [CZSa] and  S p e c t o r ' s  R e m o t e  O p e r a t i o n s  

ke rne l  [SpecS2], a m o n g  o the r s .  L i n d a  d i f fe r s  h m d a m e n t a l l y  f r o m  all 

th ree  in w h a t  i t  o f fe r s  t h e  use r :  T h e  V kerne l  p r o v i d e s  R P C - l i k e  

s y n c h r o n o u s  m e s s a g e  p a s s i n g  (in a d d i t i o n  to an  eff ic ient  i n t e r - n o d e  

file t r a n s f e r  se rv ice ) ,  a n d  Spec to r  p r o v i d e s  f lexible  s y s t e m s q e v e l  

p r o t o c o l - c o n s t r u c t i o n  tools  to  the  s y s t e m s  p r o g r a m m e r .  I t  i8 

none the l e s s  w o r t h  p o i n t i n g  o u t  t, h a t  I A nda ' s  p e r f o r m a n c e ,  a l l o w i n g  

for all  t h e  o b v i o u s  i n c o m p a r a b i l i t i a s ,  is r o u g h l y  in l eague  w i t h  t h e  

o t h e r s  ( a s s u m i n g  t h e  s o f t w a r e  and  no t  the  m i c r o c o d e d  ve r s i on  of  

S p e c t o r ' s  s y s t e m ) .  In the  V kernel ,  t he  s y n c h r o n o u s  send  of  a s h o r t  

m e s s a g e ,  f r o m  s e n d - m e s s a g e  unt i l  t he  s e n d e r  rece ives  a rep ly ,  

r equ i re s  2.56 ms7; a gene ra l ly  c o m p a r a b l e  o p e r a t i o n  iu L i n d a - -  t h e  

s ende r  execu t e s  a.n ou t .  to  s e n d  p a r a m e t e r s ,  t h e n  an i n  to r e t r i e v e  

resu l t s  -- r equ i re s  r o u g h l y  2.6 ms  w i t h  a null m e s s a g e .  ( T h e  f i g u r e  

for  s h o r t  m e s s a g e s  is a b o u t  t h e  s a m e ) .  Bir re l l  a n d  Ne l son ' s  r e p o r t e d  

1.1 Ills fo r  r e m o t e  i n v o c a t i o n  of  a p r o c e d u r e  o f  no a r g u m e n t s  t h a t  

r e t u r n s  no  r e su l t s  -- t he  f i gu re  r e p r e s e n t s  e lapsed t,ime f r o m  

i n v o c a t i o n  t h r o u g h  r e m o t e  p r o c e d u r e  execu t ion  and  r e t u r n  -- is a 

l i t t le  o v e r  tw ice  as  f a s t  as L i n d a  and  V; but, I A n d a  and  the  V K e r n e l  

bo th  r u n  on  M C - 6 8 0 0 0 ' s ,  t he  R P C  kerne l  on the  m u c h  f a s t e r  

D o r a d o .  

5 .  C o n c l u s i o n s .  

Most,  pa ra l l e l  l a n g u a g e s  a n d  p r o g r a m m i n g  s y s t e m s  d o n ' t  s u p p o r t  

d i s t r i b u t e d  d a t a  s t r u c t u r e s .  S o m e  do,  and  n u m e r o u s  e x p e r i m e n t s  

w i t h  repl ica~,ed-worker  progra l l tS  h a v e  been r e p o r t e d  -- for  e x a m p l e  

on t h e  B B N  B u t t e r f l y  [Deu84],  t h e  i ' ,FfU U l t r a c o m p u t e r  [Got t83]  

and  t h e  Dene t co r  H E P  [Mull84].  B u t  these  s y s t e m s  h a v e  rel ied ass a 

rule on t h e  ex i s tence  of  phys i ca l l y  s h a r e d  m e m o r y  a m o n g  p r o c e s s o r  

nodes ,  a n d  h a v e  s u p p o r t e d  d i s t r i b u t e d  d a t a  s t r u c t u r e s  only  by  

m e a n s  of  r e l a t i v e l y  low- leve l  s y s t e m  calls.  P a r a l l e l  l a n g u a g e s  h a v e  

in f a c t  been  p r o p o s e d  ( Q l a m b d a ,  for  e x a m p l e  [GM84D t h a t  d e p e n d  

exp l ic i t ly  on  the  ex i s tence  o f  a s h a r e d - m e m o r y  para l le l  a r c h i t e c t u r e ,  

and  still  re ly  on  m a n a g e r  p rocesses  or  H o a r e  m o n i t o r s  i n s t ead  of  on  

d i s t r i b u t e d  d a t a  s t r u c t u r e s  in L i n d a ' s  sense.  M a n a g e r  processes  a re  

good  too ls  in m a n y  cases  -- b u t  ou r  e x p e r i m e n t s  'to d a t e  h a v e  led u s  

to h y p o t h e s i z e  that distributed data s t r u c t u r e s  a re  an i n h e r e n t l y  

b e t t e r  m a t c h  to  m a n y  k i n d s  of  pa ra l l e l  a l g o r i t h m .  A t  t he  v e r y  l e a s t  

t h e y  a re  an  a l t e r n a t i v e  t h a t ,  a l t h o u g h  i t  has  b e e n  l a rge ly  i gno red  in 

p a r a l l e l - l a n g u a g e  w o r k  to d a t e ,  is w o r t h  i n v e s t i g a t i n g .  

6This is conceptually equivMent to a compiler recognizing that subscrip~ing with u 
constant subscript produces g constant ~.ddress. 

7A second paper ICZ85] quotes u higher figure for u modified system, bug the lower 
number reflects a kernel that is closer to ours, 
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