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- ABSTRACT

We d is c u s s  the s u i t a b i l i t y  o f  a fu n c t io n -b a s e d  ( o r  " a p p l ic a t i v e 1*) 
approach to  th e  c o n s t ru c t io n  o f  d is t r ib u t e d  database system s. C e rta in  
a sp e c ts  o f  a p p l ic a t iv e  systems a re  im m e d ia te ly  a p p e a lin g  fo r  t h is  
purpose ( e .g .  data o r ie n te d  toward co n c e p tu a l o b je c ts  r a th e r  than  
toward p a r t ic u la r  re p re s e n ta tio n s  in  m em ory). However, d is t r ib u t e d  
system s p re s e n t s p e c ia l re qu irem e nts  ( e .g .  u p d a tin g  o f  shared d a ta ) 
th a t appear to  make the a p p l ic a t iv e  approach le s s  w e l l - s u i t e d .  We 
d is c u s s  te ch n iq u e s  whereby th e  a p p l ic a t iv e  approach can n e v e rth e le s s  
p r o f i t a b ly  be b ro u g h t to  b e a r. Our methods a re  i l l u s t r a t e d  u s in g  an 
e x is t in g  fu n c t io n a l programming language , and a example d e a lin g  w ith  a 
m u lt iu s e r  d is t r ib u t e d  database system . Some p h y s ic a l a sp e c ts  o f  a 
d is t r ib u t e d  p ro ce ss in g  o f  fu n c t io n a l program s a re  a ls o  d is c u s s e d .

Key ph ra se s : a p p l ic a t iv e  program m ing, fu n c t io n a l program m ing, d is t r ib u t e d  

databases, p r it ra ry  s i t e  n o d e l, co n cu rre n cy, d is t r ib u t e d  system s

1Work supported  in  p a r t  b y  N a t io n a l S c ien ce  Foun d a tion  g ra n ts  MCS 81-06177 
and MCS 78-03832.
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1. AN AP P LIC ATIVE  APPROACH TO DISTRIBUTED DATABASE SYSTEMS

1 .1 . D e s ig n in g  D is t r ib u te d  Systems

D is t r ib u te d  com puting fu nd am en ta lly  in v o lv e s  the c o o p e ra tio n  o f  two o r  more 

p ro ce ss in g  e lem ents in  th e . p u rs u it  o f  a shared co m p u ta tio n a l m is s io n . I n  

c o n tra s t  to CPUs in  c o n v e n t io n a l m u lt ip ro c e s s in g  system s, w h ich  t y p i c a l l y  a re  

d isp a tch e d  by a c e n t r a l iz e d  s c h e d u le r, th e  p ro c e s s in g  e lem ents ( h e r e a f t e r ,  

"P E s " )  in  d is t r ib u t e d  system s g e n e ra lly  a re  subsystem s w ith  a s i g n i f i c a n t  

degree o f  in d iv id u a l  c o n t r o l  autonom y. T h e ir  c o o p e ra tio n  i s  m a in ta in e d  by 

com m unication , ra th e r  than by t ig h t -c o u p l in g . A lth o u g h  the  term " d is t r ib u t e d  

com puting " is  most commonly a p p lie d  to  geog rap h ie  a l l y  d is p e rs e d  p ro c e s s in g  

e lem ents, i t  is  becoming in c r e a s in g ly  a p p ro p r ia te  f o r  modem s in g le - lo c a t io n  

system s as w e l l .  Such new in s ta n c e s  o f  d is t r ib u t e d  com puting systems in c lu d e  

p o o ls  o f  s m a ll com puters grouped by lo c a l  n e tw o rk s , and " o b je c t -o r ie n t e d "  

a r c h ite c tu re s  [M e tc a lfe  76, Kahn 81, Z e ig le r  8 1 ].

G iven  i t s  b roadness, i t  ls  not s u rp r is in g  th a t  d is t r ib u t e d  com puting i s  th e  

s u b je c t  o f  many c o n tra s t in g  v ie w p o in ts  on how b e s t i t  shou ld  be e x p lo it e d  in  

v a r io u s  a p p l ic a t io n s .  Jtost c u rre n t approaches s t ru c tu re  th rough  e x p l i c i t  

decom position  in to  p ro c e s s e s , i . e .  s e q u e n tia l program  modules w h ich  c o n s t i t u t e  

the p rim a ry  " g r a n u la r i t y "  o f  the syste m 's  p a r a l le l is m .  T h is  assum ption  in  

p r a c t ic e  leads to  d e s ig n s  which we deem e x c e s s iv e ly  s p e c i f ic  and com p le x, 

p r im a r i l y  as a r e s u lt  o f  the a p p lic a t io n  program m er's d i r e c t  concern  f o r  th e  

sys te m 's  p rocess o rg a n iz a t io n .  T y p ic a l l y ,  many a v a i la b le  d e s ig n  and 

com m unication to o ls  seem to compel th e  sys te m 's  p ro ce ss  s t ru c tu re  to  be f ix e d  

a t  th e  e a r l ie s t  s ta ge s  o f  d e s ig n . T h is  fram ework e s ta b lis h e s  a d e co m p o s itio n  

and lo g ic a l  c o n n e c t iv it y  th a t  becomes i r r e v e r s ib l y  woven in t o  the f a b r ic  o f  th e
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system . T h is  in v i t e s  the assignm ent o f  p ro ce sse s  to  p a r t ic u la r  PEs, to> a s s u re  

th a t  th e  syste m ’ s p ro ce ss  s t ru c tu re  1s w e l l  served by th e  a v a i la b le  p lg r s ic a l  

c o n f ig u r a t io n .  As a consequence, the system  is  burdened th ro u g h o u t i t s  

l i f e t im e  w ith  an a p r i o r i  l o g ic a l  and p h y s ic a l s t ru c tu re  t h a t  can o b s t r u c t  th e  

smooth e v o lu t io n  o f  e i t h e r  a sp e c t.

As an a l t e r n a t iv e ,  t h is  paper c o n s id e rs  the p o s s i b i l i t y  o f  d is t r ib u t e d  

com puting w ith in  a much f r e e r  lo g ic a l  and p h y s ic a l o r g a n iz a t io n ,  to  id i ic h  

com puting load can be s h if te d  t ra n s p a re n t ly  from one PE to  a n o th e r .  Our 

approach, which is  based on th e  n o t io n  o f  an a p p l ic a t iv e  ( o r  f u n c t io n a l )  

mu I t  ip  r  oce ss in g  [Brown 62, Friedm an 78, K e l le r  79], i s  th e re fo re  o r ie n te d  

tow ards g e n e ra l purpose d is t r ib u t e d  com puting w ith  m in im a l e x p l i c i t  p ro c e s s  

s t ru c tu re  o r  PE management.

1 .2 . A p p l ic a t iv e  Programming Systems

Com putation in  "a p p lic a t iv e  systems proceeds b y the a p p l l c * o f  f u n c t io n s  

( e i t h e r  p r im it i v e  o r p rog ra m m er-d e fin ed ) to  data s t ru c tu re s  a s  a b s t r a c t  

o b je c ts ,  r a th e r  than as e x p l i c i t l y  m o d if ia b le  re p re s e n ta t io n s  in  memory c e l l s .  

Hence th e  n o tio n s  o f  a ss ign m en t, program  c o u n te rs , s id e -e f f e c t s ,  e t c .  a re  

b an ish ed .

The advantages o f  th is  approach have o fte n  been enumerated [B ackus 78, B e l l e r  

8 0 a ]. These In c lu d e :

1. Sem antic b a s is : r e l a t i v e l y  c le a n  u n ifo rm  se = e .n tics , f a c i l i t a t i n g  
fo rm a l re a so n in g  about program s, and hence th e i . ’ v e r i f i c a t i o n ;

2. M o d u la r it y : a d o p tio n  o f  the  m athem atica l n o t io n  o f  fu n c t io n  as a. 
b a s is  f o r  program  m o d u la r ity ,  th e re b y  enhancing in c re m e n ta l 
u n d e rs ta n d in g  and nodu le  r e u s a b i l i t y ,  and

3. F le x ib le  e v a lu a t io n : g iv e n  i t s  independence o f  any p a r t ic u la r -  
machine n o d e l, th e  a p p l ic a t iv e  approach accommodates a w id e  v a r ie t y
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o f  e v a lu a t io n  schemes, In c lu d in g  p a r a l le l  and asynchronous methods.

1.3* Problem s In  F u n c t io n a l D is t r ib u te d  Systems

From even the b r i e f  sk e tch  above, i t  shou ld  be e v id e n t th a t  c e r t a in  

c h a r a c t e r is t ic s  o f  a p p l ic a t iv e  programming a re  v e ry  a p p e a lin g  fo r  d is t r ib u t e d  

system  program m ing. These in c lu d e :

1. a b s tra c t io n  away from  c o n c re te  data re p re s e n ta t io n s , and from th e  
a s s o c ia te d  s e n s i t i v i t y  to  p a r t ic u la r  memory s t ru c tu re s  and 
management p o l i c ie s ;

2. a fu nd am en ta lly  n o n -s e q u e n tia l co m p u ta tio n a l m odel, w h ich  removes 
one s e rio u s  o b s ta c le  to d is t r ib u t e d  im p le m e n ta tio n s , and

3. the  g e n e ra l a t t r a c t iv e n e s s  from  a s o ftw a re  e n g in e e r in g  p e rs p e c t iv e  
o f  the m o d u la r ity  and v e r i f i c a t i o n  p ro p e r t ie s  o f  the approach.

M oreover, o th e r  le s s  o b v io u s  fe a tu re s  o f  modern a p p l ic a t iv e  programming a re  

a ls o  re le v a n t to d is t r ib u t e d  system s. These in c lu d e :

1. S e le c t iv e  o b je c t  c o p y in g ; W hile  new o b je c ts  are c o n c e p tu a lly  
c re a te d  ab i n i t i o  whenever th e y  are produced as a fu n c t io n  r e s u l t ,
in  p ra c t ic e  o n ly  s e le c te d  components are c re a te d  anew, w ith  _ 
re fe re n ce s  to components o f  p re v io u s ly  c o n s tru c te d  data o b je c ts  
com p le tin g  p h y s ic a l re p re s e n ta t io n  o f  th e  new o b je c t .  S ince  
assignm ent s id e -e f f e c t s  a re  p re c lu d e d , t h is  s p a c e -e f f ic ie n t  s h a rin g  
is  s e m a n tic a lly  t ra n s p a re n t.

2 . P ro ce ss ln g  Incom p le te  o b je c ts : Through the use o f  le n ie n t  data 
c o n s t ru c to rs , data o b je c ts  need n o t be c o n s tru c te d  in  t h e i r  e n t i r e t y  
b e fo re  they a re  f u n c t io n a l ly  operated  upon. An im p o rta n t 
consequence o f  t h is  te ch n iq u e  Is  th a t in p u t  sequences o f  unknown o r  
i n f in i t e  le n g th , c a l le d  stream s, are data o b je c ts .  M oreover, t h e i r  
use overla p p ed  in c re m e n ta lly  w ith  t h e i r  g e n e ra tio n  [B urge  
75, Friedm an 76, Henderson 7 6 ].

N e v e rth e le s s , a number o f  q u e s tio n s  have p e rs is te d  co n ce rn in g  the u lt im a te

s u i t a b i l i t y  o f  th e  fu n c t io n a l approach fo r a d e q u a te ly  t r e a t in g  c e r ta in  a sp e cts

o f  d is t r ib u t e d  system s, both  p h y s ic a l and l o g i c a l .  These in c lu d e :

1. V e rs io n -b a se d  o b je c t s : How can the fundam ental in d e te rm in a cy  o f  
shared o b je c t  u p d a tin g  ( e .g .  m u lt iu s e r databases) be modeled w ith o u t
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D is t r ib u te d  access c o n t r o l : How can th e  fu n d a m e n ta lly  n o n -s e q u e n t ia l 
c o n t r o l  model be re c o n c ile d  w ith  the need to  e s ta b l is h  tem pora l 
o rd e r in g  ( i . e .  " s e r ia l i z a t io n " )  among c o n f l i c t in g  accesses to  sh ared  
o b je c ts ?  Must t h is  in tro d u c e  b o tt le n e c k s  th a t  s e v e re ly  a tte n u a te  
th e  d is t r ib u t e d  c o n t r o l  th a t  is  p o s s ib le  w ith  th e  a p p l ic a t iv e  
approach? .

3 . P o r t  and s i t e  a d d it io n  and re m o va l: What fu n c t io n a l  te ch n iq u e s  can 
be used to  re p re s e n t the a l lo c a t io n  and d e a llo c a t io n  o f  lo g ic a l  and 
p h y s ic a l access p a th s  in  th e  system , as re q u ire d ,  f o r  exam ple, by 
the accommodation o f  new database u s e rs , and the re le a s e  o f  
te rm in a te d  ones? -

4 . Load management: A g e n e ra l s o lu t io n  must be found fo r  th e  ta s k  
m ig ra t io n  prob lem , whereby o ve rlo a d e d  PEs can e x p o r t  p o r t io n s  o f  
t h e i r  a c t i v i t y  back log  to  le s s  e x e rc is e d  n e ig h b o rs . C le a r ly ,  any 
such s o lu t io n  must -be com p a tib le  w ith  s i t e  a d d it io n s  and re m o va ls , 
and should  a ls o  p e rm it p ra g m a tic  " t a r g e t in g 1* o f  ta s k s  to  s i t e s  known 
to  be e s p e c ia l ly  a p p ro p r ia te .

w h o le s a le  c o m p ro m ise  o f  t h e  f u n c t i o n a l  a p p r o a c h ?

In  t h is  paper we dem onstrate a lo g ic a l  approach to  database management b a se d ' 

upon fu n c t io n a l te ch n iq u e s . T h is  p ro v id e s  one s o lu t io n  fo r  d e a lin g  w ith  

v e rs io n -b a s e d  o b je c ts  [Reed 7 8 ], w ith  the added advantage th a t  i t  suppresses 

th e  need f o r  e x p l i c i t l y  re p re s e n tin g  v e rs io n  numbers. In  c o n ju n c t io n  w ith  th is  

d is c u s s io n , we m ention how some a sp e c ts  o f  the load  management prob lem  can be 

handled In  a re a s o n a b ly  tra n s p a re n t manner, and a ls o  show how o u r te ch n iq u e s  

r e la te  to the re p re s e n ta t io n  o f  s i t e  and p o r t  management in  a d is t r ib u t e d  

system .

More s p e c i f i c a l l y ,  we deve lop  a fu n c t io n a l model o f  a G la re d  database, w ith  th e  

d is t r ib u t e d  p ro c e s s in g  o f  s e v e ra l t ra n s a c t io n  stream s a r is in g  from  in d iv id u a l  

u s e rs . The t ra n s a c t io n s  each re tu rn  a t ra n s a c t io n  response to  th e  o r ig in a t in g  

u s e r , as w e ll  as p o s s ib ly  p e rfo rm in g  an "u p d a te " on th e  shared database.

In  th e  database c o n te x t ,  o u r g o a ls  o f  programmer freedom  from  e x p l i c i t  p roce ss 

and p ro c e s s o r management co rre sp on d  to two o f  fo u r  form s o f  tra n s p a re n cy
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enumerated by T r a i le r  e t  a l .  [ T r a ig e r  793 (w here "node" means " P E " ) :

-  "L o c a t io n  tra n s p a re n c y : A lth o u g h  data i s  g e o g ra p h ic a lly  d is t r ib u t e d  
and may move from  p la c e  to  p la c e , the programmer can a c t  a s  though 
th e  data is  a l l  in  one node.

-  Concurrency tra n s p a re n c y : A lth o u g h  the system  runs many t ra n s a c t io n s  
c o n c u rre n t ly ,  i t  appears to  each t ra n s a c t io n  as though  i t  i s  th e  o n ly

: a c t i v i t y  in  th e  system . A l t e r n a t e ly ,  i t  appears a s  th o u g h  th e re  i s  
no concurrency in  th e  s y s te m .B

I t  may be observed th a t  these forms o f  tra n s p a re n cy  a r is e  n a t u r a l l y  in  the  

fu n c t io n a l approach to  d is t r ib u t e d  database d e s ig n . W h ile  we w i l l  n o t touch  on 

th e  o th e r  two forms o f  tra n s p a re n cy  d iscussed  by T r a ig e r ,  e t  a i -  ( r e p l ic a t io n  

tra n s p a re n cy  and f a i lu r e  t ra n s p a re n c y ) , we do n o t c o n s id e r  th e n  to  be a l ie n  to  

the  fu n c t io n a l approach, b u t ra th e r  o p p o r tu n it ie s  f o r  fu tu re  in v e s t ig a t io n .

2 . A FUNCTIONAL DATABASE MODEL 

We now in tro d u c e  a p a r t ic u la r  fu n c t io n a l programming la n g u a g e , FGL [ K e l le r  

8 0 b ], and use i t  to  deve lop  a s im ple  model o f  a m u lt iu s e r  d a ta b a se . Our in t e n t  

is  o n ly  to  p ro v id e  s u f f ic ie n t  background fo r  th e  subsequent re fin e m e n t o f  our 

database n o d e l, and to  m o tiva te  o u r a r c h i t e c t u r a l  id e a s .

2 .1 . G ra p h ic a l Foundation

FGL ( "F u n c t io n  Graph Language") is  based on a g r a p h ic a l n o t io n  o f  program  

s t r u c tu r e ,  whereby ,

-  Nodes re p re s e n t in d iv id u a l  fu n c t io n  in s ta n c e s , and

-  D ire c te d  a rcs  in d ic a te  data con n ectio ns  among those in s ta n c e s  ( i . e .  
from  th e  r e s u lt  o f  one to  an argument o f  a n o th e r ) .

Nodes may be in s ta n ce s  o f  standard  o p e ra to rs  and c o n s ta n ts  ( " p r i m i t i v e s " ) ,  o r  

o f  p rogram m er-defined  ("m a c ro ") fu n c t io n s . The la t t e r  are d e f in e d  by re d u c t io n
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r u le s , w hich a s s o c ia te  consequent g rap h s w ith  fu n c t io n  nanes ( "a n te c e d e n ts " )  

(see  f i g .  2 -1 ) .  R e cu rs io n  is  o f  course  p e rm itte d , and im g e n e ra l e x t e n s iv e ly  

u t i l i z e d .

F ig u re  2 -1 : Sample n a c ro fu n c t io n  re d u c t io n  r u le .

"Phantom " nodes, c u s to m a r ily  drawn w ith  dashed l in e s , ,  in d ic a t e  p o in ts  where a 

fu n c t io n  communicates w ith  i t s  en v ironm ent, by r e c e iv in g  d a ta  from  i t  o r  

sending data  to  i t .  These can re p re s e n t th e  I/O  ch a n n e ls  off a n  o v e r a l l  system  

( i . e .  f o r  a " t o p - le v e l "  fu n c t io n ) ,  o r s im p ly  a m o d u la r in t e r f a c e  w i t h in  a 

system . A rc s  em anating from  phantom nodes are term ed in p u t  a r c s ;  a rc s  d ir e c te d  

toward phantom nodes a re  termed ou tp u t a r c s .  The s e t  o f  a r c s  d ir e c te d  toward a 

node ( i t s  "argum ent a r c s " )  i s  con s id e re d  to  have a l e f t  t o  r i g h t  o r d e r in g ,  as 

does th e  s e t o f  phantom nodes in  a con seq u en t. A rea  a re  p e rm it te d  to  fo r k  

( i . e .  share a s o u rce ) b u t  n o t  converge ( i . e .  a r r i v e  a t  13ie same argum ent 

p o s it io n  o f  a n o d e ).

E v a lu a t io n  o f  a fu n c t io n  in s ta n c e  proceeds b y  t ra n s fo rm a t io n s  on i t s  g ra p h , as 

f o l lo w s :  •

consequent:

foo c O bar

A m a c ro fu n c tio n  In s ta n c e  node nay be " in v o k e d "  b y  i t s  re p la ce m e n t w ith  
a cop y o f  th e  named fu n c t io n ’ s con seq u en t. Argum ent a rc s  to  the
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macro fu n c t io n  node a re  re con n ected , in  th e  same o r ie n ta t io n ,  to th e  
in p u t  a rc s  o f  th e  consequent copy be ing s p lic e d  in .  An example o f  t h is  
t ra n s fo rm a t io n  is  shown in  f i g .  2 -2 .

F ig u re  2 -2 :  Sample m a cro fu n ctio n  in v o c a t io n .

T h is  m odel has th e  fo l lo w in g  im p o rta n t p r o p e r t ie s :

1. The o v e r a l l  r e s u lt  i s  d e te rm in a te , i . e .  f u n c t io n a l i t y  i s  p re se rve d
by co m p o s itio n  in  t h is  g ra p h ic a l sense. •

2. Each a rc  has a s s o c ia te d  w ith  i t  a s in g le  va lu e  ( p o s s ib ly  an i n f i n i t e  
s t r u c tu r e )  [D a v is  8 2 ].

3. A rc  fo rk in g  p ro v id e s  a n a tu ra l fo rm  o f  common s u b e xp re s s io n  s h a r in g . 

C y c l ic  graph s t ru c tu re s  ( " a p p l ic a t iv e  lo o p s ” ) a re  p e rm it te d .

2 .2 .  Data S tru c tu re s

The fundam ental data s t ru c tu re  o f  FGL i s  th e  t u p le t denoted b y  [ v ^ ,  . . . ,  vfc] 

f o r  v a lu e s  v ^  In  a d d it io n  to  b e in g  used as a g e n e ra l s t r u c tu r in g  p r im it i v e ,  

tu p le s  a re  th e  p rim a ry  mechanism fo r  passing  argum ents to  m a c ro fu n c tio n s . 

S in ce  th e  tu p le  c o n s t ru c to r  is  " le n ie n t "  in  th a t  none o f  i t s  components need be 

e v a lu a te d  p r io r  to  i t s  u se , th e re  is  no im p lie d  s y n c h ro n iz a t io n  o f  th e  o rd e r  o f
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Tu p le s  a re  a ls o  usab le  id io m a t ic a l ly  to  c o n s tru c t  l i s t s  and stream s [B urge  7 5 ]. 

T h is  use is  s ig n a l le d  by the  fu n c t io n  fb y  ( f o r  " fo l lo w e d  b y " ) ,  Where f b y ( f ,  r )  

c o n s t ru c ts  a stream  w ith  f  as th e  f i r s t  component, and stream  r  as th e  r e s t  o f  

th e  stream . When the fu n c t io n  f i r s t  i s  a p p lie d  to  such a stream , the r e s u l t  is  

f ,  and when r e s t  i s  a p p lie d ,  th e  r e s u l t  i s  r .  The fu n c t io n  n u l l  t e s t s  f o r  th e  

n u l l  stream , and n i l  c re a te s  i t .

2 .3 .  T e x tu a l N o ta tio n

The g ra p h ic a l form  o f  FGL has dem onstrated u t i l i t y  as a system  d e s ig n  t o o l  

[ K e l le r  81a] and as a fram ework f o r  i t s  u n d e r ly in g  se m a n tics . However, i t  i s  

v e r y  c o n ve n ie n t in  p ra c t ic e  to  have an e q u iv a le n t  t e x t u a l  n o t a t io n .  The 

s im p le s t  way t h is  can be accom plished is  by in t ro d u c in g  s y m b o lic  names fo r  the 

v a lu e  a s s o c ia te d  w ith  each a rc ,  and e xp re ss in g  th e  fu n c t io n a l r e la t io n s h ip s  

among them by e q u a tio n s . F o r exam ple, a fu n c t io n  o fte n  used is  one which 

" f i l t e r s ” a stream  a c c o rd in g  to a p re d ic a te , d iv id in g  i t  in t o  a p a ir  o f  r e s u l t  

stream s, the l e f t  component o f  the p a ir  c o n s is t in g  o f  o n ly  those  components 

s a t is f y in g  the  p re d ic a te  ( th e  "go o d " components) and th e  r i g h t  component o f  th e  

p a i r  c o n s is t in g  o f  the o th e rs  (th e  "b a d " com ponents). T h is  fu n c t io n  would be 

accom plished  by te s t in g  th e  f i r s t  component o f  the  stream  w ith  th e  p re d ic a te , 

and d e c id in g  w h ich  o f  the  two r e s u lt  components shou ld  b e g in  w ith  i t .  In  

t e x t u a l  FGL n o ta t io n ,  t h is  fu n c t io n  could  be exp ressed  as f o l lo w s :

a r g u m e n t  c o m p u t a t io n  v s .  m ac ro  f u n c t i o n  e x p a n s io n  [ F r ie d m a n  7 6 ,  H e n d e r s o n  7 6 ] .
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FUNCTION se le c t_ fro m _ stre a m (g o o d )( stream ) -

LET f irs t_ c o m p  BE f i r s t (  s tre a m ),

[g o o d _ re s t, b a d _ re s t] BE
se le c t_ fro m _ stre a m ( good ) ( re s t (  s tre a m ))

RESULT i f  n u ll(s t re a m )  ..
then  [ n i l O ,  n i l O ]

. e ls e  i f  good ( firs t_ e o m p ) _
then  [ f b y (  f irs t_ c o m p , g o o d _ re s t ) ,

. . b a d _ re s t] ..
■ e ls e  [g o o d _ re s t , fb y (  f irs t_ c o m p ,

. b a d _ re s t)]  .

In  t h is  example we have a " t w o - t ie r e d "  o r  "C u r r ie d "  form , in  th a t  

se le c t_ fro m _stre a m  is  f i r s t  a p p lie d  to  the argument "g o o d ", y ie ld in g  a fu n c t io n  

which is  then a p p lie d  to  i t s  argument "s tre a m ". The s p e c i f ic a t io n  above can be 

thought o f  as an e q u a tio n  d e f in in g  the fu n c t io n  s e le c t_ fro m _ stre a m , w hich 

em ploys an in n e r  " l o c a l "  e q u a tio n  d e f in in g  good _rest and b a d _ re s t.

F o r purposes o f  i l l u s t r a t i o n ,  we g iv e  an a lt e r n a te ,  s l i g h t l y  more v e rb o s e , 

d e f in i t io n  w hich does n o t employ the  t w o -t ie r e d  form , bu t which uses th e  n o t io n  

o f  "IMPORTS" in s te a d . H ere , th e  scope o f  the  name " s e le c t o r "  i s  lo c a l  to  the 

d e f in i t io n  o f  s e le c t_ fro m  stream , due to  th e  use o f  th e  "WHERE" c la u s e .
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FUNCTION se le c t_ fro m _ stre a m (g o o d ) .. .

RESULT s e le c to r

WHERE
FUNCTION s e le c to r  (s tre a m )

IMPORTS good

LET f irs t_ c o m p  BE f i r s t ( s t r e a m ) ,

[g o o d _ re s t , b a d _re s t] BE s e le c t o r ( r e s t (s t r e a m ) )

RESULT i f  n u l l  (s tre a m )
then  [ n i l ( ) ,  n i l ( ) ] 
e ls e  i f  good( f irs t_ c o m p )

then  [ fb y (  f irs t_ c o m p , g o o d _ re s t ) ,  
b a d _ re s t]

. e ls e  [g o o d _ re s t ,
ft) y ( f i r  st_com p, bad_re s t ) ]

END

2.*1. E x p re s s in g  Com m unication

A language w ith  le n ie n t  data c o n s t ru c to rs  (such  as f b y  and [ . . . . ]  p re sen ted  

a b o ve ), p ro v id e s  a means f o r  re p re s e n tin g  and im p lem enting  com m unication among 

d is t r ib u t e d  fu n c t io n s ,  which we w i l l  e x p lo i t  h e a v i ly .  More s p e c i f i c a l l y ,  th e  

f o l lo w in g  p o in ts  may be n o te d :

-  We re p re s e n t com m unication th ro u gh  stream s c o n n e c tin g  fu n c t io n s  in  
p ro d u ce r and consumer r e la t io n s h ip s .  (Each fu n c t io n  n ay, o f  c o u rs e , 
b e a r s e v e ra l d i f f e r e n t  such re la t io n s h ip s  w ith  o th e r  f u n c t io n s . )

-  H ie  p rod ucer and consumer in  a com m unication r e la t io n s h ip  each 
re cu rse  th rough  the stream , w ith  the p ro d u ce r s t im u la t in g  th e  
consumer to  produce components as demanded.

-  However, those components need not be demanded in  l i s t  o rd e r , nor 
need th e y  be computed s e r i a l l y .  In s te a d , c o n s id e ra b le  o v e r la p  can 
r e s u lt  th rough  the d e l iv e r y  o f  "s u s p e n s io n s " [Friedm an 76] 
re p re s e n t in g  the "p ro m is e " b y th e  p ro d u ce r to p ro v id e  th e  in d ic a te d  
components when t r u l y  needed by the consum er. T h is  e f f e c t  can le a d  
to  v e ry  e f f e c t iv e  p ip e l in in g ,  as we s h a l l  see la t e r .

-  L a s t ly ,  i t  w i l l  be seen th a t  the ■ p o s s i b i l i t y  o f  c y c l i c  graph 
s t r u c tu r e s  p e rm its  a v e ry  c le a n  re p re s e n ta t io n  f o r  stream s o f  
v e rs io n -b a s e d  o b je c t s .  T h is  c a p a b i l i t y  p ro v id e s  the fe a tu re  by w h ich 
we w i l l  accom plish  a fu n c t io n a l form  o f  u p d a tin g  in  o u r  m u lt iu s e r
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A c o r o l la r y  o f  the  use o f  le n ie n t  data c o n s t ru c to rs  i s  th a t  many p o t e n t ia l  

s i t e s  f o r  c o n c u rre n t e xe c u tio n  are in tro d u c e d , due to th e re  b e in g  le s s  e n fo rc e d  

s y n c h ro n iz a t io n  b y  n o t w a it in g  fo r  argum ents p r io r  to expanding m a c ro fu n c t io n s . 

D e s p ite  t h is  p o t e n t ia l ,  a c tu a l con curren cy re a l iz e d  would be low , i f  i t  w ere 

n o t  f o r  th e  o c c a s io n a l in t ro d u c t io n  o f  o p e ra to rs  which a n t ic p a te  demand o f  

v a lu e s , in  a s e m a n tic a lly  t ra n s p a re n t fa s h io n . The in t r o d u c t io n  o f  such 

o p e ra to rs  i s  d iscu sse d  in  re fe re n c e  [ K e l le r  8 1 b ].

3* FUNCTIONAL DATABASE PROCESSING 

The use o f  a fu n c t io n a l programming model f o r  database a p p l ic a t io n s  has, been 

o n ly  p a r t l y  e x p lo re d , th e  works o f  Buneman, e t  a l .  [Buneman 79, Buneman 821 and 

Shipman [Shipm an 8 1 ] ,  being th e  most n o ta b le . However, th e  f i r s t  o f  th e s e  d oes 

not d e a l w i t h  th e  q u e s tio n  o f  u p d a tin g  as we do h e re , w h ile  th e  second i s  

m a in ly  concerned w ith  m odeling d a ta , ra th e r  than m odeling th e  program s wfcslch 

o p e ra te  on th a t  d a ta . I t  is  no tab le  n on eth e less  th a t  the fu n c t io n a l data m odel 

i s  b e in g  pursued even as an e x te n s io n  to  th e  n o n -fu n c t io n a l language Ada [S m ith  

8 1 ]. An approach s im i la r  to ours is  d iscussed  in  [Friedm an 77, Friedm an 7 3 ]. 

There " t a i l - r e c u r s io n "  i s  used in s te a d  o f  o u r  c y c l ic  program g ra p h s . I n  t h e  

f i r s t  re fe re n c e , e d i t in g  o f  a f i l e  is  d is c u s s e d , w h ile  in  th e  second th e  

"d a ta b a se " i s  a s in g le  in t e g e r  ( th e  nusber o f  se a ts  on an a irp la n e )*  No 

measurements o f  con cu rre n cy a re  re p o rte d .

3 «1 . F u n c t io n a l F o rm u la tio n s

I t  i s  common to employ a t ra n s a c t io n  a o d e l in  th e  a p p l ic a t io n  domain o f  

d is t r ib u t e d  databases. B r ie f l y ,  a t ra n s a c t io n  is  a sequence o f  o p e ra tio n s ; on

d a t a b a s e  m o d e l.
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the database which must have the e f f e c t  o f  u n in te r ru p te d  e x e c u t io n .  An 

in d iv id u a l  u s e r or a p p l ic a t io n  program  in t e r a c t s  w ith  th e  database s ys te m  b y 

s u b m it t in g  a stream o f  t ra n s a c t io n  re q u e s ts , to w hich th e re  is  a  s tre a m  o f  

c o rre s p o n d in g  t ra n s a c t io n  re sp o n se s . In  th e  case o f  s e v e ra l u s e r s  o r  

a p p l ic a t io n  program s s u b m itt in g  re q u e sts  on the same database, t h e r e  i s  

in t e r a c t io n  among them when one t r a n s a c t io n  m o d ifie s  a p o r t io n  o f  th e  da tabase  

which i s  used by a subsequent t r a n s a c t io n .  Hence th e re  is  a d i s t i n c t  non­

fu n c t io n a l  appearance in  th e  custom ary fo rm u la t io n  o f  such system s.

N e v e rth e le s s , th e re  tu rn s  ou t to  be a s im p le  way o f  s p e c if y in g  th e  d e s ire d  

b e h a v io r in  a "p s e u d o -fu n c t io n a l"  manner. T h is  e n ta i ls  th e  use o f  a m erge (o r  

" m u lt ip le x " )  o p e ra tio n , w hich p ro v id e s  an in te r fa c e  c o n s is te n t  w i t h  o th e r  

fu n c t io n a l  o p e ra to rs , b u t i s  n o t  s t r i c t l y  a fu n c t io n  ( c f .  [ K e l le r  7 8 ] ) .  

In f o r m a l ly ,  a merge has as i t s  in p u t  s e v e ra l request stream s, and i t s  o u tp u t  i s  

an a r b i t r a r y  in te r le a v in g  o f  those stream s. We h e n ce fo rth  r e f e r  to  a s p e c i f i c  

in t e r le a v in g  as the merged stream  o f  re q u e s ts . The o rd e r o f  in t e r le a v in g  can -  

be th a t  in  which th e  merge re c e iv e s  th e  re q u e s ts . In  o rd e r  to  d i r e c t  th e  

response f o r  each t ra n s a c t io n  back to  i t s  o r ig in ,  a ta g  must accompany each 

re q u e s t. (The ta g g in g  id e a  was a ls o  used in  Friedm anW ise79.) The  d is c u s s io n  

b e low  i n i t i a l l y  assumes th a t  such ta g s  have been s t r ip p e d  o f f .  We w i l l  show in  

S e c t io n  3*3 how th e  in fo rm a t io n  p ro v id e d  by ta gs  i s  taken  in to  a c c o u n t. The 

FGL d e f in i t io n  o f  a (2 -w a y) merge i s  g iv e n  in  [ K e l le r  80c] and w i l l  n o t  be 

re p ea ted  h e re .

We can rephrase  th e  stan d ard  c r i t e r i o n  ( c a l le d  " s e r i a l i z a b i l i t y " ,  c f .  [O ilm a n  

8 0 ]) f o r  th e  p ro c e s s in g  o f  c o n c u rre n t tra n s a c t io n s  as f o l lo w s :

Process th e  irarged stream  s e q u e n t ia l ly .

T h is  c r i t e r i o n  c o n v e n ie n t ly  decomposes the o v e r a l l  p rob lem  in t o  a p s e u d o -
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fu n c t io n a l p a r t  ( th e  merge) and a p u re ly  fu n c t io n a l p a r t  ( th e  a p p a r e n t ly -  

s e q u e n t ia l p ro c e s s in g  o f  th e  merged s tre a m ).

We depend on a s u f f i c i e n t l y  p o w e rfu l fu n c t io n a l im p lem enta tio n  w h ich  w i l l  

e x t r a c t  c o n c u r re n t ly  e xe cu ta b le  o p e ra tio n s  from  th e  merged stream  

a u to m a t ic a lly .  Thus, the apparent b o tt le n e c k  due to  m erging is  m in im ized I f  

components o f  the  t ra n s a c t io n s  are s u f f i c i e n t l y  independent. There is  a 

momentary " lo c k in g "  e f f e c t  among t ra n s a c t io n s  as t ra n s a c t io n  stream s a re  

m erged; t h is  e s ta b lis h e s  a d e f in i te  sequence from  which c o n c u rre n t o p e ra tio n s  

a re  e x t ra c te d .  T h is  w i l l  be dem onstrated a f t e r  p re s e n tin g  a fu n c t io n a l 

approach to  th e  p ro ce ss in g  o f  th e  merged stream . I t  i s  f u r t h e r  p o s s ib le  to  

"o p t im iz e n the con cu rre n cy o f  t ra n s a c t io n s  f o r  g re a te r  component c o n c u rre n c y  by 

ju d ic io u s ly  o rd e r in g  the t ra n s a c t io n s  to  be merged, so lon g  as th e  o rd e r  o f  

t ra n s a c t io n s  from  each in d iv id u a l  stream  is  m a in ta in e d .

H ie  fu n c t io n a l approach re q u ire s  th a t  we do n o t  d i r e c t l y  m od ify  any o b je c t .  

In s te a d , we o n ly  c re a te  new o b je c ts  from  e x is t in g  ones and d e s tro y s  unneeded 

o b je c ts .  C on seq ue n tly , th e  f i r s t  problem  to be so lve d  is  how to  re p re s e n t th e  

pheromenon n o rm a lly  thought o f  a s  database u p d a tin g . Our approach is  th a t  each 

t ra n s a c t io n  o p e ra te s  on a database, and f u n c t io n a l ly  produces a new database. 

In  a d d it io n ,  as mentioned p r e v io u s ly ,  each t ra n s a c t io n  produces some response 

w hich is  re tu rn e d  to  th e  u s e r to in d ic a te  what happened. I t  is  th e  new 

database which is  to  be used f o r  th e  n e xt t ra n s a c t io n  to  be p ro ce sse d , the 

database y ie ld e d  by th a t  t ra n s a c t io n  f o r  the  t ra n s a c t io n  a f t e r  i t ,  e tc .

W ith  t h is  o r ie n ta t io n ,  we can re f in e  o u r exam ple by mapping th ro u gh  a s e r ie s  o f  

f o u r  i n i t i a l  le v e ls  o f  re fin e m e n t.



L e v e l _1_. C orrespond ing  to th e  stream  o f  t ra n s a c t io n s  is  a stream  o f  "o ld "  

d a tabases and a stream  o f  "new" databases. However, these stream s are  r e la t e d ;  

the " o ld "  stream  b e g in s  w ith  the i n i t i a l  v e rs io n  o f  th e  database, w h ich  i s  

fo llo w e d  by e x a c t ly  the  "new " s tre am . T h is  may be exp ressed  as an e q u a tio n  

( r e c a l l  fb y  is  the " fo l lo w e d -b y "  stream  b u i ld in g  fu n c t io n ) :

o ld_d atabases -  f b y ( in i t ia l_ d a t a b a s e ,  new _databases).

Here we use an e q u a tio n a l re p re s e n ta t io n  in  p la ce  o f  the more v e rb o se  t e x t u a l  

FGL fo rm , f o r  b r e v i t y .

A n o th e r e q u a tio n  expresses a f u r t h e r  r e la t io n s h ip  between new and o ld  database 

stream s, a s  determ ined by th e  stream  o f  t ra n s a c t io n s :

new_databases = a p p ly _ s tre a m (tra n s a c t io n s , o ld _ d a ta b a s e s ),

Here we use a pp ly_stream  to  denote a fu n c t io n  w hich a p p lie s  th e  f i r s t  

t ra n s a c t io n  to  th e  f i r s t  o ld_d atabase  ( i . e .  to  th e  i n i t i a l  d a ta b a s e ), th e  

second t ra n s a c t io n  to the  second o ld _d atab ase  ( i . e .  to the r e s u lt  o f  the  

p re v io u s  t r a n s a c t io n ) ,  and so on. In  o rd e r  to  in c lu d e  th e  responses to  th e  

re q u e s ts , we can a d ju s t  t h is  e q u a tio n  s l i g h t l y  so th a t  a p p ly js tre a m  a c t u a l ly  

re tu rn s  a p a ir  o f  stream s, one o f  w h ich  is  th e  stream  o f  new databases and th e  

o th e r  o f  w h ich  is  th e  stream  o f  re sp o n se s :

[re s p o n s e s , new _databases] = a p p ly _ s tre a m (tra n s a c t io n s , o ld _ d a ta b a s e s )

T h is ,  and th e  " f b y "  e q u a tio n  above form a system  o f  e q u a tio n s , which can be 

expressed g r a p h ic a l l y  as showi in  f i g .  3 -1 . I t  sh ou ld  be  p o in te d  ou t th a t  t h is  

g ra p h , o r e q u iv a le n t ly  th e  system  o f  e q u a tio n s , forms th e  t o p - l e v e l  fu n c t io n a l 

program  f o r  s o lv in g  th e  database prob lem .

A s im i la r  p rob lem  is  d iscussed  in  [Friedm an 7 7 ]- T h e ir  approach is  to use 

" t a i l  r e c u r s io n ” r a th e r  than th e  c y c l i c  program  s t ru c tu re  used h e re . In  th e  

in t e r e s t  o f  b ro a d in g  the u n d e rs ta n d in g  o f  the d is t in c t io n ,  th e  t a i l - r e c u r s i v e

14
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responses

F ig u re  3 -1 : T ra n s a c t io n  a p p lic a t io n  in  g ra p h ic a l form .

e x p re s s io n  f o r  th e  p re s e n t example would be

responses = p ro c e s s ( in it ia l_ d a ta b a s e ,  t ra n s a c t io n s )  

p ro c e s s (d b , t ra n s a c t io n s )  =

fb y (re s p o n s e , process(new _db, r e s t ( t r a n s a c t io n s ) ) )

where [re s p o n se , new_db] = f i r  s t (  t r a n s a c t io n s )  (d b )

L e v e l 2 . N e xt, we g iv e  d e t a i ls  o f  a p p ly_ s tre a m . H ie in co m in g  stream  o f  

t ra n s a c t io n  re q u e s ts  i s  t y p i c a l l y  in  sym b o lic  fbrm . One « T  th e  Jo b s  o f  

a p p ly_stre a m  is  thus to in t e r p r e t  the sym bols to  make fu n c t io n a l  sense o f  them. 

B u t what i s  th e  r e s u lt  o f  t h is  in te r p r e ta t io n ?  F o r a g iv e n  t r a n s a c t io n ,  we 

w ish  to  p roduce two fu n c t io n s ,  one o f  which i s  a p p lie d  to  a da tabase  to  g iv e  a
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response, and the o th e r  o f  which i s  a p p lie d  to  g e t  a new d a ta b a se . L e t  us c a l l  

th is  fu n c t io n -p ro d u c in g  fu n c t io n  m ap_trans. Thus, th e  t y p e  o f  m ap_trans i s  

[ re q u e s ts  ->  [da tabases ->  responses x  d a ta b a s e s ]]

The n o ta t io n  here is  th a t  A x  B i s  th e  C a rte s ia n  p ro d u c t  o f  A and B , and 

[A  ->  B] i s  th e  s e t o f  fu n c t io n s  from  A in t o  B . -

In  o rd e r to fo rm  app ly_stream  from  m ap_trans, what must, b e  done is  ro u g h ly  to 

a p p ly  m ap_trans to  each t ra n s a c t io n  in  th e  sequence, th e n  a p p ly  th e  r e s u l t  to  

the stream  o f  o ld _ d a ta b a s e s . However, th a t  w i l l  g iv e  u s  a  stream  o f  p a i r s ,  

r a th e r  than a p a ir  o f  stream s. So we must " u n -p a i r "  t h e  fb rm e r, to  g e t  th e  

la t t e r .  Th u s : _ ,

a p p ly _ s tre a m (tra n s a c t io n s , o ld _d a ta b a se s) = . •

un__pair( p o in tw is e ( toa 11 ( m ap_trans, t r a n s a c t io n s ) ,  o ld _ d a ta b a s e s ))

Here, t c a l l  i s  a fu n c t io n  w hich a p p lie s  i t s  f i r s t  a rgum ent, a  s in g le  fu n c t io n ,  

to  e v e ry  component in  i t s  second argum ent stream , to  p ro d u ce  a new stream . 

Fu rth erm ore , p o in tw is e  a p p lie s  each component o f  i t s  f i r s t  a rgum ent, a stream  

o f  fu n c t io n s ,  to  th e  co rre sp o n d in g  component in  i t s  second a rgum ent, a stream  

o f  argum ents to  those fu n c t io n s .  ,

L e v e l 3• R efinem ent now proceeds to  th e  d e f in i t io n  o f  m a p jt ra n s . T h is  i s  th e  

f i r s t  le v e l  a t  w hich any d e t a i ls  o f  the form  o f  the  t ra n s a c t io n s  must be taken 

in to  a cco u n t. D e ta ils  o f  th e  database re p re s e n ta t io n  can b e  postponed u n t i l  

le v e l  R e c a ll the type  o f  m ap_trans as expressed  a b o v e . E f f e c t i v e l y ,

m ap_trans must "decode" a re q u e s t to  produce a fu n c t io n  o f  th e  d e s ire d  ty p e . 

Thus, i t  p ro v id e s  a s o r t  o f  c a s e -a n a ly s is .  Suppose th a t  a  t ra n s a c t io n  t  i s  

decomposed in to  a t ra n s a c t io n  typ e  ( e .g .  in s e r t ,  d e le t e ,  p r i n t ,  e t c . )  and a 

l i s t  o f  param ete rs w h ich  s p e c if y ,  f o r  exam ple, the  names o f  o b je c ts  to  be
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in s e r te d ,  th e  r e la t io n s  in t o  w hich th e y  a re  to  be in s e r te d ,  e t c .  Then the form  

o f  m ap -tra ns i s

FUNCTION m a p _ tra n s (tra n s )

RESULT case ( t y p e o f (  t r a n s ) ,
" i n s e r t " ,  in s e rt_ in _ d b (p a ra m e te rs ( t r a n s ) ) ,

: ’’d e le t e " ,  de le te_ frcxn _d b (p a ra m ete rs ( t r a n s ) ) ,
" p r i n t " ,  p r in t_ fu n (p a r a m e te rs ( t ra n s ) ) ,

. . .  ' •

■ • • ’ • ’ . _ ’ " ” "
‘ ' «

e r r  c r_ fu n ( t r a n s ) )
WHERE . , ‘

FUNCTION in s e rt_ in _ d b
. • * ■ ' ■ ■ f

FUNCTION d e le te _ f  rom jdb

• *
FUNCTION p r in t_ fu n

- ‘ ■ . : • - 

. • ’ • •

FUNCTION e r ro r_ fu n  :
, . «

END

•viiere e r ro r_ fu n  s p e c if ie s  what to  do in  case o f  an u n id e n t i f ia b le  t r a n s a c t io n  

re q u e s t. The fu n c t io n s  in s e r t_ in _ d b , d e le te _ fro m _d b , e tc .  a re  examples o f  two­

t ie r e d  fu n c t io n s  (a s  d iscussed  in  . .s e c t io n  2 .3 )  in  th a t  each, when a p p lie d  to  

p a ram e te rs( t r a n s ) ,  y ie ld s  a fu n c t io n  which is  u l t im a te ly  a p p lie d  to the 

database.

L e v e l M. L a s t ly ,  we s p e c ify  d e t a i ls  f o r  each o f  th e  t w o - t ie r e d  fu n c t io n s  

above, ta k in g  in t o  account f o r  the f i r s t  t im e  the s p e c i f ic  re p re s e n ta t io n  o f  

th e  database. We i l l u s t r a t e  w ith  an example fo r  in s e r t_ in _ d b . Suppose th a t  

f o r  s im p l ic i t y  we use lin k e d  l i s t s  to re p re se n t a r b i t r a r y - le n g t h  sequences o f  

o b je c ts .  M oreover, l e t  th e  database be a sequence o f  nr e la t io n s n, th e  c o n te n ts  

o f  a r e la t io n  be a sequence o f  " s e t s " ,  and each s e t  c o n s is t  o f  a k e y  and a
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sequence o f  "m em bers". T h is  c o u ld  be co n s id e re d  an im p lem en ta tio n  o f  a fo rm  o f  

" e n t i t y - r e la t io n s h ip "  model ( c f .  [U llm a n  8 0 ] ) .  We a ls o  want each r e la t i o n  to  

have an i d e n t i f i e r ,  so choose to re p re s e n t a r e la t io n  a s  a p a i r

[ r e la t io n _ id ,  sequence_of_sets]

To summarize th e  typ e s  in v o lv e d , l e t  A* d e s ig n a te  a sequence o f  o b je c ts  o f  typ e  

A . Then ' v '. * ; i.

database = re la t io n *  

r e la t io n  = i d e n t i f i e r  x  se t*  

s e t  s key x  member* 

i d e n t i f i e r  = atom
. _  ■ d  Oa I  L . 'V  ■

key = atom . 

member = atom- - -
. . r r b .... 11- ...r, wa.: _ • '

where, by atom, we mean some p r im it iv e  v a lu e s , which m igh t in c lu d e  s t r in g s  and

in t e g e r s .  : . ,

r(~
To s p e c if y  the t w o -t ie r e d  fu n c t io n  in s e r t_ in _ d b , we w i l l  assume t h a t  th e  

param ete rs f o r  in s e r t io n  s p e c ify  the r e la t io n  name, th e  k e y ,  and the  member to

be in s e r te d ,  as i n :  '
■ • • f t ! - '

FUNCTION in s e rt_ in _ d b (p a ra m e te rs )(d b )  •

IMPORTS in s e r t _ in t o _ r e la t io n ,  s e a r c h _ l is t ,  c r e a t e jr e ln

LET param eters BE [ r e l_ id ,  k e y , member],

in s e r t_ fu n  BE in s e r t _ in t o _ r e la t io n (k e y ,  member),

t dummy, nev_db] BE
s e a r c h _ l is t (d b ,

c o m p a re _ id ( re l_ id ) , 
in s e r t_ fu n ,

. H s t (  in se  r t_ fu n (  c re a te _ re ln (  re  l _ i d ) ) )
)

RESULT [ "d o n e " ,  new_db]



T h is  s p e c if ic a t io n  can be understood a s  f o l lo w s :  The fu n c t io n  is  t w o -t ie r e d  I n  

th e  sense th a t  i t  maps th e  tu p le  o f  th re e  param ete rs  [ r e l_ i d ,  ke y , member] to  a 

fu n c t io n  w hich in  tu rn  maps a database in to  a p a i r  c o n s is t in g  o f  a response and 

a new database. We assume th a t  an In s e r t io n  w i l l  a lw a ys  succeed, so t h a t  th e  

response "done" i s  u n ifo rm ly  o f fe r e d .  I f  th e  s p e c if ie d  r e la t io n  ls  not fo u n d , 

then one w i l l  be c re a te d . The new database is  o b ta in e d  u s in g  the u t i l i t y  

fu n c t io n  s e a r c h _ l is t ,  which perform s both a search and re c o n s tru c t io n  o f  i t s  

f i r s t  argument l i s t .

The g e n e ra l form  o f  s e a rc h _ l is t  i s  s e a r c h _ l is t ( x ,  p red, m o d if ie r ,  n o t_ fo u n d ). 

Here x  is  the l i s t  to  be searched, pred is  a p re d ic a te  on in d iv id u a l  l i s t  

e lem ents, m o d if ie r  i s  a fu n c t io n  w h ich  maps one l i s t  elem ent in t o  a n o th e r, and 

n o t_ fo u rd  is  a l i s t .  The l i s t  is  searched s e q u e n t ia l ly  u n t i l  an elem ent e is  

found fo r  w hich p re d ( e ) _ r_ t ru e . -  - As- th e ’ s e a rc h in g  is  done, a new l i s t  i s  b e in g  

c o n s t r ic te d ,  w h ich  c a r r ie s  o ve r e lem ents f o r  w h ich p re d (e )  = fa ls e  id e n t i c a l l y .  

Assuming e i s  found such th a t  p re d (e ) = t ru e ,  th e  new l i s t  c o n ta in s  

m o d if ie r ( e ) ,  i n  p la ce  o f  e, and co n tin u e s  w ith  the re s t  o f  th e  o ld  l i s t  a s  i s .  

I f  no such e is  found , then th e  l i s t  not_found is  appended to  th e  end o f  th e  

new l i s t .  The va lu e  re tu rn e d  by s e a r c h _ l is t  i s  a p a i r  c o n s is t in g  the f i r s t  e 

such th a t  p re d (e )  (o r  n i l  i f  there  is  no such e ) and a new l i s t .  In  th e  case 

o f  the use o f  s e a r c h _ l is t  w ith in  in s e r t_ in _ d b , o n ly  th e  second component o f  th e  

r e s u lt  is  im p o rta n t, by th e  assum ption  th a t  an in s e r t  a lw ays succeeds. F ig .  3­

2 shows the r e s u lt  o f  a p p ly in g  s e a rc h _ l is t  w i t h  x  as a f i r s t  argum ent, where 

p re d (e g ) ,  but n o t p re d (e 1) and n o t p re d te g ) .  *

To com plete th e  e x p la n a t io n , fu n c t io n s  in s e r t _ in t o _ r e la t io n ,  com pare_id, and 

c re a te _ re ln  a re  a ls o  used w ith in  in s e r t_ in _ d b , r e s p e c t iv e ly  to  in s e r t  in t o  a 

r e la t io n ,  compare a s p e c if ie d  id  to th a t  o f  a r e la t io n  in  th e  d a tab ase ’ s l i s t ,



20

F ig u re  3 -2 : Sample s e a r c h _ l is t  a p p l ic a t io n .

and c re a te  a new r e la t io n  w ith  th e  s p e c if ie d  id .  We om it th e  d e ta ile d  

re fin e m e n t o f  these  fu n c t io n s .  The la s t  two a re  t r i v i a l ,  and the f i r s t  

resem bles in s e r t_ in _ d b ,  u s in g  s e a r c h _ l is t .

• - «

3 .2 . Database C o n cu rre n cy and S y n c h ro n iz a t io n

The fu n c t io n a l approach to  u p d a tin g , as e x e m p lif ie d  b y  t i ie  d is c u s s io n  in  th e  

p re v io u s  s e c t io n ,  p e rfo rin s  a l l  n ecessary s y n c h ro n iz a t io n  i m p l i c i t l y .  The wser 

i s  n o t re q u ire d  to  program  lo c k s ,  semaphores, e t c . ,  as w ith  o th e r  methods ( c f .

to llm a n  8 0 ] ) .  In  e f f e c t ,  the lin k a g e  mechanism u n d e r ly in g  the re d u c t ic n  

im p le m e n ta tio n  o f  our fu n c t io n a l language e f f e c t s  th e  e q u iv a le n t  o f  a 

"t im e s ta n p  o rd e r "  e x e c u t io n , b u t w ith o u t  e x p l i c i t  r e l ia n c e  on tim estam ps.
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To see how s y n c h ro n iz a t io n  is  accom plished, c o n s id e r a database con$>ased o f  

th re e  r e la t io n s  R , S , and T .  F o r s i n p l i c i t y  in  e x p la n a t io n , we s h a l l  assume 

th a t  the database is  re p resen te d  as a p o in te r  to  a 3 - tu p le ,  ra th e r  th an  a s  a 

l i n k e d - l i s t ,  each component b e in g  one o f  th e  r e la t io n s ,  as shown in  f ig *  3 - 3a. 

Each, t ra n s a c t io n  y ie ld s  a new database, which is  re p re se n te d  b y  a new 3“ tB5>le. 

S in ce  no in -p la c e  m o d if ic a t io n s  are e v e r  pe rfo rm ed , i t  i s  p e r f e c t l y  safte to  

share some o f  th e  components between the database b e fo re  and a f t e r  a 

t ra n s a c t io n .  The r e s u l t  o f  a p u re -re a d  t ra n s a c t io n  a p p lie d  to  th e  database  o f  

fig*  3 -3a, in  which a l l  components a re  thus s h a ra b le , i s  shown in  f i g .  3^3b.

01 d read

F ig u re  3 -3 : P u re -re a d  t ra n s a c t io n .

Now suppose th a t  a t ra n s a c t io n  is  to  be a p p lie d  w h ich  m o d if ie s  one o f  th e  

r e la t io n s ,  sa y  S . As a lw a ys , a new tu p le  i s  c re a te d , bu t now a new v e rs io n , o f

S , c a l l  i t  S’ , is  c re a te d , w h ile  th e  unm odified R and T  rem ain shared w ith  th e  

fo rm e r v e rs io n ,  as shown in  f i g .  3 -^ » A subsequent t ra n s a c t io n  sees th e
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old write-S new

F ig u re  3 -4 : P a r t ia l  update e f f e c t ,  

database as composed o f  R , S ' ,  and T .

An im p o rta n t a s p e c t o f  the le n ie n t  data c o n s t ru c to r  [ . . . . ]  i s  th a t  a tu p le  

node t y p i c a l l y  becomes a v a i la b le  b e fo re  i t s  components are c o m p le te ly  form ed. 

Thus, i f  a t ra n s a c t io n  fo l lo w in g  the w r i t e  t ra n s a c t io n  o f  the p re v io u s  

paragraph depends o n ly  on th e  R and T com ponents, i t  can proceed im m e d ia te ly  

w ith o u t  w a it in g  f o r  the S ’ component to  be c o m p le te ly  e s ta b lis h e d .  T h is  means 

th a t  th e  database can e f f e c t i v e l y  be p ip e lin e d  th ro u g h  the. t r a n s a c t io n  s tre am , 

in  th a t  d i f f e r e n t  t ra n s a c t io n s  can be p ro c e s s in g  c o n s t itu e n t  o b je c ts  

c o n c u r r e n t ly . As w ith  s y n c h ro n iz a t io n , t h is  co n cu rre n cy ta ke s  p la c e  w ith o u t  

e x p l i c i t  d i r e c t iv e s  to  s e t  up c o n c u rre n t p ro c e s s e s , e t c .
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The degree o f  co n cu rre n cy a c tu a l ly  re a liz e d  i s  s e n s it iv e  to th e  program m ing o f  

th e  fu n c t io n s  used to  c a r r y  o u t t ra n s a c t io n s .  T h is  i s  one reason  why we 

su gge st com bining th e  search and m o d if ic a t io n  fu n c t io n s , as in  s e a r c h _ l is t  o f  

S e c tio n  3-1 • B y re c o n s tru c t in g  the l i s t  as i t  se a rc h e s , th e  new l i s t  is  made 

a v a ila b le  f o r  p ro c e s s in g  by subsequent tra n s a c t io n s  sooner th a t  i f  the l i s t  

were f i r s t  searched, and then a new l i s t  c re a te d , in  two s te p s .

The p ip e l in in g  tech n iq ue  d e s c rib e d  above need not stop  a t  the le v e l  o f  

r e la t io n s  as com ponents. I t  can be extended to  work w ith in  r e la t io n s  as w e l l .  

Suppose, fo r  exam ple, th a t  a r e la t io n  were rep resen ted  as a s in g ly - l in k e d  l i s t  

o f  " s e t s " ,  as in  th e  p re ce d in g  s e c t io n . Then a re a d -o n ly  use o f  th e  r e la t i o n  

c o u ld  re tu rn  th e  e n t ir e  r e la t io n  im m e d ia te ly , whereas a w r i te - t r a n s a c t io n  c o u ld  

re tu rn  a p a r t ia l ly -c o n s t r u c t e d  rep lacem ent r e la t io n .  I f ,  fo r  exam ple, th e  

w r i te  we re known to  e n t a i l  a m o d if ic a t io n  to  a s in g le  s e t  in  the r e la t io n ,  

based upon th e  a t t r ib u t e s  th e r e in ,  i t  co u ld  search su cce ss ive  s e ts  in  th e  l i s t ,  

fo rm in g  a new l i s t  o f  the  s e ts  which a re  n o t m o d if ie d . T h is  l i s t ,  even though 

o n ly  p a r t i a l l y  com p le te , cou ld  be used b y  a subsequent t ra n s a c t io n .

The maximum c o n c u rre n c y  due to  p ip e l in in g  a s in g le  r e la t io n  re p resen te d  as a 

lin k e d  l i s t  i s  on th e  o rd e r o f  th e  le n g th  o f  th e  l i s t .  Th a t i s ,  i t  i s  p o s s ib le  

to have each s e t b e in g  processed by a d i f f e r e n t  t ra n s a c t io n  a t  th e  same t im e . 

O f  co u rse , t h is  maximum w i l l  r a r e ly  m a t e r ia l iz e ,  due to  d if fe re n c e s  in  ra te s  o f  

issuance  and p ro g re s s io n  o f  t ra n s a c t io n s .  A re p re s e n ta t io n  which is  l i k e l y  to  

be le s s  s e n s it iv e  to  ra te s  o f  p ro g re s s io n  uses "b u s h y" t r e e s ,  r a t h e r  than  

lin k e d  l i s t s  [ K e l le r  8 0 d]. P a r t i c u la r l y  a t t r a c t iv e  are  v a r io u s  "b a la n ce d " 

t re e s ,  which o f f e r  a w o rs t-c a s e  lo g a r ith m ic  in s e r t io n  and search t im e s . A 

g re a t  d e a l o f  a t te n t io n  has been devoted to e x p lo i t in g  con cu rre n cy in  such tre e  

re p re s e n ta t io n s  u s in g  e x p l i c i t  lo c k in g  [B a ye r 77, Kwopg 8 0 ]. W h ile  th e  degree



24

o f  c o n c u rre n c y  achieved u s in g  the fu n c t io n a l approach d e s c rib e d  here m igh t not 

be as g r e a t ,  i t  i s  reaped w ith  much le s s  s o p h is t ic a te d  programs and le s s  

s u s c e p t ib i l i t y  to e r r o r .  A lth o u g h  th e  p o s s i b i l i t y  o f  a p p l ic a t iv e  u p d a tin g  o f  

B -t re e s  has been v e r i f ie d  b y members o f  o u r group [Hudak 81, Doany 8 1 ], we do 

not p re s e n t th e  te c h n ic a l d e t a i ls  o f  t h is  a s p e c t h e re .

3 .3 . M u lt i -u s e r  T ra n s a c t io n s

The problem  o f  p ro c e s s in g  t ra n s a c t io n s  in d e p e n d e n tly  in tro d u c e d  in to  th e  system  

a t  m u lt ip le  s i t e s  has b e e i c o n v e n ie n t ly  decomposed in t o  the  m erg ing o f  the 

stream  o f  t ra n s a c t io n s ,  and th e  p ro c e s s in g  o f  th e  merged stream . Assum ing th a t  

each t ra n s a c t io n  re q u e st is  o r i g in a l l y  tagged  w ith  i t s  so u rce , th e  merged 

stream  is  a c t u a l ly  a sequence o f  o b je c ts  o f  th e  form

[ t a g ,  c o n te n ts ]

Our p re v io u s  e x p o s it io n  has ig n o re d  th e  ta g s ,  and s in p ly  d e a lt  w ith  p ro c e s s in g  

a merged stream  o f ,  c o n te n ts . However, a s im p le  fu n c t io n a l te ch n iq u e  p e rm its  

th e  s e p a ra t io n  o f  the . ta g s  and r e jo in in g  them w ith  th e  co rre sp o n d in g  responses, 

s in c e  th e  p ro c e s s in g  o f  the merged stream is  s e q u e n t ia l from  an e x te r n a l p o in t  

o f  v ie w . A fu n c t io n a l  e x p re s s io n  o f  t h is  p ro c e s s in g  i s

FUNCTION p roce ss_tagge d _stream ( stream )

LET [ ta g s js t re a m , c o n te n ts js tre a m ] BE u n tu p le (s tre a m )

RESULT tu p le ( ta g s js t re a m , p ro c e s s (c o n te n ts js tre a m ))

Here u n tu p le  and tu p le  a re  two fu n c t io n s  w h ic h , r e s p e c t iv e ly ,  c o n ve rt a stream 

o f  tu p le s  in t o  a tu p le  o f  stream s, and v ic e -v e r s a .

In  o rd e r to  s e le c t  i t s  responses from th e  tagged stream , each "u s e r "  ( i . e .  

is s u e r  o f  t ra n s a c t io n s )  i s  e f f e c t i v e ly  p e rfo rm in g  th e  fu n c t io n  choose(m y_tag, 

r e s u lt  s tre a m ), d e fin e d  in  te rn s  o f  the fu n c t io n  se le c t_ fro m _ stre a m  d e fin e d  in
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FUNCTION c h o o s e (ta g , stream )

LET [m y_stream , th e ir_ s tre a m ] BE
se le c t_ fro m _ stre a m ( la  mb da ( x ) x = ta g ) (  s tre a m )

RESULT my_stream .

3 .H . A p p lic a t io n  to  D is t r ib u te d  Database Systems

D is t r ib u te d  database systems g e n e ra lly  observe e i th e r  a p r im a r y -s l t e  model o r  a 

p r lm a ry - co p y  model ( c f .  [B e rn s te in  8 1 ] ) .  I n  the fo rm e r, a t  e v e ry  in s t a n t  o f  

t im e , some s i t e  p la ys  th e  ro le  o f  the p rim ary s i t e ,  th ro u g h  w h ich  a l l  

t ra n s a c t io n s  must pass f o r  c o o rd in a t io n ,  re g a rd le s s  o f  o r i g i n -  T h is  c re a te s  a 

b o tt le n e c k  •viiich is  te m p o ra ry, in  th e  sense th a t  once a t r a n s a c t io n  passes 

th ro u g h  th e  s i t e ,  f in e r  g ra in  a c tio n s  a s s o c ia te d  w ith  i t  may be done 

c o n c u r r e n t ly .  In  th e  p r im a ry -c o p y  m odel, a t ra n s a c t io n  s im p ly  p roce ed s w ith o u t  

i n i t i a l  c o o rd in a t io n ,  a l l  re q u ire d  c o o rd in a t io n  b e in g  done a t  a  "p r im a ry  copy” 

o f  each database o b je c t .  ( I f  th e  database is  unredundant, th e n  each o b je c t  is  

i t s  own p rim a ry  c o p y . )

The te ch n iq u e  dem onstrated in  t h is  paper i s  a p p lic a b le  t o  th e  p r im a r y -s it e  

m odel. As ws have a lre a d y  d is c u s se d , the re q u ire d  c o o rd in a t io n  can be done in  

a manner which is  a lm ost co m p le te ly  fu n c t io n a l.  A lth o u g h  fu n c t io n a l 

re p re s e n ta t io n s  f o r  th e  p r im a ry -c o p y  model a ls o  appear p o s s ib le ,  th e y  a re  more 

co m p lica te d , due to  th e  need to  r e ta in  th e  a b i l i t y  to  a b o r t  t ra n s a c t io n s  to  

re s o lv e  d e a d lo ck . We le a ve  the  h a n d lin g  o f  such b e h a v io r  to  a fu tu re  

e x p o s it io n .

S e c t i o n  2 . 3 .  The f u n c t i o n a l  d e f i n i t i o n  o f  c h o o se  i s
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For sake o f  s im p l ic i t y ,  assume a n o n -h ie r a r c h ic a l " l o c a l "  netw ork  mo<iel9 in  

w h ich  the  p h y s ic a l c o n n e c t iv it y  p e rm its  each s i t e  to  send a message to  each 

o th e r .  The ’’E th e rn e t” model [M e tc a lfe  76] i s  a w o rkab le  exam ple . We 

im m e d ia te ly  note th a t  such a n etw ork  does n ot p h y s ic a l ly  p ro v id e  s e c u re  

com m unication. T h is  i s  an issu e  w h ich  is  b e s t d e a lt  w ith  by c r y p to g r a p h ic  

means; these le n d  them selves n a tu r a l ly  to  a fu n c t io n a l  d e s c r ip t io n ,  b u t  w h ic h  

w i l l  n o t  be f u r t h e r  d iscussed  h e re .

An im p o rta n t o b s e rv a t io n  is  th a t  th e  netw ork  medium acts  as one la r g e  merge 

p s e u d o -fu n c tio n . The stream  o f  messages which appear on i t  o v e r  tim e w i l l  n o t  

be d e t e r m in is t ic ,  bu t w i l l  c o n s is t  o f  an in t e r le a v in g  o f  messages g e n e ra te d  a t  

d i f f e r e n t  nodes. I n t e r e s t in g ly  enough, a fu n c t io n a l re p re s e n ta t io n  o f  message 

h a n d lin g  is  p o s s ib le  in  a manner analogous to  the h a n d lin g  o f  merged s tre a m s  in  

S e c tio n  3 -3 . In s te a d  o f  t ra n s a c t io n s , we have a r b i t r a r y  m essages, a g a in  w i t h  

d e s t in a t io n  ta g s .  A s i t e  e f f e c t i v e ly  s e le c ts  the messages d ir e c te d  to  i t  by 

p e rfo rm in g  the choose o p e ra t io n  on th e  e n t ir e  message stre a m . F ig u r e  3 -5 b  

i l l u s t r a t e s  the lo g ic a l  v ie w  o f  a n e tw o rk , th e  p h y s ic a l  s t r i c t u r e  o f  w h ic h  i s  

suggested in  f i g .  3 -5a.

I t  a ls o  seems n o te w o rth y  th a t  th e  prob lem  o f  s i t e  a d d it io n ,  d e le t io n ,  e t c .  ca n  

be v iew ed as a ro th e r  database p rob lem . T h a t i s ,  a c e n t r a l  a d m in is t r a t io n  s i t e  

must m a in ta in  a database o f  a u th o r iz e d  s i te s  and respond to  re q u e s ts  f o r  s i t e  

a d d it io n ,  d e le t io n ,  e t c .  In  tu rn ,  th e  a d m in is t r a t io n  s i t e  may be re s p o n s ib le  

fo r  p ro v id in g  p h y s ic a l addresses fo r  v a r io u s  lo g ic a l  s i t e s ,  e n c r y p t io n  k e y s ,  

e tc .  .

3 . 5 .  R e le v a n c e  t o  t h e  P r im a r y  S i t e  M o d e l

L o g ic a l l y ,  th e  s i t e  a t  which database fu n c t io n s  are processed Is  i r r e le v a n t .
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Figure 3 -5 :
S ite -b a s e d  substream  s e le c t io n ;  a . P h y s ic a l n e tw o rk ; b . L o g ic a l m erge/choose.

However, i t  may be p h y s ic a l ly  more e f f i c i e n t  o r  o th e rw is e  im p o rta n t to  choose 

one s i t e  o v e r a n o th e r fo r  the  a p p l ic a t io n  o f  a g iv e n  fu n c t io n .  F o r t h is  

re a so n , we su gge st th e  use o f  a s i te  pragma as an o p t io n  to  a fu n c t io n .  T h is  

pragma can ta k e  the fo rm  o f  a param eter to  the fu n c t io n  which g iv e s  th e  a ddress 

o f  th e  p re fe r re d  s i t e  o f  e x e c u t io n . A t e n ta t iv e  form would be
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RE SULT_ON( fu n c t io n a l-e x p  re  S 3  io n , s i t e )  

which y ie ld s  th e  v a lu e  o f  the f i r s t  argum ent, bu t re q u ire s  th e  ou term ost 

fu n c t io n  to  be computed on the  s p e c if ie d  s i t e .  Th a t fu n c t io n  co u ld  l ik e w is e  

s p e c ify  the  e x e c u t io n  o f  s u b s id ia ry  fu n c t io n s  on p a r t ic u la r  s i t e s ,  o r on i t s  

own s i t e ,  w h ich i t  c o u ld  o b ta in  by e xe cu tin g  th e  e xp re s s io n

- m y _ s ite ( )

To re ta in  f u n c t io n a l i t y ,  s i t e  param eters c o u ld  be made u n a v a ila b le  f o r  use by 

any fu n c t io n  e xce p t RESULTjON. I f  a p r im a r y -s it e  Is  used , i t  co u ld  c o n ta in  

n ecessary s i t e  v a lu e s  in  th e  ro o t  d ir e c t o r y  f o r  the o v e r a l l  da tabase.

4 . PHYSICAL DESIGN CONSIDERATIONS 

In  o rd e r to  b e t te r  d e s c rib e  how our approach to database p ro c e s s in g  f i t s  in t o  a 

d is t r ib u t e d  a r c h i te c t u r e ,  we d is cu s s  some a sp e c ts  o f  a n u lt ip ro c e s s o r/ n e tw o rk  

a rc h ite c tu re  o r ie n te d  toward the e xe cu tio n  o f  fu n c t io n a l p rog ra m s. The id e a s  

here d e r iv e  from our work presented in  [ K e l le r  79] > w ith  emphasis on lo g ic a l  

in te rc o n n e c te d n e s s , ra th e r  than p h y s ic a l to p o lo g y . A more e x te n s iv e  form  o f  . 

ta sk  m ig ra t io n  w i l l  a ls o  be d e s c rib e d . We c o n c e n tra te  on those a r c h i t e c t u r a l  

a sp ects  w h ich  r e la t e  to th e  n ece ssa ry  f lo w  o f  com m unication t r a f f i c  from  one 

p h y s ic a l PE to  a n o th e r, as opposed to f in e -g r a in  a sp e c ts  o f  o p e ra to r  e x e c u t io n . 

More d e t a i l  on the  la t t e r  may be found in  re fe re n c e  [ K e l le r  8 0 e ].

4 .1 . In t e g r a t io n  o f  P ro ce ss o rs  and Memory

The fu n c t io n a l im p lem en ta tio n  d e scrib e d  in  [ K e l le r  79] a vo id s  the shared-m em ory 

b o tt le n e c k  common to  many m u lt ip ro c e s s o rs  b y in t e g r a t in g  memory w ith  p ro c e s s in g  

c a p a b i l i t y .  More s p e c i f i c a l l y ,  we s t ip u la t e  th a t a PE s h a l l  have both  a 

p ro ce sso r and a memory v iiic h  i t  a lon e  d i r e c t l y  a c c e s s e s . Access b y  one 

p ro ce sso r o f  a n o th e r p ro c e s s o r 's  memory is  l o g i c a l l y  p o s s ib le ,  bu t p h y s ic a l ly
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occurs by the former processor sending a message to the latter containing the 

locations to be accessed. After this message makes its way through the 

interconnection network, it becomes a task fcr the receiving processor. The 

latter returns a message containing the contents of the requested locations, 

which becomes a task to be executed by the processor desiring to use the 

contents of those locations. The feet that each processor ls solely 

responsible fcr' direct access to its o\n memory simplifies considerations for 

implementing mutual exclusion. Each processor effectively becomes a 

"serializer" of its own local activities.

Despite the allusion to "locations" in the preceding paragraph, we emphasize 

that the functional programmer does not program directly using locations. 

Rather, locations are assigned dynamically by the system as a means for 

referencing objects, such as blocks of words representing the consequent of an 

FGL macrofunction*. . . -

4.2. Transparency of Interconnection Topology ' -

It is possible to factor out considerations of PE interconnection topology from 

logical communication aspects of the scheme being described. The essential 

aspect of being able to coordinate distributed execution in our model is the 

assignability of a unique system-wide address to each object, and the ability 

for the physical topology to route information to any specified address. Since 

a PE will likely have a fixed memory size, such addressing could be achieved by 

concatenating a PE address with the address of a location within a PE. Nodes 

which route information within the network must, of course, take the physical 

topology into account. Sufficient information must be programmed Into the 

routing nodes to enable them to make local decisions regarding the direction in
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1<.3. Add re 33 Space as a Task Management Medium

The systemwide logical address space plays an Important role in the management 

of the linkages necessary to achieve the graphical expansion of macrofunctions. 

If a decision is made to allocate the storage for the consequent of a 

macrofunction In PE B,. which is different from the PE A of the antecedent, then 

it is necessary to first find storage in B. When storage has been found, the 

address at which it was found is returned to A, which enables it to forward any 

necessary arguments. Similarly, B knows the location of the antecedent, and 

can use it to return the result of the consequent’s execution. Figure *1-1 

suggests this using the graph reduction cod el. r-

*1.4. Task Pre-Linkage Migration . _ ; >

The mode of linkage described above implies that a task representing the 

pending expansion of a macro function is entirely mobile up until the time 

storage is allocated for the expansion. It carries with it the address of the 

code used to initialize the consequent storage block, and the address of the 

antecedent node of the expansion, but it may be freely moved about the system. 

This permits a certain degree of load balancing to be accomplished [Keller 793.

By monitoring the amount of memory required to perform macro-expansions for 

various nodes, it is possible to determine whether one processor is back-logged 

relative to its neighbors. If so, any tasks corresponding to unexpanded nodes 

can be moved to a less heavily loaded PE. The migration of such tasks can thus 

help keep the processing load nore evenly distributed, which is desirable to 

achieve speed-up through parallel processing.

w hich to fo rw ard  an a r r iv in g  message.
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Figure 4-1:
Illustrating the remote application of a macrofunction fbo; a. Instance of 
antecedent; b. production; c. expansion

4.5. Task Post-Linkage Migration

We described in the previous section a scheme for permitting; the migration of 

tasks corresponding to a macro-expansion prlcr to the actual eapansion. A more 

extensive form of load distribution could obviously.be obtained if tasks were 

also able to migrate following expansion. To achieve this effect, it is 

necessary to be able to relocate the storage of an active block to another PE.



32

One scenario in which such migration would be useful is that of a "dual­

purpose" local network. Typically, PEs in a local network serve as semi- 

autonomous units, say of the personal-machine level, which communicate on 

occasion by message passing. However, suppose that an application which 

initiates at one such unit can exploit the extra processing capabilities at 

other idle units. The method described in previous sections makes this 

possible. But there is a conflict if the user of a personal machine wishes to 

assume control of a machine while it is being used in conjunction with a 

multiprocessing application. The conflict can be resolved if it is possible to 

gracefully move the multiprocessor workload from that machine to arother within 

the network.

One method of accomplishing "post-linkage" migration is to provide an 

additional mapping table. This mapping table is used to translate logical 

block addresses into physical ones, similar to the segment table translation 

which accompanies most segmentation scheaes [Bensoussan 69]. However, there is ~ 

one such table for each PE. An entry in the segment table exists for each 

logical block number referenced within the PE. The entries themselves either 

point to a physical block within the current PE, or to a segment table entry in 

some other PE. We call the latter case an indirect segment reference. .

In order to nove a block, we must do the following:

1. Temporarily suspend reference to it.

2. Find a new physical location for it.

3. Update the segment table of the PE from which it was moved.

One disadvantage of this migration scheme is that long chains of indirection 

might build up after several moves of the same block. However, we anticipate
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that moves will rot be sufficiently frequent to seriously impair efficiency. 

It is also possible to optimize indirection chains by occasionally "updating" 

indirect pointers so that they refer to some table entry further along in the 

chain.

To summarize this section, we have sketched a class of system architectures for 

physically managing the tasks resulting from the availability of concurrently- 

executable functions, in a manner which achieves transparency with respect to 

the number of PEs and their physical location. Thus, tasks may be completely 

managed by the system as a default, with the site pragma of Section 3*5 being 

usable optionally to enhance efficiency.

5. EXPERIMENTAL RESULTS 

The techniques mentioned in this paper have been implemented in the functional 

language FGL and tested using a simulator which reports the degree ~Z 

concurrency achieved, among other measurements. An experiment performed 

which processed 50 transactions on a database of 1, 3, 5 relations, having 

a total of 50 "sets". The transactions were all either simple inserts or 

finds, and the percentage of inserts was varied through 8, 16, 32, and 6M. 

The simple linked-list implementation described in Section 3-1 was used. Table

I shows the maximum anl average concurrency achieved for all combinations of 

the experimental parameters. These results are idealized, in that no 

communication delay is taken into account.
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Table I

number o f  r e la t io n s

5 3 1

Of 18 7.06 20 7.98 15 8.49
4* 20 6.51 19 7.26 20 8.38
851 18 6.62 18 7.55 22 8.51
16* 19 6.68 19 7.28 23 7.88
3256 19 6.63 20 6.87 25 6.90
64* 16 5.67 16 5.46 14 5.85

maximum and average concurrency

It is notable that the degree of concurrency seens reasonably high for such a 

small example. The small variation with respect to the percentage of updates 

seem remarkable. We conjecture that it is due to the use of the function 

search_list of Section 3*1 > which reconstructs relations Incrementally as 

insertions are being made.

6. CONCLUSIOH

We have presented a functional approach to distributed tfetabase processing 

processing, indicating the handling of updating and multi-site transaction 

processing in a manner which is transparent with respect to logical sites and 

concurrency. Some language and implementation aspects of caur approach have 

been discussed, particularly applicative approaches to updating viiich enhance 

conc urrency.
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