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In t h i s  paper we p r e s e n t  a new s o l u t i o n  to the problem o f  

s u p p o r t i n g  c o n c u r r e n t  o p e r a t i o n s  in  B - t r e e s ,  us ing  a t e c h n i q u e  

c a l l e d  s i d e - b r a n c h i n g  to p r o v i d e  a h i g h e r  degree o f  c o n c u r r e n c y  

than  p r e v i o u s  s o l u t i o n s  i n  the same c a t e g o r y .  We a lso  propose a 

new data s t r u c t u r e ,  T - t r e e s ,  as an a l t e r n a t i v e  to B - t r e e s  f o r  

r e p r e s e n t i n g  ve ry  l a r g e  o rde red  indexes  i n  database a p p l i c a t i o n s .  

A T - t r e e  o f f e r s  not  o n l y  an e l e g a n t  s t r u c t u r e  f o r  s t o r i n g  a huge 

amount o f  da ta ,  i t  a l so  p e r m i t s  a c o n s i s t e n t  v iew and u n i f o r m  

t r e a t m e n t  o f  c o n c u r r e n c y  a t  both the page t r e e  and the page node 

l e v e l s .  
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I ,  INTRODUCTION 

With the e v e r - g r o w i n g  i n f l u e n c e  o f  databases in  our e v e r y -  

day l i f e ,  t h e i r  e f f e c t i v e  o r g a n i z a t i o n  and main tenance which 

guaran tee  e f f i c i e n t  access are becoming i n c r e a s i n q l y  i m p o r t a n t .  

Balanced search t r ees  such as 2 - 3 - t r e e s  and AVL- t rees  are u s u a l l y  

used f o r  a smal l  amount o f  data to ensure l o g a r i t h m i c  per formance 

in s e a r c h i n g ,  i n s e r t i o n  and d e l e t i o n .  However, when an enormous 

amount o f  i n f o r m a t i o n  is  i n v o l v e d ,  data  are o f t e n  o r g a n i z e d  i n t o  

pages and s to red  in  d i r e c t  access media such as d i s k s .  I f  these 

pages are l i n k e d  t o g e t h e r  as a m u l t i w a y  t r e e  and are t r a n . s f e r r e d  

i n t o  main memory when necessa ry ,  we r e f e r  to such a s t r u c t u r e  as a 

pag 9 t r e e .  One such v e r s a t i l e  data  s t r u c t u r e  c a l l e d  the B - t r e e  was 

proposed in  [Baye r  and McCre igh t ]  f o r  r e p r e s e n t i n g  l a r g e  o rde red  

indexes  o f  dynamic random access f i l e s .  In view of the r a p i d  dec l ine  

o f  hardware costs  i t  i s  very  u n n a t u r a l  and much too i n e f f i c i e n t  to 

r e s t r i c t  l a r g e  databases to s e q u e n t i a l  o p e r a t i o n .  The problems of  

how best  to i n t r o d u c e  concur rency  and to what e x t e n t  and a t  what 

cost  shou ld  the degree o f  concur rency  be maximized are c h a l l e n g i n g  

and i n t e r e s t i n g  t o p i c s  f o r  i n v e s t i g a t i o n .  The i r  s a t i s f a c t o r y  

s o l u t i o n  w i l l  have c o n s i d e r a b l e  p r a c t i c a l  i m p l i c a t i o n s  in  con- 

c u r r e n t  programming,  da tabase des ign  and a p p l i c a t i o n s .  

In t h i s  paper we i n v e s t i g a t e  the problem o f  p e r m i t t i n g  an 

a r b i t r a r y  number of processes to ope ra te  c o n c u r r e n t l y  on a database 

s t o r e d  as a B - t r e e  s t r u c t u r e .  A new s o l u t i o n  is  proposed t o g e t h e r  

w i t h  some techn iques  which m igh t  a l so  be a p p l i c a b l e  f o r  h a n d l i n g  

concur rency  in  o t h e r  data  s t r u c t u r e s .  We a l so  show t h a t  t h i s  

s o l u t i o n  can be ex tended to a t r e e - o f - t r e e s  s t r u c t u r e  c a l l e d  the 

T - t r e e  w i t h o u t  any i n c r e a s e  in  overhead but  a l l o w i n g  a u n i f o r m  view 

and c o n s i s t e n t  t r e a t m e n t  o f  concur rency  a t  both the page t r e e  and 

the page node l e v e l s .  

2. PRELIMINARIES 
In t h i s  s e c t i o n  we f i r s t  d e f i n e  the B - t r e e  s t r u c t u r e  and 

then p resen t  some p r e l i m i n a r i e s  about  the problem o f  s u p p o r t i n g  

c o n c u r r e n t  o p e r a t i o n s  in  B - t r e e s .  

2 .1 .  B-TREES 

D e f i n i t i o n  I :  A B - t r e e  o f  o r d e r  m (~3) is  a page t r ee  which 

s a t i s f i e s  the f o l l o w i n g  p r o p e r t i e s :  ( I )  Every node has a t  most 
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m sons.  (2) Every node,  excep t  f o r  the r o o t  and the leaves~ has 

at  l e a s t  [m/21 sons.  (3) The r o o t  has at  l e a s t  two sons.  (4) A 

n o n l e a f  node w i t h  j + l  sons c o n t a i n s  j keys and can be r e p r e s e n t e d  

Pl K2 

as f o l l o w s :  

K1 I 

i 

\ 
\ 

\ 
P2 . . . . . . . . . . . . . .  P j - l  Kj ~ j ~  

\ \ 
where the P i ' s  are p o i n t e r s  to i t s  sons and the K i ' s  are keys such 

t h a t  a l l  keys i n  the s u b t r e e  p o i n t e d  to by P i _ l ( P i )  are less  than 

( g r e a t e r  than)  K i f o r  l ~ i ~ j .  (5) A l l  l eaves  appear a t  the 

same l e v e l  and they  are the same as n o n l e a f  nodes excep t  t h a t  a l l  

p o i n t e r s  are n u l l .  

In the l i t e r a t u r e  ( e . g ,  [Bayer  and M c C r e i g h t ] ,  [ K n u t h ] )  

B - t r e e s  are o f t e n  assumed to have s e q u e n t i a l  a l l o c a t i o n  o f  keys 

and p o i n t e r s  i n  page nodes.  In t h i s  paper we s h a l l  a l so  adopt  t h i s  

c o n v e n t i o n .  However,  i t  shou ld  be noted t h a t  B - t r e e s  as used here 

co r respond  to B - S - t r e e s  i n  [Kwong and Wood, 1978 ] .  

2.2 THE CONCURRENCY PROBLEM 

We want to a l l o w  an a r b i t r a r y  number o f  p rocesses  to operate 

c o n c u r r e n t l y  on a database s to red  as a B - t r e e .  These processes are 

assumed to be a s y n c h r o n o u s ,  each o f  wh ich  i s  p r o g r e s s i n g  at  a 

f i n i t e ,  but  unde te rm ined  speed and i s  p e r f o r m i n g  one o f  the 

f o l l o w i n g  o p e r a t i o n s :  

SEARCH ( K , T ) :  to de te rm ine  whe the r  the key K is  in  

some node o f  the t r ee  T. 

INSERT ( K , T ) :  to add the key K to the t r ee  T i f  K 

i s  no t  a l r e a d y  p r e s e n t  in  the t r e e .  

DELETE ( K , T ) :  to remove the key K from the t r e e  T 

i f  K is  p r e s e n t  in  the t r e e .  

The problem we are f a c i n g  i s  how to s u p p o r t  c o n c u r r e n t  o p e r a t i o n s  

so t h a t  the degree o f  c o n c u r r e n c y  can be i n c r e a s e d  as f a r  as i s  

r easonab le  s u b j e c t  to the f o l l o w i n g  c o n s t r a i n t s :  
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( I )  The i n t e g r i t y  o f  the data  and the s t r u c t u r e  o f  the B - t r e e  must 

be p rese rved .  

(2) There should  be no major  m o d i f i c a t i o n s  o f  the data s t r u c t u r e .  

(3) I m p l e m e n t a t i o n  d e t a i l s  must be i n v i s i b l e .  

For obv ious  reasons c o n d i t i o n  (1) must be s a t i s f i e d .  I t  shou ld  be 

noted t h a t  c o n d i t i o n  (2) on l y  s t i p u l a t e s  t h a t  no major  m o d i f i c a t i o n s  

o f  the B - t r e e  s t r u c t u r e  are p e r m i t t e d ,  however ,  i t  does not  r u l e  out  

minor  and n a t u r a l  e x t e n s i o n s  which s i m p l i f y  the s o l u t i o n s  to 

d i f f i c u l t  concur rency  prob lems.  C o n d i t i o n  (3) is imposed to 

e n f o r c e  the d i s t i n c t i o n  between an a l g o r i t h m  and i t s  imp lementa -  

t i o n s .  

B a s i c a l l y  a SEARCH process reads the nodes a long  a path 

from the r o o t  towards some p a r t i c u l a r  l e a f  node. I t  makes no 

changes whatsoever  to the data or the s t r u c t u r e  o f  the t r e e .  For 

t h i s  reason we f e e l  j u s t i f i e d  in  c a l l i n g  i t  a p u r e - r e a d e r .  How- 

e v e r ,  an INSERT or a DELETE process may mod i fy  the  data as we l l  

as the s t r u c t u r e  o f  the t r e e .  We t h e r e f o r e  c a l l  i t  an ~ p d a t e r .  

U s u a l l y  an upda te r  has to go th rough the f o l l o w i n g  two phases: 

(1) search ing~ read in a top-down manner from the r o o t  in  

search o f  the a p p r o p r i a t e  p lace  f o r  adding or removing 

a key;  

(2) r e s t r u c t u r i n g :  add or remove a key and then r e b a l a n c e  the 

t r ee  i f  necessary .  

An upda te r  in  i t s  sea rch ing  phase is  r e f e r r e d  to as an 

u p d a t i n g - r e a d e r ,  to d i s t i n g u i s h  i t  from a pure reader  which is  a l so  

r e a d i n g .  However, once i t  gets i n t o  i t s  r e s t r u c t u r i n g  phase, we 

c a l l  i t  a w r i t e r .  For conven ience ,  we a l so  c a l l  a process a reade r  

i f  i t  is  e i t h e r  a p u r e - r e a d e r  or  an u p d a t i n g - r e a d e r  and the path 

from the r o o t  to a l e a f  as de te rm ined  by a process on i t s  passage 

to the  f r o n t i e r  the access path o f  the process .  

2.3 CONCURRENCY CONTROL 

In o rde r  to r e g u l a t e  c o n c u r r e n t  accesses we need a 

concu r renc~  c o n t r o l  which a s s o c i a t e s  w i t h  each node seve ra l  types 

o f  locks  to be used by processes o p e r a t i n g  on the node and a 

c o m p a t i b i l i t ~  and c o n v e r t i b i l i t y ,  graph (CCG) s p e c i f y i n g  a r e l a t i o n  

which must ho ld  among the v a r i o u s  types o f  l o c k s .  The CCG is a 

d i r e c t e d  graph whose v e r t i c e s  are l a b e l l e d  w i t h  the d i f f e r e n t  types 

o f  l ocks  and whose edges are used to r e p r e s e n t  the c o m p a t i b i l i t y _  
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and con v e r t i b i l i t  ~ r e l a t i o n  (CCR) among the l o c k s .  For any two 

v e r t i c e s  m and # (which need not  be d i s t i n c t )  a s o l i d  edge d i r e c t e d  

from m to 5 means t h a t  a process w i t h  a B - l ock  on a node would 

p e r m i t  a n o t h e r  process to put an m- lock  on t h a t  node. A broken 

edge from m to 5 i n d i c a t e s  t h a t  a process h o l d i n g  an m- lock  on a 

node may c o n v e r t  i t  i n t o  a 5-1ock .  An u n d i r e c t e d  edge between 

and 5 r e p r e s e n t s  two d i r e c t e d  edges from m to  6 and from B to m. 

In our s o l u t i o n  we s h a l l  use the th ree  types o f  locks ( r e a d - l o c k s ,  

w r i t e - l o c k s  and e x c l u s i v e - l o c k s )  proposed in [Bayer  and S c h k o l n i c k ]  

w i t h  i t s  CCG as shown below.  In the sequel  we s h a l l  r e f e r  to these 

locks  as r - l o c k s ,  w - locks  and e - l o c k s  r e s p e c t i v e l y .  

A process can m a n i p u l a t e  the locks  on a node N v i a  t h ree  

types o f  i n d i v i s i b l e  £ p e r a t i o n s ,  v i z .  l o c k ,  un lock  and c o n v e r t :  

( I )  m- lock  (N):  I f  the g r a n t i n g  o f  an m- lock  on node N does not  

v i o l a t e  the CCR then the process is  a l l o w e d  to c o n t i n u e ;  

o t h e r w i s e ,  i t  is  put to s l e e p .  

(2) m-un lock  (N) :  the process s imp l y  wakes up some s l e e p i n g  or 

suspended process in  accordance w i t h  the CCR and some f a i r  

s c h e d u l i n g  d i s c i p l i n e .  

(3) c o n v e r t  (N, ~, B): I t  denotes a reques t  to  change an m- lock  

on a node N i n t o  a g - l o c k .  I f  the c o n v e r s i o n  can be done 

w i t h o u t  v i o l a t i n g  the CCR then i t  is  pe r fo rmed .  Otherw ise  

the o p e r a t i o n  is  u n d e f i n e d .  

3. CONCURRENCY IN B-TREES 

In t h i s  s e c t i o n  we s h a l l  propose a new s o l u t i o n  f o r  sup- 

p o r t i n g  c o n c u r r e n t  o p e r a t i o n s  in B - t r e e s .  B a s i c a l l y  our s o l u t i o n  

is  an improved v e r s i o n  o f  the s o l u t i o n s  in [Bayer  and S c h k o l n i c k ]  

and [ E l l i s ] ,  us ing a new r e s t r u c t u r i n g  t e c h n i q u e  which we c a l l  

s i d e - b r a n c h i n g .  As we s h a l l  see i t  suppor ts  a f a i r l y  h igh  degree 

o f  concu r rency  among p rocesses .  Moreover ,  i t  r e q u i r e s  no m o d i f i c a -  

t i o n  to  the B - t r e e  s t r u c t u r e  and a l l  i m p l e m e n t a t i o n  d e t a i l s  remain 
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i n v i s i b l e ~  the reby  s a t i s f y i n g  a l l  c r i t e r i a  o f  a d e s i r a b l e  s o l u t i o n  

s p e c i f i e d  in  S e c t i o n  2 .2 .  For b r e v i t y  we s h a l l  c o n s i d e r  con- 

c u r r e n t  s e a r c h i n g  and i n s e r t i o n  o n l y ,  however ,  i t  is  q u i t e  

s t r a i g h t f o r w a r d  to ex tend our s o l u t i o n  to  p e r m i t  d e l e t i o n .  

As in  [Samad i ] ,  [ P a r r ] ,  [Bayer  and S c h k o l n i c k ]  and [ E l l i s ] ,  

our s o l u t i o n  makes use o f  a s imp le  o b s e r v a t i o n :  f o r  an upda te r  U 

o p e r a t i n g  in  a s e q u e n t i a l  env i r onmen t  t h e r e  e x i s t s  a node which is  

the r o o t  o f  a sub t ree  beyond which a l l  changes in  data  and s t r u c t u r e  

due to U cannot  p ropaga te .  We c a l l  i t  a safe  node f o r  U. We a l so  

c a l l  the safe  node which i s  deepest  i n  the t r e e  as de te rm ined  by U 

in  i t s  passage to the f r o n t i e r  the dee pes.t safe node (o r  dsn) 

f o r  U and the path from i t  to a l e a f  de te rm ined  by U the scope 

o f  U. 

D e f i n i t i o n  2: A node in a B - t r e e  is  i n s e r t i o n - s a f e  or i - s a f e  i f  i t  

i s  u n s a t u r a t e d ,  i . e .  i t  has less  than m-I keys.  

In the f o l l o w i n g  we f i r s t  g i ve  an i n f o r m a l  d e s c r i p t i o n  o f  

our s o l u t i o n .  A SEARCH process is  a p u r e - r e a d e r  which searches 

down the t r e e  f o r  the argument key K by f i r s t  r - l o c k i n g  the r o o t  

and then on i t s  passage to the f r o n t i e r  i t  r - u n l o c k s  a node on l y  

a f t e r  i t  has r - l o c k e d  i t s  son. On the o t h e r  hand an INSERT process 

f i r s t  l ocks  i t s  scope by w - l o c k i n g  the r o o t  and then on i t s  passage 

to the f r o n t i e r ,  the a p p r o p r i a t e  nodes are w- locked  and examined.  

When a safe  node i s  f ound ,  a l l  i t s  ances to rs  are then w -un locked .  

I f  the argument key K is  found the process is  t e r m i n a t e d  a f t e r  

r e l e a s i n g  a l l  i t s  locks  on nodes. Otherw ise  on r e a c h i n g  a l e a f  node 

i t s  scope must be w - l ocked  and i t  can ~ then beg in  r e s t r u c t u r i n g .  We 

s h a l l  r e f e r  to these methods employed by the pure-  and u p d a t i n g -  

readers  as l o c k - c o u p l i n g ,  t e c h n i q u e s .  

In a l l  proposed s o l u t i o n s  in the l i t e r a t u r e ,  a key and a 

p o i n t e r  are added to a node a t  each r e s t r u c t u r i n g  s t ep ,  s t a r t i n g  

a t  the l e a f  node o f  the scope. I f  the node is  not  i - s a f e  i t  becomes 

o v e r s a t u r a t e d  and is  s p l i t  i n t o  two " h a l v e s " .  This leads  to a key 

and a p o i n t e r  be ing pushed upward to be added to the f a t h e r  node. 

A f t e r  add ing to i t s  dsn the w r i t e r  w i l l  then have comple ted i t s  

r e s t r u c t u r i n g .  This common approach r e q u i r e s  two a d d i t i o n a l  f i e l d s  

per node f o r  the e x t r a  key and p o i n t e r  s ince  a node can become 

o v e r s a t u r a t e d .  Moreover ,  in  add ing a key and a p o i n t e r  to a 

s a t u r a t e d  node, keys and p o i n t e r s  must be s h i f t e d  to make space f o r  

the new e n t r i e s .  Such s h i f t i n g  is  o f t e n  redundan t  because " h a l f "  o f  
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the node has to be cop ied  i n t o  a new node and d e l e t e d  soon a f t e r -  

wards.  

I n s t e a d  o f  a c t u a l l y  add ing  a key and a p o i n t e r  to a node 

a t  each r e s t r u c t u r i n g  s t e p ,  a w r i t e r  i n  our s o l u t i o n  uses the key 

to d e t e r m i n e  whe the r  i t  shou ld  be added to the l e f t  or r i g h t  " h a l f "  

I t  then cop ies  the a p p r o p r i a t e  " h a l f "  i n t o  a newly  c rea ted  node to 

wh ich  the  key and p o i n t e r  are added and pushes a key and a p o i n t e r  

upward w h i l e  l e a v i n g  the node in  i t s  scope i n t a c t .  The w r i t e r  

c o n t i n u e s  r e s t r u c t u r i n g  upward in  t h i s  way u n t i l  the l e a d i n g  node 

o f  i t s  scope is  reached .  I t  then adds a key and a p o i n t e r  to t h i s  

node wh ich  must be i - s a f e .  Observe t h a t  be fo re  add ing  to the safe 

node the w r i t e r  i s  s i m p l y  r e a d i n g  keys and p o i n t e r s  i n  the nodes o f  

i t s  scope and b u i l d i n g  a s i d e - b r a n c h  wh ich  in  i n a c c e s s i b l e  to o t h e r  

p rocesses .  O b v i o u s l y  p u r e - r e a d e r s  on i t s  scope are not  a f f e c t e d .  

We s h a l l  r e f e r  to t h i s  r e s t r u c t u r i n g  t e c h n i q u e  as s i d e - b r a n c h i a .  

I t  shou ld  be noted t h a t  when a key and a p o i n t e r  are added to  the 

dsn by a w r i t e r ,  we o n l y  r e q u i r e  t h a t  the node i s  be ing  w - l ocked  

by the  w r i t e r ,  wh ich  means t h a t  t he re  can be many c o n c u r r e n t  pure -  

readers  on t h a t  node. Th is  i s  made p o s s i b l e  by us ing  a g e n e r a l i z e d  

v e r s i o n  o f  the RW-add i t i on  t e c h n i q u e  wh ich  w i l l  be d i scussed  

l a t e r .  

A f t e r  add ing  the s i d e - b r a n c h  to the l e a d i n g  node of  the 

scope,  the r e m a i n i n g  task  f o r  the w r i t e r  i s  to  remove the appro -  

p r i a t e  " h a l f "  o f  every  node in  i t s  scope o t h e r  than the l e a d i n g  

one. The w r i t e r  can d r i v e  o f f  p u r e - r e a d e r s  o p e r a t i n g  on a node N 

or w a i t i n g  i n  i t s  a s s o c i a t e d  queue by e x e c u t i n g  the f o l l o w i n g  

o p e r a t i o n s :  c o n v e r t  ( f a t h e r  o f  N, w, e ) ;  e - u n l o c k  ( f a t h e r  o f  N);  

c o n v e r t  (N, w, e ) .  I t  can then remove the a p p r o p r i a t e  " h a l f "  o f  

t h a t  node and r e p e a t  t h i s  f o r  eve ry  node in  the scope. The major  

s teps  o f  an INSERT process  can be summarized as f o l l o w s :  

( i )  w - l o c k  i t s  scope. ( i i )  B u i l d  a s i d e - b r a n c h  and add i t  to i t s  

dsn.  ( i i i )  Remove the a p p r o p r i a t e  " h a l f "  o f  each node in  i t s  
scope. 

Note t h a t  f o u r  major t e c h n i q u e s ,  v i z .  l o c k - c o u p l i n g ,  

d r i v i n g  o f f  r e a d e r s ,  s i d e - b r a n c h i n g  and R W - a d d i t i o n ,  are used in  

our s o l u t i o n .  The f i r s t  two t e c h n i q u e s  were used i n  v a r i o u s  p ro -  

posed s o l u t i o n s  i n  the l i t e r a t u r e  but  have not  been e x p l i c i t l y  

i d e n t i f i e d .  The most i m p o r t a n t  t e c h n i q u e  t h a t  we i n t r o d u c e  i s  s i d e -  

b r a n c h i n g ,  wh ich  i s  based on the s imp le  n o t i o n  o f  making e x t r a  
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cop ies  o f  keys and p o i n t e r s  w h i l e  l e a v i n g  nodes i n  the scope o f  a 

w r i t e r  i n t a c t  u n t i l  the ve ry  l a s t  moment. The RW-add i t i on  

t e c h n i ~  t h a t  a l l o w s  an a r b i t r a r y  number o f  p u r e - r e a d e r s  to  

ope ra te  on a node to  wh ich  a w r i t e r  is  add ing  a key and a p o i n t e r  

c o n c u r r e n t l y  was f i r s t  i n t r o d u c e d  in  [ E l l i s ]  to i n c r e a s e  " i n t r a -  

noda l "  c o n c u r r e n c y  among p rocesses .  In t h e i r  o p e r a t i o n s  on a node 

readers  and w r i t e r s  are r e q u i r e d  to proceed in  o p p o s i t e  d i r e c t i o n s  

under a r a t h e r  severe r e s t r i c t i o n  - -  the r e a d i n g  ( w r i t i n g )  o f  a key 

and a p o i n t e r  must be i n d i v i s i b l e .  In our v e r s i o n  o f  RW-add i t i on  

we show t h a t  t h i s  r e s t r i c t i o n  can be removed by r e q u i r i n g  pu re -  

readers  to per fo rm repea ted  r ead ing  whenever  necessa ry .  Note t h a t  

the  RW-add i t ion  t e c h n i q u e  s p e c i f i e d  below can be v iewed as an 

a p p l i c a t i o n  o f  the r e s u l t s  in  [ Lampor t ]  to the p a r t i c u l a r  s i t u a t i o n  

of B - t r e e s .  

p rocedure  READ (K, node) ;  

comment de te rm ine  whe the r  K is  in  the node and i f  not  then r e t u r n  

p o i n t e r  to the a p p r o p r i a t e  son wh ich  shou ld  be sea rched ;  

b e g i n  

comment search  from l e f t  to r i g h t  and remember the key a t  each 

s t ep ;  

i := l ;  key := K i ;  

L: do (K > key and K i no t  r i g h t m o s t )  

i := i + l  & key := K i ;  

i f  K = key then r e p o r t  K is  found e lse  

beg in  

comment read the p o i n t e r  and check i t s  v e r s i o n  number; 

i f  K < key then 

beg in  

p o i n t e r s  := P i - l ;  

i f  key ~ K i then i := i + l  & g9 to L 

end 

e lse  

begi______nn 

p o i n t e r  := P i ;  

i f  K i not  r i g h t m o s t  then i := i + l  & ~o to L 

end; 

r e p o r t  K no t  f ound ;  r e t u r n  p o i n t e r  

end 

end 
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p rocedure  ADD (K, P, n o d e ) ;  

comment add the key K and the p o i n t e r  P to the node; 

beg in  

comment search from r i g h t  to  l e f t ;  

l e t  i be the i ndex  o f  r i g h t m o s t  key;  

do_ (K < K i and i ~ i ndex  o f  l e f t m o s t  key) 

comment s h i f t  by copy i ng  p o i n t e r  f i r s t  and then key; 

P i+ l  := P i ;  Ki+ 1 := K.'~, i := i - I  
o_d_; 

comment add K and P; 

P i+ l  := P i ;  K i+ l  := K; add P 
end 

We can now f o r m a l l y  p resen t  the a l g o r i t h m s  f o r  s e a r c h i n g  

and i n s e r t i o n .  For s i m p l i c i t y  we assume t h a t  the r oo t  o f  a B - t r e e  

i s  a lways i - s a f e .  

p rocedure  SEARCH ( K , T ) ;  

comment de te rm ine  i f  the key < i s  i n  some node o f  the t ree  T; 

beg in  

comment search from top down us ing  l o c k - c o u p l i n g  t e c h n i q u e ;  

r - l o c k  ( r o o t  o f  T ) ;  

c u r r e n t  := r o o t  o f  T; 

READ c u r r e n t  to de te rm ine  whether  K is  i n  i t  and i f  not  then 

f i n d  the a p p r o p r i a t e  son;  

do ( c u r r e n t  no t  a l e a f  and K not  found)  

r - l o c k  ( s o n ) ;  r - u n l o c k  ( c u r r e n t ) ;  

c u r r e n t  := son;  READ c u r r e n t  

r e p o r t  i f  K has been f ound ;  

r - u n l o c k  ( c u r r e n t )  

end 
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procedure  INSERT ( K , T ) ;  

comment add the key K to the t r e e  T i f  K is not  a l r e a d y  p r e s e n t ;  

bea in  

comment search f o r  K and proceed to lock  scope by l o c k - c o u p l i n g ;  

w - lock  ( r o o t  o f  T) ;  c u r r e n t  := r o o t  o f  T; 

DETERMINE the a p p r o p r i a t e  son and whether  K is  in  c u r r e n t ;  

do ( c u r r e n t  no t  a l e a f  and K not  found)  

w - l o c k  ( s o n ) ;  c u r r e n t  := son; 

i f  c u r r e n t  is  i - s a f e  then w-un lock  ances to rs  o f  c u r r e n t ;  

DETERMINE 

od;  

comment check i f  K is  a l r e a d y  p r e s e n t ;  

i f  K has been found then 

w-un lock  c u r e n t  and i t s  ances to rs  & r e p o r t  K a l r e a d y  p resen t  

e l se  

comment r e s t r u c t u r e  by s i d e - b r a n c h i n g ;  

do ( c u r r e n t  not  i - s a f e )  

CREATE s ide  branch & c u r r e n t  := f a t h e r  o f  c u r r e n t ;  

ADD s ide  branch to c u r r e n t ;  

comment remove redundan t  cop ies  o f  keys and p o i n t e r s ;  

c o n v e r t  ( c u r r e n t ,  w, e ) ;  e - u n l o c k  ( c u r r e n t ) ;  

do ( c u r r e n t  not  a l e a f )  

c u r r e n t  := son o f  c u r r e n t  on access pa th ;  

c o n v e r t  ( c u r r e n t ,  w, e ) ;  

REMOVE a p p r o p r i a t e  " h a l f "  o f  c u r r e n t ;  

e - u n l o c k  ( c u r r e n t )  

od 

end 

end 

In our a l g o r i t h m s  f o r  sea rch ing  and i n s e r t i o n ,  f i v e  p ro -  

cedures are used, v i z .  READ, ADD, DETERMINE, CREATE and REMOVE. 

READ and ADD are used to  p e r m i t  RW-add i t ion  and have a l r e a d y  been 

s p e c i f i e d .  The o t h e r  t h ree  procedures  are used e i t h e r  by an u p d ~ e r  

in a s e q u e n t i a l  env i r onmen t  or by a reade r  in  the presence o f  con- 

c u r r e n t  p u r e - r e a d e r s  but no o t h e r  u p d a t e r s .  Hence they  can be 

s p e c i f i e d  in  a s t r a i g h t f o r w a r d  manner r e g a r d l e s s  o f  concu r rency .  
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4. EXTENSION TO T-TREES 

I t  was p o i n t e d  out  in [Kwong and Wood, 1978] t h a t  a major  

d e f i c i e n c y  o f  the B - t r e e  s t r u c t u r e  is  t h a t  " i n t r a n o d a l "  o p e r a t i o n s ,  

i . e .  those o p e r a t i o n s  w i t h i n  a page node such as s e a r c h i n g  and key 

a d d i t i o n  ( r emova l )  t h a t  do not  cause o v e r f l o w  ( u n d e r f l o w ) ,  r e q u i r e  

O(m) t ime .  This cou ld  be a s e r i o u s  problem when the re  are seve ra l  

hundred keys in a page node - -  a s i t u a t i o n  which is  not  unusua l .  

However, a l l  these o p e r a t i o n s  can be done in  O( log  m) t ime i f  the 

page nodes are o r g a n i z e d  as t r e e s .  We are t h e r e f o r e  l ed  to the 

t r e e - o f - t r e e s  s t r u c t u r e  c a l l e d  the T - t r e e .  Besides g u a r a n t e e i n g  

l o g a r i t h m i c  per fo rmance f o r  i n t r a n o d a l  o p e r a t i o n s ,  t h i s  t r e e - o f -  

t r e e s  s t r u c t u r e  i s  ve ry  a t t r a c t i v e  in  s u p p o r t i n g  c o n c u r r e n t  

o p e r a t i o n s :  when m u l t i p l e  users are a l l o w e d  to search and update 

in  p a r a l l e l ,  the sea rch ing  and u p d a t i n g  a l g o r i t h m s  used a t  the page 

t r e e  l e v e l  can a l s o  be employed,  w i t h  some s i m p l i f i c a t i o n s ,  a t  the 

page node l e v e l ,  in  t h i s  s e c t i o n  we s h a l l  examine a subc lass  o f  

T - t r e e s  which o f f e r s  a u n i f o r m  v iew o f  the data s t r u c t u r e  and 

i n v e s t i g a t e  how to  ex tend our s o l u t i o n  in  S e c t i o n  3 to t h i s  subc lass  

in o rde r  to ach ieve  a c o n s i s t e n t  v iew and a u n i f o r m  t r e a t m e n t  o f  

concu r rency  a t  both  the page t r e e  and the page node l e v e l s .  

D e f i n i t i o n  3: Let  f :N  + N be a f u n c t i o n  on the set  o f  p o s i t i v e  

i n t e g e r s  such t h a t  2 ~ f(m) ~ [m/2]  ho lds  f o r  a l l  m ~ 3. An 

f ( m ) - t r e e  i s  a page t r e e  which s a t i s f i e s  p r o p e r t i e s  ( I ) ,  ( 3 ) ,  ( 4 ) ,  

(5) o f  a B - t r e e  i n  D e f i n i t i o n  1 and a l so  the f o l l o w i n g :  ( 2 ' )  Every 

node, excep t  f o r  the r o o t  and the l e a v e s ,  has a t  l e a s t  f(m) sons. 

B a s i c a l l y ,  f ( m ) - t r e e s  are a g e n e r a l i z a t i o n  o f  B - t r e e s  in 

which the min imal  number o f  sons a n o n l e a f  node (excep t  the r o o t )  

must have is  between 2 and [ m / 2 ] , d e p e n d i n g  on the f u n c t i o n  f .  Note 

t h a t  no assumpt ions are made about  the i n t e r n a l  o r g a n i z a t i o n  o f  

page nodes. 

D e f i n i t i o n  4: A t r e e - o f - t r e e s  (o r  s imp l y  a T - t r e e )  o f  o rde r  m is  

an f ( m ) - t r e e  in which a l l  page nodes are r e p r e s e n t e d  by ba lanced 

t rees  o f  a p a r t i c u l a r  t ype .  Thus we o b t a i n ,  f o r  example ,  TAV L- 

and T2_3 - t rees  when AVL- t rees  and 2 - 3 - t r e e s  r e s p e c t i v e l y ,  are used. 

In our s o l u t i o n  f o r  B - t r e e s ,  r - l o c k s  and w- locks  are 

employed by p u r e - r e a d e r s  and upda te rs  r e s p e c t i v e l y  in  t h e i r  ope ra -  

t i o n s  on the page t r e e .  Because o f  s i d e - b r a n c h i n g ,  w- locks  are 

c o n v e r t e d  by an upda te r  i n t o  e - l o c k s  o n l y  a t  the f i n a l  s teps o f  

r e s t r u c t u r i n g .  Note t h a t  a t  any t ime t he re  can be a t  most one page 
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node. be ing  e - l o c k e d  by an upda te rand  most nodes in the page t r e e  

are u s u a l l y  not  e - l o c k e d .  I n t r a n o d a l  concur rency  is  t h e r e f o r e  

u s u a l l y  p e r m i t t e d  f o r  any nodes among an a r b i t r a r y  number o f  pure -  

readers  and a t  most one upda te r .  A l though no two upda te rs  can 

ope ra te  on a node c o n c u r r e n t l y  and t h i s  m igh t  appear to be an un- 

d e s i r a b l e  r e s t r i c t i o n ,  however,  i t  is  t h i s  s p e c i a l  f e a t u r e  t h a t  

a l l o w s  the s e a r c h i n g  and upda t i ng  a l g o r i t h m s  at  the page t r ee  l e v e l  

to be a p p l i e d  w i t h i n  page nodes to suppor t  i n t r a n o d a l  concu r rency  

w i t h o u t  any i n c r e a s e  in ove rhead ,  p r o v i d e d  t h a t  page nodes are 

o r g a n i z e d  as B - t r e e s .  Observe t h a t  our s o l u t i o n  in  Sec t i on  3 

r e q u i r e s  a process to lock  a page node b e f o r e  i t  can o p e r a t e  on i t .  

T h e r e f o r e ,  an upda te r  w i l l  a lways have the whole B - t r e e  i n s i d e  

the page node w- locked  be fo re  i t  s t a r t s  adding ( remov ing)  a key 

and a p o i n t e r  to ( f rom)  the node. Obv ious l y  i t  is  not  necessary  

f o r  an upda te r  to even a t t emp t  to c a r r y  out any f u r t h e r  w - l o c k i n g .  

Because o f  s i d e - b r a n c h i n g  an upda te r  can a l l o w  p u r e - r e a d e r s  to be 

p resen t  in  the page node u n t i l  i t s  s i d e - b r a n c h  has been comp le ted .  

At t h i s  p o i n t  the upda te r  must d r i v e  away a l l  p u r e - r e a d e r s  be fo re  

removing redundant  cop ies  o f  keys and p o i n t e r s .  This can be done 

e a s i l y  by us ing the concur rency  c o n t r o l  a l r e a d y  a v a i l a b l e  - -  con- 

v e r t i n g  the w- lock  on the page node i n t o  an e - l o c k .  Since i t  i s  

unnecessary  f o r  p u r e - r e a d e r s  to p r o v i d e  a means f o r  a c o n c u r r e n t  

upda te r  to get  r i d  o f  them from nodes w i t h i n  page nodes,  no l o c k i n g  

i n s i d e  page nodes, l e t  a lone  l o c k - c o u p l i n g ,  is  necessary  f o r  pure-  

r e a d e r s .  From t h i s  i n f o r m a l  d e s c r i p t i o n  i t  shou ld  be c l e a r  t h a t  

a l g o r i t h m s  f o r  sea rch ing  and upda t i ng  deve loped  f o r  a page t r e e  can 

a l so  be used, a f t e r  s i m p l i c i c a t i o n ,  w i t h i n  page nodes. We must 

emphasize t h a t  t h i s  un i f o rm  t r e a t m e n t  o f  concur rency  at  the page 

t r e e  and the page node l e v e l s  is  ach ieved  w i t h o u t  i n t r o d u c i n g  

ano the r  l e v e l  of  concur rency  c o n t r o l  f o r  i n t r a n o d a l  o p e r a t i o n s .  As 

we s h a l l  show the a l g o r i t h m s  f o r  sea rch ing  and u p d a t i n g  a t  the page 

t r e e  l e v e l  need on l y  s l i g h t  m o d i f i c a t i o n s .  

D e f i n i t i o n  5: A TB- t ree  o f  o rde r  (m,n) is a T - t r e e  o f  o rde r  m in  

which the page nodes are o r g a n i z e d  as B - t r ees  o f  o rde r  n. 

Note t h a t  the number o f  n u l l  p o i n t e r s  in  the leaves  o f  a 

B - t r e e  is always one more than the number o f  keys in the t r e e .  

When a page node is o r g a n i z e d  as a B - t r e e  we r e p l a c e  these n u l l  

p o i n t e r s  w i t h  p o i n t e r s  to the sons o f  the page node, g i v i n g  a very  

n a t u r a l  r e p r e s e n t a t i o n  o f  keys and p o i n t e r s .  
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In the f o l l o w i n g  we s h a l l  p r e s e n t  the a l g o r i t h m s  f o r  

s e a r c h i n g  and i n s e r t i o n  i n  a T B - t r e e .  Cons ider  a p p l y i n g  the 

a l g o r i t h m s  SEARCH and INSERT deve loped in  S e c t i o n  3 to the page 

t r e e  o f  a T B - t r e e .  I t  shou ld  be e v i d e n t  t h a t  we need to mod i f y  

o n l y  those p rocedures  i n  the a l g o r i t h m s  wh ich  assume s e q u e n t i a l  

a l l o c a t i o n  w i t h i n  page nodes.  Hence the new a l g o r i t h m  f o r  search ing  

i n  a T B - t r e e  i s  i d e n t i c a l  to SEARCH excep t  t h a t  READ must be r e -  

p laced  by t-READ, where the p r e f i x  t i n d i c a t e s  t h a t  t-READ i s  a 

" t r e e "  v e r s i o n  o f  READ. B a s i c a l l y  t-READ can be d e r i v e d  from SEARCH 

by d i s c a r d i n g  a l l  l o c k i n g  and u n l o c k i n g  o p e r a t i o n s .  

p rocedure  t-READ ( K , T ) ;  

comment de te rm ine  whe the r  K is  in  some node o f  T and i f  no t  

r e t u r n  a p o i n t e r  to  the son wh ich  shou ld  be sea rched ;  

b_~ in  

c u r r e n t  := r o o t  o f  T; 

READ c u r r e n t  to  de te rm ine  whe the r  K is  i n  i t  and i f  no t  then 

f i n d  the a p p r o p r i a t e  son;  

do ( c u r r e n t  no t  a l e a f  and K no t  found)  

c u r r e n t  := son & READ c u r r e n t ;  

i f  K has been found then r e p o r t  K is  found 

e l se  r e p o r t  K no t  found & r e t u r n  son 

end 

We can d e r i v e  the a l g o r i t h m  f o r  i n s e r t i o n  i n  a TB - t r ee  from 

INSERT as f o l l o w s :  (1)  S u b s t i t u t e  the p rocedures  DETERMINE, 

CREATE and REMOVE w i t h  t-DETERMINE, t-CREATE and t-REMOVE. 

(2) Replace {ADD s i d e - b r a n c h  to c u r r # n t ;  c o n v e r t  ( c u r r e n t ,  w, e ) ;  

e - u n l o c k  ( c u r r e n t ) }  w i t h  { t -ADD s i d e - b r a n c h  to  c u r r e n t } .  

Reca l l  t h a t  p rocedure  DETERMINE is  the same as READ e x c e p t  

t h a t  i t  i s  used by a w r i t e r  on a node t h a t  i t  has w - l o c k e d .  The re -  

f o re  t-DETERMINE i s  the same as t-READ e x c e p t  t h a t  READ is  r ep l aced  

by DETERMINE f o r  e f f i c i e n c y .  

As i n  CREATE and REMOVE, the p rocedures  t-CREATE and 

t-REMOVE are employed by a w r i t e r  o p e r a t i n g  e i t h e r  i n  a s e q u e n t i a l  

e n v i r o n m e n t  or as a reader  i n  the presence o f  c o n c u r r e n t  pu re -  

readers  bu t  no o t h e r  w r i t e r s .  Hence they  can be s p e c i f i e d  in  a 

s t r a i g h t f o r w a r d  manner p r o v i d e d  t h a t  the new page node c rea ted  by 

t-CREATE and the page node l e f t  beh ind  a f t e r  i t s  a p p r o p r i a t e  " h a l f "  

has been removed by t-REMOVE are a t  l e a s t  m i n i m a l .  As noted i n  

[Kwong and Wood, 1978] t-CREATE and t-REMOVE f o r  T 2 _ 3 - t r e e s  can be 
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ve ry  s imp le  p r o v i d e d  t h a t  f (m) = 211°g3 ( m + l ) ] - I  The fo rmer  con- 

s i s t s  o f  copy ing  the l e f t  (o r  r i g h t )  sub t r ee  from a page node i n t o  

a new page to wh ich  a key and a p o i n t e r  are then added, whereas the 

l a t t e r  c o n s i s t s  o f  s imp l y  removing the sub t r ee  wh ich  has been copied 

and f o rm ing  a ne~ r o o t  i f  necessa ry .  

B a s i c a l l y  p rocedure  t-ADD can be d e r i v e d  from INSERT by 

d i s c a r d i n g  a l l  l o c k i n g  and u n l o c k i n g  o p e r a t i o n s .  In a d d i t i o n ,  

check ing  f o r  the presence o f  the argument key i s  no t  necessary  be- 

cause t h i s  p rocedure  w i l l  be used o n l y  when the key i s  absen t .  

A f t e r  a s i d e - b r a n c h  has been b u i l t  w i t h i n  a page node, a l l  pu re -  

reade rs  must be d r i v e n  away be fo re  redundan t  keys and p o i n t e r s  can 

be removed. As i n d i c a t e d  e a r l i e r ,  t h i s  can be c a r r i e d  out  by t o n -  

v e r t i n g  the w - l o c k  on the page node i n t o  an e - l o c k .  To reduce 

e - l o c k i n g  t h i s  c o n v e r t  o p e r a t i o n  is  combined w i t h  t h a t  a t  the page 

t r ee  l e v e l ,  t h e r e b y  j u s t i f y i n g  s tep (2) i n  our d e r i v a t i o n  of  an 

i n s e r t i o n  a l g o r i t h m  from INSERT. 

p rocedure  t-ADD ( K , P , T ) ;  

comment add key K and p o i n t e r  P to the t ree  T i n s i d e  a page node; 

beg in  

comment search f o r  the a p p r o p r i a t e  p lace  to add K and P; 

c u r r e n t  := r o o t  o f  T; DETERMINE the a p p r o p r i a t e  son;  

do ( c u r r e n t  not  a l e a f )  

c u r r e n t  := son & DETERMINE 

comment r e s t r u c t u r e  by s i d e - b r a n c h i n g  

do ( c u r r e n t  no i - s a f e )  

CREATE s i d e - b r a n c h  & c u r r e n t  := f a t h e r  o f  c u r r e n t ;  

ADD s i d e - b r a n c h  to  c u r r e n t ;  c o n v e r t  (T,  w, e ) ;  

do ( c u r r e n t  no t  a l e a f )  

c u r r e n t  := son o f  c u r r e n t  & REMOVE a p p r o p r i a t e  " h a l f "  o f  

c u r r e n t ;  

e - u n l o c k  (T) 

end 
Two i m p o r t a n t  f e a t u r e s  o f  s i d e - b r a n c h i n g  as a r e s t r u c t u r i n g  

t e c h n i q u e  i n s i d e  page nodes o r g a n i z e d  as B - t r e e s  shou ld  be no ted :  

( I )  For r e s t r u c t u r i n g  at  the page t ree  l e v e l ,  s i d e - b r a n c h i n g  

m igh t  cause e x t r a  page f e t c h e s  because an upda te r  needs an 

e x t r a  pass over  i t s  scope. However, t h i s  d i s a d v a n t a g e  

van i shes  when s i d e - b r a n c h i n g  is  a p p l i e d  w i t h i n  page nodes 

s i nce  no page f e t c h e s  are i n v o l v e d .  
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(2) I f  r e s t r u c t u r i n g  w i t h i n  a page node is  c a r r i e d  out  by 

a d o p t i n g  any o t h e r  proposed s o l u t i o n  in  the l i t e r a t u r e  then 

e i t h e r  the page node must be e - l o c k e d  d u r i n g  the e n t i r e  

r e s t r u c t u r i n g  phase or  the page node must be e - l o c k e d  and 

e - u n l o c k e d  many t imes .  

5. CONCLUDING REMARKS 

In t h i s  paper we have g iven a new s o l u t i o n  to the problem 

o f  s u p p o r t i n g  c o n c u r r e n t  o p e r a t i o n s  in  B - t r e e s ,  us ing  a t e c h n i q u e  

c a l l e d  s i d e - b r a n c h i n g .  We have a l so  proposed a new data s t r u c t u r e ,  

namely T - t r e e s ,  as an a l t e r n a t i v e  to B - t r e e s  f o r  r e p r e s e n t i n g  l a r g e  

o rde red  indexes  and i l l u s t r a t e d  how our s o l u t i o n  f o r  B - t r ees  can 

w i t h  s l i g h t  m o d i f i c a t i o n  be a p p l i e d  to T - t r e e s  so t h a t  a c o n s i s t e n t  

v iew and t r e a t m e n t  o f  concu r rency  is  o b t a i n e d .  

How does our s o l u t i o n  f o r  B - t r e e s  compare w i t h  proposed 

s o l u t i o n s  in  the l i t e r a t u r e ?  As shown in  [Kwong and Wood, 1979] 

a l l  but  one s o l u t i o n  in  the l i t e r a t u r e  can be c l a s s i f i e d  i n t o  one 

o f  two c a t e g o r i e s  ( t ypes  1 and 2) depend ing on whether  the number 

o f  nodes t h a t  must be locked  a t  each r e s t r u c t u r i n g  s tep is un- 

bounded or  bounded, r e s p e c t i v e l y .  The s o l u t i o n  p resen ted  here is  

o f  type l and i t  p r o v i d e s  a h i g h e r  degree o f  concu r rency  than a l l  

p r e v i o u s  type l s o l u t i o n s .  In [Kwong and Wood, 1979] a type 2 

s o l u t i o n  is  a l so  g i v e n .  However, i t  i s  no t  a t  a l l  c l e a r  whether  a 

type 2 s o l u t i o n  is  a lways b e t t e r  than a type l s o l u t i o n ,  un less  i t  

is  r e a s o n a b l y  s imp le  and no more than 2 or 3 nodes need to be locked 

a t  each r e s t r u c t u r i n g  s tep .  In the case o f  T - t r e e s ,  even i f  a 

type  2 s o l u t i o n  i s  adopted a t  the page t r e e  l e v e l ,  i t  s t i l l  appears 

p r e f e r a b l e  to adopt  a type l s o l u t i o n  to suppor t  i n t r a n o d a !  con- 

cu r rency  so t h a t  an e x t r a  l e v e l  o f  concu r rency  c o n t r o l  is  not  

necessa ry .  
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