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dis t h e s i s  i n v e s t i g r t t s  nes ted  loops  isetbde f o r  cmputing joins i n  a 

r e l a t i o n a l  database. These methods t r y  t o  determine t h e  optimal  nes t ing  

order  of r e l a t i o n s  i n  the  eva lua t ion  program ( t h a t  is,  t o  minlinize t h e  
", 

number of page fe t ches ) ,  Since t r u e  minimization is  i n  genera l  NP-hard, 

s e v e r a l  h e u r i s t i c  algori thms (C, D ,  and D2) have been developed and 

compared with the  c u r r e n t l y  k n o w n - ~ l g o r i t h m s  (A and B). The h e u r i s t i c  

s o l u t i o n s  obtained f rom these algorithtns a r e  improved by interchanging 

adjacent  r e l a t i o n s .  Experiments a r e  conducted f o r  t e s t i n g  t h e  algorithats.  

t o  genera l  que r i e s ) ,  algori thm D g ives  the  best closeness-of-solution t o  

t h e  optinral one. For over 200 example quer i e s  involving 6 o r  fewer 

r e l a t i o n s ,  the  number of page f e t c h e s  required by the  s o l u t i o n s  of 

algori thm D were never more than 38 percent g r e a t e r  than the  optimal  

va lues ,  and on t h e  average less t h a w 5  percent greater than optimal. Two 
- - 8 '  - - - 

s p e c i a l  cases have been i d e n t i f i e d  which can be solved preciseclly : 1) t he  

4 input  query is  a genera l  query involving th ree  r e l a t i o n s ;  and 2)  t h e  input  

query i s  a loop query. Further  experiments i n d i c a t e  t h a t ,  for a l l  t h e  

sample quer i e s  used above, t h e  nested -loops outperform t h e  sort-merge 

method of query evaluat ion.  Under the  assumption t h a t  the  4-way merge s o r t  

is  used and t h a t  every  time t w o  r e l a t i o n s  a r e  merged they m u s t  be so r t ed ,  

algori thm D d i d  b e t t e r  than the  sort-merge method f o r  a l l  of the  sample 

q u e r i e s  used above. - - 
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The term " R e l a t i o n a l  Database  System" h a s  been w i d e l y  used s i n c e  

E.F.Codd p u b l i s h e d  h i s  i n f l u e n t i a l  paper  on t h i s  t o p i c  [CODD-701. The 

r e l a t i o n a l  model s u g g e s t s  that a l l  d a t a  i n  a d a t a b a s e  managemem system may 

x 
k r e p r e s e n t e d  by a set of s i m p l e  two-dimentional t a b l e s  named r e l a t i o n s .  

.$a. 
t 

Within  each  r e l a t i o n  t h e  columns a r e  u s u a l l y  r e f e r r e d  t o  a s  a t t r i b u t e s  ( o r  

d o n a i n s ) ,  and t h e  rows a s  t u p l e s  ( o r  r e c o r d s ) .  Each a t t r i b u t e  is  

a s s o c i a t e d  w i t h  a f i e l d  n a m e .  A n  example o f  a  r e l a t i o n  d e s c r i b i n g  s t u d e n t s  

i n f o r m a t i o n  i s  s h o r n  i n  F i g u r e  1.1. T h i s  r e l a t i o n  c o n s i s t s  o f  t h r e e  

t u p l e s ,  each  o f  which is  made up of t h r e e  d i f f e r e n t  f i e l d s  : 

I STL'DENT NUMBER / NX?E - 1 ADDRESS 
I---- - I -------- I-- --- 1 

I 

F igure  1.1 A r e l a t i o n  R. 

Tuples  of  r e l a t i o n s  a r e  s t o r e d  i n  p h y s i c a l  ( o r  s e c o n d a r y )  s t o r a g e  

space  vh ich  i s  d i v i d e d  i n t o  f i x e d - s i z e  b l o c k s  c a l l e d  pages .  The u n i t  of 



s t o r a g e  a l l o c a t i o n  and t h e  u n i t  of t r a n s f e r  between main s t o r a g e  and 

secondary s t o r a g e  i s  a page. The t r a n s f e r  of a page from secondary 

s t o r a g e  t o  main s t o r a g e  i s  c a l l e d  a  yage  f e t c h .  I n  o r d e r  t o  a c c e s s  a  t u p l e  

i r o n  a  page, a  page f e t c h  i s  incu r r ed  i f  t he  page does n o t  a l r e a d y  r e s i d e  

i n  main s t o r a g e .  

Oueries  t o  a d a t a b a s e  f o r  e x t r a c t i n g  des i r ed  d a t a  a r e  posed through a  

s p e c i a l i z e d  language c a l l e d  query language. The query  language i s  u s u a l l y  

d e s i g n e d  froa a  high-level  computer language and nadc easy t o  use f o r  

inexperienced use r s .  P . l a t l o n a 1  q u e r i e s  ( q u e s t i o n s  about  a  r e l a t i o n a l  

da t abase )  can be expressed i n  high-level  query languages s imply and 

c o n c i s e l y .  A wide v a r i e t y  of query languages have been proposed. Such a s ,  

5ta1EL, r un  under ItJGRES; OLTRY-BY-EXANPLE and SQL, run  under SQL/Data 
6 
P- 

System. There a r e  a number of nethods f o r  acc,essing d a t a  i n  response  t o  

q u e r i e s .  Since a  page fetch is  c o s t l y ,  t he se  methods a t t e m p t ,  through 

d i f f e r e n t  approaches,  t o  minimize t he  number of page f e t c h e s  needed f o r  

answer ing  a query. 

.Answering a  query very o f t e n  r e q u i r e s  computing j o i n s  of r e l a t i o n s ,  

T. nowever, t h e  j o i n  ope ra t i on  i s  t h e  most time consuming and d i f f i c u l t  

o p e r a t i o n ,  f o r  a g r e a t  number of page f e t c h e s  a r e  o f t e n  r equ i r ed .  Much has  

k e n  done on the i n v e s t i g a t i o n  of d i f f e r e n t  approaches f o r  computing j o i n s  

of r e l a t i o n s  [AHO-79,  ASTR-80, DEMO-80, ZBkS-82, KIM-80, MERR-83, PERC-76, 

ROSE-80, SELI-79, MOfr'Cr70, YAO-791. These op t imiza t ion  s t u d i e s  i n  query 

e v a l u a t i o n  inc lude  s i m p l i s t i c  exhaus t ive  s ea rches  a s  w e l l  a s  complex 

h e u r i s t i c  m t h o d s .  The purpose of t h i s  work i s  t o  i n v e s t i g a t e  t h e  nes t ed  

l oops  methods f o r  computing jo fns  i n  a  r e l a t i o n a l  da tabase .  These methods 

a t tempt  t o  determine t h e  op t imal  n e s t i n g  o rde r  of  r e l a t i o n s  i n  t h e  query 



e v a l u a t i o n  program. Optimal n e s t i n g  o r d e r  i s  d e f i n e d  a s  t h e  n e s t i n g  o r d e r  

which minimizes  t h e  number of page f e t c h e s .  

I n  Chapter  2 ,  i m p o r t a n t  a ssumpt ions  and d i f f e r e n t  s t r a t e g i e s  f o r  q u e r y  

e v a l u a t i o n  programs w i l l  be p r e s e n t e d  and d i s c u s s e d .  
I- _1 *, 

- 3  

Chapter  3 w i l l  d i s c u s s  t h e  n e s t e d  l o o p s  method w i t h  s p e c i a l  

c o n s t r u c t i o n  [IBAR-821. The e x p e c t e d  number o f  page f e t c h e s  needed f o r  

answer ing  a query  is  a  f u n c t i o n  o f  t h e  n e s t i n g  s t r u c t u r e  of r e l a t i o n s ,  .- 

This f u n c t i o n  i s  d e f i n e d  a s  t h e  c o s t  f u n c t i o n  we want. t o  minimize.  S i n c e  

t h e  t r u e  m i n i m i z a t i o n  of t h e  e x p e c t e d  number of page f e t c h e s  i s  NP-hard, 

s e v e r a l  h e u r i s t i c  a l g o r i t h m s  a r e  deve loped ,  It w i l l  be a l s o  shown t h a t  i n  

two s p e c i a l  c a s e s  t h e  problem c a n  be s o l v e d  e x a c t l y  when t h e  assumpt ions  of 

c o s t  f u n c t i o n  ho ld .  

Two s e t s  o f  exper iments  w i l l  be conducted i n  Chapter  4. I n  t h e  f i r s t  

s e t ,  t h e  a l g o r i t h m s  proposed i n  t h i s  t h e s i s  a s  w e l l  a s  t h e  e x i s t i n g  ones  

a r e  run.  The i n p u t  q u e r y  s t r u c t u r e s  c o n t a i n  c y c l e s .  The h e u r i s t i c  

s o l u t i o n s  are compared w i t h  t h e  o p t i m a l  s o l u t i o n s  o b t a i n e d  by e x h a u s t i v e  

search. I n  t h e  second set of e x p e r i m e n t s ,  " t r e e  q u e r i e s "  w i l l ' ' ?  be t e s t e d .  

The comparison c r i t e r i a  f o r  t h e  exper iments  are 1) t h e  c l o s e n e s s  o f  t& 
+ 

s o l d t i o n  o b t a i n e d  by a  h e u r i s t i c  a l g o r i t h m  t o  t h e  o p t i n a l  s o l u t i o n  and 2)  

t h e  runn ing  t ime of t h e  a l g o r i t h m .  

I n  Chapter  5 a scheme i s  developed f o r  improving t h e  h e u r i s t i c  

s o l u t i o n s  o b t a i n e d  by t h e  h e u r i s t i c  a l g o r i t h m s  of Chap te r  4. A set of  

e x p e r i m e n t s  w i l l  be conducted f o r  d e t e r m i n i n g  improvements ach ieved  by t h i s  

scheme. 



In Chapter 6 ,  we s h a l l  compare the number of page fetches  required i n  

the nested loops method with that of the sort-merge method. 

The appendices consis t  of the notation used and the formal 

descriptions of the algorithms discussed in  t h i s  t h e s i s .  



CHAPTER 2 

OUERY EVALUATION 

2.1. Nota t ions  and Assumptions --  - 

The r e l a t i o n s  r e f e r enced  i n  a  g iven  query a r e  denoted a s  R1,R2, ..., R . n 

R , A  i s  the a t t r i b u t e  A of r e l a t i o n  
i 

Ri. A query Q i s  def ined  a s  a  

con junc t ion  of s imple p r e d i c a t e s  : 

where 

and 9 i s  one of t he  fo l lowing  comparison o p e r a t o r s ,  

, 
I t  should be noted t h a t  t he  s e t  of  comparison o p e r a t o r s  does not  

i nc lude  the  not-equal  ( f )  s ign .  Rosenkrantz [ROSE-801 proves t h a t  when $ 

comparisons between v a r i a b l e s  a r e  a l lowed,  minimizat ion a s  w e l l  a s  most of 

t h e  corresponding approximation problems a r e  NP-hard. 

The p r e d i c a t e s  a r e  g e n e r a l l y  grouped i n t o  t h r e e  c a t e g o r i e s :  

I .  RI .A& 

, , c r e p r e s e n t s  a cons t an t .  This  type  of  p r e d i c a t e  i s  known a s  a  - one-' 

r e l a t i o n  predfeate [WOK-763. In o r d e r  t o  test a p r e d i c a t e  of t h i s  

t h e  r e l a t i o n  -- a l l  t h e  d a t a  pages t h a t  s t o r e  t h e  t u p l e s  must be 
,/-" 

f e t c h e d )  through the a t t r i b u t e  A. 



2. Ri.A0RI.B 

T h i s  form of  p r e d i c a t e  is. a l s o  known a s  a  one - r e l a t i on  p r e d i c a t e  

because t h e r e  i s  on ly  one r e l a t i o n  involved.  However, Ri has t o  be 

scanned o n l y  once. 

3 .  Ri .ABR. .B ( i f  j) 
J 

Th i s  type of p r e d i c a t e ,  i nvo lv ing  two r e l a t i o n s ,  i s  c a l l e d  a  join-  

p r ed i ca t e .  Both of  t h e  r e l a t i o n s  Ri and R a r e  examined i n  p roces s ing  
j 

t h e  p r e d i c a t e .  

The jo in  o p e r a t i o n  is  t h e  most time consuming and d i f f i c u l t  

ope ra t i on .  I n  t h e  p r e s e n t  t h e s i s ,  on ly  t h e  J O I N  o p e r a t i o n  i s  cons idered .  

The one - r e l a t i on  p r e d i c a t e s  a r e  n o t  of  d i r e c t  i n t e r e s t .  I n t u i t i v e l y ,  t h e  

c o s t  of  p roces s ing  a  one - r e l a t i on  p r e d i c a t e  i s  l i n e a r  i n  t h e  number of 

t u p l e s  of t he  r e l a t i o n  involved.  It i s  o f t e n  d e s i r a b l e  t o  p roces s  t h e  

one - r e l a t i on  p r e d i c a t e s  be fo re  the jo in -p red i ca t e s  a r e  cons idered .  It h a s  

been shown t h a t  t h i s  tac t ic  i s  beneficial [STON-761, For instance, after 

process ing  a one- re la t ion  p r e d i c a t e  t h e  s i z e  o f  t h e  r e l a t i o n  involved i s  

sma l l e r .  The u n q u a l i f i e d  t u p l e s  - which do n o t  s a t i s f y  t h e  one- re la t ion  

p r e d i c a t e  - need n o t  be examined i n  t h e  fo l lowing  j o i n  o p e r a t i o n s .  

I n  what fo l l ows ,  t h e  s i z e s  of r e l a t i o n s  a r e  assumed t o  be those  a f t e r  

t h e  process ing  of one - r e l a t i on  predicates . ' - .  The number of t u p l e s  of a 

r e l a t i o n  R i s  denoted ,by  Ni. Mi i s  t h e  number of pages t h a t  i s  needed t o  
i 

s t o r e  a l l  t he  t u p l e s  of Ri. It i s  assumed t h a t  t u p l e s  fram d i f f e r e n t  

r e l a t i o n s  do n o t  co- res ide  i n  a  page. 

Given a p r e d i c a t e  P=R .ABR..B, t h e  s e l e c t i v i t y  f a c t o r  
i J  

f p  a s s o c i a t e d  

w i t h  P i s  def ined  a s  t h e  p r o b a b i l i t y  t h a t  a  randomly chosen t u p l e  p a i r  from 



Ri and R s a t i s f i e s  P. The s e l e c t i v i t y  f a c t o r s  of  p r e d i c a t e s  are a s s igned  
j 

by t h e  system program [SELI-791, which'c 4 mputes t h e  s e l e c t i v i t y  f a c t o r s  
J 

from t h e  known parameters  such as Ni,  Mi, number of  d i s t i n c t  v a l u e s  i n  a  

j o i n  a t t r i b u t e .  The d i s t r i b u t i o n  of  t h e  va lues  i n  a j o i n  a t t r i b u t e  i s  

assumed t o  be uniform. This  assumption i s  adopted from [IBAR-821. 

Graphica l  Representa t ion  

A query may be r ep re sen t ed  g r a p h i c a l l y .  Each r e l a t i o n  i s  r ep re sen t ed  

by a node i n  t h e  graph.  An edge between two nodes i n d i c a t e s  t h e  e x i s t e n c e  

ef d . p r e d i c a t c  P i n  which bo th  r e l a t i o n s  are re fe renced .  Such an edge i s  

l a b e l l e d  by i t s  a s s o c i a t e d  p r e d i c a t e  P. 

where Vcthe set of r e l a t i o n s  r e f e r enced  i n  query Q, 

~ = { ( i , j ) l i , j € V  and t h e r e  e x i s t s  some p r e d i c a t e  
of 0 which r e f e r e n c e s  r e l a t i o n  Ri and R ). 

j 

Example 

Given query : 
9 ' P 1 f v P 4  

where P = ( R  .A=R2.B), P2=(R2.C=R3.D), 
1 1  

P = ( R  .E=R4.F), Pq'(R,.G=R3.H). 3 3 

and f p  =0.001, f =0.002, 
1  P2 

The corresponding query graph G(Q) i s  shown i n  F igure  2.1. 



Figure  2.1 A query graph 

The s e l e c t i v i t y  diagram of Q is  t h e  same a s  i t s  G(Q) except  t h a t  the  

label P of each edge i s  r ep l aced  by t h e  corresponding s e l e c t i v i t y  f a c t o r  

2.2. ~ f & ~ f i t  Strategies f o r  Query Evalua t ion  Program - - - 

The query e v a l u a t i o n  programs a t tempt  t o  p roces s  q u e r i e s  from 

d i f f e r e n t  approaches.  This  s e c t i o n  g i v e s  a b r l e f  i n t r o d u c t i o n  t o  t h e  

proposed s t r a t e g i e s .  

2.2.1. Sort-Merge - - -  

The major o p e r a t i o n s  of t h i s  method are t h e  s o r t i n g 3 n d  merging of 

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

i n d i v i d u a l l y  on t h e i r  j o i n  a t t r i b u t e s .  I f  a z-way merge-sort  i s  ubed f o r  

s o r t i n g ,  t h e  c o s t  ( i n  number of page f e t c h e s )  of s o r t i n g  a  r e l a t i o n  R can 
i 

be given as [ BLAS-771 : 

s o r t  c o s t  =  lo^ M 1 z i 

The next  s t e p  is t o  merge t h e  two so r t ed  r e l a t i o n s .  Both o f  them need 

t o  be scanned only  once s i n c e  t hey  a r e  a l r e a d y  s o r t e d  on t h e  j o i n  

a t t r i b u t e .  The scanning c o s t  ( i n  terms of page f e t c h e s )  i s  simply the 

t o t a l  n m b e r  of pages of t h e  r e l a t i o n s  re fe renced .  



Although t h e  basic s t r a t e g y  of  s o r t  me& is rather s t r r ~ f a r u a r d ,  .- 
i t  can be c o s t l y  t o  implement. For q u e r i e s  w i t h  many p r e d i c a t e s ,  t h e  

sequence of e v a l u a t i n g  t h e  p r e d i c a t e s  obvious ly  a f f e c t s  t h e  number of  page 

f e t c h e s  r equ i r ed .  The process  of s e l e c t i n g  t h e  op t ima l  o r d e r  of  p r e d i c a t e s  

tends  t o  be ve ry  complicated.  I f  t h e r e  a r e  m p r e d i c a t e s  involved ,  t h e r e  

can  be a s  many as m! d i f f e r e n t  sequences.  The o v e r h e a d s . i n  computing t h e  
* 

e s t i m a t e d  c o s t s  a r e  f a r  t o o  h igh  i f  each  sequence i s  at tempted.  Much 

r e s e a r c h  has been done on t h i s  problem of f i n d i n g  t h e  op t imal  sequence 

2.2.2. Decomposition --- 

The g e n e r a l  procedure f o r  t h i s  s t r a t e g y  [ W O N G 7 6 ]  i s  t o  decompose t h e  

mu l t i -va r i ab l e  query ( a  query which r e f e r e n c e s  more than  one r e l a t i o n )  i n t o  
3 

a sequence of s i n g l e - v a r i a b l e  ( t h a t  is,  s i n g l e - r e l a t i o n 7  q u e r i e s  by 

a p p l y i n g ~ r e d u c t i o n  of query and t u p l e  s u b s t i t u t i o n .  Reduct ion is  a  process  

of breaking o f f  t h e  cmpenents of the query which are j o W  t o  i t  by a 

s i n g l e  v a r i a b l e .  When t h e s e  components cannot  be f u r t h e r  detached t o  

s i n g l e - v a r i a b l e  subque r i e s ,  t u p l e  s u b s t i t u t i o n  i s  used t o  complete t h e  

decomposition. One of t h e  v a r i a b l e s  i s  s e l e c t e d  f o r  s u b s t i t u t i n g  a t u p l e  

a t  a t i m e .  

2.2.3. Nested Loops Method - - -  

The l oop  i s  t h e  major s t r u c t u r e  of t h i s  method. F i g u r 5  2.2 shows t h e  
, . 

. ba s i c  s t r u c t u r e  of  a r e s t e d  l o o p  pregrm. A s s u m e  t h a t  r e l a t i o n s  R and R 1 2 7 

t h e  two r e l a t i o n s ,  f o r  each d a t a  page of R1, a l l  t h e  d a t a  pages of R2 must 

be exmined  if R i s  nes ted  o u t s i d e  ( s e e  F igure  .2.2) R2. Thus t h e  t o t a l  1 



t o t a l  number of page f e t c h e s  needed t o  compute t h e  j o i n i s  H +Pi M 
1 1 2' 

For i=l  t o  Ml dd 

Begin 

For j = 1 t o  M2 do 

Beg i n  

Ascess t h e  t u p l e  p a i r ( i ,  j )  

End 
End 

Figure 2.2 A nes ted  l oops  s t r u c t u r e .  

Th i s  method i s  q u i t e  s t r a i g h t f o r w a r d .  However, f o r  q u e r i e s  

r e f e r e n c i n g  many r e l a t i o n s ,  t h e  e v a l u a t i o n  can be c o s t l y .  Suppose, f o r  

9 .  example, that f i v e  r e l a t i o n s  a r e  r e f e r enced  i n  a given query, The 

cor responding  s i z e s  a r e  M 1 = l O ,  M2=20, M3=30, Mq=40, M5=50. The c o s t  

formula 

g i v e s  a t o t a l  number of page f e t c h e s ,  which is  over  twelve m i l l i o n .  
es 

One way t o  reduce t h e  t o t a l  number of  page f e t c h e s  i s  g iven  by [KIM- 

801. In s t ead  of au toma t f ca l ly  scanning t h e  r e l a t i o n  R of Figure 2.2 i n  a  
2 

top-down manner(i.e., f e t c h i n g  t h e  d a t a  pages from the f i r s t  page t o  t h e  

last page),  some c o n d i t i o n s  a r e  added. Af t e r  t h e  f i r s t  scan of r e l a t i o n  

R 2 ,  the second page of R1 is f e r d e d ,  Since the fast page 6f 8, ts s t i T 1  - 
i n  t he  main memory, t h e  j o in  o p e r a t i o n  can be performed wi thout  f e t c h i n g  a 

new page frm R7. Thug €he scanning of R i s  e e r r i e d  o u t  in bottm-q - 2 



manner and w e  save one page i n  f e t ch ing .  The next scan o f  R starts from 2 

the tog itgaln and one page is ssvtd for the fhat page of R2 is aTnssdy in 

the memory, I t  can be seen that  the savfngs are i n s i g n i f i c a n t  i f  the sizes 

of the r e l a t i o n s  are l arge .  

Another way of reducing the  number of page f e t c h e s  i s  shown i n  [IBAR- 

821. Yore structure i s  superimposed and a data page f s  fetched only  i f  i t  

i s  necessary t o  do s o .  We s h a l l  s e e  t h i s  in Chapter 3 .  



CHAPTER 3 2 

NESTED LOOPS METHOD FOR OUERY EVALUATIOM 

3.1. Reasons f o r  Using Rested Loops Method - - - 

The n e s t e d  l o o p s  method in p r o c e s s i n g  r e l a t i o n a l  q u e r i e s  i s  t h e  

approach  t aken  i n  t h e  p r e s e n t  t h e s i s .  It h a s  v a r i o u s  a d v a n t a g e s  o v e r  t h e  

o t h e r  methods. The ease of programming i s  h i g h l y  a t t r a c t i v e  t o  

p r o g r a m e r s .  Fur the rmore ,  t h e  number of  page f e t c h e s  needed i n  t h i s  method 
$ 

c a n  be k e p t  s m a l l  i n  t h e  s i t u a t i o n  where a l l  t h e  d a t a  pages  of e a c h  

r e l a t f o n  a r e  n o t  a u t o m a t i c a l l y  f e t c h e d  [IRAR-821 ( T h i s  d i f f e r s  from t h e  

a u t o m a t i c  fetch t a c t i c  used,  f o r  example,  i n  [PERC-761). Some tests a r e  

performed h e f o r e  t h e  above a c c e s s  i s  nade ,  t h e  d e t a i l s  of which are 

p r e s e n t e d  i n  t h e  f o l l o w i n g  s e c t i o n .  

3 . 2 .  Nested Loops Plethod w i t h  S p e c i a l  P o i n t e r s  - - - 

3.2.1. Bas ic  S t r u c t u r e  - - -  - 

The s t r u c t u r e  o f  t h e  n e s t e d  l o o p s  method w i t h  s p e c i a l  p o i n t e r s  is  

b a ~ e d  on the f o l l o w i n g  i d e a  : 

Some u s e f u l  p a i n t e r s  a s s o c i a t e d  w i t h  r e l a t i o n s  a r e  c r e a t p d  d u r i n g  t h e  

s o r H n g  of r e l a t i o n s .  These p o i n t e r s  a r e  used i n  q u e r y  e v a l u a t i o n  

prDgrams t o  f e t c h  o n l y  t h o s e  pages o f  t h e  c o r r e s p o n d i n g  r e l a t i o n s  which 

c o n t a i n  the  t u p l e s  satisfying a p r e d i c a t e  o f  an  i n p u t  query  [IBAR-821. 



Without Xoss b f  g e n e r a l i t y ,  R1,R2, ..., R a r e  assumed t o  be processed . 
n 

i n  t h a t  order .  F m  a pre&icate Pi=%.xOR .y kC1, Ri i s  assumed t o  be 
i ' 

# 

s o r t e d  on a t t r i b u t e  y. F o r , e a e h  t u p l e  i n  Rk, two p o i n t e r s  a s s o c i a t e d  wi th  

Pi 
a r e  c r ea t ed .  One of them p o i n t s  t o  t h e  f i r s t  page of Ri on which 

t h e r e  is a t u p l e  such t h a t  t h e  t u p l e  p a i r  ( i - e . ,  a  t u p l e  from % and a  

? 

t u p l e  from R ) s a t i s f i e s  t he  p r e d i c a t e .  The o t h e r  p o i n t e r  p o i n t s  t o  t h e  
i 

l a s t  such page. The fol lowing example w i l l  make t h i s  c l e a r .  

Given query graph : 

s o r t e d  on s o r t e d  on f 
at t r .  B a t t r .  D 

i, 

Rela t ions  R 
1 ' R2' and R3 a r e  processed i n  t h a t  order .  R and R j  a r e  2 

s o r t e d  on the  jo in  a t t r i b u t e s  B and D r e s p e c t i v e l y .  For i n s t a n c e ,  t h e  j o i n  
7' 



a t t r i b u t e  A of t h e  f i r s t  t u p l e  of R1 has  va lue  3. The p o i n t e r s  ( a s s o c i a t e d  
d 

w i t h  P1) of t h e  t h i s  t u p l e  both  p o i n t  t o  t h e  f i r s t  page of  R2 because t h i s  

page c o n t a i n s  both t h e  f i r s t  and t h e  last  t u p l e s  which s a t i s f y  t h e  

p r e d i c a t e  P For t h e  f i r s t  t u p l e  i p  R2, t h e  j o i n  a t t r i b u t e  C has va lue  1. 1 ' 

The t u p l e s  of R which s a t i s f y  P2 wi th  R . C = l ,  span t h e  f i r s t  two pages of 
3  ' 2  

t h e  r e l a t i o n .  Thus the  corresponding p o i n t e r s  of t h e  f i r s t  t u p l e  of R 2  

po in t  t o  pages 1 and 2 i n  R  respect- Note t h a t  t h e r e  i s  no p o i n t e r  
3  

c r e a t e d  f o r  P  a s  i t  can be processed a f t e r  a  page of R i s  fe tched  by P2. 3 3 

3.2.2. Cons t ruc t ion  of  t h e  p o i n t e r s  --- -- 

I n  [IBAR-821, t h e  p o i n t e r s  from Rk t o  Ri w i th  r e s p e c t  t o  Pi 

(Pi=Rk.aeRi.b) a r e  c r e a t e d  i n  t h e  fo l lowing  way, wi thout  any a d d i t i o n a l  

f e c t h e s  : 

While s o r t i n g  

For each page 

l i s t .  

t h e  r e l a t i o n  R a  l i s t  i s  cons t ruc t ed  i n  main memory. 
i 

,P- 
of Ri, t h e  d i s t i n c t  v a l u e s  of  Ri.b a r e  kept  f'h t he  

The l i s t  i s  maintained u n t i l  t h e  p o i n t e r s  f o r  Rk wi th  r e s p e c t  t o  Pi 

a r e  cons t ruc t ed .  

S tep  2 can i n  f a c t  be improved by s t o r i n g ,  f  r each  page of -Ri , - -2 
merely t h e  minimum and maximum va lues  of Ri.b. 

3.2.3. Cost Funct ion --- - 

Sonae- d e f i n i t i o n s  are first in t roduced .  

p r e d ( i )  = { P I P = ' R ~ . ~ % R ~ . ~ ' ,  k ,h  - < i )  

Fi = PRODUCT [FOR P I N  p r e d ( i ) ]  OF fp .  



Using t h e  n e s t e d  l oops  method wi thou t  p o f n t e r s ,  t h e  t o t a l  number of 

Page f e t c h e s  f o r  Ri is  MIM 2...M kt Pi=Rk.aORi.b, I b a r a k i  [IBAR-821 i 

shows t h a t  u s ing  t h e  p o i n t e r s  t echnique  t h i s  number can a c t u a l l y  be reduced 

where Fi-lK1...Ni-l i s  t h e  expected number of t u p l e  combinat ions (from 

R1 " *Ri-l ) t h a t  s a t i s f y  t h e  p r e d ( i ) .  M1...M i i s  indeed reduced by t h e  

f a c t o r  

Kote t h a t  f o r n u l a  (3.1) i s  on ly  an  approximation f u n c t i o n  of t h e  

g e n e r a l  func t ion  der ived  i n  [IBAR-821. The g e n e r a l  f u n c t i o n  of ( 3 . 1 )  has  

been g iven  a s  fo l l ows  : 

Ki-l i s  t h e  average  d i s t i n c t  \.a-value. Other impor tan t  parameters  used 

i n  t h e  g e n e r a l  c o s t  f u n c t i o n  have been g iven  a s  fo l l ows  : 

r i s  t he  number of d i s t i n c t  v a l u e s  t h a t  Rk.a can take. k Ji-l 
i s  t h e  

expected number of d i s t i n c t  t u p l e s  chosen from a page of Rk and Ii-l i s  t h e  



tuple combinations per page combination of R1,...,Ri-l. Using the 
- 
=-A. 

approximation formula 

N 
1 -  -- 1-exp(-aN) for small a 

. 
- aN for small aM, 

Ki-l 
) ] is approximated as (1-exp(-f K ) )  under the assumption Pi i-1 

that fp << 1. Furthermore, Ki- 1 is approximated as Ii-l when fp , Ji-l Irk 9 

i .. i 

and tkIi-l/s are all small. Aence, if f I << 1, the function Pi i-1 

is approximated as (3.1). This approximation is valid only when the 

assumptions stated above are all valid, Thus, the assumptions made in this 

thesis are adopted from [IBAR-821. 

There are n relations involved in-a query. Only the relation nested 

in the outermost loop need not be sorted whereas the others have to be 

sorted at most once. The cost fornula we want to minimize is : 

COST = MI + (Hi + S(Pi)) 
i= 2 

where S(Pi) is the number of page fetches for sorting Ri on Ri.b, i.e., 

if i=1 or Ri is already sorted on Ri.b 

prior to the evaluation of query Q, 

1 otherwise, 1 2 r ~ ~ l o g ~ ? ? ~  

assuming that a z-way merge sort is used. 



3.2.4. Role of Nest ing S t r u c t u r e  --- -- 

The expected c o s t  (i.e., number of page f e t c h e s )  i s  a f u n c t i o n  o f  t h e  

n e s t i n g  s t r u c t u r e  of r e l a t i o n s ,  Given a n e s t i n g  eer9 t h e  corresponding 

e s t ima ted  c o s t  can be  computed from (3.2). However, t h e  g r e a t e s t  

d i f f i c u l t y  i s  t h e  de t e rmina t ion  of t h e  b e s t  o r d e r  of t h e  r e l a t i o n s .  To 

f i n d  t h e  op t ima l  o rde r  from among t h e  n! p o s s i b l e  c h o i c e s  by exhaus t ive  

- s e a r c h  may n o t  be p r a c t i c a l .  I n  f a c t  t r u e  minimizat ion i s  NP-hard. 

Therefore ,  we u t i l i z e  some h e u r i s t i c  s e a r c h  methods. 

3.3. Algorithms f o r  F inding  Good* Nesting Order - - - 

3.3.1. Algorithm A. [IBAR-821 ---  - -- 

This  aSgorithm i s  a p p l i c a b l e  t o  general.  q u e r i e s .  The method is  based 

on t h e  assumption t h a t  Hn i s  t h e  most dominant term i n  (3.2),  followed by 

Hn-l,... ,H1. Thus, H i ' s  a r e  minimized i n  t h i s  o r d e r .  The a lgo r i t hm i s  

shown i n  Appendix 2. 

T i e s  may occur  i n  choosing R ( s t e p  2.la of t h e  Appendix) when t h e r e  
i 

i s  nore  than one minimum H 
i ' 

I n  the worst  ca se ,  a l l  t h e  p o s s i b i l i t i e s  a r e  

exp lo red ,  and t h e  running time of t h e  a lgo r i t hm may i n c r e a s e  exponen t i a l l y .  

Th i s  g i v e s  a  t ime complexi ty  of O(n!). 

3.3.2. Algorithm B. [IBAR-821 ---  - -- 

This  a lgo r i t hm a p p l i e s  t o  t h e  s p e c i a l  c a s e  where t h e  i n p u t  query is  a  

" t r e e  query". It giveS t h e  op t imal  s o l u t i o n  of a  tree query on ly  i f  a l l  

t h e  assumptions made f o r  t h e  approximation c o s t  f u n c t i o n  (3.1) a r e  v a l i d .  

I n  t h e  a lgo r i t hm,  rank va lues  a r e  computed f o r  s i n g l e  r e l a t i o n s  o r  groups 



of r e l a t i o n s  ( s e e  Appendix 3).  R e l a t i o n s  a r e  then  ranked i n  such a way 

t h a t  t h e  cor responding  rank  v a l u e s  are i n  a scend ing  o r d e r ,  The op t ima l  

s o l u t i o n  i s  produced i n  polynomial t i m e .  The t i m e  complexi ty  i s  

2 
O(n l o g  n).  The d e t a i l s  of t h e  a lgo r i t hm a r e  shown i n  Appendix 3.  

 his a lgo r i t hm i s  a p p l i e d  t o  g e n e r a l  que r i e s .  I ts  b a s i c  s t r u c t u r e  i s  

suppor ted  by a lgo r i t hm B. A minimum spanning tree of t h e  i n p u t  query graph 
t 

i s  f i r s t  determined. Using t h i s  tree, t h e  n e s t i n g  o r d e r  of r e l a t i o n s  i s  

then  computed by B. Cost f o r  t h e  i n p u t  query graph i s  f i n a l l y  computed 

from t h e  formula (3.2). 

The edges of  t h e  i npu t  query graph a r e  weighted by s e l e c t i v i t y  

f a c t o r s .  The sma l l e r  t he  s e l e c t i v i t y  f a c t o r s  used ,  t h e  fewer t h e  needed 

number of page f e t c h e s  of r e l a t i o n s .  The g r a p h i c a l  r e p r e s e n t a t i o n  of t h e  

fo l l owing  example makes t h i s  c l e a r .  Given t h e  query graph  shown i n  F igure  

.. 
3. la ,  t h e r e  a r e  t h r e e  p o s s i b l e  spanning t r e e s ( 3 . l b , c , d ) .  

a. b.  c .  
b 

Figure 3.1 A 3-node query graph. 
A 

Suppose t h a t  r e l a t i o n s  1 ,  2 ,  and 3 a r e  of t h e  same s i z e  M ,  and have 

t h e  same number of t u p l e s  N. For each spanning tree, fhe  t o t a l  number of 

page f e t c h e s  needed i s  as f o l l o w s  : 



spanning tree b : M+O.OlNMH).O1*0.02NNM; 

spanning tree c : M+0.01NB+Q,01*Q.03NNM; 

spanning tree d : M+0.02NM+O.02*0.03NNM. 

Figure  3 . lb  i s  c l e a r l y  t h e  b e s t  choice  among t h e  t h r e e .  In  choosing t h e  

pred ica . te ,  t he  one w i t h  s m a l l e r  s e l e c t i v i t y  f a c t o r  h a s  h ighe r  p r i o r i t y  t o  

be .picked. The a lgo r i t hm i s  shown i n  Appendix 4. 

A drawback of t h i s  a lgo r i t hm i s  t h a t  i f  a g iven  n-node query graph i s  

n-2 
complete and a l l  t h e  s e l e c t i v i t y  f a c t o r s  a r e  t h e  same, t h e r e  arc! n 

minimum spanning trees i n  which c a s e  t h e  t i m e  complexi ty  i s  O(nnlog n )  f o r  

2 
each tree requires Qfn 1% n) ti=. In order t o  avoid such e x c e s s i v e  

computat ion,  i n  a lgo r i t hm C ,  we t e s t  minimum spanning t r e e .  

3.3.4. Algorithm D ---  - 

W e  now t ake  a c l o s e r  l ook  a t  t h e  Hi formula : 

Suppose t h a t  R1 t o  R have been chosen i n  t h e  above order .  The 
i-1 

f a c t o r  Fi-lNl " *Ni-l ( h e r e a f t e r  FNi,l f a c t o r )  i n  H cannot  be changed a t  
i 

t h e  l a t e r  s t a g e s .  This  FNi,l f a c t o r  becomes t h e  common f a c t o r  i n  t h e  



remaining H i ' s  (Hi+l,Hi+2,...,Hn). This  imp l i e s  t h a t  it i s  h igh ly  

d e s i r a b l e  t o  keep  t h e  smallest common f a c t o r  a t  every  s t e p  of  choosing . *i 

Thus, i n  o r d e r  t o  choose R w e  use  a one-step look  ahead method. The FNi i ' 
f a c t o r  i n  H i s  f i r s t  minimized. The r e l a t i o n  a s s o c i a t e d  w i t h  t h e  i+l 

s m a l l e s t  FNi i s  chosen as  R The n e x t  s t e p  is  t o  determine f from t h e  i Pi 

set  of s e l e c t i v i t y  f a c t o r s  which are a s s o c i a t e d  w i th  t h e  p r e d i c a t e s  i n  

pred( i ) -pred( i -1) .  We simply p i ck  t h e  one wi th  minimum va lue .  

When t h e r e  a r e  more than  one n i n i m m  FN,, a l l  t h e  p o s s i b l e  cho ices  f o r  

R .  a r e  t r i e d .  I n  t h e  worst  c a s e ,  t h e  
1 

grows exponen t i a l l y .  Tnfs is s a m e  as 

( ( n ! ) ) .  The c o m ~ l e f e  a lgo r i t hm D i s  

A 

t i m e  needed f o r  running t h e  a lgo r i t hm 

the time complexi ty  of  a lgo r i t hm A 
& 

presented  i n  Appendix 5 .  

3.3.5. Algorithm D 2  --- - 

I n  a lgo r i t hm D,  t h e  r e l a t i o n  w i th  minimum FIN l...Ni i s  picked a s  Ri 

without  cons ider ing  t h e  f M f a c t o r  i n  H I n  t h i s  a lgo r i t hm we t r y  t o  
Pi 

i ' 

t a k e  t h e  neg lec t ed  f a c t o r  i n t o  account  when R is  being cons idered .  Some 
i 

u s e f u l  symbols a r e  de f ined  a s  fo l lows:  

PRF.D(X,~)={P/P='R~.~$R~.~' and k - < i )  

( t h e  set of p r e d i c a t e s  which r e f e r e n c e  on ly  

r e l a t i o n s  R and Rk with  k < i ) ,  
X - 

F { I , 2 ,  ..., i )=FI  ( t h e  product  of a l l  t h e  s e l e c t i v i t y  f a c t o r s  

a s s o c i a t e d  w i t h  t h e  p r e d i c a t e s  i n  p r e d ( i ) ) ,  

F(1 ,2 ,  ..., i l x ) = t h e  product  of a l l . t h e  s e l e c t i v i t y  f a c t o r s  

w i t h  t h e  p r e d i c a t e 2  i n  PRED(X,~). 



R R without loss of generality Given R1,P2,...,~i-1, x ,  y' 

R1 4, ,Ri,l are chos>& in that order. T h e  next step 

from R and P . Therqare two possible cases: 
X Y 

(1) R =P. =R . 
i X' Ri+l y' J 

( 2 )  Pi=Ry, Ri+l=Rx. 

In the first case the total number of page fetches for 

shown as 

s(x,y)=H +H +...+ F{1,2, ..., i-l}fl l... f I-f 1 2  %-1 P x 
X 

F ,  2, . . , i -  , x 1  " f PI i-1"x P yo 
Y 

it is assumed 

19 to chose Ri 

s ( x , y )  indicates that Ex is followed by R in the nesting order. The 
Y 

latter case is shown as 

s(y,x)=H +H +...+ F{1 ,2 ,  .,., 1-11 PI1... PI f PI 1 2  i-1 P y 
Y 

+F1,2,..., i - l , } l . .  N f  t i  i-1 y Px x' 

Ke subtract (3.4) from (3.3) and obtain 

s(x,y)-s(y,x) = F{1,2, ..., i-1)N f El Ni-l P x 
X 

7 
"3 

If s(5,y)-s(y,x) - > 0 then 



Both s i d e s  a r e  d i v i d e d  by F{ l , , . . , i - l ) ,  

For a r e l a t i o n  Rk, l e t  

T h e r e f o r e ,  

The d e r i v a t i o n  i m p l i e s  t h a t  t h e  n e s t i n g  o r d e r  R l , R 2 ,  ..., R , R  i s  
Ri-l' y  x 

b e t t e r  t h a n  R1,R7, . . . ,Ri - l ,  R , R  i f  and o n l y  i f  R a t i o ( y )  i s  l e s s  t h a n  - 
R a t i o ( x ) .  T h e r e f o r e ,  t o  choose R from a set o f  r e l a t i o n s  we s i m p l y  

i 

compute t h e  R a t i o  f o c e a c h  of t h o s e  r e l a t i o n s .  Among t h o s e  r e l a t i o n s  the  
4 

one w i t h  t h e  s m a l l e s k ~ R a t i o  i s  s e l e c t e d  as R S i m i l a r l y ,  t ies  may o c c u r  
i 

in choosing Ri, f a r  t h e r e  m y  be more t h a n  one m i n i m  Rat io .  If t h e  

nding k, R are d l  sane a d  m h  chaice sf Ri is attempted, 
i 

t h e  t i n e  corn e x i t y  of t h i s  a l g o r i t h m  i s  O(n!). 4 



I n c o r r e c t  Rat io  

L e t  us t ake  a c l o s e r  look  a t  t h e  Ra t io  de r ived  from the  above s e c t i o n .  

We f i n d  t h a t  t h e  f p  i n  (3.3) does no t  n e c e s s a r i l y  have t h e  same va lue  a s  
X 

t h e  one i n  (3.4) because t h e  former, f  i s  t h e  minimum s e l e c t i v i t y  f a c t o r  
P 
X 

chosen from t h e  s e t  of s e l e c t i v i t y  f a c t o r s  a s s o c i a t e d  wi th  PRED(x,i-l), 

whereas t h e  l a t t e r  i s  chosen from t h e  s e t  a s soc i a t ed  wi th  PRED(x,i). These 

two s e t s  of p r e d i c a t e s  may c o n t a i n  d i f f e r e n t  p r e d i c a t e s ,  The choices  of 

f p  's i n  (3.3) and (3.4) can be d i f f e r e n t .  S i m i l a r i l y  i n  t h e  case  of  f p  . 
X Y 

I n  order t o  d i s t i n g u i s h  the dfiference, the f p  i n  ( 3 . 4 )  is replaeed by 
X 

f p 8 ,  and f p  i n  (3.3) by fp ' .  The d e r i v a t i o n  i n  (3.5) i s  no longer  v a l i d  
X Y Y 

because f p  Ffx and f M cannot be f ac to red .  I n s t e a d ,  we have t h e  fo l lowing  
X .Py 

exp res s ion  : 

~ n c e  , t h e  measu 

l p  # f p ' ,  The 
Y Y 

r e  of t he  Rat io  i s  a c t u a l l y  no t  c o r r e c t  i f  f p  # f p D  and 
X X 

drawback caused by the  i n c o r r e c t  R a t i o s  i s  shown i n  t h e  

experiments  conducted i n  Chapter 4.  



3 , 3 , 6 .  General Query Involving Three Re la t ions  --- 

Given query Q w i t h  t h e  fo l lowing  s e l e c t i v i t y  diagram SD(Q) : 

where Px=(Ra.A=%.B), P =(Ra.C=R . D l ,  Pz=(%.E=Rc.F), 
Y C 

and f p  , f p  , and f p  a r e  t h e  corresponding s e l e c t i v i t y  f a c t o r s .  
x Y 2 

The query can be s o l v i d  i n  c o n s t a n t  time a s  fo l lows  : The t h r e e  given 

r e l a t i o n s  a r e  named R a ,  R,, and Rc. The choice  of Ra i s  important  whereas 

t h e  choice of % and Rc i s  n o t  important .  Each g iven  r e l a t i o n  re ferenced  

i n  t he  query i s  chosen a s  R i n  t u rn .  For each choice  of Ra,  t h e  n e s t i n g  a  

o r d e r  RaR,,Rc i s  b e t t e r  than RaRcF$, i f  and only  i f  t h e  fo l lowing  is  t r u e  : 

Proof.  

Let s ( a , b , c )  denote t he  t o t a l  c o s t  of the  n e s t i n g  o r d e r  R,%Rc, and 

let MIN(fp ,fp ) be the  minimum of f p  and f p  . We have 
X Y  X Y 





S i n c e  each g i v e n  r e l a t i o n  i s  chosen a s  R i n  t u r n ,  t h e  o p t i m a l  
a  

s o l u E i o n  i s ,  t h e r e f  ore, de t e m i n e d  from t h e  t h r e e  t h ~ i  ~ s .  The algorithm 

i s  f o r m a l l y  d e s c r i b e d  i n  Appendix 7. t' 

3.3.7. Loop Uuer ies  ---  

Lie can now d e s c r i b e  a p o l y n o n i a l  a l g o r i t h m ,  which g i v e s  t h e  o p t i m a l  

s o l u t i o n ,  when t h e  i n p u t  query  i s  a l o o p  query.  The q u e r y  g raph  of a  l o o p  

q u e r y  i n v o l v i n g  n r e l a t i o n s  i s  a c y c l e  w i t h  e x a c t l y  n nodes  and n  edges .  

3v removing one edge a t  a t i n e ,  t h e r e  a r e  a t  most n  spann ing  t r e e s .  Each 

of them can  be s o l v e d  i n d i v i d u a l l y  by a p p l y i n g  a l g o r i t h m  B. S i n c e  t h e  

removed edge of  e a c h  t r e e  would n o t  be used i n  t h e  c o s t  formula (3.11, 

a l g o r i t h m  B g i v e s  t h e  e x a c t  ranks and p r o v i d e s  t h e  o p t i m a l  n e s t i n g  o r d e r  

f o r  t h a t  spanning t r e e .  Among t h e  n n e s t i n g  o r d e r s  produced from d i f f e r e n t  

spann ing  t r e e s ,  t h e  one w i t h  s m a l l e s t  c o s t  i s  chosen a s  t h e  o p t i m a l  n e s t i n g  

o r d e r .  The d e t a i l s  of  t h e  a l g o r i t h m  a r e  shown i n  Appendix 8. The t i m e  

3 
c o n p l e x i t y  i s  O(n l o g  n ) .  * 



CHAPTER 4 

PEP-FORMANCE EVALUATION 

4.1. Assumptions - - 

Perfornance i s  a s i g n i f i c a n t  f a c t o r  i n  t h e  choice  of a lgor i thms .  The 

p r e d i c t a b i l i t y  of a lgo r i t hm performance i s  impor tan t  t o  t h e  u se r .  I n  t h i s  

s e c t i o n  w e  i n v e s t i g a t e  t h e  performance of t h e  v a r i o u s  a lgo r i t hms  in t roduced  

i n  Chapter 3 .  Simula t ion  experiments  a r e  conducted t o  e v a l u a t e  t h e  

a lgor i thms .  T h e m a j o r  c r i t e r i a  of e v a l u a t i o n  a r e  : c losepes s  of t h e  

s o l u t i o n  obta ined  by an a lgo r i t hm t o  t h e  op t ima l  s o l u t i o n ,  and t h e  running 

t i n e  of t h e  a lgor i thm.  The fo l lowing  d a t a  f o r  t h e  experiments  a r e  

genera ted  by random nunber g e n e r a t o r s  : 

( 1 )  ?! : number of pages of r e l a t i o n  R 
i i ' 

( 2 )  s / t i  : nunber of t u p l e s  per  page of r e l a t i o n  R i ' 
" : number of t u p l e s  of R i s  computed by Y *s/ti.  
I Y i  i i 

( 3 )  S e l e c t i v i t y  f a c t o r s  a s s o c i a t e d  wi th  p r e d i c a t e s .  

The fo l lowing  ranges  a r e  assumed : 

( 1 )  10 < &I. < 500, f o r  a l l  i; - 1 - 

2 10 - < s / t i  - < 3q ,  f o r  a l l  i; 

( 3 )  O < f p  - < 0.02, f o r  a l l  P; 



( 4 )  z  = 4 ,  i.e., 4-way merge s o r t  i s  u s e d ;  

( 5 )  s r 512 b y t e s ,  page s i z e .  

We b e l i e v e  t h a t  t h e  r a n g e s  (1  and 2 )  chosen above a r e  s u f f i c i e n t l y  

l a r g e  because  t h e  s i z e s  of r e l a t i o n s  are assumed t o  b e  t h e  s i z e s  a f t e r  

p r o c e s s i n g  t h e  o n e - r e l a t i o n  p r e d i c a t e s .  The i r r e l e v a n t  t u p l e s  and columns 

a r e  e l i m i n a t e d .  The r a n g e  of s / t i  i s  adop ted   fro^. t h e  example used i n  

[BLAS-771, I n  h i s  paper  an  a v e r a g e  number of t u p l e s  p e r  page from a 

r e l a t i o n  i s  20. The s / t i  range  chosen above i n c l u d e s  t h i s  v a l u e .  

The c h o i c e  o f  f  i s  based on t h e  assumpt ions  made f o r  t h e  Hi c o s t  
P 

f o r n u l a  (3 .1 ) .  The r a n g e  of f  must be s u f f i c i e n t l y  s m a l l  ( s e e  Chapter  3)  
P 

s u c h  t h a t  t h e  approx imat ion  i s  v a l i d .  For  conven ience ,  w e  a d o p t  t h e  r a n g e  

used  i n  [IBAR-821. 

The c h o i c e  of 4 a s  t h e  merge f a c t o r  i n  so r t ing ,  i s  n o t  r e s t r i c t i v e  

because  t h e  r e l a t i o n s h i p s  between two merge f a c t o r s ,  s a y  z l  and 22,  can  

a lways  be found a s  f o l l o w s  : 

l0g2X 
logzlX = and 

l o g , z l  - 

Hence, 

log ,z l* logz lZ  - = l o g  z2"log X 2 2 2  



a n d ,  

T h e r e f o r e ,  i f  we want t o  change t h e  n e r g e  f a c t o r  2 1  t o  22 we s imply  

m u l t i p l y  t h e  s o r t  c o s t  MilogZIE!i ( b e f o r e  i t  i s  d o u b l e d )  by t h e  f a c t o r  

T y p i c a l l y  a page s i z e  r a n g e s  from 256 b y t e s  t o  4 K  b y t e s .  I n  t h e s e  

e x p e r i n e n t s ,  we have adop ted  512 b y t e s  a s  our  page s i z e .  

4 .2 .  Normal iza t ion  - - 

I n  o r d e r  t o  n o r m a l i z e  t h e  performance of t h e  a l g o r i t h m s ,  h e u r i s t i c  

s o l u t i o n s  a r e  compared w i t h  t h e  o p t i m a l  s o l u t i o n s .  These o p t i m a l  s o l u t i o n s  

can  be o b t a i n e d  by e x h a u s t i v e  s e a r c h .  The n o r m a l i z a t i o n  o f  a  h e u r i s t i c  

s o l u t i o n  i s  deno ted  by performance r a t i o  ( P R ) ,  which i s  d e f i n e d  a s  f o l l o w s  

c o s t  o b t a i n e d  by h e u r i s t i c  s o l u t i o n  
PR = 

o p t i m a l  c o s t  

The PR i n d i c a t e s  t h e  c l o s e n e s s  of t h e  h e u r i s t i c  s o l u t i o n  t o  t h e  

o p t i m a l  s o l u t i o n .  It i s  e i t h e r  g r e a t e r  t h a n  o r  e q u a l  t o  1. It cannot  be 

l e s s  t h a n  1 a s  t h e  c o s t  o b t a i n e d  by a  h e u r i s t i c  c a n n o t  be s m a l l e r  t h a n  t h e  

o p t i m a l  c o s t .  



4.3. General Oueries - - 

In the following experiments, algorithms A, C, D, and D2 are 

evaluated. A collection of 11 query structures were chosen : 





4.3.1. Page Fe tches  --- 

For each  query s t r u c t u r e ,  24 sets of random numbers were genera ted .  

The h e u r i s t i c  s o l u t i o n s  t o  t h e s e  i n p u t s  are normalized a s  expla ined  above. 

The fo l lowing  v a l u e s  a r e  computed f o r  t h e  purpose of  comparing t h e  

performance of t h e  d i f f e r e n t  a lgo r i t hms  : 

( 1) PR range. 

( 2 )  Average PR f o r  each  query s t r u c t u r e .  

( 3 )  Range of average PR's. 

( 4 )  Standard d e v i a t i o n  of t h e  PR's. 

The PR range i s  def ined  t o  be t h e  d i f f e r e n c e  between t h e  l a r g e s t  and -- 
t h e  s m a l l e s t  v a l u e s  i n  a  set of PR's. The PR range  of  each  a lgo r i t hm i s  

shown i n  t h e  fo l lowing  t a b l e  : 

Table 4.1 The ranges  of PR's of v a r i o u s  
a lgo r i t hms .  

Among t h e  f o u r  a lgo r i t hms ,  D has  t h e  s m a l l e s t  range of PR's. The expected 

number of page f e t c h e s  needed i n  answering a  query can be 37.50 percent  

nore t h a n  t h e  optinal s o l u t i o n .  The range of PR's of a lgo r i t hm A i s  

s l i g h t l y  l a r g e r  than t h i s .  The worst  h e u r i s t i c  s o l u t i o n  obta ined  f0.r 

alporithc A i n  t h e  above experiments  i s  60.87 percent  l a r g e r  t h a n  t he  



o p t i m a l  s o l u t i o n .  The PR r a n g e  o f  C i s  f a i r l y  l a r g e .  It varies from 1 t o  

a b o u t  2.9. I n  o t h e r  words, a  h e u r i s t i c  s o l u t i o n  produced by C can  b e  

a l m o s t  t r i p l e  t h e  e x a c t  s o l u t i o n .  The most u n s a t i s f a c t o r y  a l g o r i t h m ,  as 

f a r  as t h e  PR r a n g e  i s  concerned,  i s  D2. One sample q u e r y  produced a v e r y  

l a r g e  PR of 109.5281. T h i s  shows t h a t  t h e  h e u r i s t i c  s o l u t i o n  by D2 c a n  be 

v e r y  c o s t l y .  

S i n c e  t h e  PR r a n g e  o f  e a c h  a l g o r i t h m  appeared  t o  be g r e a t l y  a f f e c t e d  

by t h e  query s t r u c t u r e ,  t h e  a v e r a g e  of PR8s was computed f o r  e a c h  a l g o r i t h m  

and q u e r y  s t r u c t u r e .  For e a c h  query  s t r u c t u r e ,  24 sets of random numbers 

were g e n e r a t e d  and t h e  mean of 24 PR's was computed. I n  F i g u r e  4.1, t h e  

c u r v e s  show t h e  r e l a t i o n s h i p  between t h e  a v e r a g e  PR8s and  t h e  q u e r y  

s t r u c t u r e s  used ,  01 t o  Q l l .  Each c u r v e  c o r r e s p o n d s  t o  one o f  t h e  f o u r  

a l g o r i t h m s .  Anong t h e  f o u r  c u r v e s  i n  t h e  f i g u r e ,  c u r v e  A and D can  h a r d l y  

be d i s t i n g u i s h e d ,  whereas c u r v e  C and D 2  have some o b v i o u s  h i g h  peaks  which 

have v e r y  l a r g e  v a l u e s .  I n  o r d e r  t o  examine t h e  c u r v e s  A ,  C ,  and D more 

c l o s e l y ,  c u r v e  D2 i s  n o t  shown i n  F i g u r e  4.2. It  shou ld  be no ted  t h a t  t h e  

Y axis h a s  been expanded i n  t h e  f i g u r e .  Table  4.2 below shows t h e  r a n g e s  
- 

-. 
i n  terms o f  n u m e r i c a l  v a l u e s  : 

Table  4.2 Average PR ranges  of v a r i o u s  
algorFthm6, 



It can  be seen  that t h e  upper  end of t he  range of  average  PRJs f o r  D2 

i s  much smaller than  t h e  corresponding va lue  i n  Table 4.1. This  i n d i c a t e s  

t h a t  t he  PR8s ob ta ined  by D2 a r e  n o t  uniformly d i s t r i b u t e d  i n  t h e  range 

shown i n  Table 4.1. The h e u r i s t i c  s o l u t i o n s  obta ined  by D2 can be ve ry  

bad. Due t o  t h i s  l a r g e  v a r i a t i o n  i n  PR's, D2 i s  dropped from t h e  

experiments.  Our i n t e r e s t  w i l l  focus  on a lgor i thms A, C ,  and D. I n  Table 

4.2, D, aga in ,  shows the  s m a l l e s t  v a r i a t i o n .  Out of e l even  average PRJs, 

t h e r e  is only  one c a s e  ( 0 2 )  i n  which D has  a  va lue  l a r g e r  than  t h e  runner- 

up (A) .  Out of t h e  e l even  average  PR's, t h e r e  a r e  seven va lues  of A which 

are smaller than rhsse of C, I n  addition, t he  range of average  PR8s f o r  A 

i s  much sma l l e r  than  t h a t  f o r  C. 

By comparing Tables 4.1 and 4.2 one can e a s i l y  s e e  t h a t  t h e  PR range 

and the  range of average PR8s of each a lgo r i thm a r e  ve ry  d i f f e r e n t .  - 
2 Variance (Sx ), de f ined  a s  fo l lows ,  i s  used t o  measure t h e  v a r i a t i o n  i n  

PR's : 

where x i  = d a t a  va lue ,  
X = t he  mean of t h e  d a t a  v a l u e s ,  
n' = number of d a t a  va lues .  

I n  t h i s  experiment ,  d a t a  va lue ,  x i ,  i s  t h e  PR of each Cxasaple; X is 

the  average PR f o r  each  query s t r u c t u r e ;  and n' i s  t h e  number of samples 

t e s t e d  (which i s  24). We want t o  compute the  va r i ance  f o r  each query 

strwtHe. %a ffuetuatfng over a ramge of values wfff  IWVF a Zzkrgfz 

var iance .  Conversely, a l a r g e  va r i ance  i n d i c a t e s  that t h e  d a t a  have a  wide 

spread  about the mean, The s tandard  deviation i s  de f ined  as the  p o s i t i v e  



- 

Query Structure 
Figure 4 .1  Average PR's  for  general query 

sturctures : A ,  C ,  D, D2 

Query Structure 
Figure 4 . 2  Average P R ' s  for general query 

structures : A ,  C ,  D 



squa re  r o o t  of  t h e  va r i ance .  

F igure  4.3 shows t h e  s t anda rd  d e v i a t i o n  of  each  query s t r u c t u r e .  It 

can  be seen t h a t  t h e  s t anda rd  d e v i a t i o n  cu rves  a r e  similar t o  t h e  

cor responding  average  PR cu rves  i n  F igure  4.2. That i s  t o  s ay ,  t h e  

a lgo r i t hms  w i t h  l a r g e  average  PR's a l s o  have l a r g e  s t anda rd  d e v i a t i o n s .  

For example, f o r  a l g o r i t h m  C,  43 and 98 have l a r g e  ave rage  PR's as w e l l  a s  
- > 

, l a r g e  s tandard  d e v i a t i o n s .  Th i s  i n d i c a t e s  t h a t  an a l g o r i t h m  that' performs 

poor ly  does n o t  perform poor ly  a l l  t h e  time. Namely, t h e  PR i s  n o t  

c o n s i s t e n t l y  l a r g e  f o r  such a n  a lgor i thm.  

A t  t h i s  p o i n t  a  g e n e r a l  conc lus ion  can be s t a t e d .  Among t h e  f o u r  

a lgo r i t hms ,  D t ends  t o  produce t h e  b e s t  h e u r i s t i c  s o l u t i o n s ,  whereas A 

g i v e s  r e l i a b l e  h e u r i s t i c  s o l u t i o n s  which do not  f l u c t u a t e  widely.  C i s  

nor a s  s t a b l e  as  t h e  two a lgo r i t hms .  I t  tends  t o  produce "unacceptable" a s  

w e l l  as acceptable soltttims. 

4.3.2. Computation Time ---  
\ 

I n  t h i s  s e c t i o n  t h e  average running time of each  a lgo r i t hm f o r  24 

examples of each  query s t r u c t u r e  is  p re sen t ed ,  F igure  4.4 shows t h e  

running time f o r  each  a lgor i thm.  There i s  no s i g n i f i c a n t  d i f f e r e n c e  

between the exhaus t ive  s ea rch  and the h e u r i s t i c  methods when t h e  number of 

r e l a t i o n s  r e f e r enced  i n  a query is  less than 4. A s  f o r  t h e  exhaus t ive  

s e a r c h  method, when t h e  number of r e l a t i o n s  i s  g r e a t e r  than 4, t h e  t i m e  

r equ i r ed  grows e x p o n e n t i a l l p ,  whi le  t h e  time r e q u i r e d  f o r  t h e  h e u r i s t i c  

nethods appears t o  grow much s lower than t h e  exhaus t ive  search .  Among t h e  



h e u r i s t i c  methods, A r e q u i r e s  more t i m e  t han  the o t h e r s  f o r  most of  t h e  

query  s t r u c t u r e s ,  wheareas C requires lass  t h e  than A, and D needs the 

l e a s t  t i m e  f o r  computing a h e u r i s t i c  s o l u t i o n .  

4.4. Tree Q u e r i e s  - -  - 

Uhen the  assumptions being made i n  Chapter 3 f o r  t h e  approximation 

c o s t  f u n c t i o n  a r e  a l l  v a l i d ,  an op t ima l  n e s t i n g  o r d e r  f o r  a  tree query can 

be so lved  e f f i c i e n t l y .  Algorithm B g i v e s  an op t imal  s o l u t i o n  i n  polynomial 

t i m e .  I n  o r d e r  t o  t e s t  t h e  performance of a lgo r i t hms  A ,  and D when a p p l i e d  

t o  t r e e  q u e r i e s ,  t h e  fo l lowing  e i g h t  t r e e  query s t r u c t u r e s  were chosen a s  

t he  i npu t  t o  t h e  second s e t  of experiments .  For each  query s t r u c t u r e ,  I 2  

examples a r e  t e s t e d .  
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F i g u r e  4.4 A ~ r a g e  rsftftirtg time for sa fZes  t t d  

of each general query structure : 



4.4.1. Page F e t c h e s  ---  

I n  t h i s  s e t  of e x p e r i m e n t s ,  t h e  h e u r i s t i c  s o l u t i o n s  o b t a i n e d  from 

a l g o r i t h m s  A and D are a l s o  normal ized  as PR's. The o p t i m a l  c o s t  i n  

formula  (4 .1)  i s  s u b s t i t u t e d  by t h e  o p t i m a l  c o s t  o b t a i n e d  from a l g o r i t h m  B. 

Thus, t h e  sane  s e t  of s ta t i s t i cs  ( t h a t  i s ,  PR r a n g e ,  a v e r a g e  PR f o r  e a c h  

query  s t r u c t u r e ,  r ange  o f  average  PR's, s t a n d a r d  d e v i a t i o n  of PR's) w a s  

c o l l e c t e d  f o r  a n a l y s i s .  The a v e r a g e  PR's f o r  d i f f e r e n t  q u e r y  s t r u c t u r e s  

a r e  shown i n  Table  4.3 and 4.4. 

Table  4.3 The r a n g e s  of PR's  of  a l g o r i t h m s  A and D. 

Table  4.4 Average PR r a n g e s  of a l g o r i t h m s  A and D.  

I t  i s  s u r p r i s i n g  to n o t e  t h a t  a l g o r i t h n  A does n o t  behave a s  w e l l  as 

i t  d o e s  i n  p r o c e s s i n g  g e n e r a l  q u e r i e s  ( s e e  F i g u r e  4.2).  Both r a n g e s  a r e  

zcch l a r g e r  than t h e  r a n g e s  shown i n  Tab les  4.1 and 4.2. T h i s  makes 

a l g o r i t h m  X r e l a t i v e l y  u n a t t r a c t i v e  compared t o  a l g o r i t h m  D. t 

9 

S i n c e  a l g o r i ~ h n  3 g i v e s  o p t i n a i  s o l u t i o n s  f o r  t r e e  q u e r i e s ,  i t s  

average P R ' s  have v a l u e  1. F i g u r e  4.5 i s  

PP's of 9 behave r e l a t i v e  t o  those v a l u e s  
2 

i n c l u d e d  t o  show how t h e  a v e r a g e  

1 of B (A is not shown because  



t h e  corresponding range is  too  l a r g e ) .  I n  g e n e r a l ,  t h e  average  PR's of  D 

i n c r e a s e  a s  t he  number of nodes i n  t h e  query graph inc rease .  That i s ,  when 

a  query r e f e r e n c e s  fewer r e l a t i o n s ,  t h e  h e u r i s t i c  s o l u t i o n s  obta ined  from D 

a r e  more accu ra t e .  The worst  c a s e  afipearing f o r  D i n  t h e  experiments i s  

only  18 percent  more than  t h e  opt imal  s o l u t i o n .  

The s tandard  d e v i a t i o n s  of h e u r i s t i c  s o l u t i o n s  ob ta ined  from each  

a lgo r i thm a r e  computed. Since t h e  opt imal  curve  B does n o t  f l u c t u a t e  a t  

a l l ,  t h e  s tandard  d e v i a t i o n  f o r  a lgo r i thm B is  zero .  Among a lgo r i thms  A 

and D,  A has  very  l a r g e  range whereas D does n o t  d e v i a t e  v e r y  much. I n  t h e  

worst  case ,  48, t he  average PR g iven  by D d e v i a t e s  only  about  5 percent .  

F igure  4.6 shows t h e  s t anda rd  d e v i a t i o n s  of D i n  comparison wi th  those  of 

4.4.2. Computation Time ---  

Figure  4.7 shows the t i m e  r equ i r ed  f o r  rupning each  a lgor i thm.  

Algorithm A obviously r e q u i r e s  more time than t h e  o t h e r s  t o  produce a  

h e u r i s t i c  s o l u t i o n ,  whereas B and D need about  t h e  same amount of time. 

Genera l ly  t he  time r equ i r ed  i n c r e a s e s  wi th  t h e  number of  r e l a t i o n s .  

However, a s  shown i n  F igure  4.7, t h e  amount of t i m e  needed by a lgor i thm A 

grows more r a p i d l y  than  t h a t  r equ i r ed  by t h e  o t h e r  a lgor i thms.  



Query Structure 
Figure  4.5 Average P R ' s  f o r  t r e e  query 

s t r u c t u r e s  : D 
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F i g u r e  4.7  Average running time for samples used of 
e a c h  t r e e  q u e r y  structure : A, B, D 



5.1. I n t e r c h a n g i n g  Adjacen t  R e l a t i o n s  , - - 

A s  t h e  p r e v i o u s  c h a p t e r  h a s  shown, t h e  n e s t i n g  o r d e r s  o f  r e l a t i o n s  

g i v e n  by t h e  f o u r  h e u r i s t i c  a l g o r i t h m s  a r e  n o t  a lways  o p t i ~ a l .  Comparing 

t h e  h e u r i s t i c  s e a u e n c e s  w i t h  t h e  o p t i n a l  o n e s ,  we f i n d  t h a t  most of t h e  

h e u r i s t i c  sequences  are n e a r - o p t i ~ a l ,  i n  the sense t h a t  they are very 

s i m i l a r  t o  t h e  o p t i n a l  seauences  e x c e p t  t h a t  a few r e l a t i o n s  a r e  o u t  of 

o r d e r .  Th i s  s u g g e s t s  t h a t  i f  t h o s e  a d j a c e n t  r e l a t i o n s  i n  r e v e r s e d  o r d e r  

a r e  i n t e r c h a n g e d ,  t h e  near-opt imal  s o l u t i o n s  c o u l d  be improved o r  even 

upgraded t o  t h e  d e s i r e d  o p t i n a l  s o l u t i o n s .  Thus,  a n  o p t i m a l  s o l u t i o n  can  

be o b t a i n e d  w i t h  s u f f i c i e n t  i n t e r c h a n g e s .  For t h e  purpose  of a c h i e v i n g  

e f f i c i e n c y ,  t h e  i n t e r c h a n g i n p  t a c t i c  must be done w i t h i n  a  r e a s o n a b l e  and 

a c c e p t a b l e  t ime. I 

I n  t h i s  t h e s i s ,  t h e  i n t e r c h a n g i n g  t a c t i c  i s  a p p l i e d  as f o l l o w s  : g i v e n  

a sequence of r e l a t i o n s  c o r r e s p o n d i n g  t o  a h e u r i s t i c  s o l u t i o n ,  a n  a d j a c e n t  

p a i r  of r e l a t i o n s  i s  i n t e r c h a n g e d .  I f  t h e  r e s u l t i n g  sequence g i v e s  a  

s n a l l e r  number o f  page f e t c h e s ,  t h e  f o r n e r  sequence i s  d i s c a r d e d  and t h e  

s a n e  p r o c e s s  i s  r e p e a t e d  w i t h  t h e  l a t t e r .  Otherwise  t h e  l a t t e r  sequence i s  

i g n o r e d  and a new a d j a c e n t  p a i r  of nodes  i n  t h e  fo rmer  i s  chosen.  

Ln te rchang ing  i s  r e p e a t e d  u n t i l  a l l  adjacent pairs have been t r i e d  w i t h o u t  

improvement i n  t h e  number of  page f e t c h e s .  A t  t h i s  p o i n t  t h e  c u r r e n t  

sequence i s  c o n s i d e r e d  as t h e  s o l u t i o h .  



T h e r e  a r e  many ways t o , f i n d  a n  a d j a c e n t  p a i r  of n o d e s  i n  a sequence .  

R e l a t i o n s  can  be s c a n n e d ,  one  by o n e ,  f r o m  l e f t  t o  r i g h t  o r  from right t o  

l e f t .  Assuming t h a t  t h e  l e f t  to r i g h t  method i s  u s e d ,  t h e  l e f t m o s t  two 

a d j a c e n t  r e l a t i o n s  are examined f i r s t .  I f  t h e y  are not i n t e r c h a n g e d ,  we 

t h e n  t r y  t h e  s e c o n d  and t h e  t h i r d  r e l a t i o n s ,  and s o  f o r t h ,  If no p a i r  i s  

i n t e r c h a n g e d  t h i s  p r o c e s s  s t o p s  when t h e  end of t h e  s e q u e n c e  i s  r e a c h e d .  
- 

Suppose  t h a t  a p a i r  of a d j a c e n t  f e l a t i o n s  i s  i n t e r c h a n g e d  a t  some p o i n t  
. 

( s e e  F i g u r e  5 .1) .  The q u e s t i o n  i s  how t o  p roceed  f rm here. The l e f t  part 

o f  the sequence  5as been scanned  w i t h o u t  s u c c e e d i n g  i n  r e d u c i n g  o f  c o s t .  - 
T h e r e f o r e ,  i t  i s  n o t  n e c e s s a r y  t o  r e s c a n  t h e  e n t i r e  l e f t  s u b s e q u e n c e  a s  t h e  

i n t e r c h a n g e s  i n v o l v e d  d o  n o t  a l t e r  i t s  o r d e r  of r e l a t i o n s .  W e  s i m p l y  

backt rack .  one p o s i t i o n  t o  t h e  l e f t  and  r e p e a t  t h e  sane p r o c e s s ,  

The l e f t  t o  r i g h t  s c a n n i n g  method i s  a d o p t e d  i n  the a l g o r i t h m  used  i n  

t h i s  t h e s i s  ( s h o m  i n  Appendix 9 ) .  ?he r e s u l t s  of t h e s e  e x p e r i m e n t s  a r e  

s h o r n  i n  the n e x t  s e c t i o n .  

5.2. Pe r fo rmance  o f  H e u r i s t i c s  w i t h  I n t e r c h a n g i n g  - - - 

I n , o r d e r  t o  c o n p a r e  t h e  p e r f o r n a n c e  o f  t h e  a l g o r i t h m s  w i t h  and  w i t h o u t  

i n t e r c h a n g i n g ,  the sane s e t  of  g e n e r a l  q u e r y  s t r u c t u r e s  and  d a t a  a s  u s e d  i n  

C h a p t e r  4 w i l l  be used a g a i n .  A l g o r i t h m  A w i t h  i n t e r c h a n g i n g  is r e f e r r e d  

fo as A*, C w i t h  i n t e r c h a n g i n g  a s  C*, and  so f o r t h .  F u r t h e r m o r e ,  t h e  same 

p a r a m e t e r s ,  s u c h  a s  t h e  PR r a n g e ,  a r e  computed f o r  compar i son .  9 

5 . 2 .  Page fetches ---  

T a b l e s  5.1 and 5.2 show t h e  PX r a n g e s  and t h e  a v e r a g e  PR r a n g e s  f o r  - - 
t he  three a l g o r i ~ : ~ s  k i r k  i n t e r c b n g e .  The r a n g e s  a r e  a l l  s t r i c t l y  smaller 



C 

Current sequence of relations: 

p o i n t e r s  i j 

A f t e r  interchanging of r e l a t i o n s  x and y :  

Racktrack one p o s i t i o n  t o  t h e  l e f t :  

Figure 5 . 1  S t a r t i n g  p o s i t i o n  a f t e r  in terchanging  



t h a n  t h e  c o r r e s p o n d i n g  r a n g e s  i n  T a b l e s  5.1 and 5.2. 

I A* : 1 - 1.5457 1 
I C * :  1 - 2 . 6 5 3 1  1 
1 JP : 1 - 1.3540 1 

Table  5.1 The r a n g e s  o f  PR's o f  varfous 
a l g o r i t h m s  a f t e r  i n t e r c h a n g i n g  

Table  5.2 Average PK r a n g e s  of v a r i o u s  
a l g o r i t h z s s  a f t e r  i n t e r c h a n g i n g  

Figures 5 , 2 ( a , b , c ) ,  with d i f f e r e n t  s c a l e s  on t h e  Y a x e s ,  g r a p h i c a l l y  

show t h e  changes i n  t h e  a v e r a g e  P R ' s  f o r  d i f f e r e n t  query s t r u c t u r e s .  The 

, s o l i d  curves  c o r r e s p o n d  to t h e  a l g o r i t h m s  w i t h o u t  I n t e r c h a n g e .  The d o t t e d  

curves cor respond  t o  t h e  afgortthms with i n t e r c h a n g i n g .  It is . seen  t h a t  

a i l  t h e  d o t t e d  c u r v e s  are below t h e  s o l i d  c u r v e s .  The m o u n t  o f  r e d u c t i o n  

in the average P R ' s  i s  a l so  s i g n i f i c a n t ,  For example,  t h e  a v e r a g e  PR of Q8 

f o r  C i s  reduced from 1,2810 t o  1.0999. 

I n  F i g u r e  5 .2(a)  i t  is seen t h a t  t h e  a v e r a g e  PR f o r  A* f o r  each  q u e r y  

s t r u c t u r e  is smaller than  the c o r r e s p o n d i n g  a v e r a g e  PR f o r  A, The amount 

of  r e d u c r i a n  i s  as  Large a s  0.07. Ttte c u r v e s  D and D* ic Figure 5.2(c)  

show the amount of r e d u c t i o n  i n  the a v e r a g e  PR's  ie. not as s i g n i f i c a n t  a s  

f o r  A.  However, p u t t i n g  c u r v e s  A* and D* i n  t h e  s a n e  f i g u r e  ( F i g u r e  5 . 3 1 ,  

I 
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Figure 5,2 Average ?R'6 of solut ion afzer 
interchangfng 



curve  D* s t i l l  has  t h e  sma l l e r  average PR's, a l t hough  t h e r e  i s  one 

excep t ion  ( f o r  Q2). ( A  s i m i l a r  s i t u a t i o n  occu r s  i n  F igu re  4.2). For query 

s t r u c t u r e  9 2 ,  t h e  d i f f e r e n c e  i n  t h e  average  PR's fo r  D* and A* is  on ly  

a b u t  0.03, which i s  no t  s i g n i f i c a n t  i n  t h e  o v e r a l l  performance o f  

a lgo r i t hm D*. 

The s tandard  d e v i a t i o n s  of t h e  PR's f o r  t h e  a lgo r i t hms  wi th  

i n t e r chang ing  are shorn in Figu re s  5 , l ( a , b , c ) ,  The dotted curves show that 

t h e  s tandard  d e v i a t i o n s  of  the average  PR's  dec rease  as t h e  average  PR's i n  

F igu re s  5.2 dec rease .  There are many query s t ruc tures -such  a s  Q1, Q2, and 

03 f o r  A * ,  Q l  f o r  C * ,  01, 03, 04,  and Q6 D*-having t h e  s t anda rd  d e v i a t i o n s  

reduced t o  ze ro  o r  near-zero. This  means t h a t  t h e  v a r i a t i o n s  of average  

PR's obtained by t he  a lgo r i t hms  wi th  in te rchange  are very  s m a l l ,  In  most 

cases t he  average  PR ' s  dec rease  by a g r e a t  amount. F igure  5.5 shows t h e  

r e l a t i o n s h i p s  of t h e  t h r e e  s t anda rd  d e v i a t i o n  cu rves  f o r  A * ,  C*, and D*. 

Algorithm D* s t i l l  h a s  t h e  best performance. A* i s  t h e  runner-up and C* 

i s  t h e  t h i r d .  

5 - 2 . 2 .  b p u t a t  i o n  Time - - -  -. 

The amounts of time r equ i r ed  f o r  running A*, C*, and D* a r e  shown i n  

F igu re s  5 , 6 ( a , b , c )  r e s p e c t i v e l y ,  The gap between the  two curves i n  a  

f i g u r e  i s  the  amount of time requ i r ed  t o  implement in te rchanging .  The 

gaps show t h a t ,  on t h e  average ,  the a p p l i c a t i o n  of i n t e r chang ing  t o  a  

sequence r e q u i r e s  only 0,005 seconds. However, t h i s  e x t r a  time has 

different miatfw 8emfng r o  the t h e  strcmn by the soffci m s .  Ttre 

f,nhlp 5-3 shorrs Lhe relrttfve relat ioRship Cd the && ad d - 
3f each a lgor i thm.  
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with interchanging 



S
ta

n
d

a
rd

 D
e

vi
a

ti
o

n
 

S
ta

n
d

a
ra

 D
e

vi
a

ti
o

n
 

p
o

o
o

o
 ?
 

o
o

o
o

o
_

.
 

S
ta

n
d

ar
d

 D
ev

ia
ti

o
n

 



Query Structure 

F i g u r e  5.5 Standard dev ia t ions  of various algorithms 
w i t h  interchange 



Table  5 .3 -  Time ( i n  p e r c e n t )  needed f o r  
implement ing i n t e r c h a n g e .  

The amount of t ime ( i n  p e r c e n t a g e )  needed f o r  implementing t h e  

i n t e r c h a n g e  scheme v a r i e s  f o r  e a c h  q u e r y  s t r t ~ c t u r e .  The t i m e  needed f o r  

i n t e r c h a n g i n g  can be a s  h i g h  a s  110 p e r c e n t  and as low as 29 p e r c e n t  of t h e  
0 

runn ing  t ime of  t h e  h e u r i s t i c s .  However, t h i s  d o e s  n o t  a f f e c t  t h e  o v e r a l l  

performance of t h e  i n t e r c h a n g e  a l g o r i t h m  because  as t h e  number of r e l a t i o n s  

r e f e r e n c e d  i n  a  querv s t r u c t u r e  i n c r e a s e s ,  t h e  p e r c e n t a g e  of t i m e  needed 

f o r  i n t e r c h a n g i n g  d e c r e a s e s .  On the o t h e r  hand, when compared t o  

e x h a u s t i v e  s e a r c h ,  t h e  e x t r a  t ime  f o r  improving t h e  h e u r i s t i c  s o l u t i o n  i s  

wor thwhi le .  F igure  5.7 c l e a r l y  shows t h a t ,  i f  t h e  number of r e l a t i o n s  

invo lved  i n  a query s t r u c t u r e  i s  g r e a t e r  t h a n  4 ,  t h e  r u n n i n g  t ime of t h e  

h e u r i s t i c  a l g o r i t h m s  w i t h  i n t e r c h a n g i n g  is  much less t h a n  t h e  runn ing  t i m e  
\ 

of  t h e  e x h a u s t i v e  s e a r c h .  T h e r e f o r e ,  t h e  p r i c e  of a p p l y i n g  t h e  

i n t e r c h a n g i n g  t a c t i c  i s  no t  s i g n i f i c a n t  i n  comparison w i t h  t h e  runn ing  t i m e  

o f  e x h a u s t i v e  s e a r c h ,  
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F i g u r e  5.6 Funning times of a l g o r i t h m s  w i t h  and  
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Figure 5.7 Running times of algorithms with 
interchange of relations 



CHAPTER 6 

COMPARISON OF NESTED LOOPS METHOD WITH SORT-MERGE METHOD 

6.1. Assumptions - - 

I 

I n  t h i s  c h a p t e r  a s e t  of experiments  w a s  conducted f o r  comparing t h e  

nes t ed  loops  method (NLM) w i t h  t h e  sor t -merge  method (SMM) [BLAS-771 which 

i s  descr ibed  i n  Chapter 2 .  We assume t h a t  t h e r e  i s  no s p e c i a l  acces s  p a t h  

( such  a s  index)  a v a i l a b l e .  I n  t h e  sor t -merge  method, t h e  r e l a t i o n s  ( s a y  Ri 

and R ) r e f e renced  i n  a  p r e d i c a t e  a r e  f i r s t  s o r t e d ,  u s ing  t h e  4-way merge 
j 

s o r t ,  and then  merged i n t o  one r e l a t i o n  ( s a y  Rk), which is  c a l l e d  an  

in t e rmed ia t e  r e l a t i o n .  The s i z e  of t h e  in t e rmed ia t e  r e l a t i o n ,  Rk, can be 
4 

computed a s  fo l lows .  Le t  t ( t  ) be the  l e n g t h  of each  t u p l e  of r e l a t i o n  
i j 

RI(Rj). Af te r  j o in ing  a  t u p l e  p a i r  from Ri and R t h e  longes t  p o s s i b l e  
j 

l e n g t h  of t h e  t u p l e  of Rk i s  t +t It i s  assumed t h a t  a  page can hold s 
i j' 

bytes .  Thus we need Nk(t +t ) / s  pages t o  s t o r e  Nk t u p l e s .  The parameters  
i j 0 

of Rk a r e  obta ined  a s  fo l lows  : 



The c o s t  ( i n  terms of t h e  number of page f e t c h e s )  fo r  scanning t h e  

e n t i r e  r e l a t i o n  Ri i s  Mi, s i n c e  a l l  t h e  d a t a  pages of Ri must be fe tched  

once and only once. To perform a merging ope ra t ion  on t h e  two r e l a t i o n s ,  

Ri and R both of them need be scanned once s i n c e  they  a r e  s o r t e d  on t h e  
j ' 

j o i n  a t t r i b u t e .  Hence, the  merging c o s t  i n  t h e  number of page f e t c h e s  'is : 

merge c o s t  = M + H 
i j' 

We assume t h a t  a  g iven  query has a l r e a d y  been preprocessed ,  i .e . ,  

t h e r e  i s  no one - re l a t ion  p r e d i c a t e  involved i n  t he  g iven  query. However, 

i n  t he  sor t -merge  method, a f t e r  some merging ope ra t ions  a r e  performed, some 

one- re la t ion  p r e d i c a t e s  may be produced ( see  Figure 6.1), and t h e  s i z e s  ' o f  

t h e  in t e rmed ia t e  r e l a t i o n s  r e s u l t i n g  from t h i s  type of p r e d i c a t e s  must be 

t r e a t e d  d i f f e r e n t l y  from t h e  ?$ and t+$ descr ibed  above, f o r  t h e  r e s u l t i n g  

t u p l e s  do not  lengthen  and t h e  number of t u p l e s  per  page i s  no t  changed. 

Suppose, f o r  example, t h a t  t h e  one- re la t ion  p red ica t e  i s  P1=(R1.A=R1.B) 

w i t h  the  s e l e c t i v i t y  f a c t o r  f . Rela t ion  R1 has  N t u p l e s  and pages. 
P1 1 

The s i z e s  of t h e  r e s u l t a n t  r e l a t i o n  R;t a f t e r  performing P1 a r e  given a s  

fo l lows  : 



*Given the f o l l o w i n g  query graph : 

A f t e r  P' is computed : 
2 

?" is now an one-relation zredicate. 
3 

Figure 6.1 h e - r e l a t i o n  predicate p i e l d e 6  f rm 
n e r g l n g  o f  relations 



' h e r e f o r e ,  there a r e  two types of p r e d i c a t e s  t o  be  c o n s i d e r e d  : 

(1 )  P r e d k a t e  referencing two relations, Xi and R 
j ' 

Cost f o r  evaluating t h i s  type  of p r e d i c a t e  

= s o r t  c o s t  of Bi + sort cost of R + merge c o s t  
3 

( 2 )  P r e d i c a t e  r e f e r e n c i n g  o n l y  one r e l a t i o n ,  Ri. 

Cost f o r  e v a l u a t i n g  t h i s  t y p e  of p r e d i c a t e  

In  the experiments t h e  same santples as  we used i n  t h e  previous 

sectLons were ISEL lItLe ccs ts  used in the ccmparisws tbse & the 

o p t i m a l  s o l u t i o n s  f o r  t h e  n e s t e d  l o o p s  method and t h e  so r t -merge  method. 

T h e r e f o r e ,  e x h a u s t i v e  search was a p p l i e d  t o  both t h e  n e s t e d  l o o p s  and t h e  

sort-merge methods. I n  t h e  sor t -merge method, all t h e  possible o r d e r s  of 

e v a l u a t i n ~  t h e  p r e d i c a t e s  u e r e  a t t e m p t e d  i n  o r d e r  t o  f i n d  t h e  best o r d e r ,  

The c o s t s  f o r  t h e  t w o  methods a r e  c m p a r e d  by the r e l a t i v e  cost (rc). 

c o s t  f o r  s o r t l e e r g e  method s o l u t i o n  
rc = 

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

Cost f o r  nested l o o p s  S t h o d  s o l u t i o n  

The r e l a t i v e  cost can be any  positive v a l u e .  I f  it is g r e a t e r  t h a n  1, 

t h e  c o s t  f o r  t h e  s o r t a r e r g e  method s o l u t i o n  i s  g r e a t e r - t h a n  t h a t  f o r  t h e  

n e s t e d  loops  method solution. S i m i l a r l y ,  i f  t h e  rc is smaller than 1 tpe 

former c o s t  i s  smaller than t h e  l a t t e r .  The r e s u l t s  of t h e  exper iments  are 

shown i n  t h e  n e x t  section. 



6 , 2 .  Resu l t s  - - 

6.2.1 .  Page Fetches ---  

Figure h - 2  shows t h e  average r e l a t i v e  c o s t  f o r  e a c h  query structure. 

The s o l i d  curve cor responds  t o  t h e  s o r t l n e r g e  method. The dotted curve 

corresponds to the nes ted  l oops  method. These cu rves  do n o t  ove r l ap  each  

other. The do t t ed  curve ,  which is a s t r a i g h t  h o r i z o n t a l  l i n e  a t  rc-1, i s  

well below the s o l i d  curve.  This  shows t h a t  t h e  costs  f o r  t h e  ' opt imal  

solutions obtained by t h e  sort-merge method ate l a r g e r  than the 

A 
corresponding c o s t s  by t he  nested l oops  method f o r  all t he  over 200 samples 

used. The s m a l l e s t  average  r c  ( f o r  Q9) of the  s o l i d  curve  i s  2. In  o t h e r  

words, t h e  s m a l l e s t  average  c o s t  ob ta ined  by the sort -erge method i s  about  

double t h e  cor responding  c o s t  by the nes ted  loops  method. Ttte =st 

u n s a t i s f a c t o r y  c a s e  is 06. Its average c o s t  by tke--sortlrerge method is 

a b o u t  6 t imes t h a t  by the nes ted  l o o p s  method. 

Eased on t he  assumptions o f  this set of c ~ ~ e r i ~ e n t s ,  t h e  c o s t  f o r  

s o r t i n g  a r e l a t i o n  i s  l a r g e r  than t h a t  f a r  merging t v o  r e l a t i o n s .  Suppose 

t&-t there-are T u r e d r c a t e s  and n relations i n  a  - given query. I n  the 

sor t -merge method, a t  most rn mergings b u t  a t  l e a s t  n'; s o r t i n g 6  are  - *- 

necessary.  However, i n  t h e  nes ted  l oops  method, on ly  n-1 \+r t ings a r e  
\ 

r equ i r ed  and t h e  number of. page f e t c h e s  needed fo r  each  re ia t ion \ \b i .e . ,  Hi) 

i s  kept  m l f :  Therefore, due t o  the f a c t  that the c o s t  needed f o r  

e v a l u a t i n g  a querp by t he  sor t -merge m t h o d  is dominated by t h e  s o r t  k o s t ,  
\ 

i t  is  not  s u r p r i s i n g  to egg t h e  results  show irr  Figure 6 . 2 .  If t k  sort 
+ 

cost fs rduced, r t ~  rocal  cost 1s a l s o  reduced s i g n i f i c a n t l y .  To h p r o v e *  , 
t h e  c o s t  o f  t h e  sort-merge method, w e  can u s e  a l a r g e r  z merge f a c t o r ,  s a y .  '\ 
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Figure 6.2 Average re lat ive  costs  f o r  
Sw and IrW solutions 



218, in the sorting. Ffjpre 6 . 3  shows sorting cost for the z r a y  merge 

sort for different values of z. I t  is seen that a8 z increases the sort 

c ~ s t  decreases, However, a s  we double z ,  say frim 5 to R ,  the sor t  cost 

is not reduced by h a l f .  Therefore, the solid curve in Figure 6.2 would 

n o t  come down t o  half i t s  height  through t h i s  change. Thus the s o l i d  

curve would still stay above the  dotted curve. Furthernore, i f  an 8-way 

merge sort is a l s o  used in the nested I w p s  atthod, the  c o s t  required fur 

evafuatsng a c u e F  v i 1 1  be reduced as well ( t h e  relative cos t s  rearain as  

I Therefore, t h e  t o ta l  c o s t  o f  the sort-rge etettrod will be still 

h i g h e r  than  that  of t h e  nested l o o p s  method for a l l  t h e  saa les t e s ~ e d .  P 
C o ~ p u t a  tion T h e  

figure 6.4 shows rhe amounts of time required f o r  running the  sort- 

Berge and nested l o o p s  algorithms. TIte d o t t e d  curve corresponds t o  the 

nested loops  algorit'm vtth exhaustive eearch far the optimal nesting 

o r d e r .  This curve i s  t h e  same as  exhaust ive  search curves  shorn i n  Figures . - - -  - 

4.4 and 5 . 7  ( except  rhat  the  scale is d i f f e r e n t ) ,  It i s  seen t h a t  the 

amount of t i m e  required by the surt-merge algorithm grows mre r a p i d l y  than 

/' 
char needed by the nested l o o p s  algorithm. 
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Figure 6 . 4  BrurnFng tires for  sort-rge and 
n e s t e d  loops werhods 



7.1. Concfus ions  - - 

From t h e  r e s u l t s  o b t a i n e d  i n  p r e v i o u s  C h a p t e r s ,  we come to  t h e  

f o l l o w i n g  c o n c l u s i o n s  : 

- 

f i >  Among the M s k € c  alp;mfthus A, C ,  3, and 2 ,  B gives t h e  best - 

h e u r i s t i c  s o l u t i o n s  - for both  g e n e r a l ' a n d  tree q u e r i e s .  The running 

t ime  of D does n o t  grow r a p i d l y  as t h e  number of r e l a t i o n s  i n v o l v e d  i n  
1 

a query i n c r e a s e s .  T t e s  in chmslng Ri do not happen f r e q u e n t l y .  

( 2 1  Xlgor i thsr  A i s  the r u n n e r - u p .  I t  g i v e s  a c c e p t a b l e  h e u r i s t i c  

s o l u t i o n s  t o  a l l  of t h e  g e n e r a l  q u e r y  samples  used.  But f o r  t r e e  
- - - -  - - - --- -- - 

q u e r i e s ,  some u n a c c e p t a b l e  h e u r i s t i c  s o l u t i o n s  a r e  produced.  This 
> 

sakes t h e  a l g o r i t h m  u n a t t r a c t i v e  costpared t o  D. The anount of - 

runn ing  t ime r e q u i r e d  f o r  A is l a r g e r  than  t h a t  f o r  . T i e s  o c c u r  

=ore  f r e q u e n t l y  t t a n  f o r  D. 

( 3 )  &lgoritRm C is  t h e  t h i r d  b e s t  h e u r i s t i c .  I t  p roduces  b o t h  a c c e p t a b l e  

and  u n a c c e p t a b l e  h e u r i s t i c  s o l u t i o n s .  However, u n a c c e p t a b l e  h e u r i s t i c  

solutions o c c u r - n o r e  F r e q u e n t l y  than i n  A, T i e s  do n o t  o c c u r *  as  

f r q t j e ~ t f y  t h q  66 frt A. The mnmhg t i m e  is shorter t h a n  It but 

h l g e r  Lb.an n* 



C4) A l g o z ~ R 2  is ranafdered rhe leaet -- 
h e u r i s t i c  s o l u t i o n s  g i v e n  are n o t  s t a b l e  i n  t h e  s e n s e  t h a t  t h e y  are 

sometimes as good as t h o s e  g i v e n  by o t h e r  a l g o r i t h m s ,  and sometimes 

much l a r g e r  t h a n  t h e  a c c e p t a b l e  s o l u t i o n s .  

( 5 )  The h e u r i s t i c  s o l u t i o n s  a r e  u e n e r a l l y  improved w i t h  t h e  a p p l i c a t i o n  of 

i n t e r c h a n g i n g  of a d j a c e n t  r e l a t i o n s .  The o v e r a l l  ranung of t h e  

performance of the heuristic algorithms do nor change, i ,e . ,  D is 

s t i l l  t h e  b e s t  whereas A is t h e  second best and s o  f o r t h .  The amount 

o f  t i m e  needed f o r  implementing t h e  i n t e r c h a n g e  scheme v a r i e s  i n  e a c h .  

query  s t r u c t u r e .  However, a s  t h e  number of r e l a t i o n s  r e f e r e n c e d  i n  a 

querv  s c r u c  t u r e  i n c r e a s e s ,  t h e  p e r c e n t a g e  o f  t i m e  f o r -  i n t e r c h a n g i n g  

d e c r e a s e s ,  

( 6 )  The e v a l u a t i o n  of n e s t e d  l o o p s  and s o r t l a e r g e  methods is based on t h e  

, assumpt ions  that t h e  s e l e c t i v i t y  f a c t o r s  are very  small and t h e  u n i t  

sf t rans fa  B e m n  r t a h  stcmiqg&d secxwhzy star* k s  a p & g s -  

The r e s u l t s  show t h a t  t h e  o p t i m a l  s o l u t i o n s  f o r  t h e  n e s t e d  l o o p s  

ne thod  tend t o  g i v e  t h e  s m a l l e s t  number of page f e t c h e s  Fn a l l  t h e  

samples used.  The op t imal  s o l u t i o n s  f o r  t h e  so r t -merge  method a r e  a t  

l e a s t  doub le  t h o s e  f o r  t h e  f o w e r ,  The runn ing  t h e  of t h e  former  

method i s  much l e s s  than  t h a t  o f  t h e  l a t t e r .  

( 7 )  k%en t h e  assumpt ions  f o r  t h e  a p p r o x ~ t i o n  f u n c t i o n  H (Y are 

v a l i d ,  two special c a s e s  can be solved precisely. Using algorithm LP, 

s o l u t i o n s  f o r  Algor i thm 3R is a p p l i e d  t o  a g e n e r a l  qucrv r e f e r e n c i n g  
- 

t h r e e  r e l a t i o n s .  I t  g i v e s  t h e  o p t i e t a l  n e s t i n g  o r d e r  of r e l a t i o n s .  



J" 

There are s e v e r a l  open problems t h a t  can be looked  i n t o  i n  f u t u r e  

i We use  a l g o r i t h m  D t o  s o l v e  a g e n e r a l  query. A f t e r  p r o c e e d i n g  t h r o u g h  
f 

some s t g g e s ,  t h e  remain ing  unordered  r e l a t i o n s  form a tree query.  Can 

t h e  performance be improved if we use a l g o r i t h m  B t o  ob ta in  the 

o p t h a 1  s o l u t i o n  of the tree query  ? 

( 2 )  The c o s t  f u n c t i o n  used i n  t h i s  v o r k  is d e r i v e d  under  t h e  ass lmtpt ion 

that the parameters, such as the v a l u e s  of a t t r i b u t e s ,  a r e  u n i f o r m l y  

d i s t r i b u t e d .  I f  a  normal d l s t r i b u t l o n  i s  c o n s i d e r e d  i n s t e a d ,  what 

c o s t  f u n c t i o n  do we obtain ? 

( 3 )  Much can be done on  t h e  ccmparison of t h e  n e s t e d  l o o p s  and s o r t - m e r g e  

methods. T h i s  n i g h t  occur when f p  is not v e r y  maal l ,  and more 

iiss-trmpt Lms tan ke made for + s* of irrtewedimz d a X f  ons 

o b t a i n e d  a f t e r  t h e  merging ( f o r  example ,  one  o f  t h e  j o i n  f i e l d s  can  be 

e l i m i n a t e d  from the compos i t e  t u p l e  wh ich  !-ms l e n g t h  t +t ). 
i f 

Supposing t h a t  a s o r t - w r g e  a l g o r i t h m  u s e s  a b lock  of  k p a g e s ,  

i n s t e a d  of one page, as  t h e  unit of t r a n s f e r  be rueen  main storage and 

s e c o n d a r y  s t o r a g e ,  the sort cosr. f u n c t i o n  becomes 2 r(?i /k)logZ(H/kjl  . 
How v e l l  do the n e s t e d  loops and so r t -e rge  a l g o r i t k e  perform ? 



APPENDIX, 1 : NOTATION 
-- 

v 
- 

R1,R2, ..., Rn : r e l a t i o n s  referenced i n  a given query. 

M i  : number of  tup le s  of R i g  

Mi : number of pages needed to  s t o r e  a l l  tup le s  of R i ' 

t i  : l%ength ( i n  by te s )  of each tuple  of R i .  

s : page s i z e  ( i n  b y t e s ) .  

E . A  : at tr ibute  A of r e l a t i o n  R i .  i 

Ri.ABR .B  : one-relat ion predicate.  
i 

f : s e l e c t i v i t y  factor  ( the  expected fract ion  of tuple  pairs  from Ri 
P 

and R s a t i s f y i n g  P). 
j 

1 2 ,  F : PRODUCT [FOR P IN p r e d ( i ) ]  OF f p .  
i 

( t h e  product of all the s e l e c t i v i t y  f a c t o r s  associated w i t h  the 
predicates  i n  p r e d ( i ) ) .  * 



APPENDIX. 2 : ALGORITHM A 

Algorithm - A 

I n p u t  : 

Query Graph  G(Q), t h e  set R* of r e l a t i o n s  r e f e r e n c e d  i n  Q,  and t h e  

p r e d i c a t e s  of Q t o g e t h e r  w i t h  t h e i r  s e l e c t i v i t y  f a c t o r s .  

Output :  

Nest ing o r d e r  and t h e  d i r e c t e d  spann ing  t r e e  used for  t h e  nested loops 

method, t o g e t h e r  w i t h  the a t t r i b u t e  of each r e l a t i o n  on which  i t  is t o  

be sorted .  

1 C o n s t r u c t  t h e  s e l e c t f v i t y  diagram SD(Q)=(V,E). 

2 .  For teach R6R* l e t  R =R and R=R*-(R) , and repeat S t e p s  2.1 and 2.2. 
1 - 

2 .1 .  For i=n,n-l,...,3, r e p e a t  S t e p s  a )  and b). 

a) Choose R (from 5) and P which minimize Hi. 
1 i ,  

b )  L e t  - R=R-{Ri} - and d e l e t e  f r a s  SD(Q) the node R i  and the edges 

i n c i d e n t  on i t .  

2.2.  L R t  R? k t h e  s i n g l e  remain ing  node i n  R and compute t h e  c o s t  C I 

& 
- 

of  (3.2).  ' 

3 .  t tutput t h e  c h o i c e s  (R , R 2 , .  .. ,R } and {P2,.  . . ,Pn} t h a t  led t o  t h e  
1 n 

mlninua C in Step 2 . 2 .  



APPENDIX. 3 : ALGORITHM B . 

procedure  NORMALIZE(S); 

conm~emt : S i s  t h e  i n p u t  sequence of s t r i n g s ;  

w h i l e  ( s t a r t i n g  from t h e  b e g i n n i n g  o f  S )  t h e r e  i s  a p a i r  of a d j a c e n t  

s t r i n g s ,  S1 fo l lowed  by S2, i n  S such  t h a t  r (S l )@(S2)  - do 
'L 

& g i n  r e p l a c e  sI and S2 by a new s t r i n g  (SISZ)  &; 

Algori thm - B 

I n p u t  : 

Tree  q u e r y  w i t h  a s p e c i f i e d  r o o  the velations r e f e r e n c e d  i n  Q, 

their sizes) 

and t h e  p r e d i c a t e s  o f  0 t o g e t h e r  w i t h  t h e i r  s e l e c t i v i t y  

f a c t o r s .  
/' 

Nest ing o r d e r .  

1. Let a s t r i n g  be a sequence of  r e l a t i o n ( s ) .  Cons ider  e a c h  node as a 

s t r i n g ,  

2 . '  If t h e  t r e e  i s  a s i n g l e  c h a i n  t h e n  s t o p  ( t h e  d e s i r e d  n e s t i n g  o r d e r  i s  

g i v e n  by t h e  chain). 

3. Find a wedge (see example i n  n e x t  page)  i n  t h e  tree. 

a 

4. Xppfp 3ORMALEZE t o  t h e  sequence c o r r e s p o n d i n g  t o  e a c h  c h a i n  of. t h e  

uedge. The sequence of nodes  c o r r e s p o n d i n g  t o  a component s t r i n g  i n  

the  meput  of f f e B P W Z f ~  f s consfctere6 as a -It f a  supertlo3e) f r o m  now 

on.  



the ass ic ia ted  str ings  (from the smallest to the l a r g e s t ) ,  and go t o  

Step 2.  

Example: The structure of a wedge is two chains ~ 0 ~ e c t e d  by a node. 
A wedge is c irc led  i n  the given tree .  



J 

APPENDIX. 4 : ALGORITHM C - 
Algorithm - C 

Input  : 

Query Graph G(Q), t he  s e t  R* of r e l a t i o n s  r e f e renced  i n  Q ,  t h e  

p r e d i c a t e s  

a s s o c i a t e d  

of Q t oge the r  w i th  t h e f r  s e l e c t i v i t y  f a c t o r s ,  and t h e  

minimum spannings t r e e  of  Q. 

Output:  

Nest ing o r d e r  and t h e  d i r e c t e d  spanning t r e e  used f o r  t h e  nes t ed  loops  

method, t oge the r  w i th  t$e a t t r i b u t e  of each r e l a t i o n  on which i t  i s  t o  

- 
be so r t ed .  

1. Construct  t h e  s e l e c t i v i t y  diagram SD(Q)=(V,E). 

2. For each minimum spanning t r e e  f o r  SD(Q), do s t e p  3 : 

3. For each R6R* r e p e a t  s t e p s  3.1 and 3.2. 

4 .  

3.1. Let root=R, apply  a lgo r i thm B. 

3.2. Using t h e  n e s t i n g  order - .ob ta ined  i n  s t e p  3.1 compute c o s t  
P 

from . 

formula (3.2) .  

4. Output t he  cho ices  {R1,R2, ..., R } and { P 2 , P n  t h a t  l e d  t o  
n 

1 

minimum c o s t  i n  stepA3.2. 
V 



APPEMILX. 5 : ALGORITHM D 
# 

Algorithm - D 

Input  : 

Query Graph Q, t h e  set R* of r e l a t i o n s  r e f e r enced  i n  Q,  t h e  p r e d i c a t e s  

of Q t o g e t h e r  wi th  t h e i r  s e l e c t i v i t y  f a c t o r s .  

ou tpu t :  

Nest ing o r d e r  and t h e  d i r e c t e d  spanning  t r e e  used f o r  t h e  nes t ed  l oops  

method, t o g e t h e r  wi th  t h e  a t t r i b u t e  of each r e l a t i o n  on which i t . i s  t o  

be s o r t e d .  

1 b n s t r u c t  t h e  s e l e c t i v i t y  diagram SD(Q)=(V,E). 
d 

2 .  For each  R€R* l e t  R l = ~ ,  R=R*-[R], and R8=[R], r e p e a t  s t e p s  3 and 4 .  - 

3 .  For i=2 t o  n-1 r e p e a t  t h e  fo l l owing  s teps(3 .1 ,  3 . 2 ,  3.3): 

3.1. For each  R .GR do t h e  fo l lowing:  
3 - 

3.1.1. Draw t h e  graph Gp(i)=(Vp,Ep) from SD(Q) 

where vp= {v 1 v6R'+[ R ] ) 
j 

Ep={(a,b) ( ( a , b ) 6 ~  and a,bGVp). 
! 

- 
3.1.2. Compute FN = F{1,2, ..., i - ~ / J ) * N  

2 

where F{1,2, .  . . ,i-11 j) = t h e  product  of  t h e  s e l e c t i v i t y  .8 

f a c t o r s  a s s o c i a t e d  w i t h  t h e  
p r e d i c a t e s  i n  PRED(j,i-l), 

Ni = number o f  t u p l e s  i n  R 
j 



3.2. Choose f p  from pred(i)-pred(i-1) and compute Hi. 
5 i 

3.3 .  k t  --  R=R-[R ] and Rf=R'+[Ri]. i 

4 .  Let R be t h e  s i n g l e  r emain ing  node in - R, and f p  be t h e  minimum n 
n 

s e l e c t i v i t y  f a c to r  chosen from pred(n)-pred(n-1). 

Compute c o s t  from formula (3.2). 

5 .  h t p u t  t h e  choices { R I ,  ..., R,) and {P 2,... ,P,) t'hat led t o  t h e  m i n i m  

cos t  i n  s t e p  4. 



I n p u t  : 

h e r y  Graph 0, t h e  s e t  R* of r e l a t i o n s  r e f e r e n c e d  i n  Q ,  t h e  p r e d i c a t e s  

o f  Q t o g e t h e r  w i t h  t h e i r  s e l e c t i v i t y  f a c t o r s .  

%.I tput  : 

K e s t i n g  o r d e r  and t h e  spann ing  t r e e  used  f o r  t h e  n e s t e d  l o o p s  method, 

t o g e t h e r  w i t h  t h e  a t t r i b u t e ,  of e a c h  r e l a t i o n  on vhich i t  i s  t o  be 

s o r t e d .  

1. C o n s t r u c t  t h e  s e l e c t i v i t y  diagram S D ( Q ) = ( V , E ) .  

2 .  For  e a c h  RGR* l e t  R1=R, - R=R*-[R], and R'P[R], r e p e a t  s t e p s  3 and 4. 

3. F o r  1-2 t o  n-1 r e p e a t  t h e  f o l l o w i n g  s teps (3 .1 ,3 .2 ) :  

3.1. For e a c h  R 6 R  do t h e  f o l l o w i n g :  
j - 

Compute R a t i o ( j )  = (F{1 ,2 ,  ..., I - l / j } * N j - l ) / f  M 
p3 J 

where F{1,2,  ..., i - 1 1 j )  = t h e  s e l e c t i v i t y  f a c t o r s  a s s o c i a t e d  w i t h  
t h e  p r e d i c a s e s  i n  PEED( j , i-1 ) , 

N = number o f  t u p l e s  i n  R  
j j * 

f p  = t h e  minimum s e l e c t i v i t y  f a c t o r  a s s o c i a t e d  w i t h  t h e  
j p r e d i c a t e s  i n  PRED(j , i -1).  

3.2, Choose t h e  r e l a t i o n  w i t h  minimum R a t i o  as Ri. 

Choose f  from ~ r e d ( i ) - p r e d ( i - 1 )  and compute Hi. 
Pi 

3 .3 .  L e t  - R=R-[Ri] - and R'=R'+[Ri]. 



. Let  R be the s ingle  remin ing  node in R, and f L k  m b h i m  
R - - 

selectivity factor chosen from pred(n)-pred(n-1). 

$ompute c o s t  from formula ( 3 . 2 ) .  

5 .  Output t h e  cho ices  f R 1 ,  that l e d  to the minimum 

c o s t  i n  s t e p  4 .  



I n p u t  : 

Ouer>r G r a p h  G C O j ,  t h e  set R* of r e l a t i o n s  r e f e r e n c e d  i n  Q ,  the 

p r e d i c a t e s  of  0 t o g e t h e r  w i t h  t h e i r  s e l e c t i v i t v  f a c t o r s .  

Outpu t :  

S e s t i n g  o r d e r  and t h e  spann ing  t r e e  used f o r  t he  n e s t e d  l o o p s  method, 
. u 

t o g e t h e r  w i t h  t h e  a t t r i b u t e  of e a c h  r e l a t i o n  on which i t  i s  t o  be 

1 .  C o n s t r u c t  t h e  s e l e c t i v i t y  diagram SD(Q)=(V,E). 

2 .  For each  RGR* do t h e  f o l l o w i n g  : 

1 Let  Ra=R,  and t h e  remaining r e l a t i o n s  be Rb and R r e s p e c t i v e l y .  
C 

Let  t h e  p r e d i c a t e  r e f e r e n c i n g  R and % be Px; a 

t h e  p r e d i c a t e  r e f e r e n c i n g  R and Rc be P a Y' 

t h e  p r e d i c a t e  r e f e r e n c i n g  % and R 
C 

be PZ.  

2.2. Compute : u=(f Ii MIN(fp , f p  ) - fp  )I%; 
Px Y Z  Y 

2 . 3 .  I f  u  < v p i c k  {RaR,,Rc) as  t h e  d e s i r e d  o r d e r ,  o t h e r w i s e  p i c k  t h e  

sequence {RaRcR,). Compute t h e  c o s t  u s i n g  fo rmula  , ( 3 . 2 ) .  

minimum c o s t  i n  s t e p  2.3. 



APPENDIX. 8 : ALCORITFPf LQ 

Algor i thm - LO 

I n p u t  : 

(Juery Graph G(Q), t h e  set R* of r e l a t i o n s  r e f e r e n c e d  i n  Q ,  t h e  

p r e d i c a t e s  of 9 t o g e t h e r  w i t h  t h e i r  s e l e c t i v i t y  f a c t o r s .  

O u t p u t :  

t i e s t i n g  o r d e r  and t h e  d i r e c t e d  s p a n n i n g  tree used f o r  t h e  n e s t e d  l o o p s  

method, t o g e t h e r  with t h e  a t t r i b u t e  of each  r e l a t i o n  on which i t  is t o  

be s o r t e d .  

1. Imt t h e  querv  g raph  be G ( Q ) = ( V , E ) .  For each e8E, do t h e  f o l l o w i n g  : 

1.1. Delete e from G ( Q ) .  

1.2 .  For e a c h  R6R* do S t e p s  a )  and b) . 

a )  Zlet root=R, a p p l y  a l g o r i t h m  B. 

b )  Gempute c o s t  from ( 3 . 2 )  by u s i n g  t h e  o r d e r  o u t p u t  from s t e p  a) .  

2.  Output  t h e  c h o i c e s  {R1,R2, ..., R ) and {P2 ,  ..., Pn} t h a t  l e d  t o  t h e  
n 

minimum c o s t  i n  S t e p  1.2b). 



APPENDIX. 9 : I H T E R W C E  

Algor i thm I n t e r c h a n g e  

I n p u t :  

A sequence of r e l a t i o n s  S,, (a  h e u r i s t i c  s o l u t i o n )  t o g e t h e r  w i t h  i ts  

Cost  C ( i n  number of page f e t c h e s ) .  r) 

H e s t i n g  o r d e r  and t h e  c o r r e s p o n d i n g  c o s t .  

1 ,  'Let sequence S Isso and c o s t  C1=CO. 

2 .  S t a r t i n g  from t h e  l e f t m o s t  r e l a t i o n  o f  Sit l e t  t h e  p o i n t e r s  i and j 

p o i n t  t o  t h e  f i r s t  and second r e l a t i o n s  r e s p e c t i v e l y .  

3 .  I n t e r c h a n g e  t h e  r e l a t i o n s  of S1 p o i n t e d  t o  by i and j and o b t a i n  

sequence  S,. - 

4 .  Compute c o s t  C from fo rmula  (3 .2) .  
2 

5 ,  I f  c o s t  C i s  s m a l l e r  t h a n  or e q u a l  t o  c o s t  1 
C2, d i s c a r d  S2 and C2, 

advance  t h e  p o i n t e r s  o f  S one p o s i t i o n  t o  t h e  r i g h t  Go t o  s t e p  6 i f  1 ei 
t h e  end of  t h e  sequence  S i s  reached .  Otherwise ,  r e p e a t  t h e  p r o c e s s  

1 

from s t e p  3 ,  I f  c o s t  C i s  l a r g e r  t h a n  c o s t  C l e t  S1=S2, C1=C2, j=i, 1 2 ' 
and i=i-1. Repea t  t h e  p r o c e s s  f rom s t e p  3. 

6 .  Output  sequence  S and c o s t  C1. 
1 
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