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Abstract—C o l o r e d  r a n g e  s e a r c h i n g  i s  a  f u n d a m e n t a l  p r o b l e m  t h a t  a r i s e s  i n  m a n y  a p p l i c a t i o n s  l i k e  s p a t i a l  d a t a b a s e s ,  
n e t w o r k  r o u t i n g ,  d o c u m e n t  r e t r i e v a l ,  a n d  s u b - s t r i n g  i n d e x i n g .  I n  t h e  g e n e r a l  c a s e ,  a  s e t  S ,  o f  c o l o r e d  g e o m e t r i c  p o i n t s  a r e  
t o  b e  p r e p r o c e s s e d  s o  t h a t  g i v e n  a  q u e r y  o b j e c t  q ,  t h e  d i s t i n c t  c o l o r s  o f  t h e  o b j e c t s  i n t e r s e c t e d  b y  q  c a n  b e  r e p o r t e d  
e f f i c i e n t l y  o r  t h e  n u m b e r  o f  s u c h  c o l o r s  c a n  b e  c o u n t e d  e f f i c i e n t l y .  W h i l e  o p t i m a l  a l g o r i t h m s  e x i s t  t o  s o l v e  t h e s e  p r o b l e m s  
i n  g e n e r a l ,  t h e r e  a r e  n o t  m a n y  d a t a b a s e s  t h a t  i m p l e m e n t  t h e s e  a l g o r i t h m s .  T h i s  i s  a  s u r v e y  o f  s u c h  a l g o r i t h m s  a n d  
t e c h n i q u e s .  W e  a l s o  e x p l o r e  h o w  w e  c a n  i m p l e m e n t  s o m e  o f  t h e s e  a l g o r i t h m s  i n  a  r e a l - w o r l d  d a t a b a s e  s y s t e m ;  w e  t h e n  
e v a l u a t e  a n d  a n a l y z e  t h e  p e r f o r m a n c e  o f  t h e s e  t e c h n i q u e s .  T h e  d a t a b a s e  u s e d  i s  P o s t g r e S Q L ,  w h i c h  h a s  g o o d  g e o m e t r i c  
p r i m i t i v e s ,  i n c l u d i n g  d a t a  t y p e s ,  o p e r a t o r s  a n d  i n d e x e s .  
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I .   I N T RO DU CT I O N  

O n e  o f  t h e  p r e v a l e n t  p r o b l e m s  i n  a  l o t  o f  d a t a b a s e  a p p l i c a t i o n s  i s  t o  r e p o r t  d i s t i n c t  c a t e g o r i e s  o f  a  g i v e n  s e t  o f  o b j e c t s  
t h a t  m e e t  s o m e  c r i t e r i a ,  f o r m a l l y ,  t h i s  i s  k n o w n  a s  t h e  C o l o r e d  R a n g e  S e a r c h i n g  ( C R S )  p r o b l e m .  T h i s  i s  a l s o  k n o w n  a s  
t h e  I n t e r s e c t i o n  S e a r c h i n g  p r o b l e m  a n d  t h e r e  a r e  v a r i a t i o n s  o n  t h i s ;  e i t h e r  c o u n t  t h e  o b j e c t s  o r  r e p o r t  t h e m ,  t h e s e  a r e  
c l a s s i f i e d  a s  t h e  C o u n t i n g  p r o b l e m  a n d  t h e  R e p o r t i n g  p r o b l e m .  

C R S  i s  a  s p e c i f i c  i n s t a n c e  o f  t h e  r a n g e - s e a r c h i n g  p r o b l e m ,  w h i c h  i s  t h o r o u g h l y  i n v e s t i g a t e d  i n  t h e  d a t a b a s e  c o m m u n i t y  
a n d  t h e r e  e x i s t  e f f i c i e n t  a l g o r i t h m s  a n d  d a t a  s t r u c t u r e s  t h a t  a r e  r e a d i l y  i m p l e m e n t e d  i n  e v e r y  c o m m e r c i a l  d a t a b a s e  
s y s t e m .  C R S  c a n  b e  s o l v e d  u s i n g  t h e  s a m e  g e n e r a l  t e c h n i q u e s  a s  r a n g e  s e a r c h i n g ,  t h e n  i t e r a t i n g  o v e r  t h e  r e s u l t s  w e  c a n  
e i t h e r  r e p o r t  o r  c o u n t  t h e  o b j e c t s  ( t h i s  t r a n s l a t e s  t o  t h e  G R O U P  B Y  o r  t h e  C O U N T  f e a t u r e  i n  S Q L ) .  W h i l e  t h i s  i s  a  
s t r a i g h t f o r w a r d  s o l u t i o n ,  i t  i s  c l e a r l y  i n e f f i c i e n t  a n d  m u c h  w o r k  h a s  b e e n  d o n e  i n  d e v e l o p i n g  e f f i c i e n t  d a t a  s t r u c t u r e s  a n d  
a l g o r i t h m s .   

I I .  M O T I V A T I O N  A N D A PPL I CA T I O N S  

T h e r e  a r e  s e v e r a l  w e l l - k n o w n  a l g o r i t h m s  a n d  d a t a  s t r u c t u r e s  o n  c o l o r e d  r a n g e  s e a r c h i n g  a n d  m o s t  o f  t h e  r e s e a r c h  s o  f a r  
h a s  b e e n  o f  t h e o r e t i c a l  i n t e r e s t ,  a n d  n o  d e f i n i t i v e  r e s u l t s  a r e  k n o w  o n  t h e  p e r f o r m a n c e  o f  t h e s e  t e c h n i q u e s  i n  a  r e a l  w o r l d  
d a t a b a s e  s y s t e m .  M o s t  d a t a b a s e  s y s t e m s  a r e  h i g h l y  t u n e d  f o r  r e a l  w o r l d  l o a d  a n d  q u e r y  s c e n a r i o s  a n d  t a k e  i n t o  
c o n s i d e r a t i o n  v a r i o u s  f a c t o r s  o f  I / O  l i k e  b l o c k  t r a n s f e r s  a n d  r a n d o m  t r a n s f e r s  f o r  i m p l e m e n t i n g  a n y  g i v e n  a l g o r i t h m .   
I n  a l m o s t  a l l  o f  t h e  a l g o r i t h m s  f o r  C R S ,  a u g m e n t e d  d a t a  s t r u c t u r e s  a r e  u s e d  t o  s t o r e  a d d i t i o n a l  i n f o r m a t i o n  c o n t a i n e d  i n  
t h e  s u b - t r e e  a t  a  g i v e n  n o d e ,  w h i l e  t h i s  e n s u r e s  t h a t  t h e  n u m b e r  o f  t r e e  t r a v e r s a l s  n e e d e d  t o  f i n d  t h e  r e q u i r e d  d a t a  i s  
r e d u c e d ,  n o  r e s u l t s  a r e  k n o w n  w h e n  p a r t s  o f  t h e  d a t a  h a v e  t o  b e  r e t r i e v e d  f r o m  t h e  d i s k .  C l e a r l y ,  t h e s e  a l g o r i t h m s  d o  n o t  
m a k e  d i s t i n c t i o n s  b e t w e e n  v a r i o u s  t y p e s  o f  d i s k  a c c e s s e s  a n d  a s s u m e  a  u n i f o r m  c o s t  m o d e l  f o r  d a t a  r e t r i e v a l .   I t  w o u l d  
b e  i n t e r e s t i n g  t o  c o m p a r e  p e r f o r m a n c e s  a f t e r  i m p l e m e n t i n g  s o m e  o f  t h e s e  a l g o r i t h m s .  
S o m e  o f  t h e  a p p l i c a t i o n s ,  w h i c h  w e  e x p e c t  t o  s e e  a  s i g n i f i c a n t  i m p r o v e m e n t  i n  p e r f o r m a n c e  a r e :  

» C o n s i d e r  a  d a t a b a s e  t h a t  l o g s  a l l  I P  p a c k e t s  t r a v e r s i n g  a  r o u t e r  o v e r  t i m e .  I P  p a c k e t s  h a v e  a  s t r u c t u r e ;  o u t  o f  t h e  
t o t a l  32  b i t s ,  s o m e  h i g h e r  o r d e r  b i t s  c o r r e s p o n d  t o  t h e  n e t w o r k  a n d  a r e  t e r m e d  t h e  n e t w o r k  a d d r e s s .  T h e  r e s t  o f  t h e  
l o w e r  o r d e r  b i t s  a r e  t e r m e d  a s  t h e  h o s t  a d d r e s s .  Q u e r i e s  a r e  o f  t h e  f o r m  “ g i v e  m e  a l l  n e t w o r k  a d d r e s s e s  o f  a l l  
p a c k e t s  t h a t  t r a v e r s e d  t h e  r o u t e r  i n  a  c e r t a i n  t i m e  i n t e r v a l ” .  C l e a r l y ,  t h e r e  a r e  t w o  r a n g e s  h e r e ,  t h e  t i m e  i n t e r v a l  a n d  
t h e  r a n g e  o f  I P  a d d r e s s e s  h a v i n g  t h e  s a m e  c o m m o n  p r e f i x .  T h e  r e s u l t  o f  t h e  q u e r y  f a l l s  w i t h i n  t h e  c r o s s  p r o d u c t  o f  
t h e  t w o  r a n g e s .  T h i s  i s  a n  e x a m p l e  o f  a  t w o  d i m e n s i o n a l  c o l o r  r a n g e  s e a r c h i n g .  T h i s  i s  a  p a r t i c u l a r l y  c h a l l e n g i n g  
a p p l i c a t i o n ,  a n d  a s  h i g h - s p e e d  n e t w o r k i n g  b e c o m e s  m o r e  c o m m o n ,  t h e  l o g s  w i l l  g r o w  b i g g e r  a n d  i t  i s  v e r y  
i m p o r t a n t  f o r  t h e  d a t a b a s e  s y s t e m  t o  
m i n i m i z e  t h e  t i m e  t a k e n  t o  p r o c e s s  t h e  
q u e r y .  

» G i v e n  a  s e t  D  o f  t e x t  d o c u m e n t s  
d1, d2 , …  dk  a n d  a  s t r i n g  p a t t e r n  p , o u r  
g o a l  i s  t o  e f f i c i e n t l y  l i s t  a l l  d o c u m e n t s  
t h a t  c o n t a i n  t h e  s t r i n g .  T h e  o v e r a l l  
a p p r o a c h  i s  t o  p e r f o r m  “ l o c a l  
e n c o d i n g ”  w h i c h  c o n s i s t s  o f  c h a i n i n g  
e a c h  d o c u m e n t  s u f f i x  t o  a n o t h e r  
n e a r b y  d o c u m e n t  b a s e d  o n  s o m e  p a i r  
w i s e  c r i t e r i a .  F r o m  t h i s , r a n g e  q u e r i e s  
a r e  g e n e r a t e d , w h i c h  h a v e  o b j e c t s  
d r a w n  f r o m  d i f f e r e n t  d o c u m e n t s , 
w h i c h  m a y  b e  t h o u g h t  o f  a s  d i f f e r e n t  
c o l o r s .  T h i s  i s  t h e  d o c u m e n t - l i s t i n g  
p r o b l e m , i t  o c c u r s  v e r y  f r e q u e n t l y  i n  
w e b  s e a r c h e s , a n d  [ 1 3 ]  s o l v e s  t h i s  
p r o b l e m  o p t i m a l l y .  F i g u r e  1  I l l u s t r a t e s  
t h e  p r o b l e m ;  h e r e  e a c h  n o d e  r e p r e s e n t s  
a  n o d e  i n  t h e  s u f f i x  t r e e , w h i c h  i s  b u i l t  
o n  t h e  g i v e n  l i b r a r y  o f  d o c u m e n t s .  T h e  
l e a v e s  r e p r e s e n t  t h e  n  s u f f i x e s  i n  t h e  
l i b r a r y .  

Figure 1 :  D o c u m e n t  R e t r i e v a l  p r o b l e m  
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» M a t c h i n g  s u b - s t r i n g s  h a s  b e c o m e  i n c r e a s i n g l y  i m p o r t a n t ,  e s p e c i a l l y  s i n c e  X M L  d a t a b a s e s  a r e  g a i n i n g  p o p u l a r i t y .  I t  
i s  w e l l  k n o w n  t h a t  B - T r e e s  a r e  I / O  o p t i m a l  i n  o n e  d i m e n s i o n ,  b u t  n o  i n d e x  s t r u c t u r e  w i t h  n o n - t r i v i a l  q u e r y  b o u n d s  
i s  k n o w n  f o r  t w o - d i m e n s i o n a l  s u b - s t r i n g  i n d e x i n g .  [ 9 ]  P r e s e n t s  a n  a l g o r i t h m  t o  s o l v e  t h i s  e f f i c i e n t l y .  T h e y  l a r g e l y  
r e l y  o n  t r a n s f o r m a t i o n s  o f  t h e  p r o b l e m  t o  a  v e r s i o n  o f  C o m m o n  C o l o r  Q u e r y  ( C C Q )  i n  t w o - d i m e n s i o n s ,  t h i s  i s  a  
m o r e  g e n e r a l  v e r s i o n  o f  C R Q ,  i n  t h a t  t h e r e  i s  m o r e  t h a n  o n e  r a n g e  a n d  a l l  o f  t h e m  a r e  d i s j o i n t .  

» C o n s i d e r  a  d a t a b a s e  o f  m u t u a l  f u n d s .  E a c h  f u n d  h a s  a n  a n n u a l  t o t a l  r e t u r n  a n d  a  f a c t o r  t h a t  r e p r e s e n t s  t h e  f u n d ’ s  
v o l a t i l i t y .  C l e a r l y ,  e a c h  f u n d  c a n  b e  r e p r e s e n t e d  a s  a  c o l o r e d  p o i n t  i n  a  p l a n e .  G e n e r a l l y ,  f u n d s  a r e  c l a s s i f i e d  i n t o  
f u n d  f a m i l i e s  t h e y  b e l o n g  t o .  O n e  m i g h t  b e  i n t e r e s t e d  i n  a l l  f u n d s  h a v i n g  a  c e r t a i n  r a n g e  o f  v o l a t i l i t y  a n d  a n o t h e r  
r a n g e  o f  a n n u a l  r e t u r n .  I t  i s  m o r e  e f f i c i e n t  f o r  a n  i n v e s t o r  t o  c o n s i d e r  t h e  f a m i l y  o f  f u n d s  t h a t  m e e t  t h e  c r i t e r i a  
i n s t e a d  o f  c o n s i d e r i n g  a l l  t h e  i n d i v i d u a l  f u n d s .  T h i s  i s  a n  i n s t a n c e  o f  t h e  t w o - d i m e n s i o n a l  r a n g e - s e a r c h i n g  p r o b l e m .  

» C o n s i d e r  t h e  a b o v e  e x a m p l e ,  b u t  i f  w e  a r e  j u s t  i n t e r e s t e d  i n  a  r a n g e  f o r  t h e  a n n u a l  t o t a l  r e t u r n ,  t h e  p r o b l e m  r e d u c e s  
t o  a  c o l o r e d  r a n g e  s e a r c h  i n  o n e - d i m e n s i o n .  

I I I .  P RO B L E M  D E FI N I T I O N S  

T h e s e  a r e  t h e  f o r m a l  d e f i n i t i o n s  o f  t h e  v a r i o u s  p r o b l e m s  w e  d i s c u s s  i n  t h i s  s u r v e y .  T h e s e  p r o b l e m s  a r e  a d d r e s s e d  b y  
v a r i o u s  r e s e a r c h e r s  u n d e r  d i f f e r e n t  n a m e s  ( i n t e r s e c t i o n  s e a r c h i n g ,  r a n g e  s e a r c h i n g  e t c . ) ,  h o w e v e r ,  t h e  u n d e r l y i n g  p r o b l e m  
i s  e s s e n t i a l l y  t h e  s a m e .  H e r e  w e  r e f e r  t h e  c o l o r  t o  d e n o t e  t h e  c a t e g o r y  o f  t h e  o b j e c t .  

A. 1 D  c o l o r  r a n g e  s e a r c h i n g  

G i v e n  a  s e t  S ,  o f  n  c o l o r e d  p o i n t s  o n  t h e  x - a x i s ,  w e  n e e d  t o  p r e p r o c e s s  t h e  p o i n t s  s u c h  t h a t  f o r  a n y  q u e r y  i n t e r v a l  
q  =  [ x 1, x 2 ]  w e  n e e d  t o  e i t h e r  r e p o r t  t h e  d i s t i n c t  c o l o r s  t h a t  m e e t  t h e  c r i t e r i a  o r  c o u n t  t h e m .  

B .  2 D  c o l o r  r a n g e  s e a r c h i n g  

G i v e n  a  s e t  S , o f  n  c o l o r e d  p o i n t s  i n  t h e  p l a n e , w e  n e e d  t o  p r e p r o c e s s  t h e  p o i n t s  s u c h  t h a t  f o r  a n y  q u e r y  i n t e r v a l  

q  =  [ x1, x 2 ]  ×  [ y 1, y 2 ]  w e  n e e d  t o  e i t h e r  r e p o r t  t h e  d i s t i n c t  c o l o r s  t h a t  m e e t  t h e  c r i t e r i a  o r  c o u n t  t h e m .  

C .  C o l o r e d  P o i n t  e n c l o s u r e  

W e  a r e  g i v e n  P , a  s e t  o f  n  c o l o r e d  p o i n t s , w e  h a v e  t o  p r e p r o c e s s  t h i s  s o  a  q u e r y  o f  t h e  f o l l o w i n g  f o r m  c a n  b e  a n s w e r e d  
e f f i c i e n t l y :  G i v e n  a  q u e r y  p o i n t  q  =  [ q 1, q 2 ] , t h e  p r o b l e m  i s  t o  o u t p u t  t h e  s e t  o f  d i s t i n c t  c o l o r s  o n  r e c t a n g l e s  t h a t  c o n t a i n  
q .   

D .  C o m m o n  C o l o r s  Q u e r y  

W e  a r e  g i v e n  a n  a r r a y  A [ 1 … N ]  o f  c o l o r s  d r a w n  f r o m  1 ,… , C .  W e  w a n t  t o  p r e p r o c e s s  t h i s  a r r a y  s o  t h a t  t h e  f o l l o w i n g  
q u e r y  c a n  b e  a n s w e r e d  e f f i c i e n t l y :  G i v e n  t w o  n o n - o v e r l a p p i n g  i n t e r v a l s  I 1  a n d  I 2  i n  [ 1 , N } , l i s t  t h e  d i s t i n c t  c o l o r s  t h a t  
o c c u r  i n  b o t h  i n t e r v a l s  I 1  a n d  I 2 .  

E .  G R O U P  B Y  q u e r i e s  

T h e  G R O U P  B Y  c l a u s e  i n  a n  S Q L  q u e r y  w i l l  g a t h e r  a l l  t u p l e s  t o g e t h e r  t h a t  c o n t a i n  d a t a  i n  t h e  s p e c i f i e d  c o l u m n ( s )  a n d  
w i l l  a l l o w  a g g r e g a t e  f u n c t i o n s  t o  b e  p e r f o r m e d  o n  t h e  o n e  o r  m o r e  c o l u m n s .   

F o r  e x a m p l e :  

SELECT max( sal ar y) ,  dept  FROM empl oyee GROUP BY dept ;  
T h i s  s t a t e m e n t  w i l l  s e l e c t  t h e  m a x i m u m  s a l a r y  f o r  t h e  p e o p l e  i n  e a c h  u n i q u e  d e p a r t m e n t .  B a s i c a l l y , t h e  s a l a r y  f o r  t h e  
p e r s o n  w h o  m a k e s  t h e  m o s t  i n  e a c h  d e p a r t m e n t  w i l l  b e  d i s p l a y e d .  T h e i r  s a l a r y  a n d  t h e i r  d e p a r t m e n t  w i l l  b e  r e t u r n e d .  W e  
c a n  u s e  t h i s  t e c h n i q u e  t o  r e m o v e  d u p l i c a t e s , h o w e v e r , t h i s  c a n  b e  i n e f f i c i e n t  w h e n  t h e  r e s u l t  s e t  i s  l a r g e .  

I V .  A LGORITHMIC S OLUTIONS  

M o s t  s o l u t i o n s  d e a l  s e p a r a t e l y  w i t h  p r o b l e m s  o f  d i f f e r e n t  d i m e n s i o n s ;  h e r e  w e  c o n s i d e r , i n  d e e p , o n l y  t h e  
o n e - d i m e n s i o n a l  c a s e  o f  t h e  p r o b l e m  a n d  g i v e  a  b r i e f  o v e r v i e w  h o w  t h e s e  c a n  b e  e x t e n d e d  i n  t w o  d i m e n s i o n s .  S o l u t i o n s  
o f  h i g h e r  d i m e n s i o n s  a r e  n o t  d i s c u s s e d .  
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A. F r a c t i o n a l  c a s c a d i n g  

T h i s  [ 3 ]  i s  a  t y p e  o f  d a t a  s t r u c t u r e  t h a t  i s  u s e d  t o  s p e e d  u p  s e a r c h  p r o b l e m s  a n d  r a n g e  q u e r i e s .  S u p p o s e  w e  h a v e  t o  
s e a r c h  t h e  s a m e  k e y  i n  s e v e r a l  s o r t e d  l i s t s ,  e a c h  o f  s i z e  m .  T h e  o b v i o u s  a p p r o a c h  i s  t o  p e r f o r m  a  b i n a r y  s e a r c h  i n  e a c h  
l i s t  –  r e q u i r e s  O ( l o g  n )  o p e r a t i o n s  f o r  e a c h  l i s t .  F r a c t i o n a l  c a s c a d i n g  i s  a  m e t h o d  o f  c r o s s - l i n k i n g  t h o s e  l i s t s  i n  s u c h  a  w a y  
t h a t  t h e  O ( l o g  n )  c o s t  o f  b i n a r y  s e a r c h  h a s  t o  b e  p a i d  o n l y  o n c e :  t o  l o c a t e  t h e  k e y  i n  o n e  o f  t h e  l i s t s .  T h e  c r o s s - l i n k s  t h e n  
a l l o w  t h e  k e y  t o  b e  l o c a t e d  i n  e a c h  a d d i t i o n a l  l i s t  w i t h  o n l y  a  c o n s t a n t  n u m b e r  o f  o p e r a t i o n s .    

B . G e n e r a l i z e d  1 D  R a n g e  S e a r c h i n g  

[ 1 1 ]  D e s c r i b e s  a  s i m p l e r  m e t h o d  t o  t r a n s f o r m  t h e  1 D  c o l o r e d  R a n g e  s e a r c h i n g  p r o b l e m  t o  a n  i n s t a n c e  o f  a  s e t  o f  p o i n t s  
i n  a  p l a n e ,  s u c h  t h a t  a n y  q u e r y  w i l l  r e t u r n  o n l y  t h o s e  p o i n t s  t h a t  a r e  u n i q u e  i n  c o l o r .   
G i v e n  a  s e t  S ,  o f  n  c o l o r e d  p o i n t s  o n  t h e  x - a x i s  a n d  a  q u e r y  i n t e r v a l  q  =  [ x 1 ,  x 2 ] ,  w e  s o r t  t h e  d i s t i n c t  p o i n t s  o f  t h a t  c o l o r  
b y  n o n - d e c r e a s i n g  x  c o o r d i n a t e .  F o r  e a c h  p o i n t  p  o f  c o l o r  c ,  l e t  p r e d ( p )  b e  i t s  p r e d e c e s s o r  i n  t h e  s o r t e d  o r d e r ;  f o r  t h e  

l e f t m o s t  p o i n t  o f  c o l o r  c ,  w e  t a k e  t h e  p r e d e c e s s o r  t o  b e  t h e  p o i n t  - ∞.  W e  t h e n  m a p  p  t o  t h e  p o i n t  p ′  =  ( p ,  p r e d ( p ) )  i n  t h e  

p l a n e  a n d  a s s o c i a t e  w i t h  i t  t h e  c o l o r  c .  L e t  S ′  b e  t h e  r e s u l t i n g  s e t  o f  p o i n t s .  G i v e n  a  q u e r y  i n t e r v a l  q  =  [ x 1 ,  x 2 ] ,  w e  m a p  i t  

t o  t h e  g r o u n d e d  r e c t a n g l e  q ′  =  [ x 1 ,  x 2 ]  ×  [ - ∞,  x 1 ] .  
 
L E M M A  
T h e r e  i s  a  p o i n t  o f  c o l o r  c  i n  q  =  [ x 1 ,  x 2 ]  i f  a n d  o n l y  i f  t h e r e  i s  a  p o i n t  o f  c o l o r  c  i n  [ x 1 ,  x 2 ]  i f  a n d  o n l y  i f  t h e r e  i s  a  p o i n t  i f  

c o l o r  c  i n  q ′  =  [ x 1 ,  x 2 ]  ×  [ - ∞,  x 1 ] .  M o r e o v e r ,  i f  t h e r e  i s  a  p o i n t  o f  c o l o r  c  i n  q ′ ,  t h e n  t h i s  p o i n t  i s  u n i q u e .  
 
P R O O F  

( �) Let p′ be a c - colored point in q ′, where p′ =  (p, pr e d (p)) for some c - colored point p ∈ S . Since p′ is in 
[ x 1, x 2 ]  × [ - ∞, x 1 ] , it is clear that x 1 ≤ p ≤ x 2  and thus p ∈ [ x 1, x 2 ] . 

( � ) let p be the leftmost point of color c  in [ x 1, x 2 ] . T hus x 1 ≤ p ≤ x 2  and since pr e d (p) ∉ [ x 1, x 2 ] , we have x 1 >  pr e d (p). It 

follows that p′ =  (p, pr e d (i)) is in [ x 1, x 2 ]  × [ - ∞, x 1 ] . W e prove that p′ is the only point of color c  in q ′. Suppose for a 
contradiction that t ′ =  ( t , pr e d ( t )) is another point of color c  in q ′. T hus we have x 1 ≤ t  ≤ x 2 . Since t  >  p, we also have 

pr e d ( t ) ≥ p ≥ x 1. T hus t ′ cannot lie in q ′ –  a contradiction. T he claim follows. 
 

T he Lemma implies that we can solve the 1 D color range searching problem by simply reporting the points in q ′, 
without regard to colors. In other words, we have reduced the 1 D color range searching problem to the standard 
grounded range- reporting problem in two dimensions. 

Data structure used to represent consist of the following: For each color c , we maintain a balanced binary search tree, 
T c , in which the c - colored points of S  are stored in non- decreasing x  order. W e maintain the colors in a balanced search 

tree C T , and store with each color c  in C T  a pointer T c . W e also store the points in S ′ in a balanced priority search tree 
(PST ). T o answer query q  =  [ l , r ] , we simply query the PST  with q ′ =  [ l , r ]  × [ - ∞, l ]  and report the colors of the points 

found. T he query time is O (log n  +  k ), where k  is the number of points inside q ′. 
As Figure 2  illustrates, the y - coordinate of a point is the 

same as the x - coordinate of the predecessor point. Recall 
that the predecessor point of a point p will be a point with 
the same color and will precede the point p when sorted 

in non- decreasing order. W hen a query [ l , r ]  × [ - ∞, l ]  is 
asked, it is easy to see why there will not be any duplicate 
points of the same color within the grounded query 
rectangle –  the upper bound in the y - axis is the same as 
the lower bound in the x - axis, so if a point p is included 
then its successor will not be included. N ote that the 
lower bound of the range is inclusive, while the upper 
bound is exclusive of the bound values. 
T his transformation is straightforward to implement in 

a database system –  the points can be sorted and stored in 
B- T ree instead of a binary search tree. Most database 
systems do not include any form of PST  and in order to 
efficiently range- query the set of points in a plane, we 
need to index two columns (or 2 D points). R- T ree 

Figure 2 :  Illustration of the 1 D Range searching 
Algorithm 

- ∞ 
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i n d e x e s  a r e  a v a i l a b l e  i n  m a n y  p o p u l a r  c o m m e r c i a l  d a t a b a s e  s y s t e m s  a n d  t h e y  a r e  c a p a b l e  o f  i n d e x i n g  t h i s  k i n d  o f  d a t a .  
E v e n  i f  R - T r e e  i n d e x e s  a r e  u n a v a i l a b l e ,  m o s t  d a t a b a s e  s y s t e m s  c a n  o p t i m i z e  q u e r y  e x e c u t i o n  b y  e x a m i n i n g  t h e  s e l e c t i v i t y  

o f  t h e  t w o  r a n g e s  ( i n  t h e  x  a n d  t h e  y  a x e s  r e s p e c t i v e l y ) .   C o n s i d e r  t h e  q u e r y  [ l ,  r ]  ×  [ - ∞,  l ] ,  i t  i s  i n t e r e s t i n g  t o  n o t e  t h e  
i n v e r s e  r e l a t i o n s h i p  i n  s e l e c t i v i t y  b e t w e e n  t h e  t w o  r a n g e s .  P o s t g r e S Q L  s u p p o r t s  m a n y  t y p e s  o f  i n d e x e s  i n c l u d i n g  R - T r e e s  
a n d  w e  e v a l u a t e  t h e  p e r f o r m a n c e  w i t h  R - T r e e  i n d e x e s .  

C .  C o l o r e d  R a n g e  S e a r c h i n g  i n  1 D  

[ 8 ]  D e s c r i b e s  a n o t h e r  m e t h o d  t o  p r e - p r o c e s s  t h e  s e t ,  t h i s  h o w e v e r  a s s u m e s  t h a t  t h e  p o i n t s  a r e  i n  [ 0 ,  U ]  a n d  t h e y  a r e  
i n t e g e r s .  L e t  P  b e  a  s e t  o f  n  c o l o r e d  p o i n t s  i n  [ 0 ,  U ]  a n d  l e t  C  d e n o t e  t h e  s e t  o f  d i s t i n c t  c o l o r s  i n  t h e  p o i n t  s e t  P .  F i r s t ,  

c o n s i d e r  t h e  s e m i - i n f i n i t e  q u e r y  q  =  [ x1 ,  ∞] .  F o r  e a c h  c o l o r  c  ∈ C ,  w e  p i c k  t h e  p o i n t  p c  ∈ P  w i t h  c o l o r  c  h a v i n g  t h e  
m a x i m u m  v a l u e .  L e t  P m a x  d e n o t e  t h e  s e t  o f  a l l  s u c h  p o i n t s ,  a n d  l e t  L  b e  a  l i n k - l i s t  o f  t h e s e  p o i n t s  s o r t e d  i n  n o n -

d e c r e a s i n g  o r d e r .  T o  a n s w e r  t h e  q u e r y  q ,  w e  s i m p l y  w a l k  t h e  l i s t  L  a n d  o u t p u t  a l l  c o l o r s  w i t h  x  ≥  x1 .  T h e  q u e r y  [ - ∞,  x 2 ]  

c a n  b e  a n s w e r e d  s i m i l a r l y .  T o  a n s w e r  a  q u e r y  q  =  [ x1 ,  x 2 ] ,  w e  b u i l d  a  t r i e  T  [ 1 ]  o n  t h e  v a l u e s  o f  p  ∈ P .  F o r  e a c h  n o d e  

v  ∈ T ,  l e t  P v  d e n o t e  t h e  s e t  o f  p o i n t s  c o n t a i n e d  i n  t h e  s u b - t r e e  o f  T  r o o t e d  a t  v .  A t  e a c h  i n t e r n a l  n o d e  v ,  w e  s t o r e  a  
s e c o n d a r y  s t r u c t u r e ,  w h i c h  c o n s i s t s  o f  t w o  s e m i - i n f i n i t e  q u e r y  d a t a  s t r u c t u r e s  L v  a n d  R v  c o r r e s p o n d i n g  t o  t h e  q u e r i e s  

[ q ,  ∞]  a n d  [ - ∞,  q ] .  L v  a n d  R v  a r e  s o r t e d  l i n k e d  l i s t s  c o n t a i n i n g  e i t h e r  P m a x  o r  P min as explained earlier. For every non- root 

node v ∈ T ,  let B ( v)  =  0  if v is a left child of its parent and B ( v)  =  1  otherw ise. T o search the trie T ,  w e assign an index I v 

for each non- root node v ∈ T . I v is an integer w hose bit representation corresponds to the concatenation of B ( w ) ’ s,  w here 
w  is in the path from root to v in T . T he level of a node v is defined as the length of the path from the root to v in T . W e 
then build a static hash table H i on the indexes I v in the hash table. T he hash table H i uses linear space and provides O ( 1 )  

w orst case look up. T he number of nodes in the trie T  is O ( n  log U ) . Since each point p  ∈ P  might be stored at most once 
at each level in the lists R v,  L v,  and the height of the trie T  is O ( log U ) ,  the total size of the secondary structure is 
O ( n  log U ) . H ence the size of the entire data structure is O ( n  log U ) . 

T o construct the trie T ,  w e sort the point set P  to get the sorted list of P r o o t ,  and suppose w e need to construct the i th 
level node z . L et v and w  be the children of z  in T . W e partition the sorted list of points in P z  into sorted list of points in 
P v and P w  and the construct the lists L v and R v. W e now  construct the hash table H i on indexes I v for all nodes v in level i . 
If a query q  =  [ x 1 ,  x 2 ]  is given,  w e find the leaf nodes z 1  and z 2  w hich store x 1  and x 2  and then compute the least 
common ancestor of z 1  and z 2  by finding the common prefix of the bit representation of x 1  and x 2 ,  let this be k  having a 
length l .  W e can find the node v by searching for k  in the hash table H l ,  let e  and f  be the child of v. All the points 

p  ∈ [ x 1 ,  x 2 ]  are contained in P e  and P f . T o find the points,  w e tak e the union of the results from tw o semi- infinite queries 

[ x 1 ,  ∞]  and [ - ∞,  x 2 ] . Each color in the output list is reported at most tw ice. 
C learly,  this algorithm is more complex than [ 1 1 ]  and tries are needed,  w hich may not be present in many database 

systems,  moreover the output is not free of duplicates and these must be eliminated.  

D .  C o m m o n  C o l o r s  Q u e r y  

Another interesting problem is the C ommon C olors Query ( C C Q) . In this problem,  w e are given an array A [ 1 … N ]  of 
colors draw n from 1 ,  … ,  C . W e w ant to preprocess this array so that the follow ing query can be answ ered efficiently:  
Given tw o non- overlapping intervals I 1  and I 2  in [ 1 ,  N ] ,  list the distinct colors that occur in both intervals I 1  and I 2 .  

[ 9 ]  Solves this problems optimally,  the algorithm is as follow s:  W e construct a matrix A A  in w hich A A [ i ,  j ]  =  c  if and 

only if A [ i ]  =  A [ j ]  =  c . T hus,  A A  is a [ 1 ,  N ]  × [ 1 ,  N ]  matrix. Any query to A A  w ill be a rectangle,  that is [ a ,  b ]  × [ c ,  d ]  and 
it returns the distinct colors in the rectangle. A query for the C C Q problem on array A  w ith input intervals I 1  and I 2  is 

the same as a query to matrix A A  w ith input I 1  × I 2 ; this means we need to solve the rectangle query on the matrix AA 
efficiently.  
 Preprocessing is done by considering the N  columns of matrix AA and constructing a x - adic grouping. T hat is, we 
consider m e t a c o l u m n s  by concatenating columns k x 2 +  1 , k x 2 +  2 , …  , k x 2 +  x 2, for integers k  and i . C learly, the 
maximum possible value of I  is O (logx ( N )). N ext, we linearize the metacolumns row- wise. T he total size of the matrix 
AA is at most N 2 /  B  disk pages. T he total size of all metacolumns is O ( N 2 /  B  logx ( N )) since each column is in at most 
O (logx ( N )) metacolumns; this is the size of all the AAAk , i s combined. 

 Query processing is done as follows: Given a query rectangle [ a , b ]  × [ c , d ]  on the matrix AA, we decompose [ a , b ]  into 

its maximal, disjoint x - adic components ( k 1 , i 1 ), ( k 2,  i2), …, (kl, i l), th at i s  [ a , b ]  =  [ (kl x i 1  +  1)… (k1  +  1) x i 1 (k2 x i 2 +  1) 
…(k2 +  1) x i 2+ 1  … (kl x i l +  1) … (kl +  1) x i l ] . T h e max i mal decompos i ti on  of th e x - adi c compon en ts  can  be 
replaced by on e of larger i , w h i ch  can  be eas i ly foun d greedi ly: by s tarti n g from a  an d w alki n g ri gh t to th e 
clos es t x - adi c en dpoi n t on e after th e oth er, alw ays  taki n g th e larges t pos s i ble pow er of i . We th en  s olve th e 

CCQ  problem on  [ a , b ]  × [ c , d ]  by s olvi n g th e CCQ  problem on  each  of th e x - adi c compon en ts  (kj , i j ) above 
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with interval [c, d ]  on the y - ax is  for the entire width. I t is  eas y to obs erve that his  is  precis ely the CR Q  
problem on the lineariz ed array A A A kj, i j. 

E. Solution s in  2D 

Most of the 2D techniques surveyed use some form of a persistent data structure and is non trivial to implement in any 
database system w ithout further changes to the system itself. Both [ 1 1 ]  and [ 8 ]  have transformations and further 
describes a method to efficiently solve the CRS  problem in tw o dimensions. The transformation uses more complex  data 
structures and w e w ill not investigate this further. 

V . EXPERIMENTAL S TUDY  

W e implement the 1 D color range searching algorithm described in [ 1 1 ]  using the PostgreS QL  7 .1 .3- 2 database system. 
All the tests w ere run on a dual processor PIII running at 7 0 0 MH z  w ith 1 28 Mb main memory. The operating system w as 
RedH at L inux  7 .2. All code used in the ex periments is available at:  http: / / w w w .cs.rutgers.edu/ ~ ashw ink / db_ proj ect.  
Tw o relations w ere created,  namely gen  and std  w ith the follow ing schemas:  

CREATE TABLE gen ( col or  i n,  x  bi gi nt ,  t 1 t ext ,  t 2 t ext ,  t 3 t ext ,  t 4 t ext ,  t 5 
t ext ) ;  

CREATE I NDEX geni dx ON gen USI NG BTREE ( x) ;  
Gen 
color int x  bigint t1  tex t t2 tex t t3 tex t t4 tex t t5  tex t 

 
CREATE TABLE st d ( col or  i n,  coor d poi nt ,  t 1 t ext ,  t 2 t ext ,  t 3 t ext ,  t 4 t ext ,  

t 5 t ext ) ;  
CREATE I NDEX st di dx ON st d USI NG RTREE ( box( coor d,  coor d) ) ;  
S td 
color int coord point t1  tex t t2 tex t t3 tex t t4 tex t t5  tex t 

 
The gen  relation stores the 1 D points,  w hich are not processed. The std  relation stores the values as p oin ts [ 1 0 ] ,  as 
( x ,  p red ( x ) )  for each color. The p oin t data- type is a geometric- type present in PostgreS QL ,  basically,  these are pairs of 
floating point numbers stored as one single attribute;  how ever only special index es lik e R- Trees can be built on this data 
type. In most database systems,  entire tuples must be loaded into main memory;  even if a subset of the attributes is not 
needed by the query. In order to simulate these real load scenarios,  some ex tra attributes w ere added ( t1 to t5 ) ;  the values 
of these fields are arbitrary strings of the same length. The relation w as generated w ith random colors betw een 0  and 7 2,  

ex cept in [ figref here] ;  the distribution w as uniform. 0  w as treated as the ground ( - ∞) . Each query w as run three times in 
succession and the final result w ere averaged;  the deviation betw een runs w as insignificant.  
A B- tree index  w as built on attribute x in the relation gen ,  and an R- Tree index  on the attribute coord  in the relation std .  
The S QL  statements used to query the relations are as follow s:  
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Figure 3 :  Performance comparison of query ex ecution 
times 
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Figure 4:  Impact of data range on query execution time 
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SELECT col or  FROM gen WHERE x>=st ar t _r ange AND x<end_r ange GROUP BY col or ;  

T h i s  q u e r y  i s  o n  t h e  gen r e l a t i o n ,  a n d  w i l l  f i n d  a l l  x  v a l u e s  b e t w e e n  s t art _ range  a n d  end _ range  a n d  g r o u p  t h e  r e s u l t  b y  c o l o r ,  
f o r  e a c h  e x p e r i m e n t ,  w e  v a r y  t h e  s t art _ range  a n d  t h e  end _ range  a n d  t h i s  r e f e r r e d  t o  a s  t h e  q u e r y  r a n g e .  
 

SELECT col or  FROM st d WHERE coor d @ box ′( ( st ar t _r ange,  gr ound) ,  ( end_r ange,  
st ar t _r ange) ) ′ GROUP BY col or ;  

T h i s  q u e r y  i s  o n  t h e  s t d  r e l a t i o n  a n d  w i l l  f i n d  a l l  p o i n t s  c o n t a i n e d  o n  o r  w i t h i n  t h e  b o x  s p e c i f i e d ;  h e r e  t h e  b o x  i s  
c o m p l e t e l y  s p e c i f i e d  b y  t h e  e n d  p o i n t s  o f  t h e  d i a g o n a l .  N o t e  t h a t  w e  s t i l l  h a v e  t o  d o  a  G R O U P  B Y ,  s i n c e  t h e  @  o p e r a t o r  
w i l l  l i s t  p o i n t s  t h a t  a r e  o n  t h e  b o r d e r ,  h o w e v e r  t h e s e  w i l l  b e  v e r y  f e w .  

F i g u r e  3  i l l u s t r a t e s  t h e  t i m e  t o  e x e c u t e  t h e  q u e r i e s  f o r  v a r i o u s  q u e r y  r a n g e s ;  t h e  d a t a  r a n g e  i s  c o n s t a n t  ( 5 ,  1 0 0 0 ) .  F o r  
r a n g e  q u e r i e s  o n  t h e  e n t i r e  r a n g e  ( ( 5 ,  1 0 0 0 ) )  t h e  n e w  t e c h n i q u e  p e r f o r m s  s i g n i f i c a n t l y  f a s t e r  t h a n  t h e  s t r a i g h t f o r w a r d  
a p p r o a c h .  I t  c a n  b e  f u r t h e r  n o t i c e d  t h a t  t h e  q u e r y  t a k e s  c o n s t a n t  t i m e  i r r e s p e c t i v e  o f  t h e  q u e r y  r a n g e ,  t h i s  i s  d u e  t o  t h e  
f a c t  t h a t  t h e  G R O U P  B Y  c l a u s e  i n  t h e  f i r s t  q u e r y  w i l l  h a v e  t o  p r o c e s s  t h e  e n t i r e  o u t p u t .  A s  t h e  q u e r y  b e c o m e s  m o r e  
s e l e c t i v e ,  t h i s  d i f f e r e n c e  d i m i n i s h e s .  B u t  f o r  t h e  s e c o n d  q u e r y ,  t h e r e  a r e  e f f e c t i v e l y  t w o  r a n g e s  a n d  t h e  t o t a l  s e l e c t i v i t y  
r e m a i n s  m o r e  o r  l e s s  c o n s t a n t .  

S o m e  s m a r t  q u e r y  o p t i m i z e r s  p r o c e s s  d a t a  a n d  s t o r e  a  s l e w  o f  s t a t i s t i c s .  F i g u r e  4  d e p i c t s  t h e  i m p a c t  o f  d a t a  r a n g e  o n  
t h e  q u e r y  e x e c u t i o n ,  a n d  s h o w s  t h a t  i t  h a s  n o  e f f e c t .  F u r t h e r  t e s t s  n e e d  t o  b e  c o n d u c t e d  u s i n g  t h e  a n a l y z e  d a t a  f e a t u r e  i n  
P o s t g r e S Q L  t o  d r a w  a  d e f i n i t i v e  c o n c l u s i o n .  A l s o ,  t h e  d i s t r i b u t i o n  o f  t h e  p o i n t s  i s  n o r m a l  a n d  t h e  d a t a  s e t  i s  s y n t h e t i c ,  i t  
w o u l d  b e  i n t e r e s t i n g  t o  r u n  t h e  t e s t s  o n  r e a l  w o r l d  d a t a .  

A n o t h e r  i n t e r e s t i n g  e x p e r i m e n t  i s  h o w  t h e  a l g o r i t h m  s c a l e s  a s  t h e  n u m b e r  o f  c o l o r s  i n c r e a s e ;  t h i s  i s  d e p i c t e d  i n  F i g u r e  
5 .  T h e  a l g o r i t h m  t a k e s  m o r e  t i m e  t o  p r o c e s s  t h e  q u e r y  a s  t h e  n u m b e r  o f  c o l o r s  i n c r e a s e .  T h i s  i s  i n t u i t i v e ,  s i n c e  t h e  
a l g o r i t h m  i s  o u t p u t  s e n s i t i v e .  W h a t  i s  i n t e r e s t i n g  i s  t h a t  i t  s t i l l  p e r f o r m s  b e t t e r  t h a n  t h e  o r d i n a r y  c a s e ,  e v e n  w h e n  t h e  
o u t p u t  s i z e  i s  l a r g e  a n d  t e n d s  t o w a r d s  t h e  t o t a l  n u m b e r  o f  t u p l e s .  I t  m u s t  b e  c l a r i f i e d  t h a t  t h e  colors  o n  t h e  x - a x i s  i s  t h e  
r a n g e  o f  c o l o r s  t h a t  c a n  b e  g e n e r a t e d  r a n d o m l y ,  t h e  n u m b e r  o f  d i s t i n c t  c o l o r s  w i l l  b e  l e s s e r .  F u r t h e r  s t u d i e s  i n d i c a t e  t h a t  
t h e  t w o  q u e r i e s  t a k e  t h e  s a m e  a m o u n t  o f  t i m e  w h e n  t h e  n u m b e r  o f  d i s t i n c t  c o l o r s  i s  t h e  s a m e  a s  ( o r  g r e a t e r  t h a n )  t h e  
t o t a l  n u m b e r  o f  p o i n t s .  

 
F i g u r e  6  S h o w s  t h e  s c a l a b i l i t y  o f  t h e  a l g o r i t h m  a s  t h e  n u m b e r  o f  t u p l e s  i n c r e a s e ,  q u e r y  r a n g e  w a s  t h e  s a m e  a s  t h e  d a t a  

r a n g e .  T h e  l o w e r  l i n e  r e p r e s e n t s  t h e  p e r f o r m a n c e  o f  o u r  a l g o r i t h m ,  a n d  t h e  t o p  l i n e  i s  t h e  w o r s t - c a s e  q u e r y  t i m e  o n  t h e  
gen r e l a t i o n .  I n  b o t h  c a s e s ,  t h e  t i m e  t a k e n  i n c r e a s e s  l i n e a r l y  w i t h  t h e  n u m b e r  o f  t u p l e s ,  h o w e v e r  t h e  s l o p e  o f  t h e  l i n e  f o r  
t h e  s t d  r e l a t i o n  i s  a n  o r d e r  o f  m a g n i t u d e  l e s s e r  t h a n  t h e  o r d i n a r y  c a s e .  T h i s  i s  i n t u i t i v e ,  s i n c e  G R O U P  B Y  c l a u s e  f o r  t h e  
o r d i n a r y  q u e r y  m u s t  p r o c e s s  t h e  e n t i r e  o u t p u t  ( q u e r y  r a n g e  i s  t h e  s a m e  a s  t h e  d a t a  r a n g e ) ,  w h i l e  i n  o u r  c a s e ,  v e r y  f e w  
d u p l i c a t e s  a r e  p r e s e n t  ( s t r i c t l y ,  n o  d u p l i c a t e s  w i l l  b e  p r e s e t ,  b u t  r e c a l l  t h e  u s e  o f  t h e  @  o p e r a t o r ) .   
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Figure 5 :  S c a l a b i l i t y  o f  t h e  a l g o r i t h m  a s  t h e  n u m b e r  o f  
c o l o r s  i n c r e a s e  
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Figure 6 :  S c a l a b i l i t y  o f  t h e  a l g o r i t h m  a s  t h e  n u m b e r  o f  
t u p l e s  i n c r e a s e  
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V I .  C O N CL U SI O N  

W e  i m p l e m e n t e d  t h e  G e n e r a l i z e d  1 D  R a n g e  S e a r c h i n g  u s i n g  t h e  P o s t g r e S Q L  d a t a b a s e  s y s t e m .  T h e  a l g o r i t h m  i s  a  
t e c h n i q u e  t o  p r e p r o c e s s  a  s e t  o f  c o l o r e d  p o i n t s ,  s o  t h a t  g i v e n  a  q u e r y  r a n g e  w e  n e e d  n o t  p e r f o r m  d u p l i c a t e  e l i m i n a t i o n  –  
a  c o s t l y  p r o c e s s .  W e  w e r e  a b l e  t o  r e d u c e  t h e  w o r s t  c a s e  r u n n i n g  t i m e  o f  q u e r i e s  o n  t h e s e  c l a s s e s  o f  p r o b l e m s  b y  a n  o r d e r  
o f  m a g n i t u d e .  F u r t h e r ,  a s  o u r  s t u d i e s  i n d i c a t e  t h i s  a l g o r i t h m  s c a l e s  w e l l  w i t h  b o t h  i n c r e a s e  i n  c o l o r s  a n d  t u p l e s .   
S o m e  o f  t h e  i s s u e s  t h a t  a r e  n o t  a d d r e s s e d  b y  t h i s  s t u d y  i n c l u d e  2 D  a n d  h i g h e r  r a n g e  s e a r c h e s  a n d  c o u n t i n g .  S o m e  
i n t e r e s t i n g  o b s e r v a t i o n  w e r e  m a d e ,  w h e n  t h e  s t r i n g s  i n  t 1  t o  t 5  a r e  r e a l l y  h u g e ,  t h e  p e r f o r m a n c e  d e g r a d e s  d r a s t i c a l l y  f o r  
b o t h  c a s e s  a n d  t h i s  n e e d s  t o  b e  f u r t h e r  i n v e s t i g a t e d  –  w e  n e e d  t o  u n d e r s t a n d  i m p l e m e n t a t i o n  o f  i n t e r n a l  a l g o r i t h m s  u s e d  
b y  P o s t g r e S Q L  i n  o r d e r  t o  e x p l a i n  t h i s .  O n e  o f  t h e  m o s t  c o m m o n  q u e r i e s  i n v o l v e  a g g r e g a t i o n ,  t h e y  a r e  o f  t h e  f o r m :  

SELECT max( x)  FROM st d WHERE coor d @ box ′( ( st ar t _r ange,  gr ound) ,  
( end_r ange,  st ar t _r ange) ) ′ GROUP BY col or ;   

H o w  c a n  w e  m a k e  t h i s  w o r k ?  I n t u i t i v e l y  t h e  m i n ( )  c a s e  w i l l  b e  e a s y  t o  i m p l e m e n t ,  s i n c e  t h e  p o i n t s  a r e  s o r t e d  i n  n o n -
d e c r e a s i n g  o r d e r  a n d  w e  w i l l  a l w a y s  h a v e  t h e  m i n i m u m  o f  a n y  g i v e n  c o l o r  i n  t h e  q u e r y  r a n g e .  S i m i l a r l y ,  w i t h  s l i g h t  
m o d i f i c a t i o n s  t o  t h e  a l g o r i t h m  ( s o r t  i n  n o n - i n c r e a s i n g  o r d e r  a n d  u s e  s u c c e s s o r  p o i n t s ) ,  w e  c a n  m a k e  t h e  m a x ( )  c a s e  t o  
w o r k .  B u t  c a n  w e  m a k e  b o t h  t h e s e  t o  w o r k ?  W e  n e e d  t o  d o  f u r t h e r  s t u d i e s  i n  t h e  a r e a  o f  a g g r e g a t e d  r a n g e  q u e r i e s  a n d  
h o w  t h e s e  c a n  b e  i m p l e m e n t e d  e f f i c i e n t l y .  
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