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Hypertext d atab as es

• A c ad emia
– D i g i t a l  l i b r a r y ,  w e b  p u b l i c a t i o n

• C o n s u m e r
– N e w s g r o u p s ,  c o m m u n i t i e s ,  p r o d u c t  r e v i e w s

• I n d u s t r y  a n d  o r g a n i z a t i o n s
– H e a l t h  c a r e ,  c u s t o m e r  s e r v i c e

– C o r p o r a t e  e m a i l

• A n  i n h e r e n t l y  c o l l a b o r a t i v e  m e d i u m

• B i g g e r  t h a n  t h e  s u m  o f  i t s  p a r t s
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The Web 

• O v e r  a  b i l l i o n  H T M L  p a g e s ,  1 5  t e r a b y t e s

• H i g h l y  d y n a m i c

– 1  m i l l i o n  n e w  p a g e s  p e r  d a y

– O v e r  6 0 0  G B  o f  p a g e s  c h a n g e  p e r  m o n t h

– A v e r a g e  p a g e  c h a n g e s  i n  a  f e w  w e e k s

• L a r g e s t  c r a w l e r s

– R e f r e s h  l e s s  t h a n  1 8 %  i n  a  f e w  w e e k s

– C o v e r  l e s s  t h a n  5 0 %  e v e r

• A v e r a g e  p a g e  h a s  7 – 1 0  l i n k s

– L i n k s  f o r m  c o n t e n t - b a s e d  c o m m u n i t i e s
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The role of data mining

• S e a r c h  a n d  m e a s u r e s  o f  s i m i l a r i t y

• U n s u p e r v i s e d  l e a r n i n g
– A u t o m a t i c  t o p i c  t a x o n o m y  g e n e r a t i o n

• ( S e m i - )  s u p e r v i s e d  l e a r n i n g
– T a x o n o m y  m a i n t e n a n c e ,  c o n t e n t  f i l t e r i n g

• C o l l a b o r a t i v e  r e c o m m e n d a t i o n
– S t a t i c  p a g e  c o n t e n t s

– D y n a m i c  p a g e  v i s i t  b e h a v i o r

• H y p e r l i n k  g r a p h  a n a l y s e s
– N o t i o n s  o f  c e n t r a l i t y  a n d  p r e s t i g e
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Differences from structured data

• D o c u m e n t  ≠ r o w s  a n d  c o l u m n s
– E x t e n d e d  c o m p l e x  o b j e c t s

– L i n k s  a n d  r e l a t i o n s  t o  o t h e r  o b j e c t s

• D o c u m e n t  ≠ X M L  g r a p h
– C o m b i n e  m o d e l s  a n d  a n a l y s e s  f o r  

attributes, elements, and CDATA

– M odels different from structured scenario

• V e r y  h i g h  d i m e n s i o n a l i t y
– Tens of thousands as against doz ens

– S parse:  most dimensions absent/ irrelevant

• C o m p l e x  t a x o n o m i e s  a n d  o n t o l o g i e s
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The sublime and the ridiculous

• W h a t  i s  t h e  e x a c t  c i r c u m f e r e n c e  o f  a  
c i r c l e  o f  r a d i u s  o n e  i n c h ?

• I s  t h e  d i s t a n c e  b e t w e e n  T o k y o  a n d  
R o m e  m o r e  t h a n  6 0 0 0  m i l e s ?

• W h a t  i s  t h e  d i s t a n c e  b e t w e e n  T o k y o  
a n d  R o m e ?

• j a v a

• j a v a  + c o f f e e  - a p p l e t

• “ u n i n t e r r u p t *  p o w e r  s u p p l * ”  u p s  - p a r c e l
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Search products and services

• V e r i t y

• F u l c r u m

• P L S

• O r a c l e  t e x t  e x t e n d e r

• D B 2  t e x t  e x t e n d e r

• I n f o s e e k  I n t r a n e t

• S M A R T  ( a c a d e m i c )

• G l i m p s e  ( a c a d e m i c )

• I n k t o m i  ( H o t B o t )

• A l t a  V i s t a

• R a g i n g  S e a r c h

• G o o g l e

• D m o z . o r g

• Y a h o o !

• I n f o s e e k  I n t e r n e t

• L y c o s

• E x c i t e
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Roadmap

• B a s i c  i n d e x i n g  a n d  s e a r c h

• M e a s u r e s  o f  s i m i l a r i t y

• U n s u p e r v i s e d  l e a r n i n g  o r  c l u s t e r i n g

• S u p e r v i s e d  l e a r n i n g  o r  c l a s s i f i c a t i o n

• S e m i - s u p e r v i s e d  l e a r n i n g

• A n a l y z i n g  h y p e r l i n k  s t r u c t u r e

• S y s t e m s  i s s u e s

• R e s o u r c e s  a n d  r e f e r e n c e s

B asic indexing and search
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Keyword indexing

• B o o l e a n  s e a r c h

– c a r e  A N D  N O T  o l d

• S t e m m i n g

– g a i n *

• P h r a s e s  a n d  
p r o x i m i t y

– “ n e w  c a r e ”

– l o s s  N E A R / 5  c a r e

– < S E N T E N C E >

�! #"%$'&#(')+*-, .0/ 12.'.31546$7&#(')
8 , 97:;1</ =>$?&@(')!=A1CB2)

D 1#E5(3$?&@(')F, .HGC&I,JBK124
$?&@(') 8 , 97:LB#) 8 $'&#(7) 8 1CB

MON

MQP

RTS?U�V MON7W5NYXTZ#X\[
MQP+W5NYXTZ#X\[

] V5^ MQP+W?_

`#a b MON7W?_

a `?cTc MON7WTd

e�f�f�g�h�h�h
i�j�k�l�m�n�o�p�q�r�s q�t�q�s u v w�g

Tables and queries

x�y�z z{y�z}|Q~��
�2�Q������� �
�2�Q������� �
�2�Q������� �
�2�Q�����+� �
�2�Q�����+� �
�2�Q�����+� �
�C�5���+� �
��� � ��� �
� �+�C����� �
� � �

�-�H���{���{� �Y Q¡  @¢Y£+¤Q¥ �7£�¥ ¦5¢7£+¤�¥ ¤K§�¨�©<ª¬«-H®�¯±°�²{³µ´3¶5 A¨� K£�¥ ¤!·0¸ ¢5¹A¨� Iº' C»C¢Y A¼5£
�Y Q¡  @¢Y£+¤Q¥ �7£�¥ ¦5¢7£+¤�¥ ¤K§�¨�©<ª¬«-H®�¯±°�²{³µ´3¶5 A¨� K£�¥ ¤;¡ ¥ ½' !¸ ¾@¹�¥ ¦C¿Àº

´3¥ £�¶
¯{«-H®%Á5Â�¤A¥ ¤QÃ@¼5©@�5Ä�¹@�

Â��Y A¡  @¢7£I¤A¥ ¤QÃ#¼5©@�Å§�¨�©<ªÆ«-H®�¯{°�²{³µ´3¶5 A¨� K£�¥ ¤L·0¸�¦5 Y´Hº ÄÇÃ
¯{«-H®�ÈAÂ�¤A¥ ¤QÃ@¼5©@�5Ä�¹@�

Â��Y A¡  @¢7£I¤A¥ ¤QÃ#¼5©@�Å§�¨�©<ªÆ«-H®�¯{°�²{³µ´3¶5 A¨� K£�¥ ¤L·0¸ ¢Y¹A¨� Iº Ä
�Y Q¡  @¢Y£+¤Q¥ �7£�¥ ¦5¢7£+¤�¥ ¤K§�¨�©<ªÉ¯±«-H®%ÁCÃ7¯{«-H®�È

´3¶5 A¨� K¯{«-H®%ÁCÊ ¤Q¥ ¤L·6¯{«-H®ËÈ�Ê ¤Q¥ ¤
¹A¦5¤ Ì�ÍÏÎAÐ-Ñ�ÒÓÑ Ô�Õ Â�¯{«-H®%ÁCÊ�¼5©@�+Ã7¯{«-H®�È�Ê�¼5©@�2Ä

Ì�ÍÏÎ<Ð-Ñ�Ò>Ñ Ô�Õ Â�¹QÃ@Ö2ÄØ×�× ·
¹!ÙÓÁÅ·ÀÖ
¹AÖ5�CÂ�¹6ÚØÖCÄ-Û!Ü



7

�������������
	������������������� ������� � � ���

Issues

• S p a c e  o v e r h e a d

– 5 … 1 5 %  w i t h o u t  p o s i t i o n  i n f o r m a t i o n

– 3 0 … 5 0 %  t o  s u p p o r t  p r o x i m i t y  s e a r c h

– C o n t e n t - b a s e d  c l u s t e r i n g  a n d  d e l t a -
e n c o d i n g  o f  d o c u m e n t  a n d  t e r m  I D  c a n  
r e d u c e  s p a c e

• U p d a t e s

– C o m p l e x  f o r  c o m p r e s s e d  i n d e x

– G l o b a l  s t a t i s t i c s  d e c i d e  r a n k i n g

– T y p i c a l l y  b a t c h  u p d a t e s  w i t h  p i n g - p o n g
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Relevance rank ing

• R e c a l l  =  c o v e r a g e
– W h a t  f r a c t i o n  o f  
r e l e v a n t  d o c u m e n t s  
w e r e  r e p o r t e d

• P r e c i s i o n  =  a c c u r a c y
– W h a t  f r a c t i o n  o f  
r e p o r t e d  d o c u m e n t s  
w e r e  r e l e v a n t

• T r a d e - o f f

• ‘ Q u e r y ’  g e n e r a l i z e s  
t o  ‘ t o p i c ’
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Vector space model and TFIDF

• S o m e  w o r d s  a r e  m o r e  i m p o r t a n t  t h a n  
o t h e r s

• W . r . t .  a  d o c u m e n t  c o l l e c t i o n  D

– d  have a term, d ! do not

– “ I nverse document f req uency”  

• “ T e r m  f r e q u e n c y ”  ( T F )

– M any vari ants:

• P r o b a b i l i s t i c  m o d e l s
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Tables and queries
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v _�f\gajxwiyzENG ENI]J�G EbP{I

|aXstsu}Ws~YD�E\G ENI�M L\hiPHcad
D�dKL\M LaeKJbE\G EHIKdagaOQD�^�_�La`bP[^�_�f[O�WsX[ZYW v _�f\gajxwkyqEHG E�P�I

�snq�}�N��Xo��D�J�G ENIKE�^FPHcad
D�dKL\M LaeKJaJ�G EHIKekf\gbhkJ�D�E\G d]J�G hie]JbENG E�P\^�_�f[O�WsX[ZsW
v _�f\gajxwiy}J�G EbP

dkL\M Lbe]JbENG EHIKJ�G EHI
DF^�_�La`��oM L\hiPH�sD��z��M f v D�DFdkL\M Lae]J�eKf\gahkJ�D�E\G d]J�G hie]JbENG EQ^�_�f[O�lonzp=Wsr�tsuqP�P��FE�^FP�P
^�_�f[O�WsX[Z?WsI�|aX�tsu}WY~�Ia�snq�}�N��Xo�
� VkL\_�LQWsX[ZYWY� EHG E�S�|�X�tsu}Ws~�� E\G E
c\hiECWYX[ZYWs� J�G E�S��snq�}����Xo�Q� J�G E
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‘Iceberg’ queries

• G i v e n  a  q u e r y

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

– R e p o r t  1 0  m o s t  s i m i l a r  p a g e s

• I d e a l l y ,  c o m p u t a t i o n  a n d  I O  e f f o r t  
s h o u l d  b e  r e l a t e d  t o  o u t p u t  s i z e

– I n v e r t e d  i n d e x  w i t h  A N D  m a y  v i o l a t e  t h i s

• S i m i l a r  i s s u e s  a r i s e  i n  c l u s t e r i n g  a n d  
c l a s s i f i c a t i o n

Similarity  and clustering
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Clustering

• G i v e n  a n  u n l a b e l e d  c o l l e c t i o n  o f  
d o c u m e n t s ,  i n d u c e  a  t a x o n o m y  b a s e d  
o n  s i m i l a r i t y  ( s u c h  a s  Y a h o o )

• N e e d  d o c u m e n t  s i m i l a r i t y  m e a s u r e

– R e p r e s e n t  d o c u m e n t s  b y  T F I D F  v e c t o r s

– D i s t a n c e  b e t w e e n  d o c u m e n t  v e c t o r s

– C o s i n e  o f  a n g l e  b e t w e e n  d o c u m e n t  v e c t o r s

• I s s u e s

– L a r g e  n u m b e r  o f  n o i s y  d i m e n s i o n s

– N o t i o n  o f  n o i s e  i s  a p p l i c a t i o n  d e p e n d e n t

�������������
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• V o c a b u l a r y  V, term w  , do cu ment α
represented by

• is the nu mber o f times w  
o ccu rs in do cu ment α

• Mo st f ’ s are zero es fo r a single 
do cu ment

• Mo no to ne co mpo nent- w ise damping 
fu nctio n g su ch as lo g o r sq u are- ro o t

Document model

{ } !"# $wfc %= ),()( αα

),( α&wf

{ } '() *wfgcg += )),(())(( αα
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Similarity

))(())((

))(()),((
),(

βα

βα
βα

cgcg

cgcg
s

⋅

=

productinner , =⋅⋅

Normalized

doc u men t  p rof ile: ))((

))((
)(

α

α

α

cg

cg
p =

P rof ile f or

doc u men t  g rou p  Γ: ∑

∑
� 

� 

=Γ

!

!

α

α

)(

)(
)(

p

p
p

"�#�#�$�%�%�%
&�'�(�)�*�+�,�-�.�/�0 .�1�.�0 2 3 $�$

Top- d ow n  c l u s t e r i n g

• k - M e a n s :  R e p e a t …

– C h o o s e  k arbitrary ‘c e n tro id s ’

– A s s ig n  e ac h  d o c u m e n t to  n e are s t c e n tro id

– R e c o m p u te  c e n tro id s

• E x p e c t a t i o n  m a x i m i z a t i o n  ( E M ) :

– P ic k  k arbitrary ‘d is tribu tio n s ’

– R e p e at:

• F i n d  p r o b a b i l i t y  t h a t  d o c u m e n t  d i s  g e n e r a t e d  
f r o m  d i s t r i b u t i o n  f f o r  a l l  d a n d  f

• E s t i m a t e  d i s t r i b u t i o n  p a r a m e t e r s  f r o m  w e i g h t e d  
c o n t r i b u t i o n  o f  d o c u m e n t s
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Bottom-up clustering

( )∑∑� !−ΓΓ
=Γ

" "#
βα ),(

1

1
)( ss

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

• R e p e a t

– F i n d  Γ, ∆ in G w ith  max  s ( Γ∪ ∆ )

– M e rge  gro up Γ w ith  gro up ∆

• F o r  e a c h  Γ k e e p  t r a c k  o f  b e s t  ∆

• O ( n
$
l o g n )  algorithm with n

%
space

&�'�'�(�)�)�)
*�+�,�-�.�/�0�1�2�3�4 2�5�2�4 6 7 (�8

Updating group average profiles

Un- no r m a l i z e d

g r o u p  p r o f i l e :
( ) ( )∑ 9:=Γ ; αpp̂

Can show:

( )
( )1

)(ˆ),(ˆ

−ΓΓ

Γ−ΓΓ
=Γ

pp
s

( )
( )

( )( )1

)(ˆ),(ˆ

−∆+Γ∆+Γ

∆+Γ−∆∪Γ∆∪Γ
=Λ∪Γ

pp
s

( ) ( ) ( ) ( ) ( ) ( )
( ) ( )∆Γ+

∆∆+ΓΓ=∆∪Γ∆∪Γ

pp

pppppp

ˆ,ˆ2

ˆ,ˆˆ,ˆˆ,ˆ
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“Rectangular time” algorithm

• Q u a d r a t i c  t i m e  i s  t o o  s l o w

• R a n d o m l y  s a m p l e               d o c u m e n t s

• R u n  g r o u p  a v e r a g e  c l u s t e r i n g  a l g o r i t h m  
t o  r e d u c e  t o  k g r o u p s  o r  c l u s t e r s

• I t e r a t e  a s s i g n - t o - n e a r e s t  O ( 1 )  t i m e s

– M o v e  e a c h  d o c u m e n t  t o  n e a r e s t  c l u s t e r

– Recompute cluster centroi ds

• T o t a l  t i m e  t a k e n  i s  O ( k n )

• N o n - d e t e r m i n i s t i c  b e h a v i o r

( )knO

�� � �!�"�"�"
#�$�%�&�'�(�)�*�+�,�- +�.�+�- / 0 !�1

Issues

• D e t e c t i n g  n o i s e  d i m e n s i o n s

– B o t t o m - u p  d i m e n s i o n  c o m p o s i t i o n  t o o  s l o w

– D e f i n i t i o n  o f  n o i s e  d e p e n d s  o n  a p p l i c a t i o n

• R u n n i n g  t i m e

– D i s t a n c e  c o m p u t a t i o n  d o m i n a t e s

– R a n d o m  p r o j e c t i o n s

– S u b l i n e a r  t i m e  w / o  l o s i n g  s m a l l  c l u s t e r s

• I n t e g r a t i n g  s e m i - s t r u c t u r e d  i n f o r m a t i o n

– H y p e r l i n k s ,  t a g s  e m b e d  s i m i l a r i t y  c l u e s

– A  l i n k  i s  w o r t h  a  ___? ___ w o r d s
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Random projection

• J o h n s o n - L i n d e n s t r a u s s  l e m m a :

– G i v e n  a  s e t  o f  p o i n t s  i n  n d i m e n s i o n s

– P i c k  a  r a n d o m l y  o r i e n t e d  k d i m e n s i o n a l  
s u b s p a c e ,  k i n  a  s u i t a b l e  r a n g e

– P r o j e c t  p o i n t s  o n  t o  s u b s p a c e

– I n t e r - point distance is preserved w.h.p.

• P r e s e r v e  s p a r s e n e s s  i n  p r a c t i c e  b y

– Sampling original points uniformly

– Pre-clustering and choosing cluster centers

– Projecting other points to center vectors

�� � �!�"�"�"
#�$�%�&�'�(�)�*�+�,�- +�.�+�- / 0 !�1

Extended similarity
• W here can I fix my scooter?

• A great garage to repair your 
2 -wheeler is at …

• auto and car co-occur often

• Documents having related 
words are related

• U seful for search and clustering

• T wo basic approaches

– Hand-made thesaurus 
( W ordN et)

– C o-occurrence and 
associations

243658792

245;:6<�=>2

245;:6<�=>2?3@5;7
243658792A5;:6<�=245;:6<�=>2?3@5;7
2436587B2A58:6<�=2C58:6<�=D2?36587
2C3@5;792A58:E<�=

36587GFH5G:6<�=

F



15

�������������
	������������������� ������� � � ���

�

�! #"%$ &('*),+.-�/%0

Latent semantic indexing

1

23/,+54,&6)%7*-�8

9 :;
<= >

"

-

0

2 ?

"

@ ?A2

BC)D0�& 2E/F+G4F&H)D75-

+JI%0

I%4*-�/
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LS I summary

• SVD factorization applied to term-by-
docu ment matrix

• Singu lar valu es with largest magnitu de 
retained

• Linear transformation indu ced on terms 
and docu ments

• Docu ments preprocessed and stored as 
LSI vectors

• Q u ery transformed at ru n-time and best 
docu ments fetched
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"$#&%(')#+* ,-#.'0/.1 23*.465�7 839 :;7<5 =?>@9 ACBD7.5�AFEG%�#.5�=H#.5�A
I;J+K 7
LMK K 7.*
NO#DAP1+*
Q65�7C4
R-7D#+*
S$#.5�7+*
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V$W&X(Y)W+Z [-W.Y0\.] ^3Z._6`�a b3c d;a<` e?f@c gChDa.`�gFiGX�W.`�eHW.`�g
j;k+l a
mMl l a.Z
nOWDgP]+Z
o6`�aC_
p-aDW+Z
q$W.`�a+Z

Collaborative recommendation

• P e o p l e = r e c o r d ,  m o v i e s = f e a t u r e s

• P e o p l e  a n d  f e a t u r e s  t o  b e  c l u s t e r e d

– M u t u a l  r e i n f o r c e m e n t  o f  s i m i l a r i t y

• N e e d  a d v a n c e d  m o d e l s

r@s�t@uwvMx y&zC{}|D~�� �+����|+{ �.�.�&z�� ���
�&x x �D�.�D~(�+{}�}�;|0�}� x {}|D~�� �D�D�6�P�0���C�+�<�@�.�D���<�D�����<�

 �¡�¡�¢�£�£�£
¤�¥�¦�§�¨�©�ª�«�¬��® ¬�¯�¬�® ° ± ²�¢

A model for collaboration

• P e o p l e  a n d  m o v i e s  b e l o n g  t o  u n k n o w n  
c l a s s e s

• P ³ = probability a random person is in class k

• P ´ = probability a random movie is in class l

• P ³&´ = probability of a class-k person liking a 
class-l movie

• Gibbs sampling:  iterate

– P i c k  a  p e r s o n  o r  m o v i e  a t  r a n d o m  a n d  a s s i g n  t o  a  
c l a s s  w i t h  p r o b a b i l i t y  p r o p o r t i o n a l  t o  P µ o r  P ¶

– E s t i m a t e  n e w  p a r a m e t e r s
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Supervised learning
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Supervised learning ( classif ication)

• M a n y  f o r m s
– C o n t e n t :  a u t o m a t i c a l l y  o r g a n i z e  t h e  w e b  
p e r  Y a h o o !

– T y p e :  f a c u l t y ,  s t u d e n t ,  s t a f f

– I n t e n t :  e d u c a t i o n ,  d i s c u s s i o n ,  c o m p a r i s o n ,  
a d v e r t i s e m e n t

• A p p l i c a t i o n s
– R e l e v a n c e  f e e d b a c k  f o r  r e - s c o r i n g  q u e r y  
r e s p o n s e s

– F i l t e r i n g  n e w s ,  e m a i l ,  e t c .

– N a r r o w i n g  s e a r c h e s  a n d  s e l e c t i v e  d a t a  
a c q u i s i t i o n
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Nearest neighbor classifier

• B u i l d  a n  i n v e r t e d  
i n d e x  o f  t r a i n i n g  
d o c u m e n t s

• F i n d  k d o c u m e n t s  
h a v i n g  t h e  l a r g e s t  
T F I D F  s i m i l a r i t y  w i t h  
t e s t  d o c u m e n t

• U s e  ( w e i g h t e d )  
m a j o r i t y  v o t e s  f r o m  
t r a i n i n g  d o c u m e n t  
c l a s s e s  t o  c l a s s i f y  
t e s t  d o c u m e n t

 "!"#%$'&)(+*-,

,�.'(

&0/ *"/ *%1

2

3�4�4�5�6�6�6
7�8�9�:�;�<�=�>�?�@�A ?�B�?�A C D E�F

Difficulties

• C o n t e x t - d e p e n d e n t  n o i s e  ( t a x o n o m y )

– ‘ C a n ’ ( v . )  c o n s i d e r e d  a  ‘ s t o p w o r d ’

– ‘ C a n ’ ( n . )  m a y  n o t  b e  a s t o p w o r d i n
/Yahoo/S oc i e t y C u l t u r e /E n v i r on m e n t / R e c y c l i n g

• D i m e n s i o n a l i t y

– D e c i s i o n  t r e e  c l a s s i f i e r s :  d o z e n s  o f  c o l u m n s

– V e c t o r  s p a c e  m o d e l :  5 0 , 0 0 0  ‘ c o l u m n s ’

– C o m p u t a t i o n a l  l i m i t s  f o r c e  i n d e p e n d e n c e  
a s s u m p t i o n s ;  l e a d s  t o  p o o r  a c c u r a c y
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Techniques
• N e a r e s t  n e i g h b o r

+ S t a n d a r d  k e y w o r d  i n d e x  a l s o  s u p p o r t s  
c l a s s i f i c a t i o n

– H o w  t o  d e f i n e  s i m i l a r i t y ?  ( T F I D F  m a y  n o t  w o r k )

– W a s t e s  s p a c e  b y  s t o r i n g  i n d i v i d u a l  d o c u m e n t  i n f o

• R u l e - b a s e d ,  d e c i s i o n - t r e e  b a s e d
– V e r y  s l o w  t o  t r a i n  ( b u t  q u i c k  t o  t e s t )

+ G o o d  a c c u r a c y  ( b u t  b r i t t l e  r u l e s  t e n d  t o  o v e r f i t )

• M o d e l - b a s e d
+ F a s t  t r a i n i n g  a n d  t e s t i n g  w i t h  s m a l l  f o o t p r i n t

• S e p a r a t o r - b a s e d
* S u p p o r t  V e c t o r  M a c h i n e s

�������������
	������������������� ������� � � �� 

Document generation models

• B o o l e a n  v e c t o r  ( w o r d  c o u n t s  i g n o r e d )

– T o s s  o n e  c o i n  f o r  e a c h  t e r m  i n  t h e  u n i v e r s e

• B a g  o f  w o r d s  ( m u l t i n o m i a l )

– T o s s  c o i n  w i t h  a  t e r m  o n  e a c h  f a c e

• L i m i t e d  d e p e n d e n c e  m o d e l s

– B a y e s i a n  n e t w o r k  w h e r e  e a c h  f e a t u r e  h a s  
a t  m o s t  k f e a t u r e s  a s  p a r e n t s

– M a x i m u m  e n t r o p y  e s t i m a t i o n

• L i m i t e d  m e m o r y  m o d e l s

– M a r k o v  m o d e l s
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Binary (boole an ve c t or)

• L e t  v o c a b u l a r y  s i z e  b e  | T |

• E a c h  d o c u m e n t  i s  a  v e c t o r  o f  l e n g t h  | T |

– O n e  s l o t  f o r  e a c h  t e r m

• E a c h  s l o t  t h a s  a n  a s s o c i a t e d  c o i n  w i t h  
h e a d  p r o b a b i l i t y  φ  

• S l o t s  a r e  t u r n e d  o n  a n d  o f f  
i n d e p e n d e n t l y  b y  t o s s i n g  t h e  c o i n s

∏∏ !"
−= #

$
$%#

$
$%cd )1()|Pr( && φφ

'�(�(�)�*�*�*
+�,�-�.�/�0�1�2�3�4�5 3�6�3�5 7 8 9�*

Multinomial (bag- of- w ords)

• Decide topic; topic c is picked with prior 
proba bility π(c); ∑ : π(c) = 1

• Ea ch topic c ha s pa ra meters θ (c, t ) for 
terms t

• Coin with fa ce proba bilities ∑ ; θ (c, t ) = 1

• F ix docu ment length l

• Toss coin l times, once for ea ch word

• G iven l a nd c, proba bility of docu ment

∏<
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Limitations

• W i t h  t h e  t e r m  d i s t r i b u t i o n

– 1 0 0 t h  o c c u r r e n c e  i s  a s  s u r p r i s i n g  a s  f i r s t

– N o  i n t e r - t e r m  d e p e n d e n c e

• W i t h  u s i n g  t h e  m o d e l

– M o s t  o b s e r v e d  θ( c,t )  a r e  z e r o  a n d / o r  n o i s y

– H a v e  t o  p i c k  a  l o w - n o i s e  s u b s e t  o f  t h e  
t e r m  u n i v e r s e

– H a v e  t o  “ f i x ” l o w - s u p p o r t  s t a t i s t i c s

• S m o o t h i n g  a n d  d i s c r e t i z a t i o n

• C o i n  t u r n e d  u p  h e a d s  1 0 0 / 1 0 0  t i m e s ;  w h a t  i s  
P r ( t a i l )  o n  t h e  n e x t  t o s s ?

!�"�"�#�$�$�$
%�&�'�(�)�*�+�,�-�.�/ -�0�-�/ 1 2 3�#

Feature selection

p 4 p 5 ... q 4 q 5 ...

TT

N

M o d e l  w i t h  u n k n o w n  p a r a m e t e r s

O b s e r v e d  d a t a

0 1 ...

N

p 4

q 4

C o n f i d e n c e  i n t e r v a l s

Pick F⊆T s u ch  t h a t

m o d e l s  b u il t  o v e r  F h a v e

h ig h  s e p a r a t io n  co n f id e n ce
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Tables and queries

 "!$#�%'&(!$#�%)&*!,+$-/.10
2

2 35476�8�9
2 :<;>=@? A,B*=*A
: CEDGFH8JI
: KMLNIPOH9Q? =(9

R$SUTWVGX>VZY7[

\
] ^
_ `

a>b�adc�b�afehgji@k
R>l/TmR
n>o�nqp(r,o�n
ltsZY7Svu

ltsZY7SvuUwmxzy${ y,|H}�~H{ y@����� �
x�x��P�,� ��~P�@y"{ y,|H}�~H{ yG�����/��ltsZY�S�ut���@��{ �"���,� �
xz���"� ��~��@�$� y${ y,|P������~H{ yG�����/�
ltsZY7SvuUw������,|�R$SUTWVGX>VZY7[������
��� �"���G�$��}�~H{ y�������}�~H{ y@���

� R,S>RUx ��~�{ y$|���{ y,|H}�~H{ y,|H}��*��~H|*}¡�H��~(����� �
xz���"� ��~��,�(~H{ y,|���{ y$|�R,SUTWVGX>VZY7[���}¡~�{ y$|
~P�"�@�P��x�y"{ ����{ ��~���Rml/TmR>� y"{ y@�¢|P�H���Gx�������£@�
�����/�¤ltsZY7S�u¥w¦|�R,SUT¦VGX>VZYv[�|PR>l/TmR
��� �"���ZR$SUTWVGX>VZY�[§��}�~H{ y��¨ltsZY7SvuUw¦��}¡~�{ y
�"��y¨ltsZY7SvuUw¦�©y"{ y���R>l/TªR>� y"{ y
« ���"����¬�G��~@{ y$|���{ y,|PR,SUTWVGX>VZY�[§��}¡~�{ y@�

®�¯�¯�°�±�±�±
²�³�´�µ�¶�·�¸�¹�º�»�¼ º�½�º�¼ ¾ ¿ À�À

Effect of feature selection

• S h a r p  k n e e  i n  e r r o r  
w i t h  s m a l l  n u m b e r  
o f  f e a t u r e s

• S a v e s  c l a s s  m o d e l  
s p a c e

– E a s i e r  t o  h o l d  i n  
m e m o r y

– F a s t e r  c l a s s i f i c a t i o n

• M i l d  i n c r e a s e  i n  
e r r o r  b e y o n d  k n e e

– W o r s e  f o r  b i n a r y  

m o d e l

Á

ÁHÂ�Ã
ÁHÂ Ä
ÁHÂ Å
ÁHÂ Æ
ÁHÂ©Ç
ÁHÂ È
ÁHÂ É

Á Ã
Á�Á Ä¡Á�Á Å¡Á�Á Æ(Á�ÁÊ"ËzÌ�ÍÏÎJÐ�Ñ�Ì�Ò

Ó Ô ÕÕ
Ö×ØÕ
Ù

Ú�Û ÜÝÍ(Ñ�Þ
ßªÐ�à ÎJÛ Ü
áHâ�Û Í*à
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Effect of parameter smoothing

• M u l t i n o m i a l  k n o w n  
t o  b e  m o r e  a c c u r a t e  
t h a n  b i n a r y  u n d e r  
L a p l a c e s m o o t h i n g

• B e t t e r  m a r g i n a l  
d i s t r i b u t i o n  m o d e l  
c o m p e n s a t e s  f o r  
m o d e l i n g  t e r m  
c o u n t s !

• G o o d  p a r a m e t e r  
s m o o t h i n g  i s  c r i t i c a l  
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! %  
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2 3
456 7
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9
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JLK
M G ;
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Support vector machines (SVM)

• N o  a s s u m p t i o n s  o n  
d a t a  d i s t r i b u t i o n

• G o a l  i s  t o  f i n d  
s e p a r a t o r s

• L a r g e  b a n d s  a r o u n d  
s e p a r a t o r s  g i v e  
b e t t e r  g e n e r a l i z a t i o n

• Q u a d r a t i c  
p r o g r a m m i n g

• E f f i c i e n t  h e u r i s t i c s

• B e s t  k n o w n  r e s u l t s
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• O b s e r v a t i o n s  ( d  , c  ) ,  i =  1 … N

• W a n t  m o d e l  p ( c  | d) ,  e x p r e s s e d  u s i n g  f e a t u r e s  
f  ( c ,  d)  a n d  p a r a m e t e r s  λ! a s

• C o n s t r a i n t s  g i v e n  b y  o b s e r v e d  d a t a

• O b j e c t i v e  i s  t o  m a x i m i z e  e n t r o p y  o f  p

• F e a t u r e s
– N u m e r i c a l  n o n - l i n e a r  o p t i m i z a t i o n

– N o  n a ï v e  i n d e p e n d e n c e  a s s u m p t i o n s

Maximum entropy classifiers

∑∏ == "
#$%

)|'()(,
)(

1
)|( &'

(&)
dcpdZe

dZ
dcp **

+

∑∑ = ,-,- cdfcdpcdfdcpdp .. ),(),(~),()|()(~

∑−= /0 dcpdcpdppH 1 )|(log)|()(~)(

Semi- s u p er v is ed  l ea r n in g
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Exploiting unlabeled documents

• U n l a b e l e d  d o c u m e n t s  a r e  p l e n t i f u l ;  
l a b e l i n g  i s  l a b o r i o u s

• L e t  t r a i n i n g  d o c u m e n t s  b e l o n g  t o  
c l a s s e s  i n  a  graded m a n n e r  P r ( c | d)

• I n i t i a l l y  l a b e l e d  d o c u m e n t s  h a v e  0 / 1  
m e m b e r s h i p

• R e p e a t  ( E x p e c t a t i o n  M a x i m i z a t i o n  ‘ E M ’ ) :

– U p d a t e  c l a s s  m o d e l  p a r a m e t e r s  θ

– U p d a t e  m e m b e r s h i p  p r o b a b i l i t i e s  P r ( c | d )

• S m a l l  l a b e l e d  s e t → l a r g e  a c c u r a c y  b o o s t

 �!�!�"�#�#�#
$�%�&�'�(�)�*�+�,�-�. ,�/�,�. 0 1 2�#

Clustering categorical data

• E x a m p l e :  W e b  p a g e s  b o o k m a r k e d  b y  
m a n y  u s e r s  i n t o  m u l t i p l e  f o l d e r s

• T w o  r e l a t i o n s

– O c c u r s _ i n ( t e r m ,  d o c u m e n t )

– B e l o n g s _ t o ( d o c u m e n t ,  f o l d e r )

• G o a l :  c l u s t e r  t h e  d o c u m e n t s  s o  t h a t  
o r i g i n a l  f o l d e r s  c a n  b e  e x p r e s s e d  a s  
s i m p l e  u n i o n  o f  c l u s t e r s

• A p p l i c a t i o n :  u s e r  p r o f i l i n g ,  c o l l a b o r a t i v e  
r e c o m m e n d a t i o n
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Bookmarks clustering

• U n c l e a r  h o w  t o  e m b e d  i n  a  g e o m e t r y

– A  f o l d e r  i s  w o r t h  _ _ ? _ _  w o r d s ?

• S i m i l a r i t y  c l u e s :  d o c u m e n t - f o l d e r  c o c i t a t i o n  
a n d  t e r m  s h a r i n g  a c r o s s  f o l d e r s

 "!$#�%'&�#�(*) !,+-%'!$#

. #�/102) 354

6"&�3,(,0*7
(*48#�) !19

:;%*02) ( <>=@? (BA 3'&�9
C,C57,A 7$3BA / <
< &�32!DA 7>3*+

71E1('!5!1%'F GHA 7>32+
< 7@C14,A 7>32+

? 31I1+J35K1) %,4*A 7>3'+
F /57>(54 ? ) F +-4*A 7
3'+
+L) &�(*+M(@I*A 7>3'+

. E5(2&�%L053,7@/,+M%*!$#

. E5(2&�% ? 32F 05%2&
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Analyzing hyperlink structure
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Hyperlink graph analysis

• H y p e r m e d i a  i s  a  social network

– T e l e p h o n e d ,  a d v i s e d ,  c o - a u t h o r e d ,  p a i d

• Social network theory (cf. Wasserman & 
F aust)

– E x t e n s i v e  r e s e a r c h  a p p l y i n g  g r a p h  n o t i o n s

– Centrality and prestige

– Co - c itatio n ( relev anc e j u dgm ent)

• Applications

– W e b  s e a r c h :  H I T S ,  G o o g l e ,  C L E V E R

– C l a s s i f i c a t i o n  a n d  t o p i c  d i s t i l l a t i o n

 �!�!�"�#�#�#
$�%�&�'�(�)�*�+�,�-�. ,�/�,�. 0 1 2�3

Hypertext models for classification

• c = c l a s s ,  t = t e x t ,  
N = n e i g h b o r s

• T e x t - o n l y  m o d e l :  
P r [ t | c ]

• U s i n g  n e i g h b o r s ’  t e x t
t o  j u d g e  m y  t o p i c :
P r [ t ,  t ( N )  |  c ]

• B e t t e r  m o d e l :
P r [ t ,  c ( N ) | c ]

• N o n - l i n e a r  r e l a x a t i o n

4
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Exploiting link features

• 9 6 0 0  p a t e n t s  f r o m  
1 2  c l a s s e s  m a r k e d  
b y  U S P T O

• P a t e n t s  h a v e  t e x t  
a n d  c i t e  o t h e r  
p a t e n t s

• E x p a n d  t e s t  p a t e n t  
t o  i n c l u d e  
n e i g h b o r h o o d

• ‘ F o r g e t ’  f r a c t i o n  o f  
n e i g h b o r s ’  c l a s s e s

�
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Co- tr a i n i n g

• D i v i d e  f e a t u r e s  i n t o  t w o  c l a s s -
c o n d i t i o n a l l y  i n d e p e n d e n t  s e t s

• U s e  l a b e l e d  d a t a  t o  i n d u c e  t w o  s e p a r a t e  
c l a s s i f i e r s

• R e p e a t :

– E a c h  c l a s s i f i e r  i s  “ m o s t  c o n f i d e n t ”  a b o u t  
s o m e  u n l a b e l e d  i n s t a n c e s

– T h e s e  a r e  l a b e l e d  a n d  a d d e d  t o  t h e  
t r a i n i n g  s e t  o f  t h e  o t h e r  c l a s s i f i e r

• I m p r o v e m e n t s  f o r  t e x t  +  h y p e r l i n k s
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Ranking by popularity

• I n - d e g r e e  ≈ p r e s t i g e

• N o t  a l l  v o t e s  a r e  
w o r t h  t h e  s a m e

• P r e s t i g e  o f  a  p a g e  i s  
t h e  s u m  o f  p r e s t i g e  
o f  c i t i n g  p a g e s :

p =  E p

• P r e - c o m p u t e  q u e r y  
i n d e p e n d e n t  
p r e s t i g e  s c o r e

• G o o g l e  m o d e l

• H i g h  p r e s t i g e  ⇔
g o o d  a u t h o r i t y

• H i g h  r e f l e c t e d  
p r e s t i g e  ⇔ g o o d  
h u b

• B i p a r t i t e  i t e r a t i o n

– a =  E h

– h = E
 
a

– h = E
 
E h

• H I T S / C l e v e r  m o d e l

!�"�"�#�$�$�$
%�&�'�(�)�*�+�,�-�.�/ -�0�-�/ 1 2 3�4

Tables and queries
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Topical locality on the Web

• S a m p l e  s e q u e n c e  o f  
o u t - l i n k s  f r o m  p a g e s

• C l a s s i f y  o u t - l i n k s

• S e e  i f  c l a s s  i s  s a m e  
a s  t h a t  a t  o f f s e t  z e r o

• T F I D F  s i m i l a r i t y  
a c r o s s  e n d p o i n t  o f  a  
l i n k  i s  v e r y  l a r g e  
c o m p a r e d  t o  
r a n d o m  p a g e - p a i r s  
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Resource discovery
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Resource discovery results

• H i g h  r a t e  o f  
“ h a r v e s t i n g ”  
r e l e v a n t  p a g e s

• R o b u s t  t o  
p e r t u r b a t i o n s  
o f  s t a r t i n g  
U R L s

• G r e a t  
r e s o u r c e s  
f o u n d  1 2  l i n k s  
f r o m  s t a r t  s e t
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Systems issues
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Data capture

• E a r l y  h y p e r m e d i a  v i s i o n s

– X a n a d u ( N e l s o n ) ,  M e m e x  ( B u s h )

– T e x t ,  l i n k s ,  b r o w s i n g  a n d  s e a r c h i n g  a c t i o n s

• W e b  a s  h y p e r m e d i a

– T e x t  a n d  l i n k  s u p p o r t  i s  r e a s o n a b l e

• Autonomy leads to some anarchy

– A r c h i t e c t u r e  f o r  c a p t u r i n g  u s e r  b e h a v i o r

• N o si ng le standard

• Ap p li cati ons too nascent and di v erse

• P ri v acy concerns

 �!�!�"�#�#�#
$�%�&�'�(�)�*�+�,�-�. ,�/�,�. 0 1 2�3

Storage, indexing, query processing

• S t o r a g e  o f  X M L  o b j e c t s  i n  R D B M S  i s  
being intensively researched

• D ocu ments have u nstru ctu red fields too

• Space- and u pdate- efficient string index

– I n d i c e s  i n  O r a c l e 8 i  e x c e e d  1 0 x  r a w  t e x t

• A pprox imate q u eries over tex t

• C ombining string q u eries w ith stru ctu re 
q u eries

• H andling hierarchies efficiently
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Concurrency and recovery

• S t r o n g  R D B M S  f e a t u r e s

– U s e f u l  i n  m e d i u m - s i z e d  c r a w l e r s

• N o t  s u f f i c i e n t l y  f l e x i b l e

– U n l o g g e d t a b l e s ,  c o l u m n s

– L a z y  i n d i c e s  a n d  c o n c u r r e n t  w o r k  q u e u e s

• A d v a n c e s  q u e r y  p r o c e s s i n g

– I n d e x  ( - e d  s c a n s )  o v e r  t e m p o r a r y  t a b l e  
e x p r e s s i o n s ;  m u l t i - q u e r y  o p t i m i z a t i o n

– A n s w e r i n g  c o m p l e x  q u e r i e s  a p p r o x i m a t e l y

R esources
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References

• D a t a  m i n i n g  f o r  h y p e r t e x t :  A  t u t o r i a l  
s u r v e y

– S I G K D D  E x p l o r a t i o n s  1 ( 2 ) ,  1 — 1 1 ,  2 0 0 0

– w w w . c s e . i i t b . e r n e t . i n / ~ s o u m e n
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Research areas

• M o d e l i n g ,  r e p r e s e n t a t i o n ,  a n d  m a n i p u l a t i o n

• A p p r o x i m a t e  s t r u c t u r e  a n d  c o n t e n t  m a t c h i n g

• A n s w e r i n g  q u e s t i o n s  i n  s p e c i f i c  d o m a i n s

• L a n g u a g e  r e p r e s e n t a t i o n

• I n t e r a c t i v e  r e f i n e m e n t  o f  i l l - d e f i n e d  q u e r i e s

• T r a c k i n g  e m e r g e n t  t o p i c s  i n  a  n e w s g r o u p

• C o n t e n t - b a s e d  c o l l a b o r a t i v e  r e c o m m e n d a t i o n

• S e m a n t i c  p r e f e t c h i n g  a n d  c a c h i n g
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Events and activities

• T e x t  R E t r i e v a l  C o n f e r e n c e  ( T R E C )

– M a t u r e  a d - h o c  q u e r y  a n d  f i l t e r i n g  t r a c k s

– N e w  t r a c k  f o r  w e b  s e a r c h  ( 2 … 1 0 0 G B  c o r p u s )

– N e w  t r a c k  f o r  q u e s t i o n  a n s w e r i n g

• I n t e r n e t  A r c h i v e

– A c c o u n t s  w i t h  a c c e s s  t o  l a r g e  W e b  c r a w l s

• D I M A C S  s p e c i a l  y e a r s  o n  N e t w o r k s  ( - 2 0 0 0 )

– Includes applications such as information retrieval, 
databases and the Web, multimedia transmission 
and coding, distributed and collaborative 
computing

• C o n f e r e n c e s :  W W W ,  S I G I R ,  K D D ,  I C M L ,  A A A I


