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Web	
  Archives	
  are	
  highly	
  valuable…
 Web	
  archives	
  have	
  grown	
  in	
  volume	
  and	
  number	
  thanks	
  to	
  

improved	
  digiGzaGon	
  techniques	
  and	
  the	
  awareness	
  that	
  
born-­‐digital	
  contents	
  are	
  worth	
  preserving
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 	
  large	
  scale	
  (	
  >>	
  106	
  documents)
 	
  long	
  Gme	
  span	
  (>>	
  10	
  years)

hKp://archive.Gmesonline.co.uk
All	
  issues	
  since	
  1785	
  digiGzed

hKp://archive.org/web
150B	
  web	
  pages	
  captured	
  since	
  1996
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 	
  large	
  scale	
  (	
  >>	
  106	
  documents)
 	
  long	
  Gme	
  span	
  (>>	
  10	
  years)

hKp://archive.Gmesonline.co.uk
All	
  issues	
  since	
  1785	
  digiGzed

hKp://archive.org/web
150B	
  web	
  pages	
  captured	
  since	
  1996

2

http://www.timesonline.co.uk
http://www.timesonline.co.uk
http://www.timesonline.co.uk
http://www.timesonline.co.uk
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…but	
  sGll	
  hard	
  to	
  search!
 Efficient	
  and	
  effecGve	
  tools	
  to	
  search	
  web	
  archives	
  are	
  missing:

 Internet	
  Archive	
  offers	
  only	
  look-­‐up	
  by	
  URL	
  
but	
  no	
  full-­‐text	
  search	
  over	
  its	
  contents

 Times	
  Archive	
  offers	
  full-­‐text	
  search	
  over	
  its	
  contents
but	
  mostly	
  ignores	
  their	
  temporal	
  dimension

 My	
  dissertaGon	
  addresses	
  three	
  important	
  problems	
  
toward	
  more	
  efficient	
  and	
  effecGve	
  search	
  in	
  web	
  archives
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Time-­‐Travel	
  Text	
  Search
 Text	
  search	
  ignores	
  the	
  temporal	
  dimension	
  inherent	
  to	
  web	
  

archives	
  and	
  fails	
  for	
  informaGon	
  needs	
  like

 Idea:	
  Enrich	
  full-­‐text	
  search	
  with	
  Gme-­‐travel	
  funcGonality	
  so	
  
that	
  queries	
  can	
  be	
  evaluated	
  “as	
  of”	
  a	
  specified	
  Gme

 Challenges:	
  Large	
  scale	
  of	
  web	
  archives,	
  exploiGng	
  their	
  high	
  
level	
  of	
  redundancy,	
  	
  efficiency	
  of	
  approach

Contemporary	
  commentaries	
  about	
  the	
  2003	
  invasion	
  of	
  Iraq
Early	
  opinions	
  about	
  the	
  movie	
  “The	
  Big	
  Lebowski”

iraq	
  invasion	
  commentary	
  @	
  [2003/03/01,	
  2003/03/31]
“big	
  lebowski”	
  review	
  @	
  1998/03/08

4



Temporal	
  Search	
  in	
  Web	
  Archives	
  (Klaus	
  Berberich)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  /	
  40

Terminology	
  EvoluGon
 Terminology,	
  as	
  language	
  in	
  general,	
  evolves	
  constantly!
 Users	
  formulate	
  queries	
  using	
  today’s	
  terminology	
  and	
  thus	
  

don’t	
  find	
  old	
  but	
  highly-­‐relevant	
  documents
	
  

 Idea:	
  Reformulate	
  queries	
  automaGcally	
  
to	
  retrieve	
  old	
  but	
  highly-­‐relevant	
  documents

 Challenges:	
  Large	
  scale	
  of	
  web	
  archives,	
  no	
  addiGonal	
  
informaGon	
  (e.g.,	
  click	
  logs),	
  interacGve	
  response	
  Gmes

saint	
  petersburg
museum

2010 1978
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Temporal	
  InformaGon	
  Needs
 ExisGng	
  retrieval	
  models	
  don’t	
  perform	
  well	
  for	
  

informaGon	
  needs	
  that	
  have	
  a	
  temporal	
  dimension

 Idea:	
  Leverage	
  temporal	
  expressions	
  
(e.g.,	
  in	
  1998)	
  contained	
  in	
  documents	
  and	
  queries

 Challenges:	
  Meaning	
  of	
  temporal	
  expressions	
  uncertain,	
  not	
  
clear	
  how	
  to	
  seamlessly	
  integrate	
  them	
  into	
  a	
  retrieval	
  model

FIFA	
  World	
  Cup	
  tournaments	
  of	
  the	
  1990’s
Crusades	
  of	
  the	
  12th	
  century

fifa	
  world	
  cup	
  
1990’s

In	
  the	
  last	
  decade	
  the	
  FIFA	
  World	
  Cup	
  
was	
  won	
  by	
  Germany	
  (in	
  1990),	
  Brazil	
  
(in	
  1994),	
  and	
  France	
  (in	
  1998).
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ContribuGons
 Efficient	
  Approach	
  to	
  Time-­‐Travel	
  Text	
  Search

 Time-­‐Travel	
  Inverted	
  indeX	
  (TTIX)	
  as	
  a	
  versaGle	
  framework
 Temporal	
  coalescing	
  techniques	
  to	
  keep	
  the	
  index	
  compact
 ParGGoning	
  strategies	
  to	
  fine-­‐tune	
  the	
  index	
  

 Across-­‐Time	
  Query	
  ReformulaGon	
  Technique
 based	
  on	
  a	
  Hidden-­‐Markov	
  Model	
  (HMM)
 leverages	
  Gme-­‐dependent	
  term	
  co-­‐occurrence	
  staGsGcs

 Retrieval	
  Models	
  for	
  Temporal	
  InformaGon	
  Needs
 based	
  on	
  a	
  language	
  modeling	
  approach	
  to	
  IR
 seamlessly	
  integrate	
  temporal	
  expressions	
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Temporal	
  Search	
  in	
  Web	
  Archives	
  (Klaus	
  Berberich)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  /	
  40

PublicaGons
 Efficient	
  Time-­‐Travel	
  Text	
  Search	
  on	
  Versioned	
  Text	
  CollecHons,	
  BTW	
  ’07

(joint	
  work	
  with	
  S.	
  Bedathur	
  and	
  G.	
  Weikum)
 A	
  Time	
  Machine	
  for	
  Text	
  Search,	
  SIGIR	
  ’07

(joint	
  work	
  with	
  S.	
  Bedathur,	
  T.	
  Neumann,	
  and	
  G.	
  Weikum)
 FluxCapacitor:	
  Efficient	
  Time-­‐Travel	
  Text	
  Search,	
  VLDB	
  ’07

(joint	
  work	
  with	
  S.	
  Bedathur,	
  T.	
  Neumann,	
  and	
  G.	
  Weikum)
 Tunable	
  Word-­‐Level	
  Index	
  Compression	
  for	
  Versioned	
  Corpora,	
  EIIR	
  ’08

(joint	
  work	
  with	
  S.	
  Bedathur	
  and	
  G.	
  Weikum)
	
  

 Bridging	
  the	
  Terminology	
  Gap	
  in	
  Web	
  Archive	
  Search,	
  WebDB	
  ’09
(joint	
  work	
  with	
  S.	
  Bedathur,	
  M.	
  Sozio,	
  and	
  G.	
  Weikum)
	
  

 Time	
  Will	
  Tell:	
  Leveraging	
  Temporal	
  Expressions	
  in	
  IR,	
  WSDM	
  ’09
(joint	
  work	
  with	
  I.	
  Arikan	
  and	
  S.	
  Bedathur)

 A	
  Language	
  Modeling	
  Approach	
  for	
  Temporal	
  InformaHon	
  Needs,	
  ECIR	
  ’10
(joint	
  work	
  with	
  S.	
  Bedathur,	
  O.	
  Alonso,	
  and	
  G.	
  Weikum)
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Temporal	
  Search	
  in	
  Web	
  Archives	
  (Klaus	
  Berberich)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  /	
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Outline

 MoGvaGon

 Efficient	
  Time-­‐Travel	
  Text	
  Search	
  in	
  Web	
  Archives

 Retrieval	
  Models	
  for	
  Temporal	
  InformaGon	
  Needs

 Conclusion
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Temporal	
  Search	
  in	
  Web	
  Archives	
  (Klaus	
  Berberich)	
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MoGvaGon
 InformaGon	
  needs	
  that	
  are	
  best	
  saGsfied	
  by	
  documents	
  

that	
  existed	
  at	
  a	
  specified	
  Gme

 Idea:	
  Enrich	
  full-­‐text	
  search	
  with	
  Gme-­‐travel	
  funcGonality	
  so	
  
that	
  queries	
  can	
  be	
  evaluated	
  “as	
  of”	
  a	
  specified	
  Gme	
  	
  

 Objec*ve:	
  Support	
  for	
  Boolean,	
  keyword,	
  and	
  phrase	
  queries	
  
enriched	
  with	
  Gme	
  points	
  or	
  Gme	
  intervals

Contemporary	
  commentaries	
  about	
  the	
  2003	
  invasion	
  of	
  Iraq
Early	
  opinions	
  about	
  the	
  movie	
  “The	
  Big	
  Lebowski”

iraq	
  invasion	
  commentary	
  @	
  [2003/03/01,	
  2003/03/31]
“big	
  lebowski”	
  review	
  @	
  1998/03/08
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CollecGon	
  Model
 Discrete	
  noGon	
  of	
  Gme	
  (i.e.,	
  integers	
  as	
  Gmestamps)
 Special	
  Gmestamp	
  now	
  always	
  points	
  to	
  the	
  current	
  Gme
 Document	
  d	
  is	
  a	
  sequence	
  of	
  Gme-­‐stamped	
  versions

	
  
 Document	
  deleGon	
  results	
  in	
  tombstone	
  version	
  ⊥

 Valid-­‐Gme	
  interval	
  of	
  document	
  version	
  dti

 State	
  of	
  the	
  document	
  collecGon	
  D	
  during	
  Gme	
  interval

d = �d t1 , d t2 , . . .�

val(d t i ) =

�
[ti , ti + 1) : d t i +1 ∈ d
[ti , now) : otherwise

D [tb , te ] =
!

d∈D

�
d ti ! d

"
"
"

d ti "= #
! [tb, te] $ val(d ti ) "= %

�
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Query	
  &	
  Retrieval	
  Model
 Time-­‐travel	
  query	
  q[tb,	
  te]	
  consists	
  of	
  

 query	
  q	
  (e.g.,	
  Boolean	
  query,	
  keyword	
  query,	
  or	
  phrase	
  query)	
  
 Gme	
  interval	
  [tb,	
  te]	
  or	
  Gme	
  point	
  t	
  (i.e.,	
  t	
  =	
  tb	
  =	
  te)

 Time-­‐travel	
  query	
  q[tb,	
  te]	
  evaluated	
  on	
  D[tb,	
  te],	
  i.e.,	
  
considering	
  only	
  document	
  versions	
  alive	
  at	
  any	
  Gme	
  during	
  
the	
  query	
  Gme-­‐interval	
  [tb,	
  te]

 Okapi	
  BM25,	
  as	
  a	
  state-­‐of-­‐the-­‐art	
  retrieval	
  model,	
  adapted	
  for	
  
Gme-­‐travel	
  keyword	
  queries	
  by	
  
 using	
  collecGon	
  staGsGcs	
  computed	
  on	
  D[tb,	
  te]	
  
 assuming	
  a	
  staGonary	
  average	
  document	
  length	
  avdl
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Temporal	
  Search	
  in	
  Web	
  Archives	
  (Klaus	
  Berberich)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  /	
  40

Inverted	
  Index	
  –	
  IR’s	
  workhorse
 Inverted	
  (File)	
  Index:

 Deployed	
  in	
  many	
  of	
  today’s	
  informaGon	
  retrieval	
  systems
 Easy	
  to	
  understand	
  and	
  implement
 Wealth	
  of	
  available	
  extensions	
  and	
  opGmizaGons	
  (e.g.,	
  compression)

 Lexicon	
  keeps	
  pointers
to	
  posGng	
  lists,	
  osen	
  
implemented	
  using	
  a
hash	
  table	
  or	
  B+-­‐Tree

 Pos*ng	
  lists	
  record
informaGon	
  about
term	
  occurrences	
  in
documents	
  (e.g.,	
  term
frequency	
  or	
  posiGons) Po
s*
ng
	
  L
is
ts

Lexicon

bird cat dog

d2, 3

d5, 8

d8, 1

d7, 9

d4, 1d1, 14

d3, 16

d7, 12
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Time-­‐Travel	
  Inverted	
  indeX	
  (TTIX)
 Idea:	
  Extend	
  inverted	
  index	
  in	
  a	
  transparent	
  manner	
  

to	
  keep	
  exisGng	
  extensions	
  applicable

 Pos*ngs	
  enriched	
  with	
  valid-­‐Gme	
  intervals
 Temporal	
  par**oning	
  allows

mulGple	
  posGng	
  lists	
  per	
  term
with	
  posGngs	
  judiciously
replicated	
  across	
  them

 Pos*ng	
  payloads	
  arbitrary
(e.g.,	
  scalar	
  or	
  posiGonal)

 Pos*ng-­‐list	
  order	
  arbitrary
but	
  consistent	
  for	
  
the	
  whole	
  index Po
s*
ng
	
  L
is
ts

Lexicon

cat:[1,3) cat:[3,6) dog:[1,7)

d1, [3,7)

d5, [3,9)

d7, [2,5)

d7, [2,5)

d4, [1,2)d1, [2,3)

d3, [1,3)

d7, [2,5)
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  Web	
  Archives	
  (Klaus	
  Berberich)	
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Temporal	
  Coalescing	
  for	
  Scalar	
  Payloads
 Scalar	
  payloads	
  represent,	
  e.g.,	
  term-­‐frequency	
  

informaGon	
  as	
  needed	
  for	
  Gme-­‐travel	
  keyword	
  queries
 Observa*on:	
  Changes	
  between	
  document	
  versions	
  	
  

 are	
  osen	
  minor	
  (e.g.,	
  corrected	
  typos)
 have	
  liKle	
  effect	
  on	
  scalar	
  payloads	
  (e.g.,	
  41	
  vs.	
  42	
  x	
  dog)
 and	
  thus	
  liKle	
  impact	
  on	
  query	
  results

 Idea:	
  Coalesce	
  sequences	
  of	
  posGngs	
  that	
  belong	
  to	
  the	
  same	
  
document	
  and	
  have	
  almost-­‐idenGcal	
  scores

Gme
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e
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d1, [3,7), 4.5



Temporal	
  Search	
  in	
  Web	
  Archives	
  (Klaus	
  Berberich)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  /	
  40

Temporal	
  Coalescing	
  for	
  Scalar	
  Payloads
 Scalar	
  payloads	
  represent,	
  e.g.,	
  term-­‐frequency	
  

informaGon	
  as	
  needed	
  for	
  Gme-­‐travel	
  keyword	
  queries
 Observa*on:	
  Changes	
  between	
  document	
  versions	
  	
  

 are	
  osen	
  minor	
  (e.g.,	
  corrected	
  typos)
 have	
  liKle	
  effect	
  on	
  scalar	
  payloads	
  (e.g.,	
  41	
  vs.	
  42	
  x	
  dog)
 and	
  thus	
  liKle	
  impact	
  on	
  query	
  results

 Idea:	
  Coalesce	
  sequences	
  of	
  posGngs	
  that	
  belong	
  to	
  the	
  same	
  
document	
  and	
  have	
  almost-­‐idenGcal	
  scores

Gme
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or
e
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Temporal	
  Coalescing	
  for	
  Scalar	
  Payloads
 Scalar	
  payloads	
  represent,	
  e.g.,	
  term-­‐frequency	
  

informaGon	
  as	
  needed	
  for	
  Gme-­‐travel	
  keyword	
  queries
 Observa*on:	
  Changes	
  between	
  document	
  versions	
  	
  

 are	
  osen	
  minor	
  (e.g.,	
  corrected	
  typos)
 have	
  liKle	
  effect	
  on	
  scalar	
  payloads	
  (e.g.,	
  41	
  vs.	
  42	
  x	
  dog)
 and	
  thus	
  liKle	
  impact	
  on	
  query	
  results

 Idea:	
  Coalesce	
  sequences	
  of	
  posGngs	
  that	
  belong	
  to	
  the	
  same	
  
document	
  and	
  have	
  almost-­‐idenGcal	
  scores

Gme

sc
or
e

coalesced

15

d1, [3,7), 4.5



Temporal	
  Search	
  in	
  Web	
  Archives	
  (Klaus	
  Berberich)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  /	
  40

Temporal	
  Coalescing	
  for	
  Scalar	
  Payloads
 Problem	
  Statement:	
  Given	
  sequence	
  I	
  of	
  posGngs	
  for	
  term	
  v	
  

in	
  document	
  d,	
  determine	
  minimal-­‐length	
  output	
  sequence	
  O	
  
that	
  keeps	
  relaGve	
  approximaGon	
  error	
  below	
  threshold	
  ε

 OpGmal	
  output	
  sequence	
  O	
  can	
  be	
  determined	
  using
one-­‐pass	
  greedy	
  algorithm	
  that	
  has	
  Gme	
  complexity	
  in	
  O(	
  |I|	
  )

sc
or
e

p1

p2

p3
p’ ∀ i : |pi − p �| / |pi| ≤ �

Gme

sc
or
e
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ParGGoning	
  Strategies
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 Space	
  Op*mal	
  (SOpt)
 keeps	
  one	
  posGng	
  list	
  Lv	
  per	
  term	
  v
 consumes	
  minimal	
  space	
  

but	
  achieves	
  only	
  bad	
  query-­‐processing	
  performance

 Performance	
  Op*mal	
  (POpt)
 keeps	
  one	
  posGng	
  list	
  Lv:[	
  ti,	
  ti+1	
  )	
  for	
  each	
  elementary	
  Gme	
  interval
 achieves	
  opGmal	
  performance	
  for	
  Gme-­‐point	
  queries	
  

but	
  consumes	
  a	
  lot	
  of	
  space	
  (in	
  the	
  worst	
  case	
  O(	
  |Lv|2	
  ))	
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 Space	
  Op*mal	
  (SOpt)
 keeps	
  one	
  posGng	
  list	
  Lv	
  per	
  term	
  v
 consumes	
  minimal	
  space	
  

but	
  achieves	
  only	
  bad	
  query-­‐processing	
  performance

 Performance	
  Op*mal	
  (POpt)
 keeps	
  one	
  posGng	
  list	
  Lv:[	
  ti,	
  ti+1	
  )	
  for	
  each	
  elementary	
  Gme	
  interval
 achieves	
  opGmal	
  performance	
  for	
  Gme-­‐point	
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but	
  consumes	
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  of	
  space	
  (in	
  the	
  worst	
  case	
  O(	
  |Lv|2	
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  (SOpt)
 keeps	
  one	
  posGng	
  list	
  Lv	
  per	
  term	
  v
 consumes	
  minimal	
  space	
  

but	
  achieves	
  only	
  bad	
  query-­‐processing	
  performance

 Performance	
  Op*mal	
  (POpt)
 keeps	
  one	
  posGng	
  list	
  Lv:[	
  ti,	
  ti+1	
  )	
  for	
  each	
  elementary	
  Gme	
  interval
 achieves	
  opGmal	
  performance	
  for	
  Gme-­‐point	
  queries	
  

but	
  consumes	
  a	
  lot	
  of	
  space	
  (in	
  the	
  worst	
  case	
  O(	
  |Lv|2	
  ))	
  

17
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Performance-­‐Guarantee	
  ParGGoning	
  Strategy	
  (PG)
 Idea:	
  Minimize	
  total	
  number	
  of	
  posGngs	
  kept	
  in	
  the	
  index,	
  

while	
  guaranteeing	
  that	
  for	
  any	
  Gme-­‐point	
  query	
  the	
  number	
  
of	
  posGngs	
  read	
  is	
  at	
  most	
  a	
  factor	
  γ	
  worse	
  than	
  opGmal

 OpGmal	
  soluGon	
  computable	
  in	
  Gme	
  O(	
  |Lv|	
  +	
  n2	
  )	
  and	
  
space	
  O(	
  n2	
  )	
  using	
  dynamic	
  programming	
  over	
  
prefix	
  subproblems	
  [	
  t1,	
  tk	
  )

 2-­‐approximaGon	
  of	
  an	
  opGmal	
  soluGon	
  computable	
  in	
  
Gme	
  O(	
  |Lv|	
  )	
  and	
  space	
  O(	
  n	
  )	
  using	
  a	
  greedy	
  algorithm

argmin
P v

S( Pv ) s.t.

∀ t ∈ [t1, tn) : PC( t ) ≤ γ · |Lv : t|
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Space-­‐Bound	
  ParGGoning	
  Strategy	
  (SB)
 Idea:	
  Minimize	
  expected	
  number	
  of	
  posGngs	
  read	
  for	
  a	
  

Gme-­‐point	
  query,	
  while	
  ensuring	
  that	
  the	
  index	
  contains	
  
at	
  most	
  κ	
  Gmes	
  the	
  opGmal	
  number	
  of	
  posGngs

 OpGmal	
  soluGon	
  computable	
  in	
  O(	
  |Lv|	
  ×	
  n2	
  )	
  Gme	
  and	
  
O(	
  |Lv|	
  ×	
  n	
  	
  )	
  space	
  using	
  dynamic	
  programming	
  over	
  
prefix	
  subproblems	
  [	
  t1,	
  tk	
  )	
  and	
  space	
  bounds	
  s	
  ≤	
  κ	
  ·∙	
  |Lv|

 Approximate	
  soluGons	
  computed	
  using	
  Simulated	
  Annealing	
  
(run	
  for	
  R	
  rounds)	
  in	
  Gme	
  O(	
  |Lv|	
  +	
  n2	
  	
  +	
  n	
  ×	
  R	
  	
  )	
  and	
  space	
  
O(	
  n2	
  )	
  work	
  well	
  in	
  pracGce

argmin
Pv

�

t∈ [t1, tn)

P( t ) · PC( t ) s.t.

S(Pv ) ≤ κ · |Lv|
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FluxCapacitor	
  Prototype	
  ImplementaGon

 Java	
  (keeping	
  it	
  as	
  “low-­‐level”	
  as	
  possible)

 Lexicon	
  kept	
  in	
  main	
  memory,	
  implemented	
  using	
  a	
  hash	
  table
 Pos8ng	
  lists	
  kept	
  on	
  disk,	
  implemented	
  using	
  flat	
  files
 Pos8ngs	
  thoroughly	
  encoded	
  (e.g.,	
  using	
  gap	
  and	
  7-­‐Bit	
  encoding)
 AJAX-­‐based	
  GUI	
  implemented	
  using	
  Google	
  Web	
  Toolkit
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Experimental	
  EvaluaGon
 Experiments	
  on	
  three	
  document	
  collecGons:

 New	
  York	
  Times	
  Annotated	
  Corpus	
  (NYT)
1.8M	
  newspaper	
  arGcles	
  /	
  1.8M	
  versions	
  /	
  1987–2007

 Revision	
  History	
  of	
  the	
  English	
  Wikipedia	
  (WIKI)
1.5M	
  disGnct	
  encyclopedia	
  arGcles	
  /	
  15M	
  versions	
  /	
  2001–2005

 Weekly	
  Crawls	
  of	
  U.K.	
  Governmental	
  Websites	
  (UKGOV)
686K	
  disGnct	
  web	
  pages	
  /	
  17M	
  versions	
  /	
  2004–2005

 Query	
  workload	
  for	
  each	
  document	
  collecGon	
  consists	
  of	
  
 150	
  queries	
  from	
  AOL	
  query	
  log	
  with	
  most	
  clicks	
  on	
  a	
  relevant	
  domain	
  

(e.g.,	
  en.wikipedia.org	
  or	
  raf.mod.uk)	
  
 each	
  of	
  the	
  queries	
  is	
  combined	
  with	
  ten	
  Gme	
  points	
  randomly	
  chosen	
  

within	
  the	
  respecGve	
  collecGon’s	
  lifeGme
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Index	
  Size	
  (WIKI	
  &	
  UKGOV)
 Sizes	
  of	
  indexes	
  with	
  scalar	
  payloads	
  built	
  using	
  space-­‐opGmal	
  

parGGoning	
  and	
  temporal	
  coalescing	
  for	
  scalar	
  payloads
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Result	
  Accuracy	
  (WIKI	
  &	
  UKGOV)
 RelaGve	
  recall	
  for	
  top-­‐10	
  query	
  results	
  on	
  indexes	
  with	
  scalar	
  

payloads	
  built	
  using	
  temporal	
  coalescing	
  for	
  scalar	
  payloads
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Index	
  Size	
  vs.	
  QP	
  Performance	
  (WIKI)
 Time-­‐point	
  keyword	
  query	
  workload	
  processed	
  on	
  indexes	
  

built	
  using	
  temporal	
  coalescing	
  for	
  scalar	
  payloads	
  (ε	
  =	
  0.1)	
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Outline

 MoGvaGon

 Efficient	
  Time-­‐Travel	
  Text	
  Search	
  in	
  Web	
  Archives

 Retrieval	
  Models	
  for	
  Temporal	
  InformaGon	
  Needs

 Conclusion
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MoGvaGon
 InformaGon	
  needs	
  that	
  have	
  a	
  temporal	
  dimension

 Queries	
  that	
  contain	
  a	
  temporal	
  expression	
  (e.g.,	
  in	
  1998)
 indicate	
  an	
  underlying	
  temporal	
  informaGon	
  need
 account	
  for	
  1.5%	
  of	
  general	
  web	
  queries
 are	
  more	
  common	
  for	
  specific	
  domains	
  (e.g.,	
  News	
  or	
  Sports)	
  and/or	
  

specific	
  user	
  groups	
  (e.g.,	
  historians	
  or	
  journalists)

 But:	
  Not	
  well-­‐supported	
  by	
  exisGng	
  retrieval	
  models

FIFA	
  World	
  Cup	
  tournaments	
  of	
  the	
  1990’s
Movies	
  that	
  won	
  an	
  Academy	
  Award	
  in	
  2007

Crusades	
  of	
  the	
  12th	
  century
London	
  Summer	
  Olympics	
  2012
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Temporal	
  Expressions
 Temporal	
  expressions	
  can	
  be	
  categorized	
  as:

 explicit	
  (e.g.,	
  July	
  19th	
  2010	
  or	
  September	
  1872)
 implicit	
  (e.g,	
  Christmas	
  2009	
  or	
  New	
  Year’s	
  Eve	
  2000)
 rela*ve	
  (e.g.,	
  yesterday	
  or	
  last	
  month)

 Meaning	
  of	
  a	
  temporal	
  expression	
  is	
  osen	
  uncertain,	
  e.g.,

France	
  won	
  the	
  FIFA	
  World	
  Cup	
  in	
  1998
In	
  1998	
  Bill	
  Clinton	
  was	
  President	
  of	
  the	
  U.S.
Nagano	
  hosted	
  the	
  Winter	
  Olympics	
  in	
  1998
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 We	
  model	
  a	
  temporal	
  expression	
  as	
  a	
  four-­‐tuple

that	
  records	
  the	
  earliest/latest	
  begin/end	
  of	
  any	
  Gme	
  interval	
  
[b,	
  e]	
  that	
  T	
  may	
  refer	
  to

 The	
  temporal	
  expression	
  in	
  1998,	
  e.g.,	
  is	
  represented	
  as	
  
(1998/01/01,	
  1998/12/31,	
  1998/01/01,	
  1998/12/31)

’99

’98 ’99
b

e

T = ( tbl , tbu , tel , teu )
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  a	
  four-­‐tuple

that	
  records	
  the	
  earliest/latest	
  begin/end	
  of	
  any	
  Gme	
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 We	
  model	
  a	
  temporal	
  expression	
  as	
  a	
  four-­‐tuple

that	
  records	
  the	
  earliest/latest	
  begin/end	
  of	
  any	
  Gme	
  interval	
  
[b,	
  e]	
  that	
  T	
  may	
  refer	
  to

 The	
  temporal	
  expression	
  in	
  1998,	
  e.g.,	
  is	
  represented	
  as	
  
(1998/01/01,	
  1998/12/31,	
  1998/01/01,	
  1998/12/31)

’99

’98 ’99
b

e

T = ( tbl , tbu , tel , teu )
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  Model
 We	
  model	
  a	
  temporal	
  expression	
  as	
  a	
  four-­‐tuple

that	
  records	
  the	
  earliest/latest	
  begin/end	
  of	
  any	
  Gme	
  interval	
  
[b,	
  e]	
  that	
  T	
  may	
  refer	
  to

 The	
  temporal	
  expression	
  in	
  1998,	
  e.g.,	
  is	
  represented	
  as	
  
(1998/01/01,	
  1998/12/31,	
  1998/01/01,	
  1998/12/31)

’99

’98 ’99
b

e

(a)	
  [1998/01/01,	
  1998/12/31]a

T = ( tbl , tbu , tel , teu )
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Temporal	
  Expression	
  Model
 We	
  model	
  a	
  temporal	
  expression	
  as	
  a	
  four-­‐tuple

that	
  records	
  the	
  earliest/latest	
  begin/end	
  of	
  any	
  Gme	
  interval	
  
[b,	
  e]	
  that	
  T	
  may	
  refer	
  to

 The	
  temporal	
  expression	
  in	
  1998,	
  e.g.,	
  is	
  represented	
  as	
  
(1998/01/01,	
  1998/12/31,	
  1998/01/01,	
  1998/12/31)

’99

’98 ’99
b

e

(a)	
  [1998/01/01,	
  1998/12/31]a

(b)	
  [1998/07/12,	
  1998/07/12]b

T = ( tbl , tbu , tel , teu )
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  Model
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  model	
  a	
  temporal	
  expression	
  as	
  a	
  four-­‐tuple

that	
  records	
  the	
  earliest/latest	
  begin/end	
  of	
  any	
  Gme	
  interval	
  
[b,	
  e]	
  that	
  T	
  may	
  refer	
  to

 The	
  temporal	
  expression	
  in	
  1998,	
  e.g.,	
  is	
  represented	
  as	
  
(1998/01/01,	
  1998/12/31,	
  1998/01/01,	
  1998/12/31)

’99

’98 ’99
b

e

(a)	
  [1998/01/01,	
  1998/12/31]a

(b)	
  [1998/07/12,	
  1998/07/12]b

(c)	
  [1998/02/07,	
  1998/02/22]
c

T = ( tbl , tbu , tel , teu )
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Document	
  &	
  Query	
  Model
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  disGnguish	
  between	
  the	
  textual	
  part	
  and	
  the	
  temporal	
  

part	
  of	
  documents	
  and	
  queries
 dtext	
  and	
  qtext	
  are	
  bags	
  of	
  textual	
  terms
 d*me	
  and	
  q*me	
  	
  are	
  bags	
  of	
  temporal	
  expressions
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Language	
  Models	
  in	
  InformaGon	
  Retrieval
 ProbabilisGc	
  generaGve	
  model	
  esGmated	
  for	
  each	
  document
 Query-­‐likelihood	
  approaches	
  rank	
  documents	
  based	
  on	
  their	
  

probability	
  of	
  generaGng	
  a	
  given	
  query
 Unigram	
  language	
  model	
  esGmates	
  probability	
  of	
  generaGng	
  

query	
  q	
  from	
  document	
  d	
  as

	
  
 Jelinek-­‐Mercer	
  smoothing	
  esGmates	
  the	
  probability	
  P(v|d)	
  

of	
  generaGng	
  the	
  term	
  v	
  from	
  document	
  d	
  as

P(q | d ) =
�

v∈q

P( v | d )

P( v | d ) = λ · tf(v, d)

|d|
+ (1 − λ) · tf(v, C)

|C|
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Language	
  Model	
  Framework
 Query-­‐likelihood	
  approach	
  assuming	
  that	
  the	
  textual	
  and	
  

temporal	
  query	
  part	
  are	
  generated	
  independently

	
  
 Independent	
  generaGon	
  of	
  query	
  temporal	
  expressions

	
  
 Two-­‐step	
  generaGon	
  of	
  temporal	
  expression	
  Q

(1)	
  Draw	
  a	
  temporal	
  expression	
  T	
  at	
  uniform	
  random

(2)	
  Generate	
  Q	
  from	
  T

P(q | d ) = P(q text | d text )× P(q time | d time )

P( q time | d time ) =
�

Q∈q time

P( Q | d time)

P(Q | d time ) =
1

|d time |

�

T! d time

P(Q | T)
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 The	
  temporal	
  expression	
  T	
  generates	
  only	
  itself

 Profits	
  from	
  extracGon	
  of	
  temporal	
  expressions
 Ignores	
  temporal	
  expressions’	
  inherent	
  uncertainty

P( Q | T) =

!
1 : Q = T
0 : otherwise

fifa	
  world	
  cup	
  

1990’s

In	
  the	
  last	
  decade	
  the	
  FIFA	
  
World	
  Cup	
  was	
  won	
  by	
  Germany	
  
(in	
   1990),	
   Brazil	
   (in	
   1994),	
   and	
  
France	
  (in	
  1998)…
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  Language	
  Model
 We	
  assume	
  any	
  Gme	
  interval	
  [qb,	
  qe]	
  that	
  the	
  query	
  temporal	
  

expression	
  may	
  refer	
  to	
  be	
  equally	
  likely

 The	
  temporal	
  expression	
  T	
  generates	
  any	
  Gme	
  interval	
  [qb,	
  qe]	
  
that	
  it	
  may	
  refer	
  to	
  with	
  equal	
  probability

P( Q | T ) =
1

|Q|

�

[qb , qe ]! Q

P( [qb, qe] | T )

P( [qb, qe] | T ) =

!
1/|T | : [qb, qe] ∈ T

0 : otherwise
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 IntuiGvely,	
  P(Q|T)	
  reflects	
  the	
  probability	
  that	
  the	
  user	
  issuing	
  

the	
  query	
  and	
  the	
  author	
  wriGng	
  the	
  document	
  have	
  the	
  
same	
  Gme	
  interval	
  in	
  mind

 Our	
  definiGon	
  of	
  P(Q|T)	
  can	
  be	
  simplified	
  as

treaGng	
  Q	
  and	
  T	
  as	
  sets	
  of	
  Gme	
  intervals

 |T|,	
  |Q|,	
  and	
  |T	
  ∩	
  Q|	
  efficiently	
  computable	
  based	
  on	
  our	
  
four-­‐tuple	
  representaGon,	
  i.e.,	
  no	
  need	
  to	
  enumerate	
  the	
  
huge	
  but	
  finite	
  number	
  of	
  Gme	
  intervals	
  in	
  Q	
  and	
  T

P( Q | T ) =
|T ∩Q|

|T | á|Q|
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 Profits	
  from	
  extracGon	
  of	
  temporal	
  expressions
 Considers	
  temporal	
  expressions’	
  inherent	
  uncertainty

fifa	
  world	
  cup	
  

1990’s

In	
  the	
  last	
  decade	
  the	
  FIFA	
  
World	
  Cup	
  was	
  won	
  by	
  Germany	
  

(in	
  1990),	
  Brazil	
   (in	
  1994),	
  
and	
  France	
  (in	
  1998)…

35



Temporal	
  Search	
  in	
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  Archives	
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  /	
  40

Experimental	
  EvaluaGon
 Experiments	
  on	
  two	
  document	
  collecGons:

 New	
  York	
  Times	
  Annotated	
  Corpus
1,855,656	
  documents

 Wikipedia	
  (snapshot	
  as	
  of	
  July	
  ’09)
2,955,294	
  documents

 Queries	
  and	
  binary	
  relevance	
  assessments	
  collected	
  using	
  the	
  
crowdsourcing	
  pla|orm	
  Amazon	
  Mechanical	
  Turk

 Query	
  workload	
  consists	
  of	
  40	
  queries,	
  e.g.:	
  
boston	
  red	
  sox	
  [october	
  27,	
  2004],	
  pink	
  floyd	
  [march	
  1973],
wright	
  brothers	
  [1905],	
  siemens	
  [19th	
  century],	
  babe	
  ruth	
  [1921]	
  

 Methods	
  under	
  comparison:
 LM	
   	
   Unigram	
  Language	
  Model
 LMT	
   	
   Uncertainty-­‐Ignorant	
  Language	
  Model
 LMTU	
   	
   Uncertainty-­‐Aware	
  Language	
  Model
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Retrieval	
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Outline

 MoGvaGon

 Efficient	
  Time-­‐Travel	
  Text	
  Search	
  in	
  Web	
  Archives

 Retrieval	
  Models	
  for	
  Temporal	
  InformaGon	
  Needs

 Conclusion
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Conclusion
 Web	
  Archives

 play	
  an	
  important	
  role	
  in	
  preserving	
  our	
  cultural	
  heritage
 pose	
  interesGng	
  research	
  problems

 Efficient	
  Approach	
  to	
  Time-­‐Travel	
  Text	
  Search
 Time-­‐Travel	
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