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Aouécg Eupetnpiou: AiapBpwon AIGAeENS

Eicaywyn - Kivntpo

« AveoTpaupéva Apxeia (Inverted files)

« Aévdpa Katahngewv (Suffix trees)

* Apxeia Ytmroypaowyv (Signature files)

« 2cipiakn Avalntnon o€ Keipevo (Sequential Text Searching)

« Amavinon Emepwtriocwy “Taipidoparog MNpotutrou” (Answering
Pattern-Matching Queries)
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Eupetnpiaocuog Keipévou:Eioaywyn

e 2KOTIOG

— ZXEQIOOMOG OOHWYV OEOOUEVWYV TTOU ETTITPETTOUV THV
a1rodOoTIK) UAOTTOINON TG YAWOCOOG ETTEPWTNONG

« ATtTAoIKr} TTpooéyyion: ogeiplakn avalntnon (online sequential search)

— IkavoTtroinTik uévo av N GUAAOYH TWV KEINEVWY Eival HIKPR
— Eival n pévn €mAoyn av n cuAAoyn KEIPEVWYV €ival EUMETABANTN

« Edw

— OXEQIOOMOG SowYV dedOUEVWY, TTOU OVOUAJOoVTal EUPETHPIO

(called indices), yia gmmiTadxuvon tng avalnrnong
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Avaykec 'Awoowyv Etrepwtnong

* ATTAEG

— Bpeg Eyypaga TTou TrEPIEXOUV Mia AEgn t

— Bpec wO0EG POpEG epavileTal N AéEN t o€ Eva Eyypago

— Bpeg 116 B€oEIg TWV ePPavicewy TNG AEENG t 0TO Eyypago
* [Tio ouvbBeTeg

— Boolean queries

— phrase/proximity queries

— pattern matching

— Regular expressions

— Structure-based queries

2. XEOIACOUE TO EUPETNPIO aVAAOYA PE TO HOVTEAO AVAKTNONG
Kal TN YAWOoOoa £TTEPWTNONG
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["evikn} (/AOYIKr)) HOP®PI EVOG EUPETNPIOU

w35 o3 c oo U

Indexing ltems

T1 TpETTEl va €XEI TO KABE Cjj

k, K, ki k,
dl Ci1 Co1 Ci1 Ci1 Cjj: TO KeAi TToU avTIGTOIE
d C C C C oT1o €yypago di kal oTovV
2 1,2 2,2 1,2 t,2 6po kj, To otroio ptropei va
L L TTEPIEXEL:
* éva w; TTou va dnAwvel
di Cl,j CZ,j @ Ct,j TNV TTapouaia A atrouaia
Tou kj oto di (4 T
e e e e otroudaidéTnTa TOou Kj 0TO
di
dy Cin - Con CiN Con | ,
* TIG BECEIG OTIG OTTOIEG O
0pog kj epgaviCetal oTo di
(av Tpayuart ep@avicerai)
Epwthuara:

[Mwc va uAoTToINooupe auTr TN Aoyikr) dOPA WAOTE VA £XOUME aTTOdO00N;
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TexvikEC EupeTnpiacpou (Indexing Techniques)

« AveoTtpauéva Apxeia (Inverted files)

— n Mo dladouévn TEXVIKN

« Aévdpa kal MNivakeg KataAnc¢ewyv (Suffix trees and arrays)

— YPNYopEG yia “phrase queries” aAAd n KATAOKEUN KOl N OUVTHPNOT TOUG
gival duokoAdTePN Kal akpIBOTEPN

« Apxeia Ymroypagwv (Signature files)

— Xpnoipotroimlnkav oAU Tn dekaeTia Tou 80. ZTTAVIOTEPA CHUEPA.
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AveoTpaupéva Apxeia (Inverted Files)

AveoTpauuEvo Apxeio

Noyikry Mop@r) EupeTnpiou Moppnri AveoTpaupévou Eupetnpiou

Index terms /
—— | | |
dy ¢y 2.1 Ci1 m

Gl ow P s

di ¢ Cyj Cyj

dy Cin CoN Cein

Postings lists

Apa dev ATTOONKEUOUE TA «NOEVIKA KEAIA»
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Inverted Files (AveoTpapuéva apyeia)

Inverted file = a word-oriented mechanism for indexing a text
collection in order to speed up the searching task.

* An inverted file consists of:
— Vocabulary: is the set of all distinct words in the text

— Occurrences: lists containing all information necessary for each
word of the vocabulary (documents where the word appears,
frequency, text position, etc.)

CS463 - Information Retrieval Systems Yannis Tzitzikas, U. of Crete, Spring 2006

AVECTPAUMEVO APXEIO VIO Eva JOVO £YYPOAPO Kal
arroBnkeuan BEoewv ePNPAvVIONS KABE AEENG

Keipevo
That house has a garden. The garden has many flowers. The flowers are beautiful
1 6 12 1618 25 29 36 40 45 54 58 66 70
Inverted File:
Vocabulary Occurrences
beautiful 70
flowers 45, 58
garden 18, 29
house 6

Ti dAAo Ba kavare av giyaue ToAAG Eypapa kai BéAaue va uAorroinoouue 1o Aiavuou. MovréAo;
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AVEOTPOUMEVO apXEio yia TTOANG £yypaga,
Kal Bapuvon tf-idf

To df (document frequency, TTou pag xpeladeTal
yia 10 IDF) apkei va atmobnkeuTei yia gopd

To Bdpog tf (term frequency)

Edw Ba ptropoucapue

D, tfi [~ vaéxoupe kai Tig BETEIG EUpavIONG
Index terms df NG AégNG computer 010 £yypago Dj
computer 3———[ D, 4 |
database > ——1{ D,,3 |
[ 2N N )

science 4 *| Dy 4
system >

y D, 2

Index file Postings lists
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AveoTpapuévo apyeio kal Bapuvon freq

Document Corpus

Inverted File

CS463 - Information Retrieval Systems

Doc Text
1 | Pease porridge hot
2 | Pease porridge cold
3 | Pease porridge in the pot
4 | Pease porridge hot, pease porridge not cold
5 | Pease porridge cold, pease porridge not hot
6 | Pease porridge hot in the pot
Vocabulary Inverted
cold — <2.1> | <4.1> | <5,1'SISTtS
hot {115 ]<a1>l<51>1<61>]
in —l<31>1<61> |
not  —{<a1>]<51>]
pease [ <11>|<21>|<31>|<42>|<59>|<61> |
porridge  —{ <11>| <215 <31> <425 <525 [ <61> |
pot —<31> | <61> |
the — <31> | <6.1>

Yannis Tzitzikas, U. of Crete, Spring 2006 12




AvaoTtpappévo Apxeio: Karaokeur) kal Avalntnon

Y1ropabpo/ETravaAnyn: Tries

Tries
« multiway trees for stroring strings

» able to retrieve any string in time proportional to its length (independent from the
number of all stored strings)

Description
— every edge is labeled with a letter
— searching a string s

« start from root and for each character of s follow the edge that is labeled with the
same letter.

» continue, until a leaf is found (which means that s is found)

CS463 - Information Retrieval Systems Yannis Tzitzikas, U. of Crete, Spring 2006
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Tries: lNapadeiypa

1 6 911 1719 24 28 33 40 46 50 55 60
Thisis a text. Atexthas manywords. Words are made from letters.

Vocabulary | | Vocabulary (ordered) Vocabulary trie

text (11) letters (60) letters:60
text (19) made (50) made:50
many (28) many (28) many:28
words (33) | |text (11,19) text:11,19
words (40) | |words (33,40)

made (50) words:33,40
letters (60)

Note: Lecture 5: Successor variety ?
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AveoTpappuéva Apxeia: AtTTaitnoeic Xwpou

MIKPEG MeYAAEG

i
m /
|

k1l

L

k2 ]

Postings lists
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AveoTpappuéva Apxeia: AtTTaitnoeic Xwpou

Notations
* n: the size of the text
» V: the size of the vocabulary

For the Vocabulary:
« Rather small.

« According to Heaps’ law (fo be described in a subsequent lecture) the
vocabulary grows as O(n#), where fis a constant between 0.4 and 0.6 in
practice. So V ~ sqrt(n)

For Occurrences:
*  Much more space.

* Since each word appearing in the text is referenced once in that structure, the

extra space is O(n)
* To reduce space requirements, a technique called block addressing is used

: : o : how?
CS463 - Information Retrieval Systems Yannis Tzitzikas, U. of Crete, Spring 2006
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Block Addressing

The text is divided in blocks
The occurrences point to the blocks where the word appears

Advantages:
— the number of pointers is smaller than positions
— all the occurrences of a word inside a single block are collapsed to one reference
— (indices of only 5% overhead over the text size can be obtained with this
technique. Of course this depends on the block size)
Disadvantages:
— online sequential search over the qualifying blocks if exact positions are required
+ e.g. for finding the sentence where the word occurs
* e.g. for evaluating a context (phrasal or proximity) query

CS463 - Information Retrieval Systems Yannis Tzitzikas, U. of Crete, Spring 2006
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Block Addressing: Example

That house has a garden. The garden has many flowers. The flowers are beautiful

1 6 12 1618 25 29 36 40 45 54 58 66 70
beautiful 70

Vocabulary | flowers Occurrences | 4% 98
garden 18, 29
house 6

Block 1 Block 2 Block 3 Block 4

That house has a|garden. The garden has|many flowers. The flowers |are beautiful

beautiful 4
Vocabulary | flowers Occurrences | °
garden 2
house 1
CS463 - Information Retrieval Systems Yannis Tzitzikas, U. of Crete, Spring 2006 19

Size of Inverted Files as percentage of the size of
the whole collection

45% of all words are stopwods

Index Small collection Medium collection Large collection
(1Mb) (200Mb) (2Gb)
Addressing words 45% 73% 36% 64% 35% 63%
Addressing 64K blocks 27% 41% 18% 32% 5% 9%
Addressing 256 blocks 18% 25% 1.7% 2.4% 0.5% 0.7%
Without All words  Without All words  Without All words
stopwords stopwords stopwords

Addressing words: 4 bytes per pointer (2*32 ~ giga)
Addressing 64K blocks: 2 bytes per pointer
Addressing 256 blocks: 1 byte per pointer

CS463 - Information Retrieval Systems Yannis Tzitzikas, U. of Crete, Spring 2006
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Searching an inverted index

Searching an inverted index

General Steps:

1/ Vocabulary search:
— the words present in the query are searched in the vocabulary

2/Retrieval occurrences:
— the lists of the occurrences of all words found are retrieved

3/Manipulation of occurrences:
— The occurrences are processed to solve the query

— If block addressing is used we have to search the text of the blocks in order to
get the exact positions and number of occurences

CS463 - Information Retrieval Systems Yannis Tzitzikas, U. of Crete, Spring 2006
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1/ Vocabulary search

As Searching task on an inverted file always starts in the vocabulary, it is
better to store the vocabulary in a separate file

— this file is not so big so it is possible keep it at main memory at search time

Suppose we want to search for a word of length m.

Options:

» Cost of searching a sequential file: O(V)

» Cost of searching assuming hashing: O(m)

» Cost of searching assuming tries: O(m)

» Cost of searching assuming the file is ordered (lexicographically): O(log V)
— this option is cheaper in space and very competitive

The structures most used to store the vocabulary are hashing, tries or B-
trees.

CS463 - Information Retrieval Systems Yannis Tzitzikas, U. of Crete, Spring 2006
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1/ Vocabulary Search (ll)

Remarks

» prefix and range queries
— can also be solved with binary search, tries or B-trees buts not with hashing

» context queries
— are more difficult to solve with inverted indices
* 1. each element must be searched separately and
« 2. alist (in increasing positional order) is generated for each one

« 3. The lists of all elements are traversed in synchorization to find places
where all the words appear in sequence (for a phrase) or appear close
enough (for proximity).

CS463 - Information Retrieval Systems Yannis Tzitzikas, U. of Crete, Spring 2006
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Inverted Index: A general remark

Experiments show that both the space requirements and the amount
of text traversed can be close to O(n™0.85). Hence, inverted
indices allow us to have sublinear search time and sublinear space
requirements. This is not possible on other indices.

CS463 - Information Retrieval Systems Yannis Tzitzikas, U. of Crete, Spring 2006
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Constructing an Inverted File




Constructing an Inverted File

« All the vocabulary is kept in a suitable data structure storing for each
word a list of its occurrences

— e.g. in a trie data structure

» Each word of the text is read and searched in the vocabulary

— if a trie data structure is used the this search costs O(m) where m the
size of the word

« Ifitis not found, it is added to the vocabulary with a empty list of
occurrences and the new position is added to the end of its list of
occurrences

CS463 - Information Retrieval Systems Yannis Tzitzikas, U. of Crete, Spring 2006
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Constructing an Inverted File (1)

» Once the text is exhausted the vocabulary is written to disk with
the list of occurrences. Two files are created:
— in the first file, the list of occurrences are stored contiguously
— in the second file, the vocabulary is stored in lexicographical order and, for
each word, a pointer to its list in the first file is also included.

» The overall process is O(n) time

Trie: O(1) per text character
Since positions are appended (in the postings file) O(1) time

It follows that the overall process is O(n)

CS463 - Information Retrieval Systems Yannis Tzitzikas, U. of Crete, Spring 2006
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What if the Inverted Index does not fit in main memory ?

A technique based on partial Indexes:
— Use the previous algorithm until the main memory is exhausted.

— When no more memory is available, write to disk the partial index I,
obtained up to now, and erase it from main memory

— Continue with the rest of the text

* Once the text is exhausted, a number of partial indices I, exist on
disk

* The partial indices are merged to obtain the final index

CS463 - Information Retrieval Systems Yannis Tzitzikas, U. of Crete, Spring 2006
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Merging two partial indices 11 and 12

* Merge the sorted vocabularies and whenever the same word
appears in both indices, merge both list of occurences

« By construction, the occurences of the smaller-numbered index
are before those ot the larger-numbered index, the therefore the
lists are just concatenated

» Complexity: O(n1+n2) where n1 and n2 the sizes of the indices

CS463 - Information Retrieval Systems Yannis Tzitzikas, U. of Crete, Spring 2006
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Merging partial indices to obtain the final

I, final index
f
Iy 4 o
Iy 2 l'5.4 I's. 6 178
I, I, I l, I ¢ I I |, | initial dumps
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Merging all partial indices: Time Complexity
Notations
* n: the size of the text
» V: the size of the vocabulary
* M: the amount of main memory available
« The total time to generate partial indices is O(n)
* The number of partial indices is O(n/M)
« To merge the O(n/M) partial indices are necessary log,(n/M) merging levels
« The total cost of this algorithm is O(n log(n/M))
CS463 - Information Retrieval Systems Yannis Tzitzikas, U. of Crete, Spring 2006 32




Maintaining the Inverted File

 Addition of a new doc
— build its index and merge it with the final index (as done with partial indexes)

* Delete a doc of the collection

— scan index and delete those occurrences that point into the deleted file
(complexity: O(n) )

CS463 - Information Retrieval Systems Yannis Tzitzikas, U. of Crete, Spring 2006
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Evaluating Phrasal and Proximity Queries with
Inverted Indices

 Phrasal Queries

— Must have an inverted index that also stores positions of each keyword in a
document.

— Retrieve documents and positions for each individual word, intersect
documents, and then finally check for ordered contiguity of keyword
positions.

— Best to start contiguity check with the least common word in the phrase.

» Proximity Queries

— Use approach similar to phrasal search to find documents in which all
keywords are found in a context that satisfies the proximity constraints.

— During binary search for positions of remaining keywords, find closest
position of k; to p and check that it is within maximum allowed distance.

CS463 - Information Retrieval Systems Yannis Tzitzikas, U. of Crete, Spring 2006
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ATtrotiunon Boolean eTrepwTriocwy PE Xprion
QVECTPOAUMEVWV APXEIWV

ATTOTiHNON YE XPNON QVECTPANMEVWYV APXEIWV
— Primitive keyword: Retrieve containing documents using the inverted index.
— OR: Recursively retrieve e, and e, and take union of results.
— AND: Recursively retrieve e, and e, and take intersection of results.
— BUT: Recursively retrieve e, and e, and take set difference of results.

CS463 - Information Retrieval Systems Yannis Tzitzikas, U. of Crete, Spring 2006

Inverted Index: KatakAgida

|s probably the most adequate indexing technique

Appropriate when the text collection is large and semi-static

If the text collection is volatile online searching is the only option
Some techniques combine online and indexed searching
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Aévopa kai lNivakeg KataAngewyv
(Suffix Trees and Suffix Arrays)

Aévopa kai lMNivakeg KataAngewy
(Suffix Trees and Arrays )

* Kivntpo
— [pAyopn atrotiynon Twv phrase queries
— H évvoia NG Aégng (otnv otroia Baacifovrtal Ta inverted files) dev uTTApxEl O€
AANEG EQAPUOYEG (TT.X. OTIG YEVETIKEG BACEIC DEDOPEVWIV), APA UTTAPXEI
avaykn yia O1a@OPETIKEG DOUEG DEQOPEVWV.

Mia aAucida DNA cival pia akoAhouBia atrod diatetaypéva (euydpia BAcewy.

Ymdpyxouv 4 Baoeig: n adevivn (A), n youavivn (G), n kutoaivn (C) kai n Bupivn (T).

KdaB¢e Ceuydpl Baocwy Tou DNA aTtroteAsital atrd diapopeTikéG BATEIG.

2UyKekpigéva, n adevivn (A) ptropei va ouvdéetal pévo pe tn Bupivn (T), evw n youavivn (G) ptropei
va ouvdéeTal pévo pe Tnv kutoaoivn (C). ‘Eva mapadelyua ammooTraouatog aAucidag DNA
OKOAOUBEI:

AGGCTACCCTTA
TCCGATGGGAAT

CS463 - Information Retrieval Systems Yannis Tzitzikas, U. of Crete, Spring 2006
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Aévopa kai lMNivakeg KataAngewy
(Suffix Trees and Arrays )

["evikn 16€a
— BA&tTOUpE GAO TO KEiPEVO WG pia pakpid ocupBorooeipd (long string)
— Oewpoupe KABe BEon Tou KEINEVOU WG KATAANEN Kelpévou (text suffix)

— AUO0 KATAAAEEIG TTOU EKKIVOUV ATTO DIAPOPETIKEG BEOEIG Eival AeCIKOYPAPIKA
OIOQPOPETIKEG

* dpa KABe kKaTdAngn TTpoodiopileTal povadika aTrd Tn B€on TNG apxNS TNG
— EmAoyég
* Eupetnpialoupe OAeG TIG BECEIC TOU KEIPEVOU

* Eupetnpidloupe KATTOIEG BECEIC TOU KEIMEVOU (TT.X. TNV apXA Twv
AECEWV)

— Apa €W £XOUNE TNV £VVOIa TOU ONUEIOU eUpeTNpiou (index point)

— Ta onueia Tou dev gival onueia eupeTnpiou dev gival TTapadociua
(deliverable)

CS463 - Information Retrieval Systems Yannis Tzitzikas, U. of Crete, Spring 2006 39

[MTapadelyua KaTaAngewyv
(BEWPWVTAC WC CNUEIa EUPETNPIOU TIC APXEC TWV AECEWV)

This is a text. A text has many words. Words are made from letters.
| | ‘ ‘ I

letters.

made from letters.

Words are made from letters.

words. Words are made from letters.

many words. Words are made from letters.

text has many words. Words are made from letters.

text. A text has many words. Words are made from letters.

CS463 - Information Retrieval Systems Yannis Tzitzikas, U. of Crete, Spring 2006 40




Aévdpa KataAngewv (Suffix Trees)

AEvOpo KaTtaANcewv:

— To &évdpo KATAANSEWV VOGS KEINEVOU gival Eva trie TTAvw 0€ OAEC TIC
KATOANEEIC TOU KEIYEVOU.

 Suffix tree = trie built over all the suffixes of the text
— O1 OgiKTEG TTPOC TO KEIPMEVO aTTOBNKEUOVTAI OTA QUAAA TOU OEVOPOU.

[a pgiwan Tou Xwpou, To trie CUPTTUKVWVETAI WG £va Patricia tree

— Patricia = Practical Algorithm To Retrieve Information Coded in
Alphanumerical

CS463 - Information Retrieval Systems Yannis Tzitzikas, U. of Crete, Spring 2006
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Suffix Trie yia Tn Aé¢n "cacao”
(BewpwvTag KABE BEoN w¢ onueio eupeTnpiou)

KataAAqgeig: Trie KataAngewv
0

(o]
20 ‘9. @
cao a‘ . )

acao c

cacao @, -~
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KataAAceic:
0

ao

cao

acao
cacao

M cao

caca ‘

cacao
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[Mapadeiyua KATaAngewv
Kal Tou avriotoryou Suffix Trie

1 6 911 1719 24 28 33 40 46 50 55 60

This is a text. A text has many words. Words are made from Jetters.

f etters.

aéi Irom etters.

Words are made from letters.
words. Words are made from letters.
words. Worgs are made Fom etters.
text has man wor are ma tters.
text. A text has many wor s. Words are made from letters.

I 60

50

Suffix Trie

40

33

CS463 - Information Retrieval Systems Yannis Tzitzikas, U. of Crete, Spring 2006
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Suffix tree
= Suffix trie compacted into a Patricia tree

one child.

case O(n?) of the trie.

This involves compressing unary paths, 1.e. paths where each node has just

If unary paths are not present, the tree has O(n) nodes instead of the worst-

Suffix Trie Suffix Tree

50

40

33

50

19

11

40

33

CS463 - Information Retrieval Systems Yannis Tzitzikas, U. of Crete, Spring 2006

45

[MTivakec KataAncewyv (Suffix arrays)




[Tivakec KataAncewyv (Suffix arrays)
(Space efficient implementation of suffix trees)

» Suffix trees have a space overhead of 120%-240% over the text
size (index points = word beginnings)

» Here we present a data structure with space requirements like

those of the vector space model (~40% overhead over the text
size)

CS463 - Information Retrieval Systems Yannis Tzitzikas, U. of Crete, Spring 2006
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[MTivakec KataAncewyv (Suffix arrays)
(Space efficient implementation of suffix trees)

[Mivakac KataAngswv:

» [livakag pe OeiKTES TTPOG OAEC TIC «KATAANEEICH O AECIKOYPAYIKA OEIpd
Na va Tov dnuioupyriooupe apkei pia depth-fist-search didoyxion Tou suffix tree.

1 6 911 1719 24 28 33 40 46 50 55 60
This is a text. A text has many words. Words are made from letters.

50 :
Suffix Array
19 l m m t t w w
11 m=) [60[50(28[19 |11 40|33

40

Suffix Tree 33

CS463 - Information Retrieval Systems Yannis Tzitzikas, U. of Crete, Spring 2006
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[MTivakeg KataAngewv(ll)

1 6 911 1719 24 28 33 40 46 50 55 60
This is a text. A text has many words. Words are made from letters.

Suffix Array
Suffix Tree

50

Il m m t t w w

) 60|50 (28|19|11 /40|33

19 OpéAn:
11 *  Meiwon xwpou
— 1 d¢iktn ava katdAngn (7 kataAngeig, mrivakag 7
40 KEAIWV)
— (overhead ~ that of inverted files)
33 « Auvartétnta binary search
CS463 - Information Retrieval Systems Yannis Tzitzikas, U. of Crete, Spring 2006

[Tivakeg KataAngewv(lll)

1 6 911 1719 24 28 33 40 46 50 55 60
This is a text. A text has many words. Words are made from letters.

Suffix Array
Suffix Tree

50

Il m m t t w w

) 60|50 (28|19 |11 |40|33

IS [Na va douue av UTTaxel hia KatdAngn oto
11 Keipevo kavoupe diadikr avadnrtnon (binary
search) oTo TTEPIEXOUEVO TWV OEIKTWV

40

33
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[livakeg KataAncewv (1V)

 If vocabulary is big (and the suffix array does not fit in main
memory), supra indices are employed
— they store the first | characters for each of every b entries

=3, b=3
Supra-Index lett text| | | word | | ’
Suffix Array 605028 119 |11[40]) 33
Il m m t t w w
CS463 - Information Retrieval Systems Yannis Tzitzikas, U. of Crete, Spring 2006
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Aévdpa kal MNivakegs KataAngewv
KoéoTtog AtroTipnong ETTepwtnocwy

» KoéoTog avalntnong oG cupBoAooelpdc PAKOUGC M XOPOKTAPWY
— O(m) otnVv TrepiTTwon Twv 6évdpwyv KataAngewv (suffix tree)
— Of(log n) oTnV TTEPITITWON TWV TIVAKWY KaTaAngewv (suffix array)

* ATtotiunon phrase queries
— H @pdon avalnteital wodv va ATav pia cuppolooeipd

* ATmotiynon proximity queries
— proximity queries have to be resolved element wise
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