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Abstract 

Fiiicling ali occimeiices of a giveii worrl in a large static text is a well-stutlied 

problerri. Most sohitioris. however . are uot well-suited for plirase-searclung. 111 t liis 

tliesis. wo i~ivestigate a iiew algorit hm to find dl occimerices of a given phrase iii 

a large. static text. Lôsed oii the data striictiire knowri as a s.ufix arrny. Usiiig 

tlus dgoritlim. plirases of boiinded length can be foiincl with expected searcli tinio 

of orle rlisk access to the text aiid orle clisk access to an index. To achieve t h  

perforniance for phases of up to five words in lengtli requires an index liaving total 

size of approximntely 120% of tlie size of the text. The algorithm guara~itees n 

worst case searcli performance of 3 clisk accesses to the text per phase  searcli. 

Tlir: iiietliod aiigiiieiits a su&x anay  witli a parde l  sigiiatiire array. so tliat 

t:vcry iiidexed plunse lias an associated signature. To searcli for a phase.  we searcli 

a IJock of tlie iiidex iii nieIuory to locate iiiatchi~ig sigriatines. Tlien we read oiic 

or two plirases corresponding to mat cliiiig signatures from &sk and coupare t lieiii 

to tlie target p h a s e  to filter ont fdse  iuatches. 

We present tlieoreticd properties of the data structure and algorithru derived 

froru a suitable rnodel. The theoretical residts have been validated througli experi- 

rueiitatioii witli actual data ranging in size f i o u  6Mb to 550Mb and also incliidirig 

actiial qiiery patterns denved from logs of searches on the World Wide Web. Tliese 

experi~nents show tLat the approach is applicable in practice to a variety of texts 

arid realistic phase  searches. 
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Chapter 1 

Introduction 

Tliis tliesis presents a tiew access niethocl to search for plirwes in large static tcxts. 

In tliis cliapter. we first review text searcli teclitiiques. Then we briefly describe tlie 

proposed uietliod. We coiicltide tlie cliap ter witli an overview of tlie thesis. 

1.1 Review of text searching 

In text retrieval systerris. word or plirase searcli is a very important operatioti. WC: 

cari eitlier scan dl tlie text. wliicli takes a long time if it is very long. or we caii 

pre-process the text to build indices tliat can be used later when we sexcli [Go1iS3]. 

Many text retrieval iiidex met kods have beeii stuclied and used. including inver ted 

lists [HFBYL9â] . tries [Knu73], s u f i  m a y s  [GBYS92. MM931. and signat itre 

files (FCSS]. 

Full text scanning can use tlie Knut IL-Morris-Prat t algoritltrn [KMP 771. Boyer- 

Moore algori t hm [BM77] Karp-Rabin algorit hm [KR871 and various iniprovenient s 

of tliese algoritlinis [Ah0901 . Baeza-Yates presented det ailed analyses of tliese al- 



gorit lirus [BYSg]. Tlie advantage of f i d  text sca~ining ~rietliocls is t liat t liey recliiirt: 

110 space overliead and minimal effort oii itisertio~is and updates. becatise 110 i~iclices 

have to be ~iiaintained aiid cliariged. The disdvantage is poor response tiriie [FalSS 1. 

Signature file metliods are basecl on the idea of an inexact filter [Fd92]. w l d i  

q"ckly discard~ many of t lie iinqualifying i terus. The qiialifying i tenis defini t ely 

p s s  tlie filter. lmt soirie additioiial items niiglit also pass it coiiicideiit <dy. Many 

riiet liods on sigiiatiire files liave I~eeii sugges t cd. tryiiig t O iiriprovc t lic respotise t iiric 

aiid trading off space or iiisertiori siiiiplicity for speed [Fal92]. Signatiue ruet liods 

are iuiicli faster than f1d.l text scaiirurig. But tliey ruay be slow for large dataI~nses. 

silice t lieir response tirue rernains linear iii the nuruber of items in t lie dat abase. 

AIL inverted index [Knu73] is a set of postings lists [HFBYL92. WMB941. eacli 

of wllicli rnaps one keyword to a list of links to tlie documents coiitaiiing tliat 

keyword. I~iverted i~idices caii be impleme~ited as sort ed arrays. B-trees. tries aicl 

vnrioiis liasliirig structiires [HFBYL92]. A special case of B-tree. tlie prefut B-tree. 

iisns prefixes of words as priruary keys iii a B-tree index [BU771 micl is particularly 

si& able for text databases. Tries are alternative rccursive tree strilctilres tliat ilse 

the digital decomposition of strings to represent a set of strings atid to direct tlie 

searcLing [dlBS9. FreGOj. Tlie storage overliead for a word-level implementation is 

30-100 percent of the original file size [GBYS92]. or about 10 percent after renioval 

of co~~irrioii words and applying cornpressioii [WMB94]. Tlie advantage of invert et1 

files is tliat tliey are fast and relatively easy to implement [FalS5]. 

A Patricia tree [Mor68. Knu73. FS86] is a binary trie witli the additional con- 

straint tliat single-descendant nodes axe eliminated. A PAT' tree is a Patricia tree 

on all substrings of a text [Gon83. Gon88, Slia95: Cla96]. A PAT array keeps only 

'PAT is a registered trademark of Open Text Corporation. 



CHAPTER. 1. INTRODUCTION 

exterrial iiodes of a PAT tree. A PAT u ï a y  is d so  callecl a siiffix X T ~ .  an(1 WiLs 

iiidepeiicleritly (liscovered hy Goiinet [GBYS92] and Maxil~er and Myers [Mi\IDJ]. 

Gonriet used it iii the PAT systeru to support fast text searcli for plirases. as part 

of the Oxford Er~gZish Dictiorrary project [ToruSl] . PAT also provides s triictiires to 

slipport fielded searches. sucli as to find souiething specific wit L n  certain regioiis. 

or to find regions tliat iiiclude certain plunses or otlier regions [ S T S J .  LigG]. To 

scucli for a phrase using a s u f i  m a y  ttakes @(log TL) disk accesses to a text of 71 

iiidcxed plirases. wliicli is a g e n t  iiiiprove~~ie~it oves usitig traditioiid postiiigs lists 

wliixi freqiieiitly occimi~ig words arc co~u~tioiily iised iii plirases [GBYS9?]. 

1.1.1 Conventional signature files 

Oiie iriiportaiit aWLiliary structure for searchiiig is tlie signature file [Fa192]. A text 

file ou secoiidary storage consists of a sequelice of blocks. Associated witli eacli 

ldock is ail iiiteger signature. as described l~elow. The text file is tlieii represciitetl 

1)y its sigiiatiue file wliicli coiitai~is c d  its block signatures aiid is rriticli sliorter tlinti 

the origiiial text file. 

A signature fiinction. s i d a r  to a liasli fiinction [Knii73!. can Le used to coiivcrt 

a word (a cliaracter string) to an integer. The signature of a block is ob tairicd I)y 

hitwise OR-ing tlie signatiires of cd words in the block. Sirnilarly. the sigiiatiire of 

a p h a s e  is ohtained by bitwise OR-ing word signatures in tlie plume. Tlius. \>y 

defirutioii. if a block contains a p h a s e  p. tlie signature of tlie block rnust bitwise 

coiitaiti the signature of the phrase p. 

Figure 1.1 is an example of a block signature. For tlik simple exaniple. the 

block signature and word signatures are all 32 bits long. In our example the first 

word in the block bas 3 bits set, the 2nd to the 5th words have 7. 6. 5. and 4 bits 



sct to 1 respectively. Tlie block witli plunse -.book is recl mir1 old" lins a sigiiiitiiri: 

i10000111 11010111 11010110 01100011. with IS bits set to 1. 

word sig~iatiire 

(1st: 3 bits set) book O O O O O O l O  O O O l O O O O  00010000 00000000 

(%id: 7 bits set) is 00000010 00000011 01000010 00100001 

(3rd: 6 bits set) red 00000001 00010001 O1000000 01100000 

(4th: 5 bits set) arid O O O O O l O O  O l O O O l U O  10000000 00000010 

(5th: 4 bits set) old 00000000 10000000 01000100 01000000 

block signatirre O0000111 11010111 11010110 01100011 

Figure 1.1: Illiistïatioii of a block signature 

Itis tead of sc~arcliing t lu-oligli a wliole text füe for a pllrase. we go tliroiigh its 

~iiiicli sliorter signature file to sexcli for blocks t liat contain tlie sig~iatiire of t lie 

1)lirase. Si~ice tliere are false lits.  the phrase is cliecked against rnatcliirig blocks 

to deteruine wlich blocks a c t u d y  liave tlie phase.  If tlie nuiuber of Llocks t liat 

are cliecked is   nu ch srrialler tliari the total number of blocks in a text file. the 

searcli time will be sliortened treme~idously. The conventioiial signature approacli 

is suitable for rriultiple word fields aiid partial match queries. wliich specify a few 

words in each field. 

A disjoint coclinp rnetliod was studied by Faloutsos [Fal88], in wluch eacli block 

lias several fields. each field has a field signature like the one described in Figure 1.1. 

and the block signature is the concatenation of field signatures. It  has been shown 

ttiat under optiinal design, lialf of the bits in a field signature should be set to 

1 [Fal88]. This is different from conventioiial liasliing, where each field is restricted 

to one word. queries becorne exact match queries: and a false l i t  occurs only if two 



sig~iatiires are cqnnl to cadi otlier iristead of one cotrtniriing the otlicr. We exaiiiiiit: 

t l~is  in IUOSF: cletcd in Section 3.4.3. 

1.1.2 Suffix array 

A siiffix m a y  [GBYSgZ. MM931 is a List of pointers represe~itiiig lexico~~spliically 

sortecl p l~a se s  storecl oii secaiidasy storage. 

Asstiiiic tliat WC have a text co~isisti~ig of the followitig stritig: 

the dog, the cat , the horse, the donkey and the chicken 

Eacli positioii in it iiiclicates n .YIL& or serri i- inhite dr i r ig  (sistring). wliicli goes 

to the end of tlic phrase. Tliere are abolit 50 ~ l i~uac t e r s  in the exaniple: therafore. 

tliere are 50 seuii-itifinite strings. We look at  o d y  semi-infinite striiigs that start 

at th<: beginrriiig of worcls. Tliere are 11 siiçli strings: 

the dog, the cat, the horse, the donkey 

dog, the cat, the horse, the donkey 

the cat, the horse, the donkey 

cat , the horse , the donkey 

the horse, the donkey 

horse, the donkey 

the donkey 

donkey 

and the 

and the 

and the 

and the 

and the 

and the 

and the 

and the 

and the 

the 

chicken 

chicken 

chicken 

chicken 

chicken 

chicken 

chicken 

chicken 

chicken 

chicken 

chicken 



Table 1.1 lists the above sis trings in Iexicogapl~cd o r ( h .  WF: store cor res~>~~r i~ l -  

iiig poiiiters of sort et1 sistrings in tlie siiffix ,uray. Figilre 1.2 illiis trntes tlie sitiiat ioii 

sliowi~ig tlie above text and its s i i f i  rmny. The riumbers above tlie tcxt sliow po- 

sitions of startiiig cliaracters of tkese sistrings in tlie text. Sistrings in tlic toxt 

rue refereiiced hy poirrters in tlie siifiu ~may .  and pointers are sortetl in tlie 1 4 -  

cogapliical order of the 11 sistrings. Tlie nii~iibers under tlie siiffix array inrlicate 

rclative orclers of these sistri~igs. For axaiiiple. tlie Stli sistriiig "the cllicke~i" s t r ~ t ~  

at tlic 45th (:liiu.acter position of the text. 

/ 1 1 aiid tlie clicken 1 
1 2 1 çat. tlie liorse. the donkey and the clicken i 

1 

/ 3 1 cliicken 1 
4 

1 6 1 liorse. the doiikey and tlie cliieken 1 

(log. the cat. the liorse. the dortkey and tlie chicken 

5 

1 7 1 the cat. the horse. the cloiikey and tlie ciiicken I 

cloiikey and the cliickeii 

1 9 1 the dog. tlie cat. tlie iiorse. tlie donkey and tlie cliicken 1 
1 10 1 tlie donkey and tlie cliicken 1 

Table 1.1: Sorted sistrings in an example 

11 

In large text databases. the text must be stored on disk. The s u f i  array 

corrosponcling to sistrings at every word typicdy requires 60 - 80% of the size of 

tlie text. When the suffut array grows too big to fit in memory, it too is kept on 

disk. The suffix array is tlien clivided into blocks and an index to the blocks can 

the horse. the donkey a d  tlie chicken 
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1 5 10 14 19 23 30 34 41 45 49 

text: khe Idoc). khe bat. khe horse. the konkey bnd khe bhickenl 
on disk 

(pst anoy) 

Suffix array: 
an dlsk 1 2  3 4 5 6 7 8 9 1 0 1 1  

Figiire 1.2: Siiffix Array (PAT Array) 

Ile iised to retliicc- disk accesses. The Ihck  list co~itai~is a sorterl List of words or 

plirases tliat cleli~illt blocks. Norrtdly. tlie Llock List is sruall e~ioiigli to be kept iti 

itieuiory. Figiire 1.3 illiis trat es the liierarcliy. 

Assiirrie tliat we search for plirases startirig witli the word "tlie". Frorii tlic 

hlock list. WC coiilcl fiiid out wluch I~lock of the siiffix array rriay contai11 tlie targct 

1)lirases. Tlieri we read tliat block of tlie siiffix array iiito rriemory and perforrii 

a 1)iriary sexcli on the siiffix array Llock. accessing the text for eacli prol~c to 

dcter~iiiiie wlietlicr to searcli to the rigiit or tlie left witlixi tlie array. 

on disk 
.......................................................................................... / .... . . . . . . . . . . . . . . .  

text I 1 :  

Figure 1.3: Hierarclly of Indices 

Since searcli time is dominated by clisk operation time. the number of disk 

accesses is critical. For a suffix array. searcli time is O(1ogn) clisk accesses. wliere 
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71. is the number of entries in one block. 

1.2 Proposed suffix-signature method 

We propose a hasli-based metliod to d u c e  tlie niixnber of clisk accesses tu a text. 

Tlir idea is to &ive a, sliort "signature" to cadi pllrase iii a s~iffix array. Wlieii wt: 

seacli for a plirasa. we h s t  coiriplite its signature. anci theri see if its siguntiirc 

uiatclies aiiy orle in the signatiire He. 

Optiiuis tically. though  tlie avnilabili ty of a uiiiqiie signatiire. a plirase sexcli 

iieeds oiie &sk access: after reading an appropriate piecc of tlie sigxiatlue file. 

perliaps located witli tlie help of a block list. the phase  cari be ruatched witlioiit 

access to the text itself. Tlius. ideally. we warit every phrase to have a short iiniqiie 

sigiiature. Tlic ruost trivial signetlire is. of coitrse. the plirase itself. but tliese art! 

too loiig. 

If we si~uply give eacli phrase very "sliort" sigiiatitres. tlieii we rrLight liave several 

differerit plirases witli the sarne signature. If we design tliese signatiires carefiilly. 

tliey will work uiost of tlie time aiid fail iii some srnall niirriber of cases. Iri tliese 

latter cases. we do a few more clisk accesses. biit on average' we still win. 

Tl& thesis airris at developing a metliod to search for a phrase witli an expected 

time of one disk access to the index and no more than two disk accesses to the text. 

or two clisk accesses to indices and no more tlian one disk access to the text. The 

space of tlie phrase signatures is about 20 bits per 5-word phrase after a simple 

cornpression. 

In this section, we describe the outline of the su&-signature method we are 

proposing. We briefly show eacli part of the metliod and liow the metliod works in 
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ge~ierd.  111 the followirig cliapters. we study eacli part in detail. 

1.2.1 Signature array and index hierarchy 

Eacli plirase lias aIi i~iteger as its signature. If eacli phrase lias a iirùque signatiirc. 

oiily iriteriial ititeger coriiparisoiis ;are rieecled to find out if a phrase exists in a block. 

Biit it is iiifeasilJe to have uiiiqueness. becnuse words must Le kiiowii iii advarire iii 

order to find perfect sigiiatiire fiiiictio~is. aiid adcliiig oue more worcl will prolml~ly 

make it riecessary t O find new fuiictions. 

Sigriatiire nietliocls tlierefore give 111) t lie idea of iiniqileiiess. permit t iug a siiinIl 

tiii1u1)er of diflerent words to have tlie sarrie sigriatiire ancl iisi~ig a specid riictliod 

to resolve collisioiis. Tlius sigiiature luet ho& iise liashing t ecliriiqiies as fiiiiç tioiis 

to ge~ierate sigiiat lues. 

In tlic proposed ~nethod.  tliere is a signature array in addition to tlie tezt. su f i s  

r ~ ~ ~ n y .  a ~ i d  b l r ~ c l ;  list. as illiistrated iii Figure 1.4. Tlie text aiid tlie siiffix ai-ray art: 

the sanie as iii Figiue 1.2. Elexrients in the sigiiatiire array are iiitegers geiierated 

1)y a hiali fiinction. and tliey are signatilres of correspoiidi~ig sistri~igs in the siiffix 

aiTay. U~dike a signature file as describecl earlier [Fal92]. tlie signature array Las 

orle signature for each plirase in the sliffix array. Sigtiattue functions are iisetl 

at index btiildiiig tinie to produce an iuteger as a signature for each phrase. 111 

Figure 1.4: tliere are 8 cLifFerent signature values. Sonie different sistrings have 

the same signature. For instance: the 9th and tlie 11th sistrings have S8 as their 

signatures. In tliis example. tlie su& array and the signature array are divided 

into two blocks. The first block has 5 sistrings and the second has 6 sistrings. 

The block List iiidicates where each block starts in the s u f i  array and tlie p a r d e l  

sig~iattire array. 



kxt: lthe bog, /the bat, /the horse, khe bonkeybnd [the bhickenl 

.... ea -Y) 

Suffix array: 

signature: [SI 1 s2 153 1 s4 1 ~ 5 1  1 s6 1 s7 1 ~ 7 )  ~ 2 3  1 s4 1s8 1 
.............................................................. 

1 2 3 4 5  6 7 8 9 1 0 1 1  
on disk 
. . . . . . . . . . . . . . . . . . . .  
in mermrv 

t /on uisk 

block list: and 1 horse 

Figure 1.4: Siiffix-Signature Met liod 

Tlie text. siiffur array and signatiire arrny are on disk. whereas the block list 

is iii Iiieriiory. Wlien we secucli for a particidar phrase. we read a signature block 

iiito iriernory accordirig to thc start of tliat target phrase and the block list. Tlie~i  

we senrcli tlie signatiue block for the sanie signatures as tlie target plirase. and 

reacl correspondi~ig plirases f rou  disk to det ernii~ie wliet lier t liey mat cl1 the t nrget 

Assuxiie tliat wc searcli for a plirase p="tlie liorse. the dotikey and the cliickeri". 

wllicii we wilI firid starting at tlie 19th cliaracter in the text of Figure 1.4: tliis is 

the I l t h  entry in the su& array and in block 2: it kas S8 as its signature. Notice 

tliat iri the same block, tlie phase  p'='-the dog. the cat. tlie liorse. the donkey and 

tlie clicken" lias SS as its signature too. B y  looking up the block list. we know 

tliat tlie phrase p is indexed in block 2, if it is in the text a t  all. We read the 

corresponding blocks of the s u f i  array and the signature array into memory from 

disk. We searcli the signature array block from the beginning for S8. We find p' 

after 1 clisk access to the text. and then find p at the 2nd disk access to the text. 
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We coiitixiiie to introduce the phrase signature striictiire in Section 1.2.3. a ~ i d  

liow to 1,oiind tlie ~iiirriber of tLisk accesses for seCwcling for a plnase in Sectio~is 1.2.3 

alid 1.2.4. 

1.2.2 Signature structure 

111 oiis example. the 9th seuii-iiifinite string iii tlie siiffix a i~ay .  startirig at  the first 

cliarncter. lias sigiintiirr. S8. Its prefures. for instance "t lie (log". in gcnerd liav~: 

cliffereiit sigiiatiires. Iii orcler to searcli for prefixes of seilri-iiifinite strings usiiig tlic 

sigiatiue array. phrase signatures neeil the prefk property. tliat is. sig~iatiires of a 

prefix plirase are co~riputable from tlie plirase sigriatiire. 

Tlie concatenatio~i scheiue. which satisfies the prefix property. corripu tes t lie 

sigriatiire for eacli word in a p h a s e  and coiicntenates d the word signatures to get 

t lie plirase sig~iature. 

A coiiiplete plirase signatire arx-ay coiitaiiis O ( n  * r )  word signatures. wliere IL is 

tlie iiu~riher of words in a block and T is tlie length of the longest repeating plirase. 

To effectively lise space. we let a plirasc sigriature contain signatures for oidy tlic 

f i s t  severd words. for instance. the fin t foin words in OUI cxample of Figiiïe 1.5. 

Naively. each word signature rnay Le of the saine size. for example. 16 bits iii 

F igue  1.5. To use space more effectively. we could use clifferent signature sizes for 

different words in a plirase. and cliffereiit plirases rnay use Weren t  word signature 

sizes depending on word distributions. 
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phrase t 

phrase 2 

phrase 3 

phrase 4 

word I word z word word 4 

Figiue 1.5: Signature Structure 

- - -  

1.2.3 Separate collisions 

Assimie tlint we searcli for the sliaded phase  of Figure 1.6 wlich has a signature S .  

Tliere are ruany phases iri the signature block liaving signature S. We could s tart 

seac l~r ig  for signature s froni the beginning of the sigriature block. For a matcliirig 

signature S .  we rieed a disk access to read the correspondinp phrase of the text irito 

Iueiiiory to verify if it is the target phrase. S such clisk accesses are needed to get 

the shaded p h a s e  in our example of Figure 1.6. 

r sll S1 2 s13 s1 4 

- - 

Figure 1.6: Searck for Matching Signatures 

To rediice the niimber of disk accesses for searclüng for a phase.  we start froni 

the niiddle point of a range to look for matcliing signatures. Tlien. having foiirid 

- - - 



oiie uiatclu~ig sigiiatiu-e aiid liaviiip exariiined the correspoxicli~ig text we colilcl cl<:- 

teriniiie wlretlrer to look hirtlier to tlie right or left in the block. Tlierefore. orily a 

logxitliruic iiu~uber of disk accesses is iieeded at worst to fiiid the target plirase. 

Iri Figiire 1.7. we searcli for tlie slraded phrase. Usitig biriary searcli to clioose 

stcuting points for eaclr scan. we s t a t  fsoiu the dot niixuhered 1 to searcli for 

iiiatclllrig sigiiatures to tlie left and to tlie right at  the same tirne. Usiiig binary 

siil~&visiori. dot 2 ancl dot 3 are tlie startixig positions in the 2nd and the 3rd scaiis 

rcspectively. So. the 3rd (lisk access to text reaclies the tmget plirase. 

Figiira 1.7: S tart frorii tlie iniclclle 

1.2.4 Adjacent collisions 

Plirases starting witli the same first two worcls liave tlie sanie 3-word p r e h  sig- 

iiatiire. All siicli plirases are adjacent in tlie suffix-array since it is ordered lexico- 

graphcally. aiid tlius also in tlie signature aiTay. Tlierefore if we are searching for 

a Zword phase.  we need to read only one of t h e  phases  from disk to verify tliat 

<dl. or none, of the phrases match the target pllrase. This reduces the number of 

di sk accesses. but introduces the problem of separating adjacent collisions. 

If two diflcrerat 2-word phrases. for instance. Wie cat" and '% he cliicken' iii our 

exa~iiple of Figure 1.4. are alpliabeticcdy adjacent and have the same signature. 

reading only one of the two adjacent phrases and using the above approach may 

rriiss the correct phase .  



To s.olve tlie adjacent collision problem. adjacent collisioii boundaries are storeri 

iri a table. c d e d  a look-aside table. exei~iplified in Figure 1.8. In every siibrniige of 

tlie signature an-ay delimited by eritries iii tlie table. there are rio adjacent collisioris. 

Tlierefore we caii safely read only one plu-ase of adjacent plirases sharing tlic sariic 

sigiatiu-e froui clisk to test for a match. 

1 

I 
1 
1 

signature file: 1 

I 
I 

Figiire 1 .S: Look-asicle Table 

If plirases correspoiiding to sucli bolitidary poiiits nre stored iii tlie look-asidn 

table. senrching on tlie sigiiatiire array is dolie only on a srrialler sectiori. aiid iio 

ilisk access to text is needect for phases tliat appear iii the tablc directly. Tlia 

average nuruber of disk accesses to searcli for a phase  thus is expected to becoiiie 

sualler. 

The look-asicle table may contain sorne other phrases as well. For instarice. 

phases tliat coulcl not be found witliin the first two disk accesses may also be stored 

iii tlie table. TIUs guaraiitees that aU the searches are done by at  most two tlisk 

accesses to text ; sucli stored plirases are c d e d  "guaranteeing phrases". Properties 

of tlie look-aside table and resulti~ig algoritli~ris form a major contribution of tliis 

tliesis. 



1.2.5 Simplified phrase search algorit hm 

Giveii a text and its siifhc éu-say. we divide tlie siiffbc array iiito l~locks aiid r:rr:ati: 

a I~lock list. Assiiirie tliat for eacli block t h e  m e  a sigriatiire block basecl ori tliti 

first 5 worcls of s~iffix phases and a look-aside table. Tlie look-asicle table coritairis 

tlie adjacent collisioli boiiiidary phrases aiid some otlier ssufiicieiit plirascs to 

gimraiitee a worst case of 2 disk accesses to the text for searcling for a plirasr: "1) 

to 5 worda. Tlicy CU<: oii clisk. Befosc scalrclùiig stasts. tlic 1)lock list is lonilt:<l 

irito irraixi xrleitlory. 

Problerri: fiiid tlie occiii~ericcs iii a text of a p h a s e  p of lengtli i ip to 3 words. 

Iitpiit: a p h a s e  p: 

block Zist: strixigs: 

. S . I L ~ ~ X  a m y :  integers: 

siijvmture anay:  irite, mers: 

look-aside table: (strir~g. integcr) pairs: 

Oiitpiit: tlie iiuuibes of i~iatclies x i d  the raiige iii tlie su& array poiiitirig to 

mat cliing places in t lie text . 

Algorit hm 1 (Plirase Seardi - a siiuplified version of Algoritlini 3 from Cliapter 4 )  

1. Check the blocli iist. find the block in which phrase p fails. 

2. Read the corresponding blocl: o j  the su@x array and the signature array into 

m e n m n j .  



.Ï. Check tire adjacent  co112sz'on bouncta7-y phrases in the look-aside t a  hle. and fir~d 

the adjacent c«llisi»rr in t emal  [ I l .  l z]  containing p. 

4 .  Crente the a i p a t u r c  sigP for phrase p. T h e n  

Check the g-iraranteeing phrases in the look-aside table. I f  p matches  a 

p a r a n t e e i n g  phrase p'. pointers i r i  the range around in [ I l .  l2 j thnt  

matches  sigP point to  al1 occurrences of phrase p in the t e z t .  0ther11k.w. 

go t o  S tep  46. 

i . l  Stnrt ing a t  posZtion y. senrch u p  and doum the .~ignakure array block - 
altenlat ively t o  find a m a t c h  for sigp. If n o  match is fbund.  t h e n  plrrasr 

p does n o t  occur in the text.  Otherwise. d e t e m i n e  the first encourttercd 

ir t terml [t i. t2]  that  rr~atchcs .sigr,. 

Pick a n y  posi t ion i in [t l .  t?] .  G e t  thc i t h  pointer in the s u f i x  array  block 

a7id rettd a phrase pf fTC17r~ tcxt 071 disli'. C o ~ n p a r e  ptLrases p and p'. 

If they  arc identical. theri poit~te7-s in the range [ t l .  t?] of th.c s r ~ f i x  

array poitit t»  al1 occurrences of phrase p in text.  

If t hey  are no t  identzcd .  re-iterate f rom Step 46 using [ I l '  t 1  - 11 if 

P < pf O T  [t2 -k 1. 12] i f  ~l > P'. 

Step 2 in Algoritlim 1 costs one disk access per phase search. Step 4c costs one 

clisk access each time it gets executecl. and because of storirig guaranteeing phrases 

iii the look-aside table, Step 4c wiIl Le executed at niost twice per phrase searcli. 

Therefore. the number of clisk accesses to text is at  most 2. 



CH.4PTEZi: 1 .  INTRODUCTION 

1.3 Overview of the thesis 

In t llls tliesis. we s tiidy a siiffix-siguat lire ruet liod for searcliing for plirases in larzrgc 

s tatic texts. We describe liow t ke siifi-sigrieture iuetliod works. investigatc liow 

to augment a sitffix array witli a ~)~arallel sigriature ~ m a y  and liow to giiaraiitec 

tlie worst case of 2 clisk accesses to the text for searcliirig for a pluase of boii~i<led 

1ciigt.l~. We also iiivestigate liow to rseate a look-aside t a l h  and how to co~itrol its 

siae. WC: 1)rcscrit t lieoretical n~idyses aud report the resiilts of expeririicrits. 

We will lise the following assiiruptioiis iii tlùs tliesis: 

a Dota: A text is a very large. static seqiience of cliarncters stored 011 a slow- 

0 Qi~enca :  Qiieries applied to the large text chta are pri~iiarily siibstri~ig queries. 

locatiiig strings tliat start with a givm phase .  

0 Fust utld on-linc access: Qiieries to data are oii-lirie aiid tiierefore sespoiis(is 

are reqiured to be very fast. 

a Storage space: O d y  a s~uall fraction of the text can be stored in uiairi nicxiiory 

at  one t h e .  and awriliary structures on secondary store are restrictetl in sizc 

to a s ~ d l  uiultiple of tlie size of the text. 

a Disk accesses: The clisk access time is tlie dapsed titue from a reading reqiiest 

received by a &sk clriver to all the data kaving been transfered to mernory. A 

clisk access consists of two steps: a locating phase and a transferring pliase. 

Duri~ig a locating phase. the disk read-mite Iiead rnoves to tlie position wliere 

the transfered data starts. It includes the disk read-write head movi~ig froui 

tlie current track to the next required track and the reqiiired section rotating 



to uiicler tlie &sk read-write liead. Locatiiig tinie deperids on seek titrie nrifl 

latciicy tiius. Trarisfen-iiig t h e  <lel)eiicls on t lie tramfer rate and tlie ariioii~it 

of data tralisfered. We limit the aiuoiint of data  transfered in one clisk acr:ess 

to Le at most tlie amoiint of data tliat can Le trarisfered in tlie average tiiiie 

iieedeti to Iocate a r a ~ i d o d y  choseri poi~it on the clisk. This liniits tlie block 

size. 

Iii Sectioii 1.2. we briefly clescribed liow tlie proposecl iriethod works in geiieral. 

Ili tlie followiiig clrapters. we study eacli p u t  of tlie irietliotl in detail. 

111 Clinp ter 2. we exaniiiie properties of adjacent collisions and review soi ri^ re- 

lirtcd rcsults on Iiasliiiig. We stiidy word sigiiature functions. whicli take a word 

as iiiput aiid getierate s r i  integer as the sigriatiii-e for tlirrt word. We preseiit a ~ i d  

aiidyze optiiiial word sigiiatue fiinctioiis a ~ i d  disciiss principles of word sig~iatiirc 

firiic tiolis. Then we niialyze t lie tradeoff bet ween word sigiiat lire size and tlie i i i i r ~ i -  

lwr of disk acrxsses reqiiired to searcli for a word. 

Iii Cliapt er 3. we investigate phase  sigtiatiii-e fuiictioiis. wliicli t ake a pllrasr: as 

iiipnt aiid geiierate ail iuteger as the sigiiattire for tkat plirase. We descrille tlie 

prefix property of plirase signaturcs aiid the striicture of plirase sigiiatues. WC 

study a coiicate~iation scheme for phase  signatures. and contrast it witli a iiiorc 

traditiorial supeririiposi tioii sclierue. We also discuss possibili ties of using perfec t 

liasliing and compressioii t ecliniques for phase  signatures. 

In Clinpter 4: we study searclung witli signatures. We define and sliow how 

to solve adjacent collisions and how to manage separate cofisions (as described 

in Section 1.2).  We describe a searcli algoritlm on word signature arrays. aiid 

exteiid it to phrase signature arrays. Tlien we study how to balance the space 

reqiiirenients iniposed by t lie look-aside table. We also discuss short cornings of oiir 



CNAPTER. 1. INTRODUCTION 

Tl~~oiiglioilt Cliapters 3 and 4. we illiistrate the properties of varioiis sclieriies 

witli s i i i d  experirrients. In Cltapter 6. we prasent the i~riple~rientatioii of oiir pro- 

totype system ancl report on more exteiisive experimerits iising the proposed siiffk- 

sigiiatiire uietliod. We describe bot li tlie cxperimerxt al rrtodel and experiiiieiit al 

resiilts. 

Iii Cliirptw G. we (liscuss soiiie iiiipleiiielitatio~i issues. We clisciiss tlie crmtioii 

of ixidexes. ~neuiory reqiiiremerits aiid block Lis ts. 

111 Cliapter 7. we review tlie properties of tlie sufi-sigiiatiire uiethod. coriiprc! 

it witli otlier inet liods. aiid clisciiss futrire related work. 

Iii Appelirlix A. we descri1)e tlie corpus iised in oiir experimeiits. and in Ap- 

I)c~i<lix B. we givc riiore (Ict,ded experi~iieiital resiilts of tlie proposecl suffix-signat iirc 

riietliod. 

Tlie r i ia i i i  coritribiitioii of the tliesis is a tiew plirase searcli irietliod for larrgt-: 

static texts. For a plirase of boiinded leiigtli. it guarantees 2 (lisk accesses to ir 

text i11 the worst case for Loth sticcessfirl arrd tinsiiccessful searclies. On average it 

requires one disk access to tlie text and orle disk acccss to tlia index. Experi~miit ally 

we show the ruetliod works weU for real world data. iising space that is 110% to 

130% of the original text. 



Chapter 2 

Word Signatures 

Siiice adjacent coIlisions influence sexcli algoritlims present ed in t lie tliesis. wo 

zxariiiiie properties of adjacent collisions i ~ i  tliis cliapter. We dso  review soriir: 

rclatcd residts oii liaslii~ig. 

We first define the data  mode1 iised in tliis cliapter. Next. we disciiss issiies 

related to designingr good sigiature functio~is. ancl we describe sonie specific sig- 

iintiire fiiiictioris. Fiually. we i~ives tigate soue tlieoreticd Li~riitatioiis for ra~idorii 

signature fu~ictioris and investigate a tracleoff I~etweeii the sigiiatiire size aiid tlic 

riiiiriber of clisk accesses to  search for a woïd. 

2.1 Data model 

111 tliis section. we define some ternis and a simple word search model h s e d  on 

word signature rnatcliing. Our studies in this cliapter are based on this model. 

Definition 1 (Word) A word U- a s e p e n c e  of characters. 
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Definition 2 (Sigtiattue arid sigtiatiire fii~ictio~i) A s i p n t a r e  is a J ~ ~ . ~ L C I I C ~  of hit.s+ 

i1 -5igrrature /r~rzction Sig takes a aword ru os iriput and generates nrL irrteger S ig (w )  

as the signature for .word TU. 

Mode1 1 (Simple word seardi data model) ÇVe are given an ordcred set  of u~orfl;i 

W = {lui 1 7u; < wj. 1 5 i < j 5 TL}. hased o n  lezicographic order-ing of the u10rd.s. 

ntid n s iy ia ture  firnction Sig. For earh iiiord iu; in W .  t l~cre  is a correspottdi~rg 

rinlur: S % g ( w i ) .  As n reault. n r ~  irrdexed set Q i.s associated with W .  I L ~ C ~  Q = {< 

i .  Sig(7u;) > I  1 5 i 5 T L ) .  

Iri tlus simple data ruodel. words are disti~ict. Sincc the riurrrber and the relativi: 

positio~is of aqjacent collisio~is are not affccted by mpeating words. we will lise tliis 

sitiiplified data mode1 in t l~ is  cliapter. We will define a ~ i d  lise a more complex data 

uio del ixi later cliap ters of the t liesis. 

Definition 3 (Collision) If tiuo ruords hniir: the sarnr: signatw-e. tue say that i h c y  

colZide with each c h e r .  

It is because W is ordered that tliere are two ki~ids of collisions. 

Definition 4 (Adjacent collision and sepCarate collision) Given a n  ordered set of 

ri~ords W .  let lu; and 7uj be u~ords  in W with Sig(lui) = S ~ ~ ( T U ~ ) .  If there i s  another 

ruord 7uk in W between wi atrd i u j  w e  s a y  that  mi and .iuj collide sepaately : i j  there 

is rro s ~ ~ h  word ?III; in W .  7 U i  and 7 ~ j  are said to collide adjacently. 

As presented in Section 1.2 the two kinds of collisions are handled clifferently. 



CNAPTER 2 WORD SIGNATURES 

2.2 Signature funct ions 

EvIiich researcli lias heen done regarding liasli fiinctions (Knii73. GBYSl]. wlich c m  

Le applied to words by interpretiiig tlie words as natural riurubers. A simple way 

to iiiterpret a word as a riatiiral niirriber is to consider a word as a nuniber iii a 

siiitable ra& notation. A word TU = s u s l  . . . s, represented as ASCII clinracters. 

for i~istaiice. caii he expressed as 

wliere nL is the ~iiaxiiiiuni valiie in a coiiipiiter word. tlie operatio~i uiod m is done 

l)y the liardware. and 1 witli hl = 2' is the iiiixriber of bits in a word signature. For 

the fiirictioli h(7it). tlie valiie B = 131 is recorrixieiided. as Bi lias a ~iiaxirriuiii cycle 

iiiod 2"or 8 5 1; < 64 [GBYSl]. 

Since the niod M operation lias to be doiie to fit a word signature space aiid 

it is believed tliat C s;pi might beliave uiore raiido~iily wlien p;*s are prime iiuxri- 

bers. it uliglit be a good idea to replace Bi iri h ( w )  by a prime number pi. Also. 

the exclusive-or lias the aclvantageoiis featiire tliat if two strings have O or 1 bits 

occiirring equally-probably and independent'y in each position. tlien tlie reslilt- 

irig bit string also has this property [Kno75]. Thus, the signature function ~ ' ( u J )  

tLat we iised in our experiments for the suffix-signature metliod is the result of 

excllisive- 0Ring various segments of 



CHAPTER 3. W O R D  SIGNATURES 2 3  

wliere pi is tlie itli prime iiiirri1)er in a vector of prime iiiinil~ors. TTL is tlie I IL~LX~I ILILI I~  

vdiie iii a couiputer word. and the size of a segrrient is the size of a word sigrintiire. 

Again since it is believed that C sipi iuiglit l~eliai-e more randoxrdy wlieii pi's arc 

prirrie nunibers. pi's slioidd be less tliari tlie size of a word sigxiatiue. otherwisc si's 

are esseiitially rriidiiiplied by non-prime riiinrhers. Ru-tlier~nore. if the wortl liasliiiig 

space is very h g .  pi's stiooltl be raridornly spread in the liashïng space to nvoid 

diis teriiig in soirie parts of tlie liasliiiig space. niid tliere slioiilcl riot 1,e ariy relntioiis 

iiiiioiig t l i ~  pi's. s~icli as011'~" Iwiiig almit twicc as 1)ig as tlie previoiis oxie. 

2.3 Analytical results 

Signature fiinctions lise liasllirig tecliiliqiirs to rriap words ( i - e .  seqiieliccs of clixnc- 

tcrs) iiito won1 signetlu-es ( i. e. seqiieiices of l~iriary bits). Followiiig t lie tlefiill tioii 

froiii liasliiiig we define tlie load factor to be tlie niimber of words divided hy tlir 

size of the sigriatiire space. Collisions caiise fdse liits. whicli need to he  resolvcd 

by usiug more clisk accesses. Giveri a particiilar signature. the fewer wortls xiiapptd 

to tliis value hy a sip~iatiire fii~iction. tlie better the function beliaves for rctricvnl. 

Silice worcls are ordered and collisioiis are clistirigiiislied between adjacent collisici~is 

aiid separate collisioiis. s ig~iatire fiiiictions liave some cliarecteristics tliat gericral 

liasl~ing fii~ictions do not liave. Since iiaslliiig teclirùqiies have beeri stuclied exteii- 

sively by otliers [Kriu73. GBY911. we will oidy coucentrate on properties tliat arc 

related to adjacent collisions and liave not been stiidied before. 

For a iiniform query distribution. tlie more iiniform a signature function. the 

Letter performance. Since word functions are chosen prior to knowing the words 

to be coded. the hest expected performance is the one fiorn truly randorn hasli 

fiinctioris. In tliis section. we study. for randorn signature functioris. tlie distribution 



of the nii1u1)er of atljaceiit collisions and the distribution of the riil1ri1)cr of worcls 

liaving t lie saine signat rire. 

The reason tliat we stiidy adjacent collisions is tliat the ~iitmber of a4aceiit 

collisioris irifiiier~ces the nurriher of disk accesses iised to retrieve words and tlic 

space iised hy the siiffix-sigriattire irietliocf. as riisctissed in detail later. 

Proof: Let 11s look at wor~ls in W. wliicli are in lexicograpllical order. Sig~iatiires 

are rcpeated iiidependerit trials witli only two possible out conies for eacli sig~iatiire. 

oiie is tliat a word collides witli the word to its left and ariotker possible outconie is 

Iliat it does riot collide. For ariy word. tlie probability to be liashed to tlie sanie valitr 

as tlie word to its left is k. nrid the prohability to liash to a clxerent value is (%). 

Tliese probabilities reinain tlie sarue tliroiigliout tlie tdock except for the first worrl. 

Tliiis. word signatiises are BerrioidLi trials [FelSO]. Tlierefore. the probability tliat i 
n-1 (m-i)--i-I worrls collide witli the worcls ori tlieir left is b(i: TL- 1. $) = ( ) , [Fe150].0 

Lemma 2 (Expected riuniber of adjacent collisions) Assume that there are TL keys 

t» be haahed rut idon~Q i 7 ~  the  range [ O .  TU - 11. The expected nurnber of adjncerrt 

~0lllsZons 9s "-I. 
m 

Proof: Tlie nurriber of adjacent coLlisions lias a binomial distribution b(i: n - 1. k ) .  
as sliowii in Leriima 1. The expectatiori of the binomial distribution b( i :  n - 1. $ ) 

1 is E ( b ( i : n  - 1, --)) = m "-' (Fe1501. Tlierefore, the expected number of adjaceiit 

collisions is S. cl 



Lemma 3 (Dis trihiitioii of the riiiuiber of <:ollisioris for a giveri sig~iatiire) rl.<.?-~~rrr ï 

that thcre are n keys t»  be hashed randornly in the range [ O .  rn - 11. The r~.r~ifiher 

of ri~ord;; tha t  are m.apped to a gioen &gnatnre has a binomial distribration pi(lr) = 

(nr-1)"-' b ( i : n .  J-) = ( y )  mn . 

Proof: For a give~i signature valiie. tlie probability of a key to be liaslied to 

it is 5 .  aiid tlie probaldity tliat it is liasliecl to soiue otlier d u e  is (y). All 

t lie keys are liaslied iii~lnpeiicle~itly witli oilly two possi1)le oiitcoiries. oiie is t liat 

it is liasliecl to tlie giveii key a r d  a~iotlier is tliat it is not liaslied to the giveii 

key. Agaiii. tliese are Bernoulli trials. Tlicrefore. the probaldity tliat i wortls 
1 collide witli a given signatiire follows the Ber~ioiilli distribiition p ; ( n )  = h(x: T I .  --) = 

(m-1)"-' (3 ,,,,a [Fe15 O]. 3 

Wlieii the load factor is 1 ( i e .  r r i  = r r ) .  the prol>al&ty tliat i keys are Itaslied 
(m-1)"'-' 1 (m- l)r'a-' - to a give~i sigiiature is p = (Y) , . For s ~ u d  i and large m. p =z 3 

rn,n- 
- 

'(1 - Siiice ( 1  - l)m 1 
i! -i ; for large ru [GBYSl]. we have p z & for s~rinll i. 

large 7 r ~ .  and rrL = n. Tlùs approxi~riirtioii agrees witli Leiii~ria 3 to tliree sig~iificaiit 

digits for 7n = 11. = 213 axid i 5 G. 

Lemma 4 (Expected fraction of hash vallies associated with i words) Assr~me that 

thcre m e  n. keys t» be hashed randomly in the range [O. rn - 11. The expected f rac t iw~ 

r?f h a s h  ualrres (szgnatil~es) un'th i L e p  per value is the sarne as the probability of 

an9 given hash value corresponding to i keys. 

Proof: The problern can be coiiverted to a problem in wlùcli n b d s  are raiidoirdy 

tlirown into m boxes. It is needed to prove tliat tlie expected fraction of boxes witli 

i h,ds is the same as the probability of a box having i b d s .  Thus. for a box j. 



let p: 1)e tlie probability of box j liavina i bcds. arid pi  I)e tlie expected fractioii of 

I~oxes witli i l d s .  We want to prove tliat pi = p;. 

T is tlie total iiiiniber of ways of placinp n b d s  in rn boxes. B(i .  j )  is tlie 
* B ( i . j )  iiii~iiber of ways in wl~LAi liox j llas i b d s .  By definitioii. we have pi = - T -  

Each way tlu-ows halls in rrt boxes. T ways t h o w  balls in mT boxes. oiit of 
y'" B ( i . j )  

wlùcli C::, B(i. j) boxes liave i halls. So. we have pi = mT . 

m i )  B { i . j )  j - Silice B(i.  j)'s are eqiial for ail j = 1.2. . . . . m. we liave p; = - - 
m T  T =Pi* 

Tliereforc. we liave that tlie expected fraction of hasli values tliat liave i keys is tlic 

sanie as the probability of any specific liasli value kaving i keys. O 

To illustrate tlie above le~riiua. let ils look nt dl the ways 3 b d s  can be put iiito 

3 boxes. 

Table 2.1 is tlie sniriple space of 3 boxes aiid 3 balls. Table 2.2 lists vdiies of 

B(i .  j ) . p i .  arid pi for tlie exariiple. 

Two keys ~n-ocliiciiig identical sigriattires pardels  two keys liasliirig to the saiiic 

Imcket . Tliiis st udying the &stributioii of collisioiis is the sarue as studyirig tlic 

leiigt li of cllairis in exter~ial liaslll~ig [GB Y9 11. 

Lemma 5 (Expected fraction of words colliclirig witli ( i  - 1) otlier words. or per- 

ceiitage of words in cliains of lengtli i) Assume t l ~ a t  there are n keys  t o  be hashed 

randornly in the range [O.  rn - 11. T h e  expccted percentage of words in one of the 

I c l ~ a i n s  of length i is $ b ( i :  n. --) . 

Proof: The expected fraction of hasli values each of which has i keys is the sarne as 

tlie probability of a hasli value being produced by i keys (lemma 4). The probability 

of a Iiasli value having i keys is b( i :  n. 5 )  (lemma 3 ) .  So, b ( i :  no 5) is tlie expected 



Table 3.1: Sanrple sprrce of 3 boxes and 3 b d s  

fraction of liasli values eacli of wlucli lias i keys. Tlieii. rnh ( i :  n. I) is tlie expected 

iiii~uber of chai~is witli length i. Tlien. imb(i: n. J-) is the expected ~iiirriber of wonls 

iii nu the cliaiiis witli lerigt li i. Tlierefore. &b(i: 71. $1 is the expected perceiitage 

of words in all tlie chains witli Iciigtli i. O 

Note tliat for small i. big r r ~  and rrh = r ~ .  tlie expected percentage of worcls iii nll 

tlie cliains with Iengtli i is -. l So uiost words will appear on very sliort cliai~is. 

Lemma 6 For m. = n > 1. the expected lengths of non-empty chains 2s srnaller 

3 than 2 + mi 

Pro of: We use the formulas (1 - $)m < i[GBY91] and Czl -: = 2.l 



C H A P  TER 2. WO R.D SIGN.4TUR.ES 

Table 2.2: Vdiies of B( i . j ) .  1):. and Pi 

Let the expected lerigtlis of iioii-ci~ipty cliairis 11e 1.  Fsorri Lcrrime 5. we linvc 
.,. 

2 = Cz1 y h ( i :  TL. k ) .  SO for 7 r ~  = TL. 

rn (rrt - l)Tn-a m 
- i rn! (m - l)m-i 

1 = Ci2(7) - 
i= l  7r1 

- Sirice m(m-l)(m-2)  ... (m-i+l) 
l a ~ i d  x 2  < Thi s  we have zl < 2; ( rn - i ) l  

< 1 for .i > 2. 

we have ri < -a for i > 2. 

T L  3 ": .i 1 
< -- - 

+ ( i  - l)! e 7TL - 1 e i=3 

Tlie upper bound of Z goes to 2 as rrt increases. When m = 1. 2, 3 and 4. 1 is 1. 

1.5. 1.67 aiid 1.75 respectively. Figure 2.1 illustrates expected lengths of non-empty 

cliains when the load factor is 1. The nurubers ori the x axis represent numhers of 



bits iii racli sigiiatrire. aiid iiii~iilm-s oii the y <mis are expected coiiiits of worfls iii 

S .  We ~liotice tliat the expected le~igtlis converge to 2 as rn goes to iiifiiiity. 

Basecl 0x1 tlis. in later cliapters we clioose to giiCvaiitee at rriost 2 disk accessrs to 

;r text wlien searcluiig for a plirase. 

Figiire 2.1: Expected leiigt li of tioii-e~iip ty clidiis wlieii 11i=ii 

Proof: Let i be tlie iiurriber of words iii W that liave a giveii signature s as 

tlieir signatures. Tlien. the expectecl ~iii~iiber of matches is Ch, i * pi ( T L )  = c!==, i * 
1 n b(i: 71.. --) = m. 

Let Y be tlie signature of a give~i word m in W. The number of other words 

liavi~ig s as tlieir signatures lias a hinoruid distribution p : (n )  = b(i: n - 1. h) = 
"&-1 n-1-i 

( ) J ? for O 5 i 5 n- 1. There are (i+ 1) words Iiaving s as tlieir signatures 

if tliere are i other words that have s as tlieir signatures. So, the expected nuniber 
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of iiiatclies is Cyzt ( i  + 1) * p : ( n )  = Cn~i  i + P:(7~) + Cr..: pi (TL). Since Cy~i  i * pI(7~) 

is tlie expectation of tlie binomial distrihiitiori p : ( n )  = b(i: n - 1. J-). We liave 

i * p : ( n )  = % [Fe150]. Since p : ( n )  = 1. We l iwe the expectecl titiriil)<:r 

of uiatclies is eqiid to + 1. O 

Iii tlie siiffix-sigiiatiire tuetliod. signature cornparisons are ititeger coruparisoiis 

iii tiietiiory. wliereas co~iipariiig the target word agaixist a worcl in the text liavirig 

tlie saiiie signatuse requires a S ~ I L ~ O I L I  disk access to tlie text. So. the iiii11i1)er of 

striiig (word) compariso~is is iriclicative of t lie riiimber of disk accesses. 

Iiitui tively. the more bits in word signatures. the fewer collisioiis result aiid 

Iieiicc tlie fewer string co~ripariso~u are tieeded. Tliere is a tradeoff betweeii tlic 

leiigtli of signntiires and the iiiirriber of string coriiparisons. 

Proof: Eacli probe of a binary searcli cuts a raiige to lialf. So. the first prol~e ou 

a signature file is over a range of size n. tlie second is over a range of size 7 ~ 1 2 .  m d  

tlie i th  is over a range of 7~12'-' . If the desired word has not been found d t e r  i 

probes. we axe left with a range of size n/2' in which tlie desked word f d s .  

Since eacli word signature lias (log TL - 1) bits. there are 2'"sn-' = n/2' <Lis- 

tinct word signature values. Tlius, since tliis is the same size as the range after i 

probes. each signature in W is expected to appear 1.5 to 2 tirnes. as illustrated in 

Figure 2.1. Tliat is. for eacli signature in W. the expected niimber of string com- 
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p-isoris oii tiie resiiltirig range converges to 3. Tlierefore. the expectetl riii1ii1)or of 

string coiupasisoiis to seiircli for a word is abolit i .  O 

Lerrinm 7 describes the relatioriship betweeri tlie ~iirurber of Iiits in word signa- 

ttirss aiid tlie iiiitriber of string couiparisoiis for oiir siifix-sigiiatiire riietliod iisi~ig 

l>i~iasy prohiiig. Tlie followiiig corollaries givc two extreriie cases. One is a lowcr 

1)oiiiiil or1 tlie iiiiiiil)er of bits tieederl to get 0(1) string conipariso~is aiid ariotlitir is 

tlic case wiicri tlie sizc of word signatirses is O. 

Corollary 2 If 1 Wj = 71. and word s i g n a t u r e s  / m u e  log TL hits. t h e  espected n ~ r m b e r  

of s t r i n g  con~pnrkons to searclr. for n word is 0(1). 

2.4 Summary 

Tlie co~itsibutions of tliis clrapter <are stiiclies of the properties of adjacent collisioris. 

We dso rcviewed soirie selated resiilts on liasluiig. We cliscussed issues related to 

~xactical word signatiire functions. We analyzed beliaviors of random signatiire 

fiirictions for the suffix-signature method. in particular. behaviors of adjacent col- 

lisions. We s tuhed the relationship between the signature size and the number of 

disk accesses to search for a word. 

Interestingly, wken the number of words in W is approximately the size of 

tlie signatiire space. most words sliare signatures witli at rnost one otlier word. 



As tlie iiiimber of words iu W i~icreases. more words sliare sigiiatilres: h t  tlie~i 

tlie probability of adjacent coUisions iiicreases as well. Since adjacent collisio~is 

me storecl in a look-aside tahle. W is effectively partitioned into siibraiiges. tlitis 

rediiciiig the load factor for eadi  subrange. As will be seeii iii Chapters 3 atid 4. 

t liis fortiis t lie I~asis of the effect iveiiess of the siiffix-signat lire approacli. 



Chapter 3 

Extension To Phrase Signatures 

Ili Cliap t er 2 .  we explorecl sigiiatiire hiiictioiis for words. We will stiidy plirast: 

sigiiatiires in t h  chapter. 

We f i s t  discuss desirable properties of phrase sigriatiire. Tlien we study the 

coiicnt eiiatiori signature scheme. We inves tigate varioiis plirase sig~iatiiïe s tritctllrts 

aiirl clisciiss sortie paniiieters of the coiicatetiation sdieiiie. We riext ~~~~~~~e its 

perfoririance to an  alternative phase  sigiiature scheme based on superinipositioii. 

ive Veso st iidy t lie possibili ties of iisirig O t lier t echrùques. riarriely perfec t liashiiig 

aiid conipressioii. in t lie siiffix-signature rrietliod. 

3.1 Notations 

We first define the notation that is used in this cliapter: 

a 7 4  1s a word. 

a P = t v i w z  . . . tu ,  is a phase .  
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O S i g ( P )  is tlie sigrintiire of plirase P. 

P = wliii2 . . .TU, is an i~iclexecl phase  i ~ i  a text if P is a p r e h  of a semi-irifiiiite 

stririg listed in the suffix array. 

Corisider a set of plirases Pl. . . . . Pm. Tliey c m  l x  partitioned accordi~ig to tlie 

first word of aach phase.  lul  tlirougli TU,. All phases beginning witli ?ul  can agaiii 

l x  partitioiied by tlieir second words. wll. ,ru,?. . . . . î u l k .  Repeating tliis partitioii- 

iiig. the set of plirases caIi 1)e co~isirlered to forxri levels i~iiicli like a word-l)nse(l 

trie [FrcGO]. as illustrated iri Figiire 3.1. For the one-word prcfix TU?. tliere are tlic 

plirases .ii)?' at tlie first level. -7n2 ' at tlie secorid. and tlie two tliree-word plirases 

.ui? 70-1 7 1 ~ ~ ~ ~ '  m(1 .w2 71121 ?1?212' at tlic tliird. 

levcl 1 W. 

level 3 

Figiirc 3.1 : Lcvels of plirases 

The niirnher of nodes on level i is equal to the total nuniber of distinct i-word 

plirases in the database. aiid tlie branclllng factor between level (i - 1) arid level i 

represents the niimber of i-word phrases that sliare a cornmon (i - 1)-word prefix. 

3.2 Prefix property 

If a phase  P = îulwz.. . lu, is indexed. its signature can be stored in the signature 

array. However. we also wisli to seascli for phrases tliat are tlie prefixes of P. For 
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cxariiple. we Iiiay want to fiiid all plirases starting witli P2 = wl?rt?. a prcfix of* 

the plirase P. The siiffix array accorrimorlates such prefutes uatt irdy [GBYSW]. 

However we caririot afFord to store intleperiderit signatures for cd the prefixes of P 

l~ecnrise tliey woiild take too nrilch space. 

To fi1ic1 prefixes of siicli a plirase P iisilig tlie signature file of a text witlioiit 

storiiig au the prefix sigmtiires. we tiectl the signature of P to have a prejx  prope~ty:  

Definition 5 (Prefix Property) The a i g i ~ u t a ~ e s  o f  prefizes o f  u p?mzse P 

( P  = sul?u2 . . .w,) can be extracted algorith7r~imllg from the sïgnatwe of P .  That is. 

therc ezist a family o f  ftmctions { f i  1 1 5 !' < 7 ~ ) .  s+z~ch that. Sig( Pi) = f i(Sig( P )  ) 

f i r  Pi = 7 ~ 1 1 1 ~ ~  . . . wi.  mhere 1 < i 5 n. 

Sorrretiuies. a weaker prefix property is iisefiil. It does riot require tliat prefix 

sip~iatiires of a plirase caii be cxtracted froiri the plirase sigiiature. Insteatl. it 

reqiiires tliat a hmction 1)e defined tliat retixns true if a giveri prefuc niatclies tlie 

target sig1iatiii.a. Just as tlie sigiiatue of a prefix can also be the signature of a 

plirase tliat is iiot a prefix. tllls fiiiictio~i iiiay also re tu r~ i  triie for soriie plirases tliat 

are riot prefixes. 

Definition 6 (Weak Prefuc Property) There exzst a test and a real value E ( O < 

E < 1 )  s w h  thut. &en an  input phrase Pi and a phrase signature Sig! the test 

r e t c ~ m s  'trile' if Pi i s  a prefix of some phrase P having Sig as i ts  phrase signature. 

and ret.ums yalse ' .with probability at least E when it zs called with randomly choseri 

signatures as parameters. That  is: there ezist a family of functions { fiIl 5 i 5 n )  

S U &  that f i ( S i g ( P ) ,  S ig(Pi))  = True for  Pi = I V ~ W ~  . . . lui where 1 5 i 5 n. and 

fi = False for some other input phrases. 

A stronger prefix property is as follows. 
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Definition 7 (Strong Prefix Property) The signatures of prefixes of a phnl.5~ P 

are prefixcs of the signature of P. 

Clearly. niiy sigiietiu-e sclieme satisfying tlie prefix property satisfies the wcak 

~n-efix property. a ~ i d  any one satisfyirig tlie stro~ig prefur property satisfies the prefix 

property. 

3.3 Concatenation scheme 

PVe ppresmit tlie co~icateiiation sclie~ne for phase  sig~iatiires in t l is  scctiori. WC 

iiivestigate plirase signatiire striicti~res aiid stiidy adjacent collisions. We <Lisciiss 

the expected riiiiuber of adjacent cofisio~is iri a block. the condition of uiinirriiziiig 

t l ~ c  total riiirr~ber of adjacent collisions. and Iiow likely it is that a boiiridary betweeir 

two (lis tirict plirases lias acljace~it collisioiis frorn various levels of plirases. Usiiig 

t liese resiilts. we disciiss how to partition hi t s  arnong words for the coricate~iakioii 

sclic~rie. aiid disciiss related paranieters. for iiist ance. the total nur~il~er of bits iti 

a plirase sigriatiu-e. tlie niiiuber of words to be cncodetl in a plu-ase sigiiatiire. arid 

tlic l~lock size to be iised as a unit of I /O.  

3.3.1 Structure of phrase signature 

The. idea of the concate~iation scheme is tliat we concatenate all the word signatin-es 

of a piirase to forrn a phrase signature 

A signature array of n phrases is showri in Figure 3.2, in which Sij denotes Siqj(?u,) 

for phase  i. 
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word 1 word 2 word 3 word J 

phrase i [ Si1 1 S l 2  1 S13 1 S14 1 m m . .  

phrase 2 1 s 2 1  1 s22 1 s 2 3  1 s 2 4  1 e e m m  

phnsé 3 S3t ( S J ~  1 %i3 1 S34 1 . . . .  

Figiire 3 2: Signature S triictiire 

. sigiiatiires =Xe basic iiriits on wliiclr a d  prefix signatures are h i l t .  

tliat tliere are ki bits for Sig;(w~;) (1 5 i). and that Pi = 71J1711? . . - w;. 

Prefix signature fiixic tions are: 

for (1 < i). 

O The fiirictions converting a phase signature into its word signatures are: 

for (1 5 i 5 k). 

By d e f i ~  tion, the concatenation sclierne satisfies the S trong Prefix Property. 
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3.3.2 Improved structure of phrase signature 

Tliere are soriiç: s trat egies t O mairitaiii collectioiis of phrase sigiiatiu-es: 

0 Iclecdy. sigiiatirres of d the prefkes of phrase P could be obtained frow 

Sig( P). S toring signatures for seriii-infinite strings reqiiires O ( n m )  space. 

wliere TL is tlie riiimber of iudexed plirases and 7 r ~  is the nurriùer of words in 

t h  text. 

a To rcdiice space. we rediice the 1iiuril)cr of ~Listirict prefùt signatiires tiiat 

coiiie frotii Sig( P). Let Sig( P) coritaiii sig~iatitres for oi ly Pl. Pz. . . . . Pl. 

wliere Pl is the skortest prefix of P wl~icli appears oilly once in the text. 

Tlicrefore. Weren t  plirases miglit have differerit slior t es t prefkes . wliich Ienrls 

to a variable lengtli for plirasc sigiiatiues iii the schetiie ancl riiay still ii<icd a 

lot of spacc. 

a To flirtlier rcdiicc spnce. Sig( P)  contairis sigiiatures for o d y  tlie first t prefixcs 

of P. tliat is. Pi, P?. ... Pt for sorrie coristarit t .  Tlris is eqiiivderit to tlic: 

cotistraiiit that Sigi(îui) lias rio bits for i > t .  Tliiis significantly niany ruorc 

Mereli t  phrases may have the same sigiiatures. 

We will use t l~is  t l h d  approacli in tlie tliesis. 

111 Figiire 3.2. it  appears tliat word signatures may be all of the sarue size. 

However. to use space niore effectively. we use different signature sizes for clifferent 

words in a plirase. So as to lninimize couisio~is. the i-tli words of phases  shoiild 

have bigger signatures than the j-tli words if tliere are more distinct i-word phrases 

that share the first (i - 1) words than distinct j-word phrases that sliare the first 

( j  - 1) words. To use space even more effectively. clifferent phrases rnay use different 
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xiii1u1)ers of bits for sigtiatixes of the itli words: that is. Sigii(lui) need iiot l x  of con- 

staiit size for all values of toi. 111 fact. we will clioose signature sizes iiiclcpendeiitly 

for each lilock of tlie sigrrature may.  

3.3.3 Adjacent collisions 

Let lis firs t clevdop a coxicrete idea of the cost to store adjacent collisions. Assiiiiin 

tlint arljacexit collisions occiir for al~oitt 1% of tlie plirases. or 100 tiiues for a block of 

10.000 plirases. wliicli is approximately wliat is expected for a 7-bit signature iising 

tlie mode1 from Cliapter 2. An Eriglisli word is about 4.5 cliaracters in lengtli 011 

average. and eacli cliaracter is represe~ited witli 8 bits. Let a .  p. W .  c aud b represent 

tlie riuniber of adjacent collisions. tlie size of a pointer. the niimber of words to be 

eiicoded iii a phrase sig~iature. tlie number of cliaracters per word. and the niirnber 

of hits per cliaacter or space. respectively. S toring adjacent collision bounclary 

plirases alid tlieir poititers witliout coupression lises n * (p + tu * c * h + (zu - 1) * b )  

1)its. Tlus i~iiplies about 100 * (14 + 4 * 4.5 * S + 3 * 5)/10.000 = 1.82 bits per plirnsc. 

if a plirase signature is basecl 011 the f i s t  4 words: and 100 * (14 + 5 * 4.5 * S + 
4 * 8)/10.000 = 2.26 bits per plirase. if n phase  signature is based 011 the first 5 

words . 

In tlüs section. we study adjacent collisions for the concatenation scheme. We 

first determine a formula for the expected number of adjacent collisioris in a block. 

Tlieri we investigate Low to rninimize tlie expected number of adjacent collisions 

for a block. Finally, we determine the probability of a particular distinct i-word 

plirase boundary liaving an adjacent collision due to plirases of lengtli greater tlian 

or equal to i. 
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Expected number of adjacent collisions 

Assiime tliat sigriatilre fiinctions h s h  worcls iiuifordy. a ~ i d  thnt plrase sig~intiirrs 

<are basecl oii tlie first t words. Let the uiimher of clistirict i-word phrasas hçi rii m ( I  

the ~iiirnber of bits iised for word sigriatiues for the i t h  word of a phase be li;. 

Proof: The word signature space for the Itk word has size mi = 2*i.  There are rri j  

distinct i-word pluases for the j t h  ( i  - 1)-word phrases. Accorcling to Lemma 2 in 

Section 2.3. the expected uurnber of adjacent coUisions for these i ~ i j  distinct i-word 

ni, - 1 plirases is 
i 

Tliere u s  rri-1 (i-1)-word phrases. so the expected ntimber of adjacent collisio~is 

for i-word phases is 

Therefore. we have the expectetl total niirnber of adjacent collisions 

Notice that the expected total uumber of adjacent collisions is irffected l ~ y  tlie 

iiiirriber of repetitio~is of auy of the plirases. 1. e.. how bits are clivided aruorig words 
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and liow clistirii:tio~is among phases  occiir nt ttiffereut levels. It is uot ,Iffect<i~l Iiy 

the distribtitio~i of distinct i-word phases within level i. 

Minimize the number of adjacent collisions 

Giveii the niiruber of bits we are willing to allocete to eecli phrase signatiire a ~ i d  tlit: 

rroii~it of distinct i-word phases  iri the text. how sliodd we choose word sig~iatiirir 

sizes for each word to get the minirnii~ii total expected niimher of adjacent collisioiis? 

Assume that phrase signatures are based on the first t words of phrases. the 

nuniber of bits in a phase  signatiire is L. and the niimber of distinct i-word phrases 

is ni. 

Lemma 9 W~err the ezpected titimhcrs of i-word adjacent collisions are efpial for 

all 1ia11ies of i. the expected total r tun~her  of adjacent collisions is min imum.  

Proof: Froui Leruma S. we have the expectetl total number of adjacent collisioris 

ni-ni-1 
e z p ( A )  = C:=, 2 k i  

. where ni is tlie uiiruber of distinct i-word phrases. and IIi is 

the number of bits of word signatures for the i th word of a phrase. To sirriplify tlie 

(ni -ni-[ ) tlescription. let xi = 2 k i  . theu. we have 

Sirice the riiiiuber of bits i ~ i  a p h a s e  signature L = Cf=, k; is h e d .  nh, 2'' is 

a constant. and therefore since n; are d s o  fixed. JJ,!=, xi = nf=, ((ni -  TL^-*)/^" ) is 

a constant. Let n:=, ci be C. So. we have 
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Let X be a riew variable. and 

According to the riiethocl of Lagrange ~iitrltipliers [SwoSl]. the valiies of ri wlùcli 

give the extrema of e x p ( A )  = C:=l zi are auiong the sini~dtaneoiis soliitioris of 

f:, = O i ~ ~ < l  f: = O for i = 1 . 2 .  . . t .  where f& and fi <are the first partial derivatives 

of f. So. r:ap(A) = Cfzl x i  reaches its iriininiiirri whsn xi = AC for i = 1.2. . . t .  

Tlierefore. wlien tlie expec ted ntimbers of i-word adjacent collisioris <are eqiial 

for i = 1.2 . . . t .  the expected total niimber of adjacent collisions lias its Iriiniuiii~ii 

n, - Y & ,  - 1 Lemma 10 Wlien thx riimiher of bits for- the %th. iuord zignature is = log? - c * 

the c q x c t e d  totul rinrnher of adjucetit oollisioria is rniriimr~rn - aiid the rrrrrnher of i-  

Proof: Accordi~ig to Lemma 9. tlie expected total nurnber of adjacent collisioiis 

is ruirùmiiru wlieri the expected n i i d e r s  of i-word adjacent collisiotis are eqiid for 

valiies of i. Asstinie tliat the expected iiuuiher of i-word adjacent collisioiis is 

for i = 1 . 2 . .  . t .  So. we have 

Tlierefore. when tlie uumber of hits for the itli word sig~iatiire is 
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t lie expect ed uuru ber of i- word adjacent collisions is 

 TL^ -  TL;-^) 

2L 

wliere L is tlie lexigtli of a phrase signature. O 

Corollary 4 U r ~ d e r  the  corrditiorcs in L e m m a  IO. the expected t iumher  of arljr~ccr~t 

,:ollisioris irr (1 hloch hav ing  TL; dis t i r id  i-iuord phrases for 1 5 i 5 t is tC.  

Probability of a n  i-word phrase  being listed in a look-aside table because 

of adjacent collisions 

As inclicated in Section 1.2.4. the searck algorithm to be iised depends on stor- 

iug adjacent collisions in a look-aside table. Acljacent collisions partition a List of 

phrases into sublists and searches are performed on one of tliese snialler siil&sts. 

Therefore. t lie uiimber of adjaceut collisio~is is an important performance factor for 

es tirrinting searcli time. 

For a list of i-word phrases. adjacent collisions afFecting search perforrna~ice are 

uot o~dy  from the itli words of these phases. but frorii higher levels of worcls as 

well. For example. in Figure 3.3. worcl wl lias 8 distinct followitig words. Wortls 

11113 and ï ~ l 4  iu the sliaded area have the same signature. So. an adjacent collision 
. . 

occiirs between 'TUl Tul3' and -tul  , t i ~ ~ ~ ' .  Since the phrase bwl Tu14 1s recorcled 

in the look-aside table because of this adjacent collision. the word îul  is effectively 

dso listed iri the look-aside table. Therefore. an i-word phrase may Le Listecl in tlie 

look-aside table because of adjacent collisions occurring at  the i th or higher level. 

In tlus section. we study cross-impacts of adjacent collisions from differe~it levels. 

more specificdy. tlie probability of an i-worcl phrase bei~ig listed in a look-aside 

table becaiise of an adjacent collisiori at the itli or higher level. 
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Fipiire 3.3: Adjacent collisions 

Definition 8 (Collision probability arid no-collision probability of two phases) 

Tlic collision pmhnbility of two adjacent phrases hlaairig the first i - 1 i uo~ds  itr 

other. The 710-collisiori hability is 1 - p; . 

If bits are allocated to worcl signatures to miiliraize adjacent collisioris. t h i  

the expectation of an adjacent collision is i~idepe~irle~it of tlie level of the collisioti. 
C Therefore. pi = -. 

n; -n, - 1 

Assiiuie phase signatures are based on the first t words of plirases. In tlie 

following figure. are in dphahetic order. 10 shaclowed phases in the ceriter 

liave P as tlieir i-word prefixes. and. P, and P, are the left a d  the right adjacent 

phrases wliose i-word prefixes are not P. 

If F, and P collide. P WU be listecl in the look-aside table. If P aiid P, collide. 

PI, will be Listec1 i ~ i  the look-aside table. Tlius. in order to xiot list P in tlie look-aside 

table. Pz and P sliould not collide and cd tlie adjacent pairs of the 10 phases of P 
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shoidd riot collide. Froxri tllls we see tliat . tlie probability of ari i-word plirase P xiot 

appearing in the look-aside table becaiise of adjacent collisions is t ke no-collisiori 

probability between P and its left adjacent phrase times uo-collision prohabilities 

of adjacent pairs of ail occming t-word phrases having P as the i-word prefïx. 

Lemma 11 i l s s u m e  urr i-iuord phrase P di f lers  frorn phrase Pz f irst  in .iuora! j .  arad 

2ts a7'e there are Nk d i s t i n c t  k-word phrases  haui~rg prefix P .  f o r  j < i < k 5 t .  If h ' 

allocated t o  iuord s i g n a t u r e s  t«  m i r i in~ i ze  ad jacen t  collisions. P lui12 u p p e a r  i r ~  the 

look-aside table ,with an expected t in l~~e 

Proof: If bits are allocated to worcl signatues to iruniuiize adjacent collisioiis. 

the collision probability of two adjacent plirases having the f i s t  k - 1 words in 

COILLIUOL~ is pk = nk-nkVl . Among the pllrases liaving a prefk P. there are Nk - Nk-l 

bolindaries a t  whch adjacent pairs have the first k - 1 words in cornmon and cWer 

at the kth words. Theii the probability of P not appearing in the look-aside table 

3.3.4 Cornpressing phrase signatures 

We notice that. in niost texts. phrases clistribtite in siich a way that mariy words 

or plirases occiit. multiple times. When phrases are ordered lexicographicdy. soue  



prefixes are listed repeatedly. Si~bse~iieutly. signatures of these prefkes are repeatt :cl 

~uiiltiple times if sigintiires are storecl word-wise instead of phrase-wise. 

Therefore. to seve storage cos ts. we siibstitiit e couseciitively repeaterl word sig- 

natures hy the word sig~iature and the ~iuniber of repetitio~is. So. word-wise sig- 

~iatitres corisist of word signatiires ancl coiints. AIL extra bit is iised to i~idicntr 

wliether it is a word signature or a coiint. 

Since the couipressiori lises an extra bit to clistingiiis k sig~iat iues ancl coii~its. 

co~lipressioris are not goirig to be perforuied when numbers of bits in worcl signatures 

As a seco~itl heuristic. at lower Ievels (like the first or the secorid word in a 

plume). WR coidd lise uiore bits in wortl sigiiatiires if we prefer to &stinguisli phrases 

as early in levels as possible. So. niimhers of bits iised for words at lower lcivcls 

ara relatively big. arid word signatures at tliese levels can be conipresse<l to a 1aru.g~ 

3.3.5 Experiment al result s 

III tliis sectiori we clisciiss the d o c a t i o ~ i  of bits arnorig wortls. the ~irirriber of Lits 

and tlie niimber of words in a plvasa sigriatiire. and the block size for the proposet1 

metLod. 

Allocate bits among words 

The length of a plirase signature is L bits. How best to  [livide L bits amoug words 

of a p h a s e  depends not only on tlie plirase clistributiori in a block but also on tlie 

expected pattern of phase  seackes. 
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Since adjacent collisio~is need space to be storecl. the uiiuiber of total acljacaiit 

collisions in a block may be cousiderecl as a factor in choosing the niiruhers of hits 

for word signatures. If L hits are dividecl aniong words in siich a way that tlie 

uurriber of total adjacent collisioiis is uiiniuiiim. the size of the look-aside table is 

riearly rriixu~uizecl. We s h d  c d  this strntegy Balance. Lemma 10 in Section 3.3.3 
n; -ni- 1 . the to td  says when tlie iiiiuiher of bits for the itli words ki satisfies 2'' = - 

i~iimber of acbacent collisions is rniniuiiini and the number of adjacent collisioris at 

n:= (ni-ni-, I each level is C. where C = {y and L is the niiiiihcr of bits iii a phart: 

signature. The number of i-word phrases is iduential. 

Miniluzing the total niluiber of adjacent collisions does not always guarantee 

a good searcfi performance. becatise tlie presence of adjacent collisions rediices tlie 

raiige of the array over wliich searclies are actrially conducted. 

Let lis look at anotlier strategy of cdocating bits. The more clistirict words 

there are. the bigger hash space is riceded to reduce collisions. So. the rriaxiuiiirii 

uiiruber of distinct worcls followixig ((i - 1)-word prefies is an important factor 

for allocating bits to the i th  word signature. Tlius. one relevant rueaslire is tiie 

umxiruiiru loatl factor i l i /mi. where fii is t lie maxiuiiim uiimber of disti~ict worcls 

followirig any ( i  - 1)-word prefix and ni is the size of the signature space of tlie itli 

word of a phase. We will c d  this way of allocating bits ByMax in the followiiig 

clisciission . 

Sonie experinients were done on the text of the Bible by iising the two Meserit 

bit allocation algoritlirus. The Bible is approximately 5.6Mb and lias aroiiricl 1.13hiI 

iiidexed phases (see Appen& A ) .  Parameters tliat affect performance <are tlie 

riiiml~er of words in a phase  sigxiature. the size of a block. and the ~uaximiixii 

niirriher of hits in a phrase signature. Each Werent  experimerrt takes a cliffere~it 

corubinatioii of parameter values. which are fked in eacli experiuient. The niirulm 
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of words iri n p h a s e  ranges fiom 3 to 7. The s i x  of a 11lock is l k .  5k. or 10k iiid(:xi:(l 

plirases. The maxiniiini length of a phase  signatiire is 16 bits. 24 bits. or 32 l i ts  

If tlie ~iiaxiuiiirri riilniber of hits iri a pluase signature is z arid tliere are 110t 

iriariy (listi~ict phrases in a block. the. niimber of bits in a phase  signatiire will 

be cl~oseri to be fewer tlian z bits in tliis block. For the i-word pl~rase liavi~ig tlict 

I~iggest riiiuil~er of disti~ict following words ( the (i + 1) th  words). the lower boii~irl of 

load factors of the word signature space for the (i + 1) th  words is set to be aroiiri(1 

1. 

Search performance and space usages of the two algoritlims are plotted iii tlie 

error-bar style (one of G ~ ~ ~ ~ p i o t ' s  displaying styles [WK]). The values of tlie $go- 

rit liui Bnlar~ce ( to minimize the total uiimber of adjacent collisions) are represeriti'd 

1)y "o" . arid the valiies of the aigorit hm ByMnx ( to  ilse the rnaxirriiiui riiimliers 

of (listirict i-word phrases for (i - 1)-won1 pluases) are represented by .--" . Tlic 

valiies of tlie two algorithrus iisirig tlie same g o u p  of parauleters are cotiriectr'il 1)y 

a vertical li~ie. The longer the hie.  tlie higger the tLiffere11c:e I~etwee~i valiies of t h :  

two dgori t lirus . 

Let lis look a t  space usages first. Tlie x-iucis represents priruarily tlie size of 

tlie signature: the major ilivisioris mark the number of words in a plirase signatiire. 

wkck  ranges froru 3 to 7: in each interval. these niiiior divisions represerit the luiW- 

~iiuui lengths of 16. 24. ruid 32 bits for a phase  signature. Iii each subiiiterval. tliere 

are three saruples correspoiicling to the block sizes of Ik. 5k. aiid 10k respectively. 

Tlie y-axis represents the mimbers of bits per index point. 

Figiire 3.4 sliows nurubers of bits used in a phrase signature. Figure 3.5 shows 

riiimbers of bits iised for storing adjacent collision boiinclaries. We observe tliat 
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Wace1 (ByMax 1-' Balance) 

word numbers 

Figure 3.4: Bits in a phase  signature 

Balance generally uses less space than ByMnx botli for a p h a s e  signatiire aiid for 

adjacent collisio~is. So. tlie total space iised per inclex point. for the signature 

~ u r a y  and the look-aside table. is srrider iising Balance than ByMax. as slmwri 

in Figure 3.6. Note that the space iiseil t ~ y  the look-aside table incliicles adjacent 

collisions and block boundary phrases. as shown in Figure 1.4. 

Altliough &Max uses more space for a phrase signatiire. its word signatures 

are more compressible than Balance. as sLown in Figiire 3.7 wliich shows tiuxubers 

of bits in a p h a s e  signature after compression (as clescrihecl in Sectiori 3.3.1) is 

applied to the signature array. This results from the fact that Balance recogilizes 

Iiow phrases dis tribute between different Ievels. but ignores how phases  dis tribiite 

locally within a level. In fact. Lemma 10 in Section 3.3.3. on which B a l a i m  is 

based. actually assumes the most skew phrase distribution. in which al1 the i-word 

phrases axcept one have ordy one clisti~ict following word. Norrnally the 1~1i1iil)ers 



CHAPTER 3. EXTENSION TO PHR,ASE SIGN.4TUR ES 

I 

ad] (ByMax 1-' Balance) 

111 
'II 

- 3 160 24b 32b4 16b 24b 32b5 16b 24b 32b6 16b 24b 32b7 16b 24b 32b8 
ward numbers 

Figiue 3.5: Bits for adjacent coIlisioiis 

65 r 1 I I I 

1 spacel ;ByMax 1-• Balance) 

1 O I L .  1 1 I 
3 16b 24b 32b4 16b 24b 32b5 16b 24b 32b6 16b 24b 32b7 16b 24b 32bg 

word nurnbers 

Figure 3.6: Total bits per index poirit 



CHAPTER. 3. EXTENSION TO PHR.ASE SIGNATUR.ES 

7 

1 1 l I 

-j 16b 24b 32b4 16b 24b 32b5 t6b 24b 32b6 16b 24b 32b7 16b 24b 32bg 
word numbers 

Figiire 3.7: Bits for a phase signature after compression 

of distinct following wortls of i-word plirases are all much sualler tlien (78; - r ~ i - ~ ) .  

Therefore. Balnrm in gerieral gives a relative h g h  load factor at the first level ancl 

lower load factors at other levelu. 

Biit. if' compression is applied to the signature array. the two algorithms ilse 

a sirnilx amoiint of total space for the siguature array and the look-aside table 

combinecl. except when the number of bits in a phase  signatiire is too small for 

the number of words. siich as 16 bits for G words as shown in Figure 3.5. 

Figiires 3.6 and 3.8 in&cate that for a fked number of bits in a ~ h r a s e  signature. 

the Merence in the total space between the two algorithms. both before and after 

corupressiou. increases as the nurnber of words in a phrase signature increases. 

Figure 3.9 plots the srarck performance for the cases where a phase sig~iatiire 

is based ou 5 words and the maximum number of bits in a phase signatiire is 32. 
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cornpress3 (ByMax 1-' Balance) 

word numbers 

Figure 3.8: Total bits per i~idex point nfter corupressio~i 

assmui~ig eacli distinct i-won1 phrase is searclied once iisi~ig the algoritlim clescriI~c(1 

in Sectiori 1.2. Tlie 2-axis represerits the riilniber of wortls of a plu-ase. Tliars arc 

t l ~ e e  points in eaçh interval on the x-axis. correspondi~ig to the block sizes of Ik. 

5k. and 10k respectively. The ;y-axis is the expected nuniber of &sk accesses to 

a text iising b i u r y  search and scaiiuing as shown in Figure 1.7. We observe tliat 

ByMaz and Balance are very close for phases longer than 2 worcls. For one or two 

word phrases. &Max is faster tlian Balance. For all cases. the expected niunber of 

ilisk accesses to a text to search for a plirase of up to 5 worcls is less than 1.1. 

Generally. we could assign bits to lower levels of worcls (i. e.. the fust or tlie 

secoiid word in a phrase) more generously in order to distinguish plirases as early as 

possible. This iniproves the performance of short phrases. wliich are most conirriorily 

req~iested in practice. Furt herruore. a bet ter performance at lower levels ~riakes klir 

performance at liigher levels better as well. sirice more phases that Lave rliffererit 
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L I 

search (ByMax 1-' Balance) 

Figiire 3.9: Search performance for 32 bits 5-word signetlires 

prefixes hiit tlie same followiiig words are more likely distingiislied already hy tlie 

aiguatiues of tlieir prefixes. Tlius. factors other than rui~urrllzing the total uii1ut)er 

of adjacent collisions might infliieuce liow hest to allocate bits for inilividiial word 

signatures. 

In surumary. our experinients show that the searck performance of Balance is 

good enoiigli. Althoiigh. Balance uses a s i d a r  amonnt of space as &Max d te r  

compressiou for a reasonable combination of tlie number of bits and the numbnr of 

words in a phrase signature. it uses less space thari &Max witkoiit the sigrintiuc 

~irray compression. as predicted by the tkeory. We suggest using Balance to allocate 

bits amorig words in a phase. 
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The number of bits and the number of words in a phrase signature 

How many bits to ilse in a phrase signature and how uiany words are inclii(le(1 iii 

a plnase signatiire are deterruinecl by search requirement s and space reqitiroment S. 

111 generd. the more words a phrase signature contczins. the more bits a phrase 

sigrlatire neeh  to ruaintain a reasonable loarl factor at each level. 

The two utirrrbers affect each other. Some other factors. for example. the 1)lor:k 

size a d  the i i i~uher  of m!ja(:eut COU~S~OILS we cari accept, rriay 'affect the two pa- 

rameters as weU. 

The experiruerits describecl in the previous section use Mesent  conrbi~iatio~is 

of the rrrcucimuru number of bits. the niiuber of words. the block size. and a bit 

(docation dgorithm. Lat ils look at the results from a clifferent perspective. 

As showu in Figure 3.5. the arrioiint of space iised for storing adjacent collisioiis 

iiicraases as the uiimber of words iucliided in a phase  sigtiature i~icreases. Wlieii 

the riilruber of words in a phase sigriatiire is ILO more than 3. 5. and 6 words for t lie 

~uaxixniim docatiou of 16 bits. 24 bits. or 32 bits respectively. the space to ston: 

adjacent collisiotis is less tlian 5 bits per inclex point. 

Figtlre 3.6 shows tliat when the uumber of words in a phrase siguatiire is i i o  

niore tlian 3. 5. and 6 words for the uiaxi~riiim allocation of 16 bits. 24 bits. or 33 

bits respectively. the total space is aroimd or less than 16 bits. 24 bits. or 32 bits 

for strategy Balance. 

Figure 3.8 indicates tliat if rtin-length compression (as describecl in Sectiou 3.3.4) 

is iisetl on the signature array. a longer phrase signature uses less space tliaii a 

sliorter pluase signature as the number of words in a phrase signatiire increases. 

This is because for tliese rueasiuements the look-aside table is not corripressetl. 
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Too riiany adjacerit collisiorrs iutlicates that the total ~iiiruber of bits in a pliïasti 

sig~iatiire is too sruall. or dternatively that too many words are inchided in a plirasr: 

sigtiatiire. assiinlingr 

iricrease the nimber 

R piirase signatiire. 

that bits are properly divided arrrorrg words. We may neecl to 

of bits in a phrase signature or rediice the niiruber of words in 

On the other hanrl. if the niirnber of atljacerit collisions is very s u i d .  we coiilfl 

iriçliide more words iri a phrase signatiire. or rediice the total spnce by rediicing the 

t o t d  nuruber of l i t s  in a plirase signatiire with a tolerable increase in the riiiriiber 

of adjacent collisions. 

As a filial experiuient . total space was exanrinecl for the siifi-signature methocl. 

taking into accoiint stibdivision of the text aricl of the siiffix array into blocks as 

describod in Figiire 1.3. The total space iised by the signature array and stori~ig 

adjacent collision boii~idaries ancl hlock boiindwies for rlifferent block sizes is showri 

iii Figiire 3.10. The 2-axis represents the block size. ancl the y-&s represents tlie 

uiiuiher of total bits per index point. Values before corripression of tlie sig~iatiirr 

m a y  are represented by "O* ' .  and values after the compression <ire represented by 

"+". We observe that when the size of a block is s m d .  bits can be doca ted  arriong 

worrls more siutably to eacli particular block. but more space is reqiLire(1 for tlit: 

hlock list to store block hotindaries. 

3.4 Alternative phrase signature schemes 

111 this section. we study two altematives to the concatenation scheme to create a 

phrase signat me frorri word signatures. One is t lie Chinese reuiai~ider approndi. 

Arrotlier is tlie siiperiuiposition sclieme. 
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O 20 40 60 80 r 00 120 
block srze (k index paints) 

Figure 3.10: Total bits iised by clifferent l~lock sizes 

3.4.1 Chinese remainder approach 

111 this section. we describe au implerue~itation of plirase sigriatixes hase({ ori tlit! 

Clunese remaincler theorem and uiodid~u: arit brrietic. 

Let us look at an example (AHU741. Assume that (pl.p?.p~.p4) = (S. 3.5.7). 

and ( ~ L ~ . T L ? . ~ L ~ . ~ L ~ )  = ( 1 . 2 . 4 . 3 ) .  We have tliat 

dl = ( 3  * 5 * 7)-' rriodido 2 = 1. silice 1 * 105 = 1 modiilo 2. 

4 = ( 2  * 5 * 7)-' riiodulo 3 = 1. si~ice 1 * 70 = 1 modido 3 .  

d3 = (2  * 3 * 7)-' rnodido 5 = 3. since 3 * 42 = 1 modirlo 5. 
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4 = ((2 *: 3 * 5)-' modido 7 = 4. since 4 * 30 = 1 uiodulo 7. 

So. TL = (105 * 1 * 1 + 70 t 1 * 2 + 42 * 3 * 4 + 30 * 4 * 3)  riiodido 210 = 59. a~iil  

(u uiodiilo pl. T L  niodulo pz .  T L  riiodulo p3. I L  mo<lulo p 4 )  = (1.2.4.3). 

Assiiuie tliat Sig( P) contains the information of the first k prefixes of pllrase P. 

Tlie ituplerrieritation of plirase signatitres hasecl ori the Clririese remainder tlieorcui 

is as foliows: 

O Clioose >(: pairwise relatively prime iiitegers. pl. pz. . . . . P L .  tkat are closest to 

selected signatiire sizes of words in phrases. 

a The p h a s e  signature firiiction is 

a Tlie fu~ict io~is couverting a plirase signature into its word signatures are 

for (1 5 i <  k ) .  

To search for a phrase P. we semch for a signature z in the signature file si~cli 

that Sig(7u;) = z modido pi for each word lu; in P. where (1 5 i 5 k). 

Like the concatenation approacli. the Chinese remainder approach satisfies the 

plirase prefix property. The phrase signature space S lias k dimensions and is tlia 

Cartesian prodiict of k word signatiire spaces SI. Sz. . . . . Sk. The size of spacc Si is 

2" in ttlie concateriatiou approach or pi in the Cliiriese reruainder approach. Tliiis 

tliere is more flexibility in docat ing bits to worcls in the latter approacli. 
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In tlie co~icatenation approach. prefkes of pllrase signatures <are identical for 

rlifFerent pluases liavi~ig identical prefixes. In the Chinese reruaiiider appronch. two 

plu.ases do riot necessarily share auy bits even if they have an icle~itical prefix. So. 

sigriatiire files lm& on the coucate~iatiori approach have niore repeated pattcr~is. 

ancl tlierefore are more compressible t hu i  the ones hidt  on the Cl~itiese reriiaiiiiitx 

npproncli. Flirt liermore. it is miicli cheaper to extract word or prefix signatures frorii 

plunse sigtiat~ires iri the coricat enatioii ap pronch tlmn i ~ i  t lie Chiliese reruaixiiler 

npproacli. 

3 A.2  Superimposition scheme 

Iii this section. we stiidy an alter~iativo basecl 0x1 a rriore convention$ phrase sig- 

riat lire sclieme. Ins tead of colicatenating word sigriat ires. we superimpose word 

sig~iatiires to get a plirase signatiire [Fd92]. 

Firs t . we describe the siiperi~liposi tiori sctieuie. The11 we s t udy t lie relatioii- 

slllp between the iiurilber of adjacent collisioris aricl tlie word sigiiatixe sizes. We 

corripare the siiporimposition scheuie aiid the concateriate sclierrie. i~icliiding soriic! 

experiruental results on the OED (wliich is described in Appencluc A ) .  

Word and phrase signatures 

In t lie superimposition scheme. phrase sig~iatiires are creat ed clifferently horu t lie 

concatenation scheme. Word signatures are bit patterns of the sarue size and are 

bitwise OR-ed together to form a phrase signatiire. Faloutsos has shown that iintler 

optimal design. half of the bits in the phrase signature should be set to 1 [FdSS]. 

We will irives tigate the possibili ty of using the superimpositiou sclierue in phrase 

searches and study adjacent collisions for the scheme. 
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Word signatures and phase sigriatiues are of the sanie lerigth. Word signat lires 

uiay be formecl iising any suitable hashing scheme. The signature of the itli word 

lias hi bits set to 1. We superimpose (tising bitwise OR) the signatiires of the first 

k worcls in a phrase as the phrase signature. In total. we wisk to have abolit Lalf 

of the bits set to 1 in a phase signatirne. 

Figiire 3.11 is an example sliowirig how a phrase signatiire is createcl. The piirasi: 

sigiiatiire aiid word sigiiatiires are 32 bits loug. In o~ i r  exuriple the h a  t word in 

the phrase haï 3 bits set. the 2nd to the 5th words have 7. 6. 5. and 4 bits set to 1 

respectively. The phrase *'book is red am1 old*. lias a signatiire 00000111 11010111 

11010110 01100011. with 1s bits set to 1. 

word sigriat lire 

(1st: 3 bits set) book 00000010 O O O l O O O O  00010000 00000000 

(2nd: 7 bits set) is O O O O O O l O  OU000011 O l O O O O l O  00100001 

(3rd: G bits set) red 00000001 00010001 01000000 01100000 

(4th: 5 hits set) and OOOOOlOD O l O O O l O O  1OOOOOOO 00000010 

(5th: 4 l i ts  set) old 00000000 10000000 01000100 01000000 

Figure 3.11: Illustration of a phrase signatiire 

By clefiriition. we have that in the superimposition sclienie a phrase signature COIL- 

tains the signatures of all its prefmes. Tkiis. given a phrase Pi and a phrase signa- 
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tiire Sig. if Pi is a prefix of ariy phase P liavi~ig Sig as its siguntilrr:. t h :  

signatiire of Pi uiiist be contairiecl by Sig. 

Lemma 12 The . w p e r i m p « s i t i « r ~  + d . c r n t :  .wtisfies the Weak Pref ix  P m p e r t y  oj 

phrase s i p a t  r~re.5. 

Word signature spaces <arc: bigger in the siiperiniposition scheme than in tliti 

co~icateriation scherrie. But in tlie coricateiiatiori scherue two plirases collide d y  

when they have tlie same signatiire. wliile in tlie superimposition scheme they uiay 

collide even wken they do riot have the same signatures. For example. if the sig- 

natiires of worcis w1 . 7 4  and .103 are 01001001. 11000010. and 11001001 respectively. 

tlieri the signature of the pl~rase wl w? is 11001011. which contains the signatiire 

of w3 dthoiigh the signature of neither 711, rior ro, contains it . 

Adjacent collisions 

1s the superimposition sclieme hetter or worse than tlie concatenatio~i sclieitie iti 

terrns of riii~nbers of collisions? Let ils look at adjacent collisions for the siiperi~rl- 

position scheme. 

Assume that signatures are of TL bits. a phrase signature is constructed froui 

superiniposing signatures of the firs t k words. and the niixnber of bits to be randoudy 

set at the i th word is hi. 

Let S Le an integer of TL bits witk each bit in i t idy O. First. we set bl bits 

of S according to tlie signatiire of the first word of a plirase P. Then. we set h2 

bits of S based ou the signatiire of the second word. We continue to set bits in 

S like this until the hth word of the phrase P. So. the value in S is the i-word 
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phase signature Sig( Pi) <dtzr processirig the i th word signature. ariil it is the plirasi: 

sig~iatiire S i g ( P )  after processina k words. 

Lemma 13 T?IM pro hail,dity of a bit 

I - 

T h e  ezpected rri~rnber of hits set i7z u k - word phrase  

Proof: hi is tlie number of 1's in the signatiire of tlie i th  word. So. witli n 

probability of e. a bit in a pluase signature woultl not be set by the itli word. 
n! ( n - b , )  

Thiis. with a probability of "ln, . a bit woiild not be set hy the k words. This 
n t ,  ( , ~ - h .  1 

proves tliat iri a k-word phase  signatiire the probability of a bit set is 1 - n k n:=, ( - -hi  aiid tlie expectecl riilruber of bits set is L( 1 - 
TL ) -  

Proof: Assiiiue that m of 7s bits are set in SI. and j of 7~ bits are set in Sr.  SI IS? 

denotes Si bitwise ORed with S2. Then. i of TL more bits are set in Si jS2 t h i  iii 

SI with probability ( j m i )  * (n;m)/(:) if 1 min(m - j . O ) l  5 % 5 nùn(j.  n - m).  a1if1 O 

otlierwise. Becaiise the total number of bits set is s = i + m. we siibstitute s - r r i  

for i to prove the lemrna. O 

Figure 3.12 plots the probability of a signature contaiuing j bits tliat are m i -  

d o d y  chosen. tliat is. Pj.s.j. m. n)  iii Lerririm 14 for s = m. A signature is 71 = 33 
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bits long. and in i t idy  has r r ~  bits set to 1 for 7 r ~  = 14.. . . . 15 (about 7 ~ 1 2 ) .  The 

z-rais represents j .  the nrimber of bits chosen ranclody. and the y-axis is the pro1)- 

sbility. Residts are tleriotetl 1)y --O". --+'*. " x  " . aud '-a" for rrc. the niinit~t:rs of 

bits set ini t idy.  of 14. 15. 16. 17. a d  18 respectively. 

Figiire 3.12: Probability of containiiig j bits 
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Let ils look s t  the probability that s bits are set in a phrase signature. 

CorolIary 5 Asswne that hi < TL bits are set for each ruord ,fui i r ~  a phrase. T h  

pmbahility thnt s bits are set in S ufter the 1st iuord W 
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y 4 - l  - P ( . s . h ; . j . n ) * r ~ e ~ u p ~ > ; _ ~ ( j . h ~ . ? ~ ~  ..... hi-l.rr). 
1-4-1 

nemp; ( . hl . h2 . . . . . hi. ri ) = if di < s < di. 
O. O t lierwise. 

Proof: Skice S is iiritially O a t  every bit and there are hl bits set for tlie t i i -st 

1. if s = hl. 
7~ewp~(.s. hl. TL) = 

0. othcrwise. 

So. the probability of s bits set &ter the 2nd word is 

rrewp(.s.  hl. b?. 71,)  = P(s. b?. hi. T L ) .  wliere u i a x ( h l .  b2 )  5 Y < Un(u .  hl + h ? ) .  Let tlit: 

probability tliat j bits are set after ( i  - 1) words set be n t . ~ p i - i  ( j .  hl .  b?. . . . . hi-, . »). 

where j is in [di-l. di-,]. Notice that 

for i > 1. Thtis. the probability of s of I L  bits being set afterwards is 

for di 5 s 5 4: and O otherwise. O 
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and the  prohahility that  S contalrrs the  s ignature of (L g i v e n  i-word ic 

dl: i 

c~mtainf(i. hl.?)?. . . . . hk.n) = 1 (n[ (h) / (h ) ] )  t r~.ewr>l.(j. hl .  b?. . . . .h i ; .  r r ) .  
j=& t=l 

Proofi hi is the nuniber of bits set for signatilres of words at the level i. (i, ) / (;, ) 

is tlie probability of j bits containing hi bits for j 2 hi. 0 otherwise. l-Jjz1 [(ic )/(rt ) ]  

is the probability of j Lits contaiuiiig a given i-word phrase for j 2 rlr,. O otherwise. 

O 

Lemma 16 T h e  n.c~rrrher of adjacent c«lli.~ions O C ( : . U + ~ ~  hecause of the ith ruonl.. 

for  n of phrases is 

Proofi Let Pl and Pz he two adjacent phrases that have the identical first ( i  - 

1)-words and M e r  at the i th  words. An adjacent collision occurs between Pl 

and P2 if either the signature of Pl contains the signature of the i th word of Pz. 

or the signature of P2 contains the signature of the i th word of f i .  Thiis. the 

probability of an adjacent collision occiming between Pl and P2 is 2 * c; - c; * c;.. 
wlere = contn.in(i.  h l .  I l 2 . .  . . . hl.. n). Since tlie nurnber of bolindaries of distirict 

i-word phrases is (ai - 1 ) .  the number of  distinct houndaries introdiiced by the 

itl-word level is ( 7 ~ ~  - 1 )  - (ni-l - 1 )  = TL; - 11;-1. Therefore. the niimber of adjacent 

collisions occiirring hecaiise of the ith-words is adj-num(i .  bi. b2.  . . . . hi. TL) = ( 2  i 

- * q )  * (ni - TL;-1). 0 
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The superimposition scheme versus the concatenation scheme 

We (:ouip.?re tlie siiperiiuposition sclieriie and the concatenation sclieme iii tliis 

section. We will compare them in teriris of collisions. niore specifiticdy. iii t rr~iis  

of adjacent collisions. because storiug the houndaries of acljaceiit collisio~is iier!ds 

extra space. 

We list S O I L L ~  clifferences betweeri tlie two sclrerues as folIows. 

In the superimposition achenie. eacli word signatiire has the sanie niirul~er of 

bits as a plirase siguature. wliereas a word signature lias fewer bits iu the 

concatenation scherrie. 

O Iri the siiperirnposition scherrie. two phase  siguatiires coUide if one is aiiy 

siihset of the other. whereas in the concatenation scherue. they coIlide ouly if 

tlie p r ekes  are identical. 

In tlie siiperirripositioii sclieiue. if uost  bits are 1 or ruost l i t s  are O in a 

phrase signature. it will collide witli uiany otlier pluasse sigiiatiiles. 1)ecaiisc 

it contailis or is coritaiiied by iuaIiy phase  signatiires. To rriaxirriizt: tlie 

information content of a phase  sig~iatiire. approxiiately half the bits slioiil(l 

b e  set [Fd88]. Thiis the superimposition scherne does not lise the full spare of 

zL. where L is the niiuiber of bits in a plirase signature. 111 the concateriatioii 

scheme. each won1 cordd use its full. dbeit s m d e r  worcl signature space. 

In the siiperiliiposition sclierne. a plirase signature does riot keep tlie ordcr 

informatioii of words of a phrase. anci words in clifferent positions affect eacli 

other. Tlie signature of the tliird word of one phase.  for instance. uiay coritaiii 

the signature of the secoiid word sig~iatiire of anotker. or the superiuipositioii 

of the tllird and tlie fourth words riiay coxitaiii tlie signature of the secorr(1 
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word. Iri the concatex~ation sdieme. two worcls collick o d y  wlim they l~nvc: 

the s a u s  signatiirs arid appoar in the sanie positioris in tlieir plirases. 

To compare the two phase  signature scheuies. we cdciilated the theoretical 

and the experirueutal niimbers of adjacent collisions for v,uioiis conibinatioris of 

bits doca ted  or set for word sigiiatiires on some blocks of data froru the OED (set: 

AppencLix A).  

We experi~rientetl with various combinations of word signature sizes on souif: 

blocks of data in the OED. Each block lias about Z13 indexed phrases such that 

phases in each block start with the same word. Thus phrase signatures are based 

on the 2iicl to the 5th worcls of phases. 

For rriost of tliese blocks. ByMus. a bit allocation strategy liuiiting the niaxi~iiiiiri 

load factor at  eacli level (see Section 3.3.5).  gives 29 bits in total for a pllrast: 

sigriatiu-e. so the total iiiirriber of bits iri a phase  sigliati~re was choseii to be 29 i ~ i  

oiir cxperiure~its. 

The nurriber of bits in a signature of the i th word in a p h a s e  is I;;. We iisril 

dXerent combinations of ( k 2 .  k3 .  h. & ) with X;. in the range of [l. 261 to calcillate 

tlie theoretical nlirnbers of adjacent collisions using Lemlna 8 (Section 3.3.3). WC: 

chose 100 cowbinations that have the smallest theoretical uurribers of adjacent 

collisious. am1 rised these 100 combinatious on the blocks chosen froui the OED 

to calculate the empirical nurnbers of adjaceut collisions. Tlius we coünted tlie 

actiial niluibers of adjacent collisions for the 100 bit-allocations that had the best 

theoretical performance. 

We observecl that t heoretical and experirnental resiilta are very close. as Ulis- 

trated below. 



CH-4PTER .3. EXTENSION TO PHR,ASE SIGNATURRES 

We concliicted s i d a r  experiments iising the superimposition signatiire sclitxiit:. 

We varied the combinations of the riilrubers of bits set for wortls in a phrase to 

see the rdatio~isliip hetween the uitmbers of bits set a ~ i d  the number of ailjacrxit 

To comp~we witli the concatenatioxi scherue. we itsed tlie saule co~iditioiis as 

iised in the previoiis experiuie~its. We itsed the same blocks of lexicographidly 

conseciitive phases frou the OED. Again. since the first words of all the plirases 

in each block are the sarue. we chd not lise the first worcls in the phrase signatiires. 

Tliiis. again phrase signatiires are stntctiired fiom the 271d. 3rd.  4 th. and 5 th words. 

and tlie niiniber of bits in word signatures a ~ i d  phrase signatiires is 29 bits. Tlu: 

niiuiber of bits set iri a signature of the ith word in a phase is kii. We iised 

differe~it combinations of ( k 2 .  k3 .  k g )  with ki in the range of [l. 161 to calcidate tlie 

theoretical uiirulwrs of adjacent colIisions iisiug L e m a  16 ( Sectio~i 3-4-21. Again 

we chose 100 combinations tliat have the smalles t theoretical niimbers of adjacent 

collisions. and iised tbese 100 combinatio~~s on the blocks chosen from the OED to 

i:alculate the enipirical nurubers of adjacent collisions. 

We observed tliat theoretical results are better than experimental results. 1)iit 

they are iiot far froui experirueutal valiies in general. Wlien the expected total 

riiimher of bits set to 1 is betweeri 12.5 arid 16.5. the niimber of adjacent collisioiis 

is s u d .  except wlien tliree words in a plirase have s u i d  nituibers of bits set arid 

one word has ruany bits set. When the expected total nurnber of bits set is less tlian 

10.5 or bigger than 18.5. the niluiber of adjacent collisions increases siibstantially. 

Tl& observation matches Faloutsos' opti~ual analyses: that is. the total number of 

bits set in a phrase sig~iatiire shoidd be close to half of the bits in a phrase signatitre. 
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Cf,~~t~fL.s't 

Tests on all blocks of data had s i d a r  residts. Figure 3.13 and Table 3.1 show 

tlie relationslip betwee~i numbers of adjacent collisions and parcentages of com- 

hinations of l i ts  allocated to words by botli the concatenation scheme ancl tlie 

siiperimposition sclieme for the hlock of phrases starting wit h the word ..l)ook". 

Tliny are the residts of tlie best 100 cornhinations of worcl sigxiatiire sizes i ~ i  terriis 

of arljncent coUisions for each scherrie. 

O 50 100 150 200 250 300 350 400 450 500 550 
# of adjacent collisions 

Figure 3.13: Coucatenation versus superimposition 

In Figiire 3.13. the ~-~axis  represents tlie nuniber of adjacent collisions. aiid the 

y-axis indicakes the theoreticd rank for the combinatiou of bits allocated (if:. .  

point 30 represents the 30th best combination of word signature sizes as predicted 

by the tlieoreticd ~uotlel). There are f o u  parts in Table 3.1. representing the 
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concatenatiori- theoretical 
I 

rank 1 10 25 50 75 90 100 

adj # 331.1 353.2 366.1 382.4 398.1 403.3 407.1 

rnnk 

a d j #  

t 

rank 

adj # 

Table 3.1: Concatenatior~ versiis siiperimposit ion 

superimposi tioii-empirical 

tlieoretiçal iuid empirical results of the two schernes. In eacli part. the first. row 

represents tlie rank of the comhinatiori of bits cdocated or set. and the secorid row 

inclicates the riiiriit~er of adjacent collisions. In our experiments. the total 1iiirri1)t:r of 

adjacent collisions is iiiider 100 for every corubiriation of word signatiire sizes iisi~ig 

the concateiiation sclieme. and above 300 for the superimposition scherue. Tlissc 

ilidkate tLat the superirupositio~i sclieme lias ahout 3 to 4 tirues as uany a. jace~it  

collisions as the concatenation scheme. 

1 

35.3 

1 

34 

Assume there are 10.000(- 213) indexed plirases in a hlock. 14 bits are neeclecl 

for a pointer. 4.5 characters in a word on average. adjacent collision boiimlary 

pluases are 2.5 words on average because tlie first worcl is co~istant across the 1)lork 

75 

59.6 

100 

516 

rank 

a d j #  

10 

40.2 

1 O 

43 

90 

63.2 

1 

372 

100 

66.3 

25 

46.0 

25 

52 

50 

52.3 

10 

400 

50 

63 

25 

426 

75 

70 

50 

439 

90 

79 

100 

89 

75 

160 

90 

480 
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a ~ i d  it iieed iiot Lie storecl. and one cli.uacter reqiiires 8 hits. Ili Table 3.1. tlierr: u i i  

6G adjacerit coutsions in the 100 th best comhiriation for the corrcateriation sclicrrrc:. 

whidi ~ieeds G6*(14+2.5*4.5*8+ l.5*8)/ 10000 = 0.7656 bits per iiidexed plirase: aii(1 

33 1 a(Uaceiit collisioris ixi the niiruber 1 raiiked combination for the siiperimposi t i m  

scheme. wlucli needs 331 r (14+2.5 *4.5 *S + 1.5*8)/1OOOO = 3.8396 bits per indexet1 

phase. Tliiis. acl.jacent collisio~is cost at least 3 more bits per intlexed plirase i ~ i  

the siiperixiiposition scherne tkaii in the coricate~iatioii scliexue. 

A phase signatiire is iised as a filter to liuit disk accesses. Becaiise the fewer 

the wortls. the fewer bits are set. it is more Likely that the signatiire of a short prefix 

is contairiecl by signatures of other phrases. Thiis the siiperimposition scheme lias 

the fimtker clisadvantage tkat the expected number of disk accesses might be everi 

higger ter searcli for shorter. likely more co~uruon. prefutes than for longer ones. 

3.4.3 Perfect hash functions for phrase signatures 

111 the riext two siibsections we hriefly exainirie two other possible approaclies. 

A hash function h is perfect for a set of keys if for ariy z; and zj in the set. 

we Lave h(z i )  = h ( z j )  iff i = j .  Assume tliat them are n words and m liash 

values. Witten. et  al. give a trial and error algorithm to find a mapping functiori IJ 

siicli that a hash fiinction h(w ) = g ( h ' ( w ) )  +, g ( h " ( m ) )  is perfect. wkere +, ineans 

additioii niotlulo rL [WMB94]. It is required that rn > 2n  in order to get siich a 

perfect liask fiiuctioii h after a coristaxit nuruber of trials on average. They also givc 

an algoritlmi for a perfect hash function h(w)  = g(h ' (w) )  +, r ~ ( h " ( ~ o ) )  +, g(11"4(7u)). 

It reqiiires rn > 1 . 2 3 ~ ~  in order to get h. In either approach. the mapping functio~i 

9 occupies rn log n bits. 

Assume that we use the concate~iation scheme for phrase signatiues. We crente 
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a perfect hasli fii~ictiori hi for the i th words of each ( 2  - 1)-won1 plirasc. Thri 

i:oricate~iatio~i of hl..hi is then a perfect Iiash functiori for %-word plirases. For tliis 

approach. WC miist find and record a distinct function for every (i - 1)-word prefiu. 

This clearly neerts a lot of space. 

Alternatively fiinc tion $1; c m  be ctiosen for cd distinct itli words i~i<lepeii<le~itly 

of the first (i - 1) words in the phrase. For tlis ôpproacli. TL (the riii~iiber of kcys ) 

woiild bci qiuto kuge. Assiinie phase sigriatiu-es are basecl on the first k words. Lot 

TL, Le the niimber of distinct a-word phases. and X be the load-factor of fii~ictioii 

9;. Tlie~i. tlie ~itiuil~er of distinct itli worcls ruipht be corrip~~able to (ni - ). 

so. (TL,-n,-, ) 
x kasLing dots are needecl in the mapping table gi of hi. and the total 

riiirubar of bits for uiapping tabks is abolit C ' log2 (71; - TL;-1 ). 

A ~ S S I ~ I U ~  tliere is a block of 10.000 pl~rases witli n i . .  . . .ns  being 1000.2000.3O00. 

4000.5000 respectively. Let a load factor X be 1.5. Theri. space for mapping tabk:s 

is aboiit 5 * 1000 * 10/1.5 bits. whick is aboiit 4.200 bytes (3 .3  bits per phase) .  

Si~ica there <are aboiit 10 t 5 hits for each phrase signature. the total is aboiit 53 1)its 

per phase. As will be seen in Chaptes 4. t l k  expected size of 53 bits per phrase is 

significnntly more space thau is rieeded for the approach we propose. 

3.4.4 Compressed text as phrase signatures 

In text courpressiori. one or more chCxacters are represented by a short code. As a 

resiilt. a text witli TL Latin characters is represented by an ericotliiig that is s1iortt:r 

tlia~i 7~ bytes. Becaiise compression is typicdy used for text streams. text predictiori 

ruodels are used for coding [BCWSO]. 

Table 3 -2 siimrnarizes compressio~i uieasures used t O es timate the e~itropy of 
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orc1inai.y Eiiglisli [BCWSOI . Shannon's rcsidts are tliat iisi~ig O-sani riiode1 ' . onLi- 

iiary Englisli for 26 characters coiilcl be compressecl to abolit 4.70 I~its per cliaractor: 

decreasi~ig to 4.14. 3.56. 3.3 bits per cli.?racter for 1. 2.  3-saru respectively: anil 

2.62 bits per cliaracter for the word model. or 11.79 bits per word asstiruixig 4.5 

cliaracters per word. Evideuce sitggests that compressio~i better than one bit per 

character is not likely to be achieved (WMB941. 

s i x  of let ter rrioclels with grmi: worcl 

alphabet 0 1 2 3 4 S 12 > 100 rriodel source 

from s tatistical analysis of text 

26 4.70 4.14 3.56 3.3 

2 6 4  1 4.75 4.03 3.32 3.1 

- -  - -  - 

frorii experiruents witli siibjects' best guesses 

26+1 4.75 

iipperboiind 4.0 3.4 3.0 2.6 2.1 1.9 1.3 

lowerbound 3.2 2.5 3.1 1.8 1.2 1.1 0 . G  

- 

frorii experirilents with sribjects iisiug ganibling 

26+1 4.75 1.25 Cover and 

King( 11178) 

Table 3.2: Estimates of the storage reqikement of ordi~iary English (bits/char ) 

'A TL-grarri rriodel uses statistical inforniation of rr characteru. 
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Let lis cousider a very cliffereut sigriatiirc sclieuie iri wliicli we apply (:ouiprc:ssioii 

dgoritlirus to a phasc. and tlie~i take tlie fîrst 32 Lits of tlie coruprassed irmli: as 

the sigriatiire of tlie plwse. 

It is g e ~ i e r d y  acceptecl that ari Eriglisli word is aboiit 4.5 cliaracters in le~igtli 

on average. Cousidering tlie space cliiiracter. a word is gerierally tlien alioiit 5.5 

c:lmracters. At prese~it . compressiori tecliniqiies reach about 2 bits per dicvac:ters 

ori average. and a pln-asc of 5 wortls (arid 4 spaces) iises abotit 45 - 53 h t s .  in 

utlier words. a 32 bit signature coritairis about 2.0 - 3.6 words. If a p h a s e  coiilil 

11e compressed to one bit per character. a 5-word phase .  on average iises 22.5 to 

26.5 bits for phase  sig~iatixe. However. even compressiori to 2 bits per ckaracter is 

ncl~evecl o d y  iirider a good probability predictiori. which rieeds a very good worlrl 

uiodei tliat reqiiires a lot of extra space. 

An alternative is t O cornpress worcls instead of plmases. Word couipressioii (:au 

the11 produce (Wferent le~igtlis. We can keep a certain ruilriber of bits from tiac:l~ 

wortl sigiiatiire. and theri coiicateriate t lie111 to forrri a phase  sigriature. Witll tliis 

approacli. 32 bits caii tlien contain soue  informations for 5 words. for exaniple. 

If we liiiii~itai~i a preclictiou mode1 of soue  ki~id. we woiild iri principle get a gomi 

compressiori code for a but the ruocle1 its& woidd occiipy a large aiiioiirit 

of space. 

Bell. e t  al. report that for a O-gram character motlel. we need aboiit 4.7 bits per 

i:haracter. wliicli is about 106 bits per phrase. with no mode1 space cost [BCWOO]. 

A Cgrarri uioclel with 26 letters. iises 2.2 bits per character. ~ieeds at least 2G4 tio(les 

and @es abolit 50 bits per phrase of 5 words. A word mode1 lises 11.70 bits per 

wortl or 59 bits per phrase of 5 words. but we need to maintain a word prohahility 

Iist. 
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111 coii(:hisiori. iising ro~upressiori t eh iq i i e s  to forui a signature for a plirasr is 

coliceptiidy simple. Siicli a phase  signature contains any prefutes of a p h a s e  iip to 

tlio ciitoff point for the phrase signatiire: phrase sigriatiires are orcler-preservirig if 

an order-preserving cocli~ig is used. so hiuary searclies coidd be perforiried: arid tlierc 

are no collisious if corupressio~is are lossless. Like perfect liaslùng. the disadvantage 

is tliat siich an approach uses miicli more space. 

3.5 Conclusion 

In this cliapter. we inves tigated the concatenation phrase signature scheme. Wc 

stuclied strategies to balance parameters. such as the nurnber of bits in a phrase 

signatiire. the niimber of bits in eacli worcl. the size of a block. and the riiilubcr 

of worcla in n plirase signature. We also comparecl the concatenation scheme and 

t lie siiperiuiposition scheuie for plirase signatilres. and explored t lie possibili ties of 

iisirig perfect haslllng technique or a compression teclinique as tlie hasis for the 

siiffk-sig~iat ure met liotl. 

We choose tlie concatenatiori schenie for plirase signatures. This scl~errie is 

l~asecl on simple liashing. and. iidike uiotlificatio~is basod on perfect liaslirig or 

cozi~pression. it is not overly space intensive. 

A siiperirriposition sclieirie is an alternative. but there will likely be more colli- 

sions. because a phrase sig~iatiire can contain a given word signature even tho~igli 

norie of its words have that word signature. We also notice that signature ~ m a y s  

basecl on the concatenation scheme are more easily compressed using standard riin- 

lengtli tecliniqiies t han those based on the superimposition scheme. since ortleretl 

phrases resiiit in repeated prefixes in the sigriatiires. 



Chapter 4 

Searching With Signatures 

We liave explored signature fiinctio~is for words in Cliapter 2. and sigiiatiire strlic- 

tixes for phrases in Cliap ter 3. In t l~is  chap ter. we davelop an algoritlim for searcli- 

ing nsing the signature ~ m a y .  

We first stiidy searclies for simple words: then. we extend the algoritiini to 

plnases. We uext stiidy ways to irriprove searcli performance for tlie proposml 

uictliod. We also disciiss long pllrase searches and range searches. 

4.1 Data model 

Cliapter 2 was based ori a mode1 tkat assimies no words repent. The niode1 in tllis 

cliapter is based on repeated words. This relaxation on words coriies from tlie fact 

tliat individual words occur in several places in a text. The reniainder of the thosis 

assinuies this more realistic text uodel. 

Model 2 (Practical word search data model) T h e r e  is an ordered set of word.~ W .  

d e r e  W = {roi 1 loi 5 7uj. 1 5 i < j 5 T L )  bnsed o n  lexicographie order i r~g  of t h c  



This wortl search morlel is the sanie as the simple word search mode1 exrept 

tliat two lexicograpliically adjacent words iri set W ~uay  he eqiid. Like the siiiiplc: 

word sewcli uiodel. words in set W are sorterl. and the sigtiatiire fii~iction Sig takes 

a word fro~u W as input and generates an integer Sig(mi) as the signature for t hat 

word. When two words are the sanie. ttieir signatures are same. 

We continue to assiurie that operations ori sigiiatiire set Q are niiicli cheaper 

than on word set W. 

4.2 Search Based On Word Signatures 

Since word signature fiiiictions that have no collisions either have no reduction in tlie 

address space. require a large ruodel. or are very expensive to support tipilates. won1 

signat lire hinctious t hat are iised in the suffix-sigiiature met hod yield collisions. 111 

tlùs section we investigate collision hanclling issues in more depth. Next. we give n 

searcli a lgor i th .  wluck is extenderl to phase  ~e~xcli ing in Section 4.3. 

4.2.1 Collision handling 

Since we assume tliat operatio~is on signature set Q are niuch cheaper than on worrl 

set W. we do uiost searching on Q and do as little as possible on W. 

Tlie first step to search for a word ,tu is to look at signature set Q and ideiitify 

entries < i. Sig(wi) > such that Sig(7ui) are equal to Sig(îu). In the worst case. 
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we compare word -ru with those 70;'s picketl in the first step. Becaiisc W is orrlwrirl. 

tlie sexcli of Q can be clone in any order and iinsiiccessful searclies cari ha stoppr:rl 

as soon as WF: firid a range ( j .  k )  for which w, < m < 7uk and S%g(wi) = Sig(,ro) for 

j < i < k .  

To iuprove performance. we choosa riot to searck for words Iiavirig signatixn 

Sig,,, one by one froni iul to 711, in set W. Instead we start in the rnidtlle of W arul 

couipare signatures in a widening range dternatirig towards ml and towarcls ru,,. 

That is. we examine 7 o ~ . 7 u ~ + ~ . 7 u ~ - ~ .  . . .. Once a ruatclied sipnatiire is foiind. wi: 
2 1 

compare the corresponding word witk word 1 1 ) .  Tken we can determine in w1iii:li 

part of set W to contiriiie tlie seczrdi. baser1 on the ordering of W. 

We know that a word in W rnight L e  repeeted several tirnes. Sirice W is orclered. 

repeatad ideriticai words are ml-jacerit and have the sarue sigriatiire. Assuming for 

the uiouierit t hat tliere are no adjacent collisio~is. ail the identical sigriatiires thnt 

are adjacent correspond to the sarue word. Tliiis tiavirig co~up~ared any word frotri 

a g o u p  of acljaceiit words liaving ide~it icd signatures to the target word. we cari 

deternii~ie tkat cd those worcls rriatch 11; or iiorre do. In the latter case. we cari skip 

tlie whole set of acljaceut words liaving signatures eqiial to Sig(7u). 

However. as clisciissed in Chapters 2 and 3. there are &ost iinavoidably aclja- 

cent collisions: a block of aqacent  identical signatures might correspond to <liffereili 

words. Thus to avoid comparing an icle~itical word witk tu repeatedy. we store 

tlie adjacent collision houndaries in a look-aside table (as illustrated in Figiire 1.8). 

As a result. adjacent non-identical words having the same signature are clivirletl 

into different siib-hlocks. Wit hti t hese siib-blocks t here are t herefore iio adjac:c-:rit 

collisions. 

For each adjacent collision boii~idary. the look-asitle table inclildes the lexico- 
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papliically larger word and its index. Worcls that appear in the look-aside tath: 

can l x  foiinïl withoiit going to word set W. We uiay realistically assiirue tliat op- 

eretions OIL tlie look-aside table a are uiiich clieaper tlian on word set W. siiice it is 

~iiiicli srualler in goneral. as proven in Cliapters 2 and 3. In arldition to tliat . siidi 

I~oiiri(lnry words describe limits that rediict: seardi ranges. wlucli tlierefore rerltict: 

search cost on word set W fbr other worïls as well. 

4.2.2 Word search algorit hm 

A set of postings lists and a siguatiire array are b d t  over a text file tezt.  Tlie 

postings lists coutain pointers to words in the text. In the postings list corresporirl- 

ing to a word. tliera are as rnany pointers as that word occiirs in text. Followiiig 

the strategy iiised in siifFm arrays (GBYS921. the postings lists are coticatenated 

in lexicograplicd order. Thus. in the resiilting postirig array. pointers are or- 

rlered lexicograpliically by the worcls tliey reference. The signature array co~itairis 

signatiires of corresponclirig words represeritecl in the postings array. 

Assiinie that text. the postings ~array. and tlie sigriature m ~ a y  are very large aii(1 

,are storecl on disk. Tlie postings array a ~ i d  the signature m a y  are partitioried into 

blocks so that each block fits in memory. 

Norrually. a word fCds inside a single block. But it might be possible tliat a word 

occurs so often that it spans several blocks. as exemplifiecl in Figrire 4.1. In t l is  

case. all nùddle blocks correspond to tLis particular word. and one block at  eacli 

end might contain this word as well. In oiir sxample. the shaded area represents 

a word 7o. wliicli occiipies the last part of the second block. the whole third block. 

aiid tlie beginning of tlie fourth block. Notice that the sliaded areas ixi blocks 2 

and 4 are uecessarily within the nearest adjacent collision points in both blocks. 
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adjacent collision houndaries 

block divisions 1 ' / ' 1 

Figiue 4.1: Blocks and look-aside table 

We assume tliat a block list contai~is block division points ( i e .  word values) 

that (livi<le the postiugs array and the signature array into blocks. This List is 

assiiriied to be sufficiently suicd to fit in irierriory. -We store the fiagrnerit of tlie 

look-aside table corresporiding to aach block toget her wit li the signature array aiid 

postiugs array hagrnent for tliat block. The look-aside table is iised to store au 

a(l.jaceut collisiou boiindary words alid their indices in the postings an-ay. Irisiclr a 

hlock. hiiiary sexcli is iised to firid a word ancl iclentify its two end bolindaries. 

Slie text. tlie postings array. tlie sig~iatiire array. and tlie block list are s torecl on 

ilisk. Before searcliug starts. the block list is loaded into niain rueuiory. Followiiig 

is a word searcli algorithm to search for ail occimerices of a word 11). by iising won1 

Probleui: firid dl tlie occimerices in a text of a word W .  

Input: a word 11): 

hlock list: strings : 

postings array: integers: 



.4yrmture n m y :  int egers: 

look-aside table: (string. integer) pairs: 

Oiitpiit: the riiiml)er of matches and the range i ~ i  the postings ~ m a y  poi~it i~ig to 

mat chng places in the text . 

Algorithm 2 (Word Sewch) 

2. If iu i s  no t  a bloch division point. al1 matches to 7u fnll iuithin one hloclr. Rcad 

this  hlock into rr~c~rrory. D e t e r r r ~ i n ~  the ndjacent coll.isz'on intemal contnirrirrq 

~ 1 1  by searching irr the look-aside tahlc. 

0 If vri i s  listed i n  the table as a n  adjacent col l i s im hwi~ndary word. t h m  the 

c o r r e ~ ~ o r r d i n g  pointer i n  the postings array represents the s r r~~~l lea t  i rdez  

i for which 7oi = W .  Adjuccrrt poitrters for 7ui. ~ i + ~ .  tui+?. . . . h i m g  the 

same  signature and before the ~ i e x t  adjacent c«llision boundanj r -e fere~~ïc  

d l  occ.n~.r-rer~cs of ,iuord 70 in text. 

If ,tir i.5 rrot listed in the tahle. jïnd the pair of arljncerrt ruords in the 

tahle ~zrrroarrdirr~ mord lu. and get the corre-iponditig range [ I l .  12] of t h :  

postings array. 

Starting at positiorr F.  - search u p  and down the signature orrny  

nlternntii~ely to firrd a m a t c h  for sig?,,. If n o  match W fourid. thet .  

tuord 7o does 710t O C C U ~  itr the text. Other-iuise. detennitre the fiwt 

cncouritered interual [ti. t 2 ]  that  matches siglu. 

Pich arry position i in  [ti. t a ] .  Get the i t h  pointer of the postirip 

array and read a luord iu' f rom text «rr disk. Compare iuords m a71d 

70'. 



- If t h e y  a r e  ident ical .  theri po in ters  irr the range [t i .  t?] or1 tht- 

postiriya a m y  po in t  t »  al1 occ.urrences o f i o o r d  m i r t  t e z t .  

- If t h ç y  a r e  net ident ical .  re- i terute  / r o m  S t e p  2 a  ~ i s i n g  [ll. t 1 - 11 

i f  ï U  < 7 ~ '  OT [t? + 1. 1 2 ]  i f  711 > 10'. 

ITL Mt: higher  e n d  hloclr. the  hegirirtirq ruTage t h a t  Icns t h e  rrcatchirtg . s ~ ~ L ( L -  

t . 1 ~ ~  sig,,, and  is before t h e  f irs t  ad jacen t  collision bowidari /  corre.~porrrls 

t 0  WOfd 71). 

I n  t h e  lower  e n d  hloclr. i f  t h e  h ighes t  ad jacen t  collision h o u n d n r y  word  

rriatr:hes tu .  poin ters  f r o m  it to  t h e  erid of the  hlock correspond  t« iiiord W .  

O t h e r ~ u L - e .  firid t h e  .srnalIe.qt pos i t ion  t uihich i.s greuter  than t h e  highc.d 

adjacerct collisiora hoiardery i i i07d arid f r o m  ruhich to  the crtd o f  t h e  hlo(:l: 

d l  posi t ions  h a v e  signat-ure sig,,.. G e t  t h e  po in ter  o n  the postii igs a r r r ~ y  

f07- a n g  posi t ion i in t h a t  iri teniul a n d  rrad the  correspondi t ig  ruord fivrrr 

tezt o n  disk  a n d  cornpare i t  .ilrith. lu.  If t h e y  are ideritical. t h e  range  frr,rr> 

t to the  erid o f  th blocli correaporrds t« word  ? i l .  

Note that the asyrnmetrical test of blocks in step 3 resiilts froru oizr cox~vention 

tliat adjacent collisions always cause the lexicographically greater word to be s torerl 

iri t Le look-aside table. In S tep 2b. pickirig a n y  position in an interval spares remliiig 

word lu' froru text on tlisk if word TU' is coi~icidentally alreatly in rnemory. wIll(:h 

will potent idy recluce cost. 



4.2.3 Experiment al result s 

Let lis look at the search speed of all words in experiments describecl in Section 3.3 - 5 .  

Althoiigh phase s i ~ ~ a t i i r e s  are stored. we are only concerned with the first word 

of aacli The experimeuts use differeut combinations of the block size. tlie 

riiimber of worcls and the maximum niirrrber of bits in a phase signatiue. and a 

bit allocatiori algorithru 011 the Bible. The g a p h  on the left in Figure 4.2 plots the 

srarch performnrice for the hlock size IOk. assiiming every (listinct word is searcheil 

orice. The graph on the right plots the number of bits per index point usetl for 

tlie sigriatiue array and the look-aside table. The z-axis represents the niimber of 

words in a phrase signature. which ranges fiorn 3 to 7. The y-axis represents the 

cxpected niiniber of disk accesses to a text 011 the left graph. and the niimher of 

total bits on the riglit. 

Figiire 4.2: Speed vs. space 

We observe that the expected numbers of disk accesses to the text are always 

less tliaii 1.2. 111 general. the expected number of disk accesses ciecreases and the 

total space i~icreases as the niimber of words increases. This is because the niiniher 

of adjacent collisions iucreases as the niimber of worcls in a phrase sig~iatiire iri- 



creases ii~icl th<: maximiim niiruber of bits in a phase  signatiire reruaiiis iinrliaiigtxl. 

Therefore. more space is reqillred. and searclies are performed iii s ~ i i ~ d e r  rauges. 

wliicli potentially recluces seCuch costs. It  also s k ~ w s  that wlien the iiiirrilwr of 

words in a phase  signature is big erioiigh. the expected tiiirulier of clisk accesses for 

tlie rriaximurn callocation of 16 bits is srricder than 24 bits. wl~ich in tiir~i is SIIL~U~I- 

tli;iri 32 bits. It again is dite to the h c t  tliat there are more adjacent coilisioiis 

for fewer bits tlinii more bits. Th is .  dtlioiigh souietiues more space is iised. tlic 

liigllcr Likelilioo~l of fitidiiiig a word in tlie look-aside table and the suialler rari0i.s 

for searchiug for otlier words. saves disk accesses on average. This is a tracleoff 

hetween spiice and time. and this motivates Section 4.4.1. 

4.3 Phrase search algorithm 

Havi~ig presseiited an iilgoritlirri to searcli for words hy iisi~ig word signatures. wi! 

iiow give ail exteu<lecl algorithm to seuch for plirases by iisi~ig phase  sigiiatiires. 

Again assume tliat tezt is a secluence of words. Plirases consist of siil>seqiirii(:cs 

of words fiorri teat. We create a siiffix array and a signature array for phases in 

tlie text. wliere the su& ~ m a y  contains pointers to phases  in the text. Poiiiters 

in the si if i  array are ortlered hy the l e x i c o ~ a p ~ ü c a l  order of the repentecl plmases. 

The signatiire ~ m a y  is a p a r d e l  array of signatures. one for each phrase in t h :  

text. The order of phrase sigiiatiires is the sarne as tlie order of the correspo~i~tirig 

pointers to phases. 

The phrase signature is basecl on the first k words of the phrase. sticli thet word 

sigiiatwes are concatenatecl to form a p h a s e  signature. Thus. phases Iiaviiig tlio 

same first 1 words have the same 1-word prefix sipatures.  We again lise a look-asi(1e 

table to store the adjaceut colhsious aiid a block list to store block bou~iclaries. 
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An adjacent collision is said to be order 1 if the adjacent collision occiirs at th,: 

itli worcls of the two adjacent phases. Notice that two adjacert j-word plirascs at 

ari  i-order adjacent collision point are rrot eqtial for j = I and e q d  for 3 < I .  

The text. the siiffuc array. the sigriatiire array. ancl the block list are stored 

on rlisk. Before searching starts. the Idock list is loaded into main meniory. T1it: 

followi~ig a l g o r i t h  siipports searclies for all the phases whose 1-word prefixrs 

matcl1 p = w l w ~  . - - wl. 1 5 k. 

Probleni: find all the occimences in a text of a phrase p of length iip to k words. 

I~iput: a phrase p containing a t  most k words: 

block IWt: strings: 

s- i t f ix  a m y :  integers: 

signature array: integers: 

look-aside table: (string. integer) p=airs: 

Oiitpiit: the nuruber of matches and the range in the siiffix array pointing to 

mat chirig places in the t ext . 

Algorithm 3 (Phase Search) 

This nlgori th~l~ o u t p u t s  a flag and a range of the s u f i x  nrray. The flag indicatr-q if 

(L search is ruccessjul or  ~~~nsucces s f t~ l .  The range i nchdes  al1 phrases «ihose 1-ruord 

prefizes are p iuhen the fEag is ~~saccessful". and when the Jag is ~~urrsuccessfi~l". th E 

range is the last range d-urirzg a search in which p falkr. 

1. Create the .s iynature  s igp  for phruse p = iultuz . . . iui. 



If p is listed in the table n.9 n prefix of arr adjacent c»lli.siorr horrridary 

phrase pi:  

- If the order of thU arljrtcerit collis.iori i.5 les5 t h r i  or  c p n l  to  1. t l r r ~ ~  

the corrf:sporiding pointer in the str& ~ t r r a y  rcprf:sen,ts the .wmll~.st  

index i for which pi = p. Adjacent pointers for pi. pi+ l .  pi+> . . . thnt 

have sigrrature .sigP. and hefore the next adjacent collision hoandar-y 

of nrr order 1es.s t h a r ~  or  epral tu 1. corresporrd to al1 occ.r~rrrnr:ez of 

phrase p in tezt .  

- If the order of thk adjucent collision is greater than  1. ndjacetrt poir~t- 

cm for . . . . pi-? - pi- 1. pi.  p i+ l .  pi+?. . . . thut have sigriatl~re .sigp. (~r1.d 

are afier the prewious adjacent o d l i ~ i o t i  hoiardary of an  order  le.^.^ 

t han  or  e p a l  to 1 h ~ r t  hefore the nez t  adjacent c«lli.sior~ h«i~tida~-,y 

of a n  order less than or cqtral to  1 .  c ~ r r e . ~ ~ o r r r l  to id1 oo:urrer~r:c.q of 

phrase p i ~ r  text. 

I f p  t.5 riot listed irl  the t a b l ~ .  f i id  the corre.qmndirq ra7age [LI. L] irl whir:h 

phrase p falb. 

Startirrg at position F. search u p  and dowtr the .~ ipntrare  arrrq  

al ten~ut ive ly  to firrd u match for .si&. If n o  match  is found. therr 

ph-rase p does trot o c c ~ ~ r  irr the text. Set the retunr jlag to  false. n7rd 

retrtmnr the rarrge [ I l .  LI. Otherwise. deterrnine the first en<:owrtcrr:d 

iraterual [t l .  t2 ]  that rriatches sigP. 

Pick arry poaitiorl i i n  [ti. t 2 ] .  Get  the i th  pointer in the strtfi3: a7-ra;y 
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- If thell are identical. tlaeri p o i n t e ~ s  i n  th.c range [ t l .  t?] of thr: 

s«fiz- a m y  point to  al1 occ+urrences of pI~rase p in text. Set the  

r e t u n ~  flag to  t r r~e .  und return the range [ t l .  t?] . 

- If they  are rmt i d e ~ ~ t i ~ a l .  re-iterate f ~ o r n  Step 2u usirig [ l l .  t 1 - 11 

i f p  < p' or [t? + 1.1?] i f p  > p'. 

7. If 11 i.s listed r z c  a pre jx  oj a hlock ditiisiora point. phrase p appear.5 i n  z07rrr: 

adjacent blocks. Center  hlocks al1 correspond to phrase p. As in Algorithm 2. 

rue read the two end blocks i ~ ~ t o  ~~~~~~~~~~9. 

0 171 the higher end block. the hegznning range that  has the rnatching sigtm- 

t w e  s1gP and is hefore th,e f i rd  adjacent collisiora h o m d a r y  of a n  order 

2e.w than or  e p a l  to 1 conesporrds to phrase p.  

- If p i s  (1 pre& of thc highcst adjacent colli-tiori houndary phrase. 

the last range that  ha.5 the m a t c h k g  szgnatzlre aigP and i s  affer thc 

highest adjacent collision boundartj of a n  order less than o r  eqnnl to  

1 mrresporrds to  phrase p. 

- If p is not  a pefia; of the highest adjacent collision bo.i~ndary phra.z.e. 

as  in Algorithm 2. jînd the srriallest posit ior~ t .ruhich i s  greater tFLa7~ 

the highest adjacent collision hoz~ndary phrase and front zuhich to  the 

etid of the hlock al1 positions have signature s igP .  Get  the pointer 

on the s'uflx array for any position i in that interual and reed t h c  

correspondirig phrase from t e î t  »ri disk and compare i t  .wzth p. If they  

are identical. the range frorra t t o  the end of t h  hlock corresponds t o  

phrase p. 
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Diiring searching. t h e  are O(log Q, ) ~omp~arisons witluxi tlie block list. O(log J : /  ) 

co~upwisons within the look-aside table. and O(z,) couiparisous iri a scardi raiigi:. 

wliere q, is the riaruber of entries iri a block list. zl is the total niimber of ac!j;i- 

cent collision phases in a block. aiitl z, is the size of a secarch range of rrratclii~ig 

sigriat lires, 

4.3.1 Experimental results 

Soue fiirtlier experiments were co~idiictecl on the text of the Bible (ses Appendix A )  

to determine the effects of block size on performance. 

We assirme that all distinct existing i-word phases  have the sanie probabdity 

to I>e qiieried. and non-existing plirases are not qiieried in these experirrieiits. A 

plirasr s igi ia t i~e  lias 32 bits and is hased o ~ i  the k s t  5 words. Thc strategy Bt~latm: 

is iised to d o c a t e  bits auiong words in a phase .  

Figure 4.3 shows the expected niirriber of clisk accesses to the text to searcli 

for an i-wortl plirase with block sizas of lk. 5k. 10k. 50k. and 100k. The 2-axis 

represents the riiimber of wartls in a plrase. and t hc g-axis represents the exper:tc:cl 

~iiiruber of disk accesses to the text. Samples are represerited Ly -.O". --+" . ..a". 

.., ". and ..a" for the block sizes of Ik. 5k. 10k. 50k. and lOOk respectively. -4gaiii. 

the average ~iiiniber of disk accesses to the text iinder all parameter settirigs is lcss 

than 1.2. We observed that searching for phases  of orle or two words is noticeablÿ 

faster ou smaller blocks than bigger blocks. 
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O f 2 3 4 5 6 
search phrase length (in wordsl 

Figure 4.3: Search performaiices of Merent  block sizes 

4.4 Selecting phrases for look-aside tables 

We can rediice the average search time by reducing the load factor for one or ruore 

of the co~uporient word signature spaces. There are several ways to rediice a loed 

factor. We could i~icrease bits doca ted  to the %th words by increasing the total 

mirriber of bits in a phrase sig~iatiire. Or. given a fucecl nii~uher of bits in a pliras<: 

siguature. we coidd give oue more bit to tlie ith words by rediicing one bit froxii 

the j t h  words. Or withoiit increasirig the riurnber of bits to the i th words. a load 

factor can be decreased by reducing the nuruber of words to be stored witlii~i a 

single exterit of the signature amay. 

111 t h s  section. we show how to lizriit the number of clisk accesses to a text. \Ve 

will cliscuss how to control load factors wMe uiaintaiiling the same liasli space size 

for the i th words of all ( i  - 1)-word phrases. and how to giiarantee a won t case for 
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searcli perforuimce by piitting some atlditional plirases iii the look-aside table. Wt: 

irivestigate tlie trade-off tliat arises between Wererit parts of the look-aside t a M :  

in ternis of search speed and space. 

4.4.1 Breaking points 

Tlie strategy ByMox or Balarice ( lescr ih i  iii Section 3.3 -5 coidd be iisecl to allocate 

bits iii a plirase signatiire axuong tlie i:ouiponerit wortls. If plirases irre ii~iiforriily 

~Listrihiited. oach i-word siib-spece co~~esporiding to rlifferent (% - 1)-word prefurrs 

woidd have s i d a  load factors. But in reality. cliffixent words mny liave very 

rliffererit iiiiuihers of followirig words appearirig in natiird langiiage phases. For 

exauiple. word rit6 in Figiire 4.4 has maiiy more distinct second worcts tlian worrls 

than a rlesired loact factor. 

Figiire 4.4: Far-oiit~iess of word distributions 

Dividing the siiffix array and signature ~ w a y  into blocks e~iables lis to lise dif- 

ferent riiilubers of bits to represent the itli words of plirases in ddferent hlocks. 

Moreover. within each block. load factors cari be fiirther coritrolled wlde the i th 

words of phrases ,are represerited Ly the salue nuluber of bits. The approacli is to  

pick soue pllrases. to store tlierri in tlie look-asicle table. and to lise tlieiri to ii~urow 

search ranges. like adjace~it collisioti botiriclary plirases. This approacli lowers loarl 



factors for some phrases. and is motivatecl by the observatioii froui Figiire 4.3 that 

searcli performance improves wlieri the riiimler of adjacent collisions increases. 

Control load factors 

We explore the itlea to lower load factors for some phases if' necessary by iisiiig ari 

if lea sirnilx to extendible Iiashirig [FNP S 791. 

Figlues 4.5 and 4.6 illiistrate exteridibk liaslung. Items are liaslied into a lins11 

space with each Iiasli value pointirig to a biicket in which items are storecl. as 

diistrated in Figiire 4.5. Deptks (in circles) iudicate sizes of a hash space for each 

bucket. Wkeri a particiilar bucket is too fidl by some standard. the bucket wiU be 

split into two biickets. For example. the tl&d bucket is split into two biickets. w 

illiistratetl in Figure 4.6. Items in the original biicket will be clivided into the two 

new buckets. Depths of a liask space and buckets niay change as insertions arid 

(leletions go 011. Thiis. each biicket coiilcl have a controllable load factor. 

Buckets 

Figiire 4.5: Before split (extendible hasliing ) 



Buckets 

Figiire 4.6: After split (extendible hasliiig) 

Let ils look back at oiw sufi-sigiiatiire ruethocl. Assiirue tlierc are z adjacent 

collisioris tliat are of ortlers less thnn or eqtial to i .  Then tliesc z adjacent collisioii 

I>oiiiidxics &vide i-word phrases iii a hlock into ( z  + 1) biickets. Assiinie tliat 

eacli (i - 1)-word phase has the saule lias11 space size for following words. Tlieii 

eadi biicket for the i th words has the same hash space size. biit a clifferent loatl 

factor. A biicket liavi~ig more distirict i-word phrases has a kiigher load thnii a 

bticket haviug fewer distinct i-word phases. If a bucket gets too fifi. an i-woril 

phrase cari be chosen to split the space into two parts. and the two Iiew biickets 

will have lower loads than the original biicket. The chosen i-word phase is kept 

iii the look-aside table and serves as a separator of the two new biickets. whicli is 

siruilar to the idea in external liashing with li~uited interrial storage [GLSZ. LKS-I]. 

Whereas extendible liashiug determines whicli siib-bucket to use based on a hnsti. 

tlus approach clioosss sii b-bucket s basecl on t lie keys t hemselves. Tlierefore. wldc 



tlie same ruiurher of bits are used for the i th  wortls of all phases. coritrollal>lct lriacl 

factors are ob t ainad by hiserti~ig addit io~id txeakiug points in the look-aside table. 

Wliicli lmcket a given i-word phrase f d s  i11 depends o ~ i  its lexicographie order in 

relation to dl phrases in the look-asitle table. 

Strategies of inserting breaking points 

Wheri the ~iriniber of distinct i-word phrases that have tlie same h s t  ( I  - 1) words 

exceeds some threshold. phrases can be iiiserted into a look-aside table so that tlie 

uew load factor is aroiind some nuniber p. We will ccd this ch,ecM. Figure 4.7 

illustrates picking breaking points. There are 12 clistinct words. or 19 words if 

repetitions are counted as well. So. either w6. the uiidde word of the 12 clistinct 

worcls. or w10. the rnidde word of the 19 words. coiilcl be picked as a breakhg 

point phrase. Althoiigh the size of hash spaces reniains iinchanged. load factors 

in tlie two uew siibspaces are expected to be half as big as the oue in the origi~id 

space since the niimber of elemelits in eacli new sublist is abolit half as niany as iri 

the original orie. 

Iristead of iising au o v e r d  load factor to rleteruiirie when to split biickets. Liiiiit- 

ing the uiiniler of coilisions iii a single bucket could be used. as implied by exte~idible 

l i a s h g  (FNPS79J. Thiis brenking points could be picked so that between two atl- 

jacent look-aside phrases no more than 2 or 3 distinct i-word phrases liave tlie same 

sigriatiire. We will c d  this chechl. Then. all phrase searches are giiaranteed to l x  

fou~id witlùn 2 or 3 cbsk accesses to a text. Figure 4.8 las  a signature array for a 

list of distinct 2-word phases. m and m' are 2 distinct first words Iiaving the saIiie 

sigriature S .  Signatures of tlieir second words are si. si occurs four tinies after ni 

and three tirnes after .id. Assume that we pick every t k d  occurrence of the saule 

signature as a breaking point. Then. we pick zl and 2 2  as breaking points becailse 
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Figiire 4.7: Ckoose breirking points to rediice load factor 

tlie signatiue ' s  al'  occiirs the tLird tirue at  x i  from the point n and a t  z2 after th<: 

point z,. Altlioiigh .s8 o c c i ~ s  foi= tirries. r n ~  will not be a breaking point 1)ecaiisc 

.s8 occius fewer tliari tliree times after r? is picked as a breakirig point. 

As a t l h d  alternative. breaking points coiild also be picked so tliat (for d 

valiies of i 5 t )  between two adjacent look-aside phases a t q  individual (i - l ) - ~ i m i d  

ph,rase lias no more thau 2 or 3 clistiiict following words haviiig the sarue sigiiatiire. 

This wiU be callecl check2 As a result. very few phases rieecl more than 2 disk 

accesses to a text. Note that unlike for ch.cck1. however. tlie same i-worcl sigiiatiire 

can occiir between breaking points luore than 2 or 3 times in total because distinct 

( i  - 1)-word phrases might have the salue signature. So. in F i g u e  4.8. positio~is 

91 and y? are picked as breaking points where the signature ' s  sl' occurs the tlùrd 

time in the ranges of lu and w'. respectively. Altliough s g  occiirs three times i ~ i  tlic 
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Figiire 4.8: Choose breahng points to limit the lengtli of a collision list 
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range of the word NJ'. y3 WU not be a breaking point becaiise ss occiirs fewer tlinii 

tluse tixues y? is picked as a hrealurig poirit. 

Summary 

Pllrases tliat are picked to lower load factors are stored in tlie look-aside table niid 

are usecl Like adjacent collisioris to narrow searcli rariges. Inserting phases iri tlic 

look-aside t ahle essenticdy gives extra bits to tliose pluases wlde most O t her plirases 

lise tlie assigried number of bits. whicli is suider.  Siicli an approach giiarantees 

a controllable load factor. and iri that sense it has the property of a variable size 

scheiue. However. it does not introdiice new complexities. biit i~istead lises t lit: 

look-aside table. whicli matches t ke a tyle of otir siiffk-signature rue t hod. 

4.4.2 Guaranteeing upper bounds on search time 

In tlie proposecl siiffix-signature ruethod. a look-asicle table is introdiiced to store 

acljaccut collisiori 1)ourihry plirases to solve tlie prohhm of arl.jncerit collisioris. As 

~lisciissecl in Sectioii 4.4.1. siipplerueritary breaking poiiits cari also be inserted tu 

halarice load factors for clifferent i-word phases. Sirice phases in tlie look-asiile 

table rediice the range of the array in wkicli searches are performed. the restdt of 

iisiiig the look-aside table is improved searirch performance. 

Lf most phase searclies can be solved by no more tliau fi  disk accesses. n 19- 

tLisk access perforrua~ice can be giiaranteed by pre-loadirig the res t of the occiirririg 

plirases in ariotler look-aside table. At inclexing tirue. ;ifter a look-aside table 

is bidt to acco~u~uodnte adjecerit collisiotis and breakirig points. we perfor~ii tlie 

following algorit hni to bidd a secoucl look-aside table L: 

For p E teat and p < k ~ o r d s  
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Tlierefore. at seéu-ch tinie. if a phrase p is not in L and iising Algoritliru 3 wn 

have uot foiind a match within / j  disk accesses. then p does riot exist in tlie text. 

-4s a residt. Loth siiccessfd and urisiiccessfid secarclies can be dorie witlin at ruost 

11 disk accesses to a text. Step Sa in Algorithms 2 and 3 of Sections 4.2.2 mil 

1.3 is thesefore repeated at most /j times. Based on Figiire 2.1 of Sectiori 3.3. we 

choose 19 = 2. Since phrases in L need space to store. the niimber of giiaranteeing 

phrases shoiild be kept suiCaIl. If it is foiilid that too many phrases need to be stored. 

the value of /3 should be increased to rediice the number of griaranteeing phrases. 

Phrases in L are stored as strings. and binary search is used to search L. 

When we search for a phrase using Algorithni 3. we start from the niidde of 

a muge and uiove iip and clown towrrrds both eridpoints of the block to firid n 

matclLing siguatilre. As i ~ i  biriirry searcli. if the phrase correspondiiig to a riiatrhc:(l 

siguatiire is not tlie one being souglit. we iterate in the appropriate siibinterval. 

UIlfortiinately. tl& is r w t  a bixiary searcli on matching signatures. So. if tliere wr. 

for iristarice. tliree riiatcliing sigriatures in a range. it is not guaraiiteed tliat orle of 

theru is f o i d  at the h s t  iteration. and two aïe foiuid at the second iteration. In 

Figure 4.9. for exaniple. tliere ,are tliree rriatctiirig points at  positions z. y. aritl s. 

L will be found at the first iteration. and the other two wiU be foiind at the secorid 

auil third iteration. respectively. 

Figure 4.9: Non-binary 



Why rriust L he kept separately? Paradoxically. rediicing the size of a rarigr iuay 

uiake sorne matchhg signatures reqiLÜe more iterations. For example in Figure 4.10. 

t h e  are t h e e  uiirtcliiiig signatures in the range [A .  BI. Match point 2 coiild tic 

fountl at the first iteration. and either point 1 or 3 woidd be foiincl at the secoii(1 

iteratiori. tlepencliiig on which lexicograplricd subiriterval is chosen. H the rmgc 

[A. BI is red~icecl to [A. B']. match point 1 will be foiinrl at tlie first iteration. a ~ i d  t hi: 

otlier two points will be fo~iiid at the secoticl aiid t k r l  iteration respectively. Tliiis. 

iii t l i s  example. r cdwi i i g  t lic size of t lie intcrval increnccs t hc average ancl ~iaxiiiiriui 

niimhers of proles for a siiccessfd search for this particiilar signature! Inserting a 

giiara~iteeing phrase into the firs t look-aside table niay t liarefore iiegetively affect 

phases  already confirmecl to take at uiost P accesses. 

Figiire 4.10: Rediicing a range 

So. giiaranteeing pluases are riot iisecl for rediicing search ranges. I~istearl. 

the look-aside table coiisists of Iwo parts. The first part contains all the  adjacerit 

collision bouiidary phrases and breaking point phrases. Tliey cari h e  iised to rediict: 

searcli ranges. The second part contains "giiarant eeiug phrases" so tliat cd pl~ast r  

searclies are giiaranteed to require a t  rnost ,d disk accesses to a text. Adjacent 

collision hoii~idary phases rriake the suffix-signature methocl work. Breaking poirit 

phrases a ~ r d  giiaranteeing plirases speed up phrase searches. 

Gerierally. tlie more phrases used to rediice search ranges. tlie better searcli 

performauce. and tlierefore the fewer guaranteeing phases are needed. There is a 

trade-off between the two parts of a look-aside table. and we prefer more pluases 
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in the first part of the table tliau in the second part. given a fixecl size of a look-  

aside taide. Thiis. optimizi~ig a look-aside tahle ove rd  coidd br done by i~isertiiig 

txeaking point plirases into a look-aside table to rediice the niirul~er of giiaranteeirig 

pluases. and tliiis liopefidy to retluce the size of the whole table. 

Theorem 1 U.~-MJ the &x-sigrrature rnethod uiith sig7~ature.G stored f o r  al2 k-viiorrl 

phrases. if  t h e  look-aside table f i ts in the sn7n.e hlock a s  the cr.rre.spo7idirq s e y m c n t  

of the . i . i~f ix  arr-a:~/ a r ~ d  t h e  .*.ignnture arrag. t h e 7 ~  al1 searches  o f  lerigth u p  to  X: 1 ~ o d 2 '  

\se.;. can he f t ~ a i ~ d  in at m0.d 3 disk at:r:e..-.- 

Proof: For a siiccessfd searcli. if the target phrase is not a block boiiuclary phase.  

it reqi"es one disk access to get the corresponding index block and at ruost two 

tlisk accesses to the text. If the target plirase is a block boundary phase.  we uiiis t 

consider tlie blocks ori both sicles: a t  tlie highcr end block. it  reqiGes oue (lisk 

access to get the correspo~i&ng index block and no disk accesses to text (mat(:liirq, 

signatures at tlie clic1 of the hlock are all for uratclurig phrases): at the lower eritl 

block. it reqilires one clisk access to get the corresponding index block and a t  most 

oue ctisk access to the text to check if ruatcliing signatures at  the end of the block 

match the target phrase. If the target phrase appears fm more than oue hlock 

boiiriclary. the sarue argiiments Iiold for the iippermost and lowerrnost blocks: every 

phase  in every intervening block must be a match. so t h e  is no need to access 

eitlier tliose index blocks nor the text. Tlierefore. the algorithni requires at xriost 3 

d i s  k accesses for a successful search. 

For ari iirisiiccessfid searck. the target phase  rriust fall within one block. So. it 

reqikes one disk access to get the correspolicling index block and at most two (lisk 

accesses to tlie t ext . dependi~ig on liow uimy mat c h g  sigiiattires are encoiiritered 
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<liiriIlg the searrh. By design. if a uiatcliug phrase is not foiirid w i t h  two n(:i:essc:s 

to tliti text. tlrere is rio match. 

Therefore. ii~ider dl coiiclitioiis. t lie algorit hm requires at most 3 rlisk acresst:s 

to seôrch for a phrase of length iip to k words. O 

If a look-aside table is too big to fit iri the same block as the seg~uerit of the 

~ i i f i - ~ u r a y  and tlie signatiire arrriy. we rerluce the riilruber of index points iii tlic 

IJock to make the corriplete striictiue fit in one block. If as a residt. tliere are too 

iiiany bIocks for the block list to fit in memory. the block list Iias to be storecl iu 

two levels. T l i s  requires one more disk access to get to the corresponcling part of 

the block list. We discilss the two-level block list in Section 6.3. In the worst case. 

inclex phrases in a block are adjacent collisio~i phases.  Then the look-aside 

table hecornes au invertetl list ou al1 k word phases. We will &scuss invertiriz (dl 

distinct k word plirases in Section 7.2. 

4.4.3 Experimental results 

Experiruerits have been done to evaliiate several ways to irisert breakirig points. as 

clescribed in Section 4.4.1. We cboose f l  = 3. i. e. we wish to giiarantee at most 

two disk accesses to the text for any search. whch  is rnotivated by Figure 2.1 of 

Section 2.3. We contrast the following approackes: 

0 r ~ « b ~ e a k - ~ i r ) ~ u u r :  Neither breaking points nor giiaranteeirig phases are 111- 

serted into the look-asicie table. 

0 r~obr-eak: No breakiug points are inserted into the look-aside table. but giiar- 

a~iteeing phrases are insertetl into tlie seco~id look-aside table. 
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cheïk/I: Breaki~ig points are inserted when the load factor of i-worrl p k a w s  

tliat liave the same first ( i  - 1) words exceeds 1. 111 oiir experirrierits. loal 

factors ;ifter hreakirig points are inserted are Limitecl to he at most 0.8. Gtiar- 

ariteeing pluases are iiisertetl into the second look-aside table. 

checki: A breilking point is i~isertecl wheii the tlird appearanre of the saiiit: 

i-word signature for distinct i-word phases is encolintered (therefore avoicliiig 

the rleed to store any gmxanteei~ig phases ) . 

checlrk A breaking point is insertecl when the thircl appearance of the same 

i-word siguatirre for distinct words following a single (i - 1)-word phrase is 

encountered. Guaranteeing phrases are inserted into the second look-aside 

table. 

Again we assume that all distinct existing i-word phrases have the same proba- 

ldity to I)e qiieried. a ~ i d  non-existing phrases are not queried in t hese experiment S .  

A phase sig~iatiire lias 32 bits and is hnsed on the first 5 words. The strategy 

Bltlance is iisetl to allocate bits aruoxig wortls in a phase. 

The foIlowing figures present experime~ital results for eacli of the clifferent ways 

of iriserti~ig breaking points for the texts of Bible and News (see Appench A ) .  Sani- 
-. .. ples are represented by "O" .  "+ . " . and --ao' for no brealr_nogwzr. no break. 

checko. checkl. and check2 respectively. 

Figures 4.11. 4.12. and 4.13 clisplay the expected nuniber of &sk accesses to the 

text to searcli for an i-word phrase on the text of 5.6Mb Bible for block sizes of Ik. 

5k. and 10k indexed phrases respectively. Figure 4.14 shows the searck performa~ire 

ou the text of 84Mb News (for block size 10k). The x-axis represents tlie nurnber of 

worcts in a phrase. arid the y-axis represeiits the expected nuniber of &sk accesses 

to the text. 



nobreak -noguaraniee O 

nobreak + 

:heckû U 
check1 x 
CheclQ A 

word numbers 

Figiire 4.11: Sexch performance ( Bible/ lk) 

O 1 2 3 4 S 6 
word numbers 
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word nurnbers 

nobreak-noguarantee 0 

nobreak + 

check0 o 
check1 x 
check2 A 

O t 2 3 4 5 6 
word num bers 

Figure 4.14: Search performance ( News/l Uk) 



Figlue 4.15 is the total space tised hy the siiffix-sig~iatiue metliod for the Ni:-ti!.< 

aud the Bible for block sizes of lk. 5k. and 10k respectively. The !~-~axis reprt!- 

ssrits the riiiuiber of bits per index point on average for storing tlie sigriatiire ~ m a y .  

adjacent collision Loiinriaries. block hoiiiiclaries. and/or breaking points and giiar- 

aliteeing phases. 

O 1 2 3 4 S 
bible 1 k bible 5k bible 1Ok n ~ w s  

Figue  4.15: Total space 

Observations 

Guaranteeing phases  iruprove search performance a t  the cost of space. Iri geii- 

eral. all three ways of inserting breaking points (checkO. c h e c k l .  and checkY)  irii- 

prove searcli performance and use less spaca t han no  break. wfüch piits giiaraiiteririg 

phirases in the look-aside table biit does uot irisert breaking points. Shiorter plirases 

get more searcli iuiprovement than longer phrases. The residts of check1 ;nicl cli.cirk2 



are dose. and they have the most iuiprovernent and lise the least space. Siuce c h ~ k i  

retp"es no giiarariteeing phrases. il @es a faster index creatioii dile to no tiet:rl 

to clieck if ariy phase is a gtiarranteei~ig phrase. For uiany I>lorks check2 riiqiiircs 

significaritly fewer breakirig points. Tlierefora. we siigges t iisiiig ei tlier cli<:(:ki or 

c:it.eck2. 

Suider 1~loi:ks m e  Ilet ter tliari Ligger oues in teruis of sewrli performaiice nn{l 

spnce becaiise tliey are more adaptive for cdocati~ig bits aruong words. biit a larger 

lilock list rui~st be kept in memory. 

4.5 Long phrase search 

Froxu Cliapter 3. we know tliat a plirase sig~iatiire does not contain cd tlie irifor- 

matio~i of a plirase and does riot always coiitain eriougli informatio~i to ciistirigiiisli 

it from otlier phases. becaiise a plirase signatiire norrnally is based on the first 1: 

wortls. Si~ice a plirase signatirre (:outairis no informatio~i nboiit. words after the k tli 

word. plirases tliat share the first k words canriot be distingiiished frorri eacli othnr 

11y jitst clieckiiig tlreir sig~iatixes. So. we iieed to hande searches for plirases of 

longer tlian k words rlifferently. 

Again. the text. tlie siiffix array. the signature array. and the block Iist are storecl 

oii cisk. Before searching starts. the block list is loaded into main ruemory. 

Proldem: firicl dl the occurrences in a text of a phrase p co~itaining more than k 

wortls . 

Iiipiit: a phrase p containhg 1 > L worcls: 

hlock list: stririgs: 
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. w . . x  rrr-ray: in tegers: 

s.iyr~at.i~re urra y: int egers : 

look-mide table: (string. integer) pclirs: 

Oiitpiit: the iiiinher of matches aiid tlin range in the siiffix m a y  pointiiig LO 

uiiitching places iiil the text. 

Algorithm 4 (Long Phase Search) 

1. Use A l g o r i t h  9 (Phrase  Seurchj  t o  search for phrases corrtaining t h e  f;rst k 

.iuords of s . 

9. If the  result se t  Si corrtnins n few phrases. lue m a y  zirnply check phrases i7r Si 

directly. Otherwise.  go to  the rrezt .$tep. 

0 Otherwise sor t  Si and S?. Therr sequentially g o  thmugh.  SI arrd S2 to  

c m p a r e  positiorrs. T i m e  is 0(11 log Il + l2  log 1 2 ) .  

5. Let  the result se t  of the last s tep  bc St . and go to Step 2. 

Let 1 be tlie lengtli of tlie target phase  (the number of words) and P bc tlie 

~iiiruber of words in a phase  sigtiatixe. The above algoritlirn &vides a long plirasc 



iiito r i ]  k-word fragments (the last one uight have fewer wortls). theri coriil>iiics 

seasch resiilts of tliese frsgmeuts. The total nurnller of &k accesses is 2 [il r > i i  

average. 

Ka k-worcl fragment does not appeas in the block list. it c m  be foiiiid witlliii at 

uiost 3 (lisk accesses. If it sppears r > O times in the block list. as in Figure 1.16. 

the riiimbsr of disk accesses to get all tlie pointers froru a s i i f i  array is at rriost 

x + 2 ( x  for 1)loc:ks I to x arirl two for block O ) .  

Figure 4.16: A plirase covers more thari two blocks 

Let t be tlie riumher of II-word fragmeuts that are not listed in tlie hlock List. 

Tlieti tliese t II-word fragments iieed at ruost 3t clisk accesses. Let h l x  the total 

iiiiruber of ti~iies tliat k-word fragments are listed in tlie block List. Theri tliosc 

( [il - t ) k-word fragmerits rieecl at  riiost ?( [h l  - t ) + b d k k  accesses. In tlie worst 

case. tlie total ~iurnber of &sk accesses is 2 r i ]  + t + h.  

4.6 Range searches 

Tliere are some issues tliat need to be fiirther addressed. 

Iiiterval secarches: How cari the structure be used to support a searcli for all 

phrases t liat are lexicograpliically between two given phrases? 
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Iricouiplete plirase searches: How c,ui the striicttire he iiserl to siipport a 

searclr for ail phrases that sh.ut: a corunion prefix encling in tlie miclille of a 

word? 

We 11s~: Algoritlim 3 ( P h a s e  Seaxcli) of Section 4.3 to get soue i~itermerliate 

residts a1ic1 tlie~i lise a hinary search on a residt set of Algorithm 3. We assitnic 

tliat tlie binary seucli will take a suffix m a y  range arid a plnase S.  ancl retiirii 

**siiccessfiü" with a ralige correspo~icli ng to S .  or retiirn *~iinsuccessfiil" witli a poiiiter 

to tlie phrase in the text that is lexicographicdy geates t  among all those sruder  

t h r i  S .  

Interval search 

AIL i~i tervd search firiils the plirases tliat are lexicograpliically Letwee~i two givm 

plirases pi and p z .  E both pi aud pz exist. the plirases whose i~itlex positions an: 

lxtwecri pi aucl p2 in t he  suffix array are lexicograptllcally betwee~i pl arirl pz .  Biit 

if either or hotli of pl and p2 rio uot exist in a text. we need to find the suiallest 

phrase in a text tliat is bigger t l ia~i  pl. aritl/or the biggest phrase in a text tliat is 

suiclller than pz. 

Again. the text. the siiffk m a y .  the signature array. and the block list are storal 

ori tlisk. aud the block list is loacled irito main rnemory before searching stnrts. 

Probleui: fixid all the plirases in a text that  are lexicographically between two 

plirases pl and p2. 

Inpiit: two phrases pl and p z :  

block lkt: strings: 



. ; ~ f i x  nrray: iutegers: 

. 4 p n t u r e  nway:  integers: 

look-aside table: (string. intoger) pairs: 

Output: the uiimber of phases in a text tliat are le~icographic~dy betwee~i pl a ~ i d  

p2 and the range in the siiffix ~ u r a y  pointing to matching places in the text. 

Algorit hm 5 (Interval Searcli ) 

1. Use Algor i thm .3 (Phrase Search) t«  search for phrases cuhoae prefizes arc p l .  

ret~rrming a fEag and n range. 

2. If the flag i s  *~zlccessjul" .  let the index  of the  first phrase in the range he rl. 

If the fEag i s  -~im~1icceasful". ilse a h i n a q  senrch i n  the range for pl. tuh,ich 

re tan l s  art i d e x  x that referertces the greatest phrase srnaller t h u n  p i .  und let 

z +  1 be r i .  

7. Use Algor i thm 3 t o  seurch for phrases whose prefixes are p? . r e t w n i n g  a f lng 

and a range. 

4. If the flag i s  ~.successfil". let the index  r>f the  Zast phrase in the range be r?. 

If the  flag is ~~~uns~uccessf id".  use  a b inary  search in the range for pz. ruhich 

r e t u m s  a n  index  x that references the  greatest phrase smaller thnn  pz .  and let 

z be r 2 .  

5. If ri > r2 .  there is no  phrase hetween pl and  p z .  Otherruise. phrases fr»rrt ri 

to T? are between pi and p z .  
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Incomplete phrase search 

ASS~LIUC: tliat we s each  for phases with first word "tlie'. . arid a prefk of tlir si: ( : -  

orirl word is .-simg". T h t  is. in tlie target p h a s e  p =?lie siug". tlie last won1 
.. . 

i i t  = - ~ i r g  1s aii incouplete word. So "the siirges*. "the siirgoon*-. ..the siirgery". 

and "the siirgicd- <are nll eliiligihle. We c : d  tLis searcli an in(mmp1ete phrase .ienn:h. 

Unfortiiiiately if m is a proper p r e h  of the lwt  word of a matchhg phase.  t h :  

sigriatiiro of p a ~ i d  tlie sigiiattwr of a 1ui\tc:1Jng phrase uiay ~ i o t  be the sanie. 

We will searcli for phrases that contaixi dl the words in a target phase  p except 

tlie last word. Theu in tlie uiatclulig range. we resort to a biriary search for p. 

Agaiii. the text. the su& array. the signature array. and the block list are storml 

on disk. and the block list is loaded into main memory before searchirig st,arts. 

Proldem: firid ail the occurrences in a text of a p h a s e  p with au iiicoriiplete last 

word. 

kipiit: n plirase p with ari iiicomplete last word: 

block Zist: stririgs: 

S I L ~ X  u m y :  iiit egers : 

s-ig7~at.ru.e arruy: iiitegers: 

look-aside table: (string. integer ) pcùrs: 

Oiitpiit: tlie nuruber of matches ancl the range in the s u f i  array pointiiig to 

matching places iri klia text. 

Algorit hm 6 (Incomplete Phrase Sexch) 

1. Use Algorithm 3 (Phrase Search) t o  search for phrases tuhose prefize.5 urc  p 

ezcept the last word. and get n flng und a rarqe. 
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4.7 Summary 

111 this cliapter. we developed an a l g o r i t h  to seacli for words iising word sigria- 

t lires. extended it t O phrases using phrase signatures. and clisciissed long pl~rase 

searclies and range searches. 

We also cliscussed inserting breaking points and using a second look-aside table 

to irnprove snarch performance for the proposecl su&-signature method. For a 

non-variable signature size scheme. inserting breaking points makes 10x1 factors 

controllable. The performance of at most 13-disk accesses to a text is guaranteed by 

putting giiarariteeing phrases in a second look-aside table. This reduces expectnd 

and worst-case search time withoiit too much extra space behg  reqilired. 



Chapter 5 

Experiment al Validation 

We liave proposed a sitffix-signatiire uietliod fur fast phase  searcliitig ou a large 

static text. In tlus chapter we (lescribe the i~uplerrieritatiox~ of oilr prototype systrrii 

nrid exteusive experimeiits condiicted to test t ka siiffix-signat lire ruetliocl bnseil oti 

tlis concatenatiou of word signatiires of the h s t  h worcls in a phase .  Thc goal 

of the experiuierits is to validate the siiffix-signature metlrod witli respect to 1)otli 

spaca a ~ i d  seardring speecl. 

The searcliing speecl is uieasiirecl in terms of nunibers of disk accesses to srardi  

for a phrase. The extra space that the ruethod uses. in addition to a siiffix array 

aiid a list of blocks for the su& array. iuclucles the signature array anri a look-asiile 

table. 

5.1 Prototype system 

Figiire 5.1 illustrates the hierarcliy of inclices. The s u . x  arrny aicl the s i g r ~ a t , ~ ~ . ~  

( ~ n n y  are dividecl i ~ i t o  fixecl sizerl blocks. Block adclesses and corresporicli~ig hoiiii(1- 



irry ~ u e  kept ixi a h h c k  list. Th<: tezt. the s . i t f ix  nrray. riprrrt.tarc ( ~ n n y .  axi(1 

look-asirle tables are on rlisk. The block list is in rtieniory. Di~ring sexcliing. a par- 

ticidar hlock of the nufi array aiid t lie .sigmrntnre a-. ixicliirling t lie correspoidi~ig 

part of the look-aside table. is loarled into uiemory using orle read operation. 

on disk 
............................................................................................... ./. ................. 

text 

i Suffix array 
i signature array 
........................ \\ r i i n  memory 

- - - - -  - - - -  - - - -  - - - - - - - - -  
I 

Tlie prot O type systeur supportirig tlie siiffix-signature niet hocl lias been impie- 

merited in C. witli abolit 6000 lines of corle. It includes two parts: hwilrliridez and 

Bi~ildirrdez builds a block List. a signature array and look-aside tables based oii 

a text and its siiffix array. Searchph,rase provides o d y  a simple user interface. It 

takes a p h a s e  searcli query from a user and pnnts the nurnber of matches and a 

fe w rua t cliiiig s amples. 

Experirrients with the prototype systeui were run ou a sliared DEC alpha 3000/50S 

machixie. iising the Bible and the News (see Appendix A )  as data soiuces. Tlie 

~iciuiber of words in a plirase signature was chose~i to be 5. and the niilliber of 

pl~rases in a block was 10000. 32 bits were iised for a siiffk array poi~iter. aucl for 

sitiiplicity. aJl phase  signatures. regardless of length. were stored iri 32 bit fields. 



Aboiit SOOKb of rriemory was r e q i ~ e d  for (lata striictiires iised hy hnddindt:~. 

For se(irchphrasc. the times were uieasiired fÏom the mornerit tliat s qiiery was is- 

siietl to the moment that a list of answers was reacly. Shey do riot iricliirle retrievi~ig 

the final niatchi~ig phases from &sk. 

For the Bihle. hr~ildirrrlet  took an elapsed tirue of 10 uii~iiitcis. The Bihle is 5.6M1i 

aiid the s u f i  array is 4.5Mb. The block list. the sigiiatiire array. and tlie look-nsirlt! 

tables ilsa ahoii t 4.9Mh witlioiit any corripression. aiid 3.OMh after coupressing t lic 

signature array (as describecl in Section 3.3.4). Selected phrases were searclied 

against tlie Bihle using searchphrase. wliich required about llOKb of memory for 

its data structures. A typical phrase search required about 0.004 - 0.008 seconrls 

of (:pu tiuie and 0.05 - 0.14 secorirls of elapsed tirne. Some search examples are iii 

Table 5.1. 

1 matches 1 cpu (sec) 
I 1 l 

1 Egyp t  1 658 1 0.004 1 0.064 

I and so 

and there was 

in the beginning 

Table 5.1: Search exarnples in Bible 

168 

a n  east wind to 

For the News. h.clildiridex took an elapsed tirne of 155 rilinutes. The Ne-rus is 

S4.7Mb aricl the siiffix array is 61.3Mh. The block List. the signature array. anil 

145 

20 

0.005 

1 

0.060 

0.006 

0.008 

0.059 

0.136 

0.006 0.105 
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t lie look-aside tables use aI>oiit 66 .OMh without any couipressio~i. arid 43. TM11 <dtzfttir 

cornpressing the signature array (as clescribed in Section 3.3.4). Again selecttd 

plirases were searclied agairist the News iisiiig searchppi~rase. whicli requirerl ahoiit 

170Kh of uieuiory for its data stritctiires. A typical phrase search reqiiirerl aboiit 

0.005 - 0.010 seconds of cpu time ancl 0.05 - 0.15 seconds of elapsed tirue. Soriir 

searcli examples are in Table 5.2. 

matches cpu (sec) 

both 

toda y 

tomorrow 

& Y P ~  

and so 

and there waS 1 135 1 0.005 1 0.095 1 

1 

6281 

7212 

334 

388 

524 

ure have a 1 377 1 0.005 0.048 

in the beginning 

Canadian govemment has 

Table 5.2: Searcii examples in News 

0.009 

0.010 

0.006 

0.005 

0.005 

an east wind to 

where did he come fronz 

0.132 

0.130 

0.085 

0.061 

0.067 

40 

23 

O 

O 

0.009 

0.005 

0.149 

0.098 

0.006 

0.004 

0.081 

0.064 



5.2 Design of experiments 

5.2.1 Experiment corpus 

In orrler to verify that the siiffk-signatiire rrietliod works wrll  ori real texts. cxl)tx-- 

inieiits were coridticted ou a coUectio~i of clifferent types of texts. Specifically. the 

texts inclilde the Bihle. NF~.~u.G. the OED. and chta  frorri tlie World Wide W c h .  as 

tlescrihecl t d o w  aritl niore f idy iri Appe~idix A. 

Bihle is aboiit 5.6Mb and lias approxirnately 1.1M indexecl phases.  

News is a lialf year (dan 1 1990 - Jidy 31 1990) collection of articles from the 

Ottauin Citizen uewspaper. It is roiighly S4.7Mh and Las aboiit l5.3M iri<lexc:cl 

phases. 

The OED is tlie Oxford Erqlish Dictio~~ary. second erlition. It is approxi~uately 

545.6Mb and has aroiiud 1.5M distinct words. Its suffix array is roiighly 439.31LIb 

aucl has aboiit 109.SM indexed phrases. 

W W Wl. W W W2. and WW W.7 are collectioris of HTML pages fro~ii the Wor-ld 

Widr Web. They are roughly E.1Mb. 5O.lMb aucl 201.6Mb in size. and have abolit 

0 .S3M. 7.8 M and 34.4M i~idexed phrases. respectively. 

5.2.2 Pararnet ers 

Lexicograpliicd ordering is based on a case-insemitive iridexing: most punctua- 

tion ckarac ters are map ped to blauks. and multiple coiiseciitive blanks are treated 

rqillvalently to a single blank. 
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[ text 1 # bytes 1 f: index points ( avg word lerigtli 1 
Bihle 

News 

OED 

WWWl 

WWW2 

Figure 5.2: Experiment corpiis 

5.6M 

84.7M 

545.6M 

5.lM 

WWW.? 

Block size 

1 
I 

50.1M 1 7.SM 

A 1 h : k  is a unit t h t  is loa~led into niemory from rlisk and in wlùch sear(:ht:s 

are perforriied. For the ptirposes of the experirnents. tlie niiuiher of total iriclexed 

plirases iri each block is fixecl to he 10.000. 

1.IM 

15.3M 

109.8M 

O.83M 

5.42 (char) 

201.GM 

Number of words in a phrase signature 

3.96 (char) 

4.54 (char) 

3.97 (char) 

5.14 (char) 

Phrase sig~iatlires are based ou 5 words of text. This parameter is the sanie for ;dl 

IJocks in a text. 

34.4M 

Phrase and word signature size 

4.86 (char) 

The nu~uber of bits for signatiires of tlie itli words in a phase  is chosen iridepeii- 

&:ritly for eacli inctividiial block. Bits of a plirase signature are clivided amoiig 

worrls usi~ig the strategy Balance. as describecl in Section 3.3.5. Bnhnce tries to 

tihiluize tlie total nu~uf>er of adjacent collisioiis in a block. 



CHAPTER 5.  EXPERZIkfEiVTXL VALIDATION 111 

Tlie uiuul~er of bits iii a plirase signature is at most 32. If tlie total riiixiihrr of 

l i t s  for a phrase is more tlian 32 hits (lfter the iuitid bit assig~iruaiit. tlie 1iiiru1,i:r of 

bits is rediicerl proportion.dy aruong ;dl words. For the i-word phrase Iiaving tlic 

higgest ntimber of disti~ict following worcls ( tlie ( i  f 1) th worcls ) . tlie lower l)oii~i(l of 

loail factors of tlie word sig~iatiire space for tlie (i + 1) th  worcls is aroiiricl 1. Tliiis. 

if tliere are iiot uiany rlistirict phrases in a hlock. the niiriiber of hits in a plirasc 

siguatiu-s will L e  fewer than 32 bits in tlus block. 

Look-aside table 

S trategy check:! (Sections 4.4.3 ancl 4.4.1) is iised to choose breaking points to lower 

loarl factors for soriie phrases. The vdiie of L i  is cliosen to be 2 (see Section 4 . 4 2 ) .  

So. ail tlie searclies for plirases iip to 5 worrls can be doue by at uiost 2 &sk amesses 

to a text. therefore by at most 3 cbsk accesses in total. 

Word signature function 

Tlis word signature fiiriction iiaed in OIE experiuierits is the composition of f (w) 

and 8. cbfi~iecl as follows. Fiinction f (70) is C ( w [ j ]  * pr . i~ne[ j ] ) .  the sii~uruatio~i of 

the niultiphcation of the j th  character m [ j ]  of a word and a prime nuruber prime[jj.  

Function g chvides the result of f ( I V )  into several parts of 1 bits and exclusive- ORS 

tliem togetlier. where 1 is the number of bits in the word signatiire. 

Simple compression 

Ari i-word plirase uiay repeat several times. especially when i is 1 or 2. So. if' 

sigiiatiires are s t ored word-wise. uiany word signa t lires repeat adj ilcent ly a t  lower 
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levds. Riin-hugth e~icocling is used to couipress word signat lires at tliesc: l o w t ~  

levds . 

Let J: 11e tlie uuruber of adjacent repatitious of a word signatiun S .  Wlieii x is 

greater thail a certain niimher. the x repetitioris of the sig~iatiire s are represaiitml 

I)y n pair ( S .  x ) .  For oilr piirposss. the ciitoff value for tlre riin-length ericotli~ig is 

4. An extra bit is ueecletl for each word sigriature s to inclicate if .s is followed Ily a 

repetitiori riiiurber. 

When a fragment of a signature array is reacl into memory. the phase  signatiu-es 

are decompressecl so that they can be processed more easily. 

5.2.3 Performance metrics 

By constriictiori. s e a r c h g  for a p h a s e  iip to 5 words can be cbne bÿ at uiost 2 

disk accesses to a text. Since one cbsk access to index is ueeded for each secarch. 

tlie total niimber of cbsk accesses is at uiost 3. 

Theoretical models have showri tliat tliis cari he  aclUeved with reasoriable spaixi. 

However we wish to see that spacc is d so  ~tranageable in practice. i. i-. that not too 

uiaiiy phrases neecl to he stored in look-asitle tables. 

Thus. we will measme space usage for each text in our experiruents. We will 

dso measlire the average uumber of clisk accesses to a text (so with one eccess to 

tlie index we can know the total average  unibe ber of clisk accesses). 

Space 

We show the spece iised by a signature array. the block list. and a look-aside téilde. 

in ternis of bits per indexed phrase in a text. The size of a plirase signature is 
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~ueasiuerl by the actiid riirmber of bits in it. The space is shown for hoth statcs of 

the sigiiatilre ~ m a y :  before and after simple couipressio~i (see Section 5 . 2 . 2 ) .  

Speed 

The experimcuts are dorie 1)y iisiug tlie proposed ruethocl witli a biriary senri:li ori 

a block of tlie siiffix <array. They are repeated for i-woïd phases for i = 1.2. .  . . .S.  

where 5 is the riii~ul~er of wortls on wlich a p h a s e  signature is hase(1. 

The experiuental residts are shown for all indexed phrases ( to es tirnate tiuie for 

siiccessfid searclies) and for d plirase sigriat lires ( t O es tiruate t h e  for iirisuccessfid 

searclies}. as describecl in Sectiou 5.2.4. 

Search performance is in terms of tlie expected niimbers of rlisk accesses to tlie 

text and the percentages of searches beirig satisfied by j disk accesses. 

5.2.4 Query distributions 

Experiments are <dl clone for %-word plirases. for % between 1 and 5. 

Successful searches 

Searclies for indexed phases are successful searches. T h e e  qiiery clistributious for 

t lie inclexed phrases are used in the experiuient S. 

Eacli distinct i-word phrase is qiieried exactly once. which will be labeled as 

. ~ L T K $ ~ J T ~ ~ L  phrases. 

An i-word phrase is queried as many times as it occurs in a text. wliicli will 

be labeled as proportional t o  occw-rences. 
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0 An i-word phase  to he qiieried is seloctecl according to the DeF(~zio rlistril)ii- 

tiou [DeFS3]. as follows: 

- For s given valiie of i. consider the i-word plirases in decreasiiig ordcr 

of tlie niiuibers of occimences. Cdctdate tlie ciiumlative ~uirril~ers of 

occimences frorii the top. 

- Those phrases accoi~~i t i~ig  for the first 90% of occimences are tlie "liigli" 

freqiiency plirases. Those in t lie next 5% are the -uiecLiiirii" fraqiir~icy 

phrases. Those in the last 5% (whch  will typically be niany. rriaiiy 

phases)  are the .'low" freqiiçiricy plirases. 

- In clioosi~ig a phirase to be ~c~arcliecl. select froru ench of the ..lùgli". 

'-uiecliiiui". and dow" categories with 113 probebility. and sebct tiili- 

f o r d y  witlin eack category. 

Unsuccessful searches 

Searclies for uni~idexed phases are ilnsii~cessfid searclies. We do no t act iially seardi 

for iinindexed phases in most of our experi~uents. Iristead. we assume every plu-ase 

s l p d ~ ~ r e  is equally likely to La requested since an arbitrary phase Las ail rqiial 

probabili ty of having each signatiire. 

Let tlie total uumber of distinct signatiires of the indexed i-word phases of a 

block be Nindczrd. and the total niimber of possible signatiires of i-word phases I)e 

N,.,wt! 

Let S Ge the set of sigiiatiires of <dl the iridexed i-word pluases of a hlork. 

PCartitio~i S i~ i to  Su ü SI u S3 . . . U SC such that  for a sigriatiire s iri S,. 3: is the 

niaximurii niiruber of &sk accesses to search for indexecl i-word phases  liaving s as 
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If the sigiattire of a11 i-word phase  is uot in S. no rlisk access to tlre trxt is 

ueded  to corifirm tliat a phrase liaviug tliat signatiire does uot appear. If tliti 

signature of air i-word phrase is in S,. then a t  ruost z clisk accesses to a text are 

rieeded for t1l.i~ iuLiridexe~l %-word phrase. 

Let IS,I be tlie size of S,. The expected percentage of seCuches without extra 

ilisk access to a t ext is Np""'b'"-N'""""''s')t . xid  the expectecl perceiitage of searclirs 
N p r a i b l r  

is I with at ruost z disk accesses to a text is A for z > 0. whicli is the expertecl 
N p o s  r i b l r  

worst case performance of iiiisiiccessfd searches for i-word phases  aiid is Inbcltid 

as i ~ r ~ i f o n r ~  i - w o r d  .signat?rres in the followixig tables. 

Sirililarly. for eacli ( i  - 1 )-word prefix. we can get t ke expected wors t case pedor- 

niance of iinsuccessful searches for following words . assurning every word signat lire 

of the i th  level is eqiially likely to be reqiiested. Tllis corresponds to a search for 

an i-word plirase for wliich only the itli word does not match the text. The averagc 

of the worst case perforrua~ice over dl ( i  - 1)-worcl prefutes is labeled as ariifonr~, 

s o r d  J i g n a t u r e s .  The ruaximiim of the worst case perforruai~ce of ail ( i  - 1)-word 

5.2.5 Experiment al procedure 

The siiffix array and the signature array are created for a text. They are clividetl 

into blocks. where each block lias a fixed niunber of indexed phrases. 

The look-aside table contains three types of information: adjacent collisioii 

liou~idary phases.  breaking point plirases. and guaranteeing phases.  

Each i-word adjacent collision boiiritlary is represented by the index position 

(an iriteger) aird tlie first 5 words of tlie lexicographically gea t e r  colliding phase .  

Each breaking point is represented by an index position aiid a 5-word phrase. Each 



i-word giiararit eeing phrase is represented by an index position toge tlier wi t li t lit: 

i-worrl plirase. For a hreaking point or giiaranteeing plirase. tlie s~riallest positioii 

of n repeatiiig i-word phase  is storecl. 

Plirases are in bxicograpl~cal order i ~ i  cadi part of the look-aside taille. 

Expeririietits are concliicte(l tlirotigli blocks one by one. AU distinct i-worrl 

plirases in eadi block are searchecl iisi~ig tlie siiffix-signatiire uietliod. Eacli 1)loi:k 

bas its locd residt for i-word plirases. for i = 1.2 .  . . . - 5 .  A text lias a global 

experiniental resiilt . obt ained by aggregating the local results. 

For the qtiery distribution of qiierying each clistinct i-word phrase exactly ouc~:. 

we calcidate the percentage of the distinct %-word phrases that need x disk accesscs 

as a fraction f: of the total niiruber of all the distinct i-word phrases. Expectetl 

seacli t h e  tlie~i is C f ,  + z. 

For the qiiery distribution of queryirig eacli i-word phase as many tirues as it 

occ~irs. we calcidate t hr: percentage of i-word plirases with repetitioiis that itr:wl 

3: disk acresses as a fractioxi fz of tlie total niirriber of occnrrerices of dl i-woril 

plirases. and lise C f: t 2:. 

For tlie ptli clistinct i-word plirase in a block. we keep its sigtiatiire. r l ,  (tlie 

riumber of disk accesses used to searcli for it). and rp (the uurriber of its repeti- 

tioiis). For tlie DeFazio cbstribiitiou. we sort ( d p . r p )  pairs in desceiitlirig order of 

I,. ancl (livide the ordered pairs in three adjacent groiips so tliat the first groiip 

Las 90% of total r,'s. and the 2nd aiid the 3rd 5% each. Then. we calcidate f;'. 

the percentage of i-word phases that ~ieed x clisk accesses. wluch is the average of 

# of pairs iri the 2nd such that d,=t  
# of pairs in the 2nd group . 

alln # of pairs ixi the 3rd that d,=2- Expected time then is C fr + x .  # of pairs in the 3rd group 

We calcidate the expected worst case performance of iinsuccessfiil searclies as 
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clescribed in the siibsection -'Uusiiccessfid searclies" of Section 5.2.4. 

5.3 Experimental results 

We txiefly give experimental resiilts in t l h  seckiou. A niore cletailecl report of seiirrli 

perforrriaiice is foiincl in Appeuch  B. 

Tlie coliiruii labeled *-i-words" in tables represaiit s i-wor d plirases. Sear cli prr- 

formance is given in rows for the siiffix-signatiue methocl and contrasting PAT 

searck [GBYS92]. averagetl over all blocks in the text. 



5.3.1 Bible 

Talk 5.3 sriuiruarizes the expectetl ~iiiruliers of disk accesses to the text to seardi for 

ari i-word plirase hy iisi~ig the proposecl siiffix-signatime uietliod and the Imre PAT 

seacli. The siiccessfiil search performa~içe is pesenterl tinder the tliree c1ifferc:iit 

qiiery distrihiitioris. a ~ i d  the iuisiiccessful searcli performance is measimed by iisi~ig 

t lie two iirisiic:cessfd xuodels. 

uniform phrases 

proportional 

to occurrences 

De Fazio 

1 uniform word signatures 11 1.23 1 0.37 1 0.03 1 0.04 1 0.03 

0.92 1 .O3 1.01 1 .O0 1-00 

0.00 

0.09 

O -43 

0.02 uniform i-word signatures 

max(uniforrn word signatures) II 2.00 

Table 5.3: Expected niimbers of disk accesses to a text (Bible) 

PAT 

The average searcli tirue for a phase  is about 1 clisk access to the text using tlie 

sifi-signature ruethocl. and about 14 or 16 clisk accesses to the text tising biiiary 

0.51 

0.90 

2.00 

0.05 1.23 

1.094 1 1.03 1 0.84 

14.48 

14.10 

14.04 

O. 78 

0.94 

0 -77 

14.55 

15.44 

14.26 

14.75 

16.11 

14.02 

uniform phrases 

proportional 

to occurrences 

De Fazio 

0 -92 

0.97 

0.97 

0.97 

16.56 

17.19 

14.15 

15.21 

18.61 

14.88 



searcli wlicu tLt: s i x  of a block is 1OK as ?sisecl in the expesimeiit. 

Table 5.4 siimrriarizes the space mage. The nuruber of bits in a phrase signatiirck 

is 25-31 on average. The simple compression uiethorl c1escril)ed iri Section 5.2.2 re- 

diices tlLis to 19.15. There are 1.45. 0.55. 0.02 and 0.03 bits per p h a s e  on average to 

store adjacent collisioris. I~reaking phrases. giiaranteeing phases  and hlock hoiiiid- 

a ies .  respectiveiy. Therefore. the total is abolit 30.36 bits which is compressed to 

21.20 bits per iiiillexed plnase. 

I guara~iteeing phrases 1 0.02 1 

1 # of bits 

I block hoiindaries / 0.03 1 

adjacent collisions 

break points 

I total 1 30.36 1 

1.45 

0.55 

Table 5.4: Space (Bible) 



5.3.2 News 

Table 5.5 siirriiriarizes the expscted niimbers of disk accesses to the text to searcli for 

au i-wortl phase hy iisiiig the proposeil siiffix-signature nicthod and the piire PAT 

search. As lefore. the successful searcli performance is presented ririclsr tlie sanie 

tliree qiiery tlistrib~itions. and the iiiis~iccessful search performance is uieasiirml hy 

iisi~ig t lie t wo iinsiiccessfiil rrioclels . 

[ uniform i-word signatures 1 )  1.00 1 0.78 1 0.08 1 0.01 / O -0 1 

uniform phrases 

proportional 

to occurrences 

DeFatio 

uniform word signatures 

max(uniform word signatures) 

Table 5.5: Expected uumbers of disk accesses to a text (Ne.ws) 

0.98 

0.08 

0.36 

uniform phrases 

proportional 

to occurrences 

De Fazio 

Again. the average searcli tirue for a phase  is about 1 disk access to tlie text 

iisiiig the suffk-sigiiatiire methocl. axid abolit 14 or 15 disk accesses to the text 

1-00 

0.82 

0.96 

1 .O4 

0.54 

0.90 

1 .O0 

2.00 

0.99 

0.92 

0.50 

1.86 

15.72 
I 

13.94 

11 -46 

0.99 

0.97 

15.03 

17.73 

14.17 

14.58 

16.34 

14.38 

0.96 1 0.97 

0.06 

1.51 

14.36 

15.12 

14.18 

0 .O3 

1.84 

14.32 

14.76 

14.23 

0.03 ' 
1.81 , 



CH-4 P TEn. 5. EXPERIMENT-4L VALIDATION 

Table 5.6 stiuiruarizes the space usage as before. The niiuil~er of bits in a plirasi: 

sigriatiire is 28-95 on average. The simple compression nietliod clescrihed in Sec- 

tiou 5.2.2 rediices this to 20.81. Tkere are 1.41. 0.54. 0.03 aiid 0.03 bits per pllrase 

on average to store adjacent collisioris. breakirrg phases. gi~~uariteeing phrases and 

block boiindaries. respectively. Therefore. the to ta l  is abolit 30.96 Lits wlricl~ is 

couipressecl t  O 22.52 bits per indexed plxase. 

phrase signature 

# of bits 

28.95 

phase signatiire( compressed) 

adjacent collisions 

l block I~oiinclaries / 0.03 ( 

20.81 

1.41 

break points 

giiaranteeirig phrases 

Table 5.6: Space (News) 

O. 54 

0.03 



OED 

Table 5 .7  siiuimnrizes the expected numbers of &sk accesses to the text to senrch for 

an i-word phrase by iising the proposed siiffix-signature uietliod nrid the piire PAT 

search. As before. tlie siiccessfid search performance is preserited iirider the snriiï: 

thnet: cpiery <lïstribiitious. a d  the iinsticcessfid search performance is ~iieastired 1)y 

iisirig the two iirisiiccessfiil ruoclels. 

1 uniform i-word signatures 1 1  0.63 1 0.53 1 0.12 1 0.04 1 0.03 1 

5-words 

TaMe 5.7: Expected nunibers of &sk accesses to a text ( OED) 

1-word 

uniform word signatures 

max(uniform word signatures) 

As for tlie previous experirueiits. the average searcli time for a phrase is abolit 

1 disk access to the text usiiig the siiffix-signature uietlio<l. aiid abolit 14 to 15 dïsk 

3-words 2-words 

Suffix-Signature 

4words 

0.63 

2.00 

1 .O0 

0.94 

0.97 

1 

PAT i 

Suffix-Signature(unsuccessful) 

1 .O0 

0.80 

0.91 

0.43 

2.00 

1.01 

0.61 

0.82 

uniform phrases 

proport ionaI 

to occurrences 

DeFazio 

0.11 

1-85 

14.55 

16.67 

14.46 

uniform phrases 

proportional 

to occurrences 

DeFatio 

1.06 

0.08 

0.29 

14.50 

16.62 

14.75 

14.87 

14.60 

11.50 

15.18 

8.28 

6.39 

1.03 

0.35 

0.65 

0.06 

1.93 

14.65 

16.44 

13.73 

0.06 

1.97 



accesses to tlie text iising t>incuy sexcli. 

T&le 5.8 S I I I U U ~ ~ ~ I B S  tlie space usage. The riiimber of bits in a phrase sig~iatiiri: 

is 25.75 on average. The simple compression ruethotl rlescribed in Section 5.2.2 re- 

diices t l k  to 11.90. Tliere are 0.87. 0.19. 0.02 and 0.03 bits per phrase on average to 

store adjacent collisions. breaking phases.  giiaranteeing pllrases axirl block boliiiil- 

aies. respectively. Tlierefore. tlie total is ahoiit 27.16 bits wliich is corripresscd to 

16.31 bits per iiidexed phrase. 

phrase signature 

break points 1 0.4d 

# of bits 

25.75 

phase  sigriatiire(corupressed) 

arlj acent collisions 

14.90 

0.87 

Table 5.5: Space (OED) 

guaranteeing phases  

block bolindaries 

O. OS 

0.03 1 



Table 5.9 siiiiirriarizes the expected niimbers of &sk accesses to tlie text to sexcli for 

an i-wortl phrase hy iising the proposed siiffix-signatiire metliod a1ir1 the piire p . 4 ~  

scarcli. As before. tlie successfiil searcli perforuiance is presentetl iinder tlic sanit: 

t h e  qiiery &stribiitioiis. and the iinsiic:cessful searcli performance is rueasi~ed l)y 

iisiiig tlie t wo iiiisiiccessfid ruorlels. 

uniform phrases 

proportional I 
to occurrences 

De Fazio 

- - - - 

1 uniforrn word signatures 11 1.52 1 0.23 1 0.01 / 0.03 1 0.04 1 

1.04 

1 

1 rnax(uniforrn mord signatures) 11 2.00 ( 1.70 1 1.34 / 1.38 1 1.78 1 

0.33 

0.81 

1.02 

1 
0.00 1 

Table 5.9: Expected numbers of clisk accesses to a text ( W WW1) 

O -78 

1.03 

0 -00 uniform i-word signatures 

Again. the average search time for a phrase is about 1 &sk access to the text 

iisiiig tlie siiffix-signatiire uistliotl. aiid abolit 14 or 15 disk accesses to the text 

1.00 

1.52 1 0.43 1 0.01 

1 

0.91 

1-00 

14.46 

15.57 

14.39 

0.99 0.99 

0.96 

0.99 

14.60 

16.37 

14.46 

14.83 

17.94 

14.71 

uniforrn phrases 

proportiona1 

to occurrences 

DeFazio 

0.98 

0.99 

14.51 

15.84 

14.41 

15.59 

18.28 

14.20 



CHAPTER 5.  EXPER.IMENTAL VALIDATION 

Tal~Ie 5.10 siimni,uizes the space usage as before. The niiruber of bits iri a 

plirase sigiiattire is 29.94 on average. The simple compression met hocl clescri hed 

in Section 5.2.3 rediices tliis to 20.92. There are 1.55, 0.52. 0.01 and 0.03 liits 

Ixr  phrase on average to store adjacent collisions. breakingr phrases . griiara~itecirig 

phrases aiid block boii~itlaries. respectivçily. Therefore. the total is ahout 32 .Os Iiits 

wlùcli is (:orupresse(l to 23.03 bits per iiidrxed plirase. 

phrase signature(conipressed) 20.92 

phrase signature 

# of bits 

29.94 

Table 5.10: Space ( WWWI) 

giiarant eeing phases  

block boiindaries 

total 

0.01 

0.03 

32.05 



CHAP TER. 5. EXPERIiVIENTAL VALIDATION 

Table 5.11 siimruarizes the expected niimbers of clisk accesses to t ke text t o search 

for an i-won1 p h a s e  by iising the proposecl siiffk-signatiwe method and the p1u. i :  

PAT searcli. As before. the siiccessful search performance is presented iiricler t h :  

s u e  tlrree qiiery distributions. and the iinsiiccessfid sexch performance is iuen- 

1 uniforrn phrases 

proportional 

to occurrences 

Sue-Signature(unsuccessfu1) 

Table 5.11: Expected ~iurubers of disk accesses to a text ( WWW2) 

Again. the average searcli tirue for a phrase is about 1 disk access to the text 

iisi~ig the siiffix-signature riiethod. and ahoiit 14 or 15 clisk accesses to the text 

0.00 

0.05 

1.94 

uniform phrases 

proportional 

to occurrences 

De Fazio 

PAT 

0 .O0 

O -03 

2.00 

14.47 

15.60 

14.36 

O .O2 

O .O2 

1.52 

uniform i-word signatures 

uniform word signatures 

max(uniform word signatures) 

14.20 

15.32 

14.41 

15.49 

16.83 

13.01 

1.31 

1.31 

2 .O0 

14.89 

17.76 

14.56 

0 -48 

0.33 

1.87 

14.63 

16.05 

14.32 



Table 5.12 siimruarizes the space risage as before. The niiurber of l i t s  in a 

plirase sig~iatiire is 29.62 on average. The simple compression rrietliod de sc r i h l  

iri Section 5.2.2 rectuces this to 20.72. There are 1.30. 0.50. 0.01 and 0.03 l ~ i t s  

psr plirase on average to store adjacent collisions. breaking phases. giiaranteei~ig 

plirases a ~ i d  hlock hoii~iclaries. respectively. Tlierefore. the total is abolit 3 1 .-LG I~ i t s  

whicli is cornpressecl to 22.56 bits per i~idexctd phase.  

1 1 # of bits 1 

1 phrase sigiature(corupressa(l) 1 20.72 1 
I wljaceiit collisions 1 1.30 1 
t 
I l break points 1 0.50 1 

TaHe 5.13: Space ( WWW2) 

guaranteeing phrases 
r 

block boundaries 

total 

tot al(corupressed) 

0.02 

0.03 

31.46 

22.56 



Tiilile 5.13 sii~uniarizes the expected niimbers of disk accassas to  the text to srart-li 

for axi i-woril p h a s e  by iising the proposeil siiffix-signature ruetliod arid tlic piir(: 

PAT seardi. As hefore. the siiccessfid search performance is presented ilrider tlit: 

sanie t h e  qiiery distribiitions. and the iiiisiiccessfid searcli performance is Iriea- 

siired Ily iising the two iiiisiiccessful rriorlels. 

uniform phrases 

proportional 

to occurrences 

DeFazio 

SuffUc-Signature(unsuccessful) 

Table 5.13: Expected niimbers of disk accesses to a text ( W W W.?) 

uniform i-word signatures 

uniform word signatures 

max(uniform word signatures) 

Again. tlie average s e x c l  time for a p h a s e  is about 1 disk access to the text 

iisixig tlie siiffix-sigriatiire uietliod. a ~ i d  about 14 or 15 &sk accesses to tlie text 

1.03 

0.08 

0.40 

14.52 

15.48 

14.40 

1 . O 1  

0.87 

1 .O0 

2 .O4 

0.58 

0.97 

PAT 

1.02 

1.02 

2.00 

14.59 

15.80 

14.40 

uniform phrases 

proportional 

to occurrences 

DeFatio 

1.00 1 0.99 

O .76 

0.57 

1.82 

15.57 

13.38 

10.64 

0.96 

0.99 

0.99 

0.99 

0.06 

0.04 

1.80 

15.04 

18.89 

14.92 

14.73 

16.77 

14.47 

0 .O0 

0.02 

1.61 

0.00 

0.04 1 
1.81 



iising binary seiiscli. 

Table 6.14 sii~uui~arizes tlie space ilsaga as before. The niiriil~er of l i t s  in n 

plirase signature is 29.48 on average. The simple compression uietliod doscril)i!rl 

in Section 5.2.2 rediices t h s  to 19.44. There are 1.19. 0.49. 0.01 and 0.03 l~ i t s  

per phrase on average to store adjacent (:ollisioris. breakmg phrases. giiarariti-ir:iiig 

p h s e s  a ~ i d  block bolindaries. respectively. Therefore. the total is abolit 31.20 bits 

W L C ~  is compressetl to 21.16 bits per iudexed phase .  

phase  signature 

# of bits 

29 -48 

phase  sigtiat ure( compressed) 

arljacent coUisions 

break points 

Table 5.14: Space ( WWW.5') 

19.44 

1.19 

O -49 

guaranteeing phrases 

block boiiudaries 

total 

tot al(co1~1iressec1) 

0.01 

0.03 

31.20 

21.16 



5.3.7 WWWQ on WWWI, WWW2, and WWW3 

111 order to fiirther test oiir approacli in practice. we perforui one uiore se(liitxi(-i: 

of experiuicrits. tlus time iisi~ig a real q11e1-y distribiition. WWkVQ. as tlescrihed in 

Apperidix A.4.4. co~itai~is a trace of 2.7 ruillio~i pllrase searcli qiieritis posed agairist 

t he World Witle Web in t lie f i s  t two ruoritlis of 1997. Qiiery plirases iii W W WQ are 

sexclied agains t t lie W W WI. W W W.2 arid W W W.? (lat a h e s  hy iisi~ig the siiffix- 

sigriatiu-c met Lod. Tables 5.15. 5.16 éml 5.17 su~rirn~arizc the searrh perforriiaii(-c: 

for bot h siiccessful searches and iirisiiccessfiil si'arches for t lie W W WI. W W W2 and 

W WW3. respectively. 

For siiccessfid searclies. tlicise tables list tlie niirrrber of siiccessfid i-wortl qiicrir:~. 

the perceritage of siiccessfiil i-word qiieries over all siiccessful queries. the average: 

riiimber of clisk accesses to a text for n successfd i-word qiiery. ancl the average 

uliul~er of disk accesses to a text for a siicci'ssfid search over lengtlis of siiccessfiil 

seasches. S ida r l y .  t liey list the inforruatiou for unsiic(:essfiil qiieries. 

In tlic urperiruerits. tlie average nuruber of disk accesses to a text for a siic- 

t:t:ssfid seu.i:h is less than 1. The average uiiruher of rlisk eccesses to a text for au 

iiiisiiccessful search is less t han 0.2. wliicli is significantly less t lia11 we liad expact et 1 

fioui t lie earlier exp erinient S. 



CH,ilPTER 5.  EXPER.IhlI%NTAL VALIDATION 

5.4 Summary 

This chap t er presented the impleuient ation of oirr prototype sys teui. experiuierits 

arid residts of tlie proposecl sitffix-signature ruethocl on real world data. 

Tlie r e q i ~ e c t  nuruber of tlisk accesses to a text to searcli for an i-word pluase 

iisiiig oxily a siiffix array is about 14 or 15. The suffix-signature rnetliod recliices tlùs 

to ahoiit 1 for a variety of texts and qiiery cbstribiitions. Unsticcessfid searches are 

particidarly fast iii experitue~its iisiiig r e d  qiiery patterns obtaiiied froru the Worhl 

Wide Web. In addition to accesses to a text. 1 disk access is needed to a siiffix 

array block in the plue siiffix array riietliod. and 1 or 2 rlisk accesses are neetled to 

a siiffix array block and a signatirne block iri the siifi-signature method. 

Table 5.18 siimmarizes space iised by a signature array and aiwliary tables 

iii tcrms of bits per i~idex point for the Bihle. News. OED. WWWI. WWkV2. nrid 

CV WkV.3'. Table 5.19 siimniarizes the total space usage. wliere percentages are based 

on sizes of origiiid texts. Interestiiigly. for web data. tlie total space for tlie iridex 

is uierely 15% more than the space for the text itself. 



Table 5.15: W W WQ searches on ( WW W1) 

lengt h 

1 

2 

3 

I 
4 

unsuccessful searches ! searches 

dis k accesses 

0.860 

0.911 

0.982 

0.932 

# 

1095368 

47086 

4735 

607 

0.986 

1.618 

2.500 

0.000 

successful 

% 

95.4222 

4.1019 

0.4125 

0.0529 

0 .O0 1 

0.002 1 
0.004 

0.005 

# 

761125 

503860 

192386 

73967 

25229 

9843 

4072 

1833 

O .O06 1 

0.0030 

0.0012 

0.0000 

5 10 

% 

48.3449 

32.0040 

12.2199 

4.6982 

1.6025 

0.6252 

0.2586 

0.1164 

1 
disk sccesses 1 

0.325 

0.038 1 

6 

c. 
I 

8 

2.000 

0.000 

2.000 

0.000 

0.000 

0.000 

0.000 

0.000 

I 

0.009 

0.003 

34 

14 

O 

0.002 

0.002 

0.000 ' 
0.000 I 

0.000 

0.000 

0.000 

0.018 1 

861 

429 

246 

154 

85 

53 

54 

169 

0.0002 

0.0000 

0.0001 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

, 

9 

10 

11 

12 

13 

14 

15 

> 15 

0.0547 

0.0272 

0.0156 

0.0098 

0.0054 

0.0034 

0.0034 

0.0107 

total 

1147917 

2 

O 

1 

O 

O 

O 

O 

O 

total 

1574366 

expected disk accesses 

0.863 

expected disk accesses 

0.171 



I 
- - 

successful searches II un: 
7 

Lengt h # % dis k accesses # 

1 1504638 89.7994 0.633 351855 

total expected disk accesses total 

1675554 0.658 1046729 

uccessful searches 

% disk accesses 

33.6147 0 -33 1 

0.0161 0.012 

expected disk accesses 

Table 5.16: WWWQ searches on ( W W W )  



I 
l successful searches 

Iengt h # % disk accesses 

1 1 1629345 84.2269 / 0.732 

unsuccessful searches 

disk accesses 

1 total 1 expected disk accesses 1 

Table 5.17: W W WQ searches 0x1 ( W W W.?) 



iincompressed conipressed 

1 Bible 1 

Table 5.18: Signntiire space for Bible. News. OED. WWWI. WWW2. WWW.7 

compressed Sig # bytes 

Bihle 

Table 5.19: Total S p R C e  (bits per index point) 

Ne,~us 

OED 

Suffk array 

5.6M 

Signature array 

S4.7M 

545.6M 

4.5M (81%) 

G1.3M (71%) 

439.3M (81%) 

4.3M (77%) 3.OM (54%) 

59.3M (70%) 

372.9M (68%) 

I 
43.7M (52%) 1 

224.0M (41%) 



Chapter 6 

Implement at ion Issues 

In this chap ter. we irives tigate sorrie impleruentation issiies. We clisciiss the crcatiori 

of ixitlexes. We stutly the relationslip aruong the niiriiber of ixidex points. tlie 

zricmory size required by the rrrethotl and the block size. We also clisciiss a two- 

level hlock List. 

6.1 Creating a signature array 

In the proposed suffix-signature xuethod. botli a suffix array and a signature ~ m a y  

of a text are ueeded. In this sectiori we examine briefiy how to ge~ierate the (lata 

striictiires. The signature array aiid its look-aside table can be created hy iising the 

siiffix array of a text. or they can be created at the sanie time as the suffix .way 

of a text is created. 

In usine a pre-existing s& m a y  to create a signature array. we read in eacli 

block of a su& array seqiientially. All the indexed phrases in a block adclessed 

1)y tlie pointers in its s i i f i  m a y  block are read into rneruory. Tliere are n randoxri 



tlisk accesses to read plirases if t h e  are TL pointers in the siiffïx array in total. Tlie 

iiiiruher of raricloui tlisk accesses can l ~ e  rediicerl as foIlows [GBYS9ZI: a csrtairi 

~liimber of bloîks of siiffix array pointers are reail. aurl sorted by location in tlit: 

text. tlieri a large niimber of phrases are rearl fioui the text in a seqiiential pass. 

aiid thcn written to temporary rlisk space. Tlien each block of phases froni tlie 

teuiporary phrase file is reeil to irreate signatures. Abolit 97% of corilparisons are 

witl~in 45 cliarai:ters in tlie OED [GBYS92]. If 48 characters are read into meuiory 

for eacli iii(lexe(1 plirase. it is possible to reacl 600.000 plirases into a 32Mb uierrrory. 

For a 600Mb text. this reqiires that we expect to read 1 phrase per kilobyte. so we 

cari lise seqiiential 110. If the disk transfer rate is 5Mb per second. each rea&ng of 

the file needs about 150 seconds. For 120.000.000 index points. it takes 200 passes. 

or ap proxirliat ely 8.3 lioiirs . 

Alter~iatively consider how to create a siiffk ~u ray  arid a signatiue m a y  at  tlie 

same tinio. If a text is too liiige for a siiffk array to be created in ruemory. its 

siiffix ~uray  coiilcl be created by rriergi~ig several smaller siiffix arrays. as stiirlie(l 

aiid describecl in [GBYS92]. The algorithm snggested tliere mes a heap to orga- 

nizc pointers for each siiffix array to be merged. reads phrases associated witli anch 

pointer a~icl coupares tlieni. As irirlicated above. the number of raridom clisk a<:- 

cesses can be reduced by writing a siifficiently large number of phrases to temporary 

disk space. These phases are then merged by niaking a sequential pxss over dl the 

teiriporary plirase files. T h  it requires about 200 passes of reading a file of 600M1). 

wlYch takes abolit 8.3 hotus. When these phases are coriipared and merged. wc 

essentially have all the phases in Ineuiory block by block seqiientially. So. we (:ail 

create signatilres for a block after the block is formed from the rnerge. 

Bits in a phrase signatitre are allocated auiong wortls basecl ori the phase  <Lis- 

tributioii of tlie block. Word siguatiires are created by sorne liasliing fiinctiolis. 



aiid plirase sigriatiirns are rreiiterl hy iising the coucate~iatio~i sr:lie~iic. Wlde t lii: 

siguat1l1.n~ are createrl. the adjacent coilision boiintlary phrases anel tlie breakiiig 

poirit phases are recortled into the look-asicle table. Tlie ruiniber of disk amesses 

riceded to searcli for a particiilcar phase wilI not be known iintil the signature array 

Mock is coruple tely created. To fi~id t lie giiararit eeing plrases. each i~i<lexeil i-won 1 

plirase of the hlock is clieckecl after the signature arrny block is created. 

Tlierefore. tlie cos t to create a siutalk signatiirr: array is cornparalde to tlie cost 

t o cseate t Le c:orresponcliug suffix CW;LY. 

The size of a plirase signatiire slioidcl L e  the same as the size of a stored rri tegcr 

vdiie. for example 32 bits. Tlie uuriil~er of words in a plirase sigriatiire is pickm1 

lmed on seardi neecls. Usucdy. 5 or 6 is enough. Block siae coidcl be Ik to 10k 

index points. Sulaller block sizes are better tlian bigger ones in terrus of searcli 

performance arid space. but a lnrgr  11lor.k list ruiist be kept in rueuiory cIiu.irig 

sriu-cllitig. For giiaraxiteeirig plirases. dioosa ij = 2 to giiararitee at ~iiost 2 disk 

awesses to a text for searclliiig for a phase.  Tliese parameters coiilcl be adjiistefl 

&tes creatiiig test signatures for some raidom hlocks. Strategy Balrmcr (lescril)<:il 

iii Section 3.3.5 shoidd he iisetl to doca ta  bits amorig words for a hlork. Strnte- 

gies check1 or check2 tlescribed in Sections 4.4.3 aucl -1.4.1 stioidd l x  irsetl to pick 

lireakirig phrases. 

6.2 Choosing block sizes 

Merriory required for searching inclii(1es a hlock list. a block of s ~ ~ f i  a m q .  a block 

of r i ignatnre  urray and its look-aside table. In memory. both s u f i x  array block a ~ i d  

s i g n a t w e  a n q  block are integer arrays. A look-aside table cont aiiis adjacent col- 

lision inforuiation. breaking plirases. aiid giiaranteeing phrases. A cljacerit collisioii 
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iiiforiuation iricliides adjacent collision 1)oiiriclary plirases ( strings ) . t lieir ralat ive po- 

sitions in a Llock (ilitegers). and word positions (integers) a t  wliich coUisions occiir. 

Breaking plirases aiid giixantee phases are strings. and their relative positions in 

a l~lock arc integers. Searclies on look-aside table phrases are biriary searclies oii 

s triiigs. Tlie hlock list coiitaiiis d tlie block boiinclary phases  (s tririgs) arid s t Cartirig 

positioiis (i~itegers) of the blocks. Srarclies on the hlorrl- List are binary searchcs 

on s tri~igs. 

Tliroiigliout tllis tliesis it lias Iieeri iissiirued that wlien the searcli engine opais 

a text file. the block list is loacled into mernory and stays there. Diiring each 

query. one block of the s i i f i  array and tlie signature array and the correspondirig 

look-asirle table are loaded into meniory as a single unit. 

If a block is very big. the bidFers for th<: suffix array and the sigriature anay 

will occiipy a lot space. Fiirtlier~uorc. data transfer tirne is longer for larger blocks. 

Biit if a ldock is very s~iiaIl. there will 1)e Iiiaiiy blocks. and therefore the block List 

will occiipy a lot more space. In tliis section we will stiidy tiow the rneniory size. 

the total niiliiber of iiidex poi~its ariil the block size affect each other. 

First. we define soue  notation. 

T: the size of a text 

N: the total ~iiiniber of index points in a text 

M: tlie rrirturory allowed for data 

TI.: the niimber of i~itlex points in a block 

h: the riiiuiber of blocks in a text 

1: tlie mirriber of cliaracters  IL an eritry of the block list 

1,: tlie number of bytes for aii entry of tlie s u f k  m a y  



1,: tlit: nii~riher of hytes for mi e~ i t ry  of the sigr~atirre =Tay 

lh: tlie iiiirulm of liytes for a pointer in s r i  entry of the block List 

So. WC have .?l = ht. The m,axîmiiru mimber of blocks is b,,, = 2'-lb. S~ILI :~ :  

tliere are S * lh l i t s  of acldressir~g avdable.  and the minimiiru niiribar of blocks is 

'r/."&iT& = N - 
L a ,  ' 

Sincc we wisli to (:dciilate Iuemory reqirirements to sitpport sig~iatiwe mays.  

we rririst exnriiine the data as it will reside iri main uieruory. The s e i d i  algoritli~ils 

irivoke randolu probes into the block List nrd  into eacli block of the signature m a y .  

ancl tkerefore these are stored in an iincouipressed forru in Iriemory. everi if th iy  

are compressecl wheri stored on disk. Tkiis for example. we will assinne 32 bits per 

storecl sigriatiue iiistead of 21 to 23 l~its .  

Clearly we have 

11(1 + I l i )  + 1 / , ( 1 ~  + Ir )  5 M. 

So. 

Tlierefore. tlie ~iiiriiber of iridex points in a bloçk lias to satisfy 

Sirice 

Thris the 

M 2  - 4(1, + 1 , ) ( 1  + Z b )  N is inside tlie square mot. it lias to be at least O. 

rneuiory size for data lias to l)e at least 
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Froni tlin eqtiation. wn see t hat the minimiiui meniory sise iricreases as the ~iiiuilm 

of index points increases. 

Assiuiie tliat 1, = 4 bytes. 1, = 4.25 bytes whick i~icliides 32 bits of a plirass 

sig~iatiue a ~ i d  2 hits for the look-aside table per index point on average. I = 15 

cliaracters ancl lb = 2 bytes. Table 6.1 lists the uiininitim riiemory sizes for OED. 

New..; a1it1 Bihle. 

1 1 # bytes 1 # index points 1 Mmi,(bytes) 1 
1 OED 1 546M 1 llOM 1 248.4K 1 

l 
1 Bible 1 5.6M 1 1.13M 1 25.2K 1 

Table 6.1: Miniumri rrieuiory sizes for OED. News. and Bible 

Fïgure 6.1: Minirutirri meruory size 

Figure 6.1 shows how the uiirùniiim rrieuiory size cliariges with the total riii1iil)er 



of index poi~its. The x-,axis represents the ritiniber of i~idex points wlde the !j-caxis 

sta~ifls for the riiiniruiirri memory size. AccorcLing to this figure. at leest 237K a1u1 

l l l K  bytes are rrequired o r  lOOM and 300M index points. respectively. 

Figure 6.2: Block size vs. niiruber of index points 

We have sliowri that the size of a block has to be in a certain range. Figiire 6.2 

sliows kow the range of possible block sizes responds to the total niimber of index 

points and the uiernory size. The top part shows the iipper hounds of ranges and 

tlie hot tom part sliows the lower bou~ids of ranges. The c-uris is the total x~u~uber 
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of iri&x points. arid the y-Ncis shows the number of index poiuts in a I>lock. Ciirvcw 

for uiemory sizes of 249K (tlie niiniuiiiui size for OED). 500K. 1M. 2M. 4M and Sb1 

bytes are show11 in the figure. 

le46 

mowo 

800000 

700000 

600000 
N - 
m ;; sooooo 

S = AOOOOO 

300000 

200aoo 

i a o m  

O 

Figure 6.3:  Block size vs. rrieruory size 

Figure 6.3 shows essentidy the same data  as Figure 6.2. biit froui a (liffererit 

vantage point. Again the top part shows tlie upper bounds of ranges arid the 

bottom part shows the lower bouncls of raiiges. The 2-.ucis represeuts tlie ruemory 

size. and the !j-axis represents tlie range of possible block sizes. Ciirves for the total 
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riiiruhers of iriclex points of 1M. 10M. 50M. 100M. 200M arid 300M arc sliowii iii 

t lie figlue. 

The reasori tliat the size of a block lias to be in a certain muge is tliat tlie siiffix 

m a y  and the signature m a y  will need a lot of mernory space if each block is Ilin. 

arid if each block is s u d .  more space will he reqiiired for the blorrk list. We ol~servi, 

tliat giveii a iiieuiory size. tlie muge of possible block siaes sliriiiks as tlie iiiiiiilwr of 

total i~idex poi~its iricreases. Aiso. giveii a t o td  niimber of iridex poirits. the rarigc 

of pssible block sizes gets bigger as the uieuory size iricreases. 

6.3 Hierarchical block list 

Silice tlie ~uiriluiiiru Iuemory size reqiiired increases as the riii~uber of i~itlex poiuts 

iiicrtiases. we uiay corue to a point when the iiIlILiruiiru rrieuiory reqiiireruerit cariiiot 

be satisfied. Si~icn the (tata size in Iiierriory is rrffectetl by the size of a block arirl 

the riiiriiher of 1,locks. a LierxclLical strilctixe of block lists u a y  liave to be iiseJ. 

111 Figiire 6.1. the block list is a tree of lieight 2. O d y  the root s tays in iiicriiory 

all the tixue. A correspo~icling leaf hlock of tlie tree is loaderl into rnerriory for eac:li 

s c x d i  qitery. Tl& will rediice the data size in memory. but as a coiiseqiieIicr:. th<: 

riiiuiher of &sk accesses to searcli for n. phrase will be increased by 1 diie to visiting 

a corresponrlirig leaf of the block List. 

We lise the same riotations clefined in Section 6.2. arid let c be tlie riri~uber of 

SUL-blocks i~ i to  wlucli the block List is tlivicled. Assriure tliat a block of tlie siiffk- 

a-ray and the corresporidirig block of sigiiatiire m a y  togetlier ilse rueuiory of a f rd  

page size. that is. page size = T L ( / ,  + 1,). 

Sirice the sarue mernory space cari be iisetl for n leaf block of tlie block list aiicl 
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Figixe 6.4: Hierarchicd block list 

correspon&~ig blocks of the sitffix ~ l r ray  and tlie signature ~ m a y  at cliffere~it tiues. 

we have 

Let a le& hlock of the block list be at most a fidl page size. we have 

Therefore. TL. the nuruber of index points iu a block. lias to satisfy Eqiiations 6.2 

aucl 6 . 3 .  

From Equatiori 6.3. we have 
7 

and from Eqitatiori 6.2. we have 
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l l l s  - . Tùercforc wc Iiwr 

A g i n  assiiuie tliat 1, = 4 bytes. 1, = 4-25 bytes wtlich i~iclurles 32 hits of a 

p h a s e  signatiire and 2 bits for the look-asirie table per index point on average. 

1 = 15 cliaracters and la = 2 bytes. Figure 6.5 shows how the minimuru uieriiory 

size relates to the niiurher of siib-blocks into which the block list is dividecl. ancl 

the total iiiiruber of index points. The g-axis represents the uiinirriiini meniory size. 

ancl tlie z-axis represents the niiuiber of siib-blocks for tlie block list. Ciirves for 

block sizes of 1M. 10M. 50M. 100M. a ~ i d  2OOM index points are stiowu in the figiue. 

We observe that the rriiniuiim meuory size clepends iiot ouly ou the total riiini- 

ber of index points. hiit also on tlie iiiirul~er of siib-hlocks of the hlock list. Wli{:ri 

t lie tiit~iil~er of siib-blocks of the hlock list is in a certain range. the ruirllriitiui 1iiiwi- 

ory size is at its valley. As the riiituber of siib-blocks of the block list increases or 

rlecreases away frorn its v d e y  range. the 1uinim1im meuiory size iricreases. This 

is Lecaiise. for the two level block list. more Iuerriory space is reqiiii.ecl to 1 0 x 1  n 

siib-block of the block List duri~ig eaclr qiiery if the nuniber of siib-blocks of the 

block list is too s d .  and if the riuniber of sub-blocks of the block list is very Lin.  

riiore space is needed to keep the root of the hlock list in nieniory. 

Figine 6.5 also inclicates that for a given uiimber of total index points N. tlic 

aMm.n(N.ci = (1. ueriiory size gets its iui~Li~uiirii a t  a particidar value of c. Let 

have c = ( N ( L p f  " )  ) f . Substituting it for c in Eqiiation 6.4. we liave the ulluiriiiiiii 
4( l f  l b )  
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O 500 1000 1500 2000 2500 3000 3500 4000 490 5OOO 
<t of blocks of Vie black Iist 

Figure 6.5: Minimum ruemory size for given N and c 

ruemory reqillretl for a given .N. 

Figiire 6.6 sliows liow t lie ~uiiuriiilru meiriory size Mm;,& ( N) changes wit li t l i t .  

total niimher of index points N. The 3:-axis represents the riurriber of index points 

while the y-axis stands for the rriiniuiiiru meuiory size. Accorcling to figure. at 

least 2.63K. G.23K ancl 12.10K bytes are reqiked for the Bible. News and OED. 

respectively. 

Figure 6.7 sliows. for llOM total index poiiits ( OED). how tlie range of possil)ltt 

block siaes relates to M (the iueruory size) and c ( the  nuluber of suh-blocks tliat 

a ldock list is divided i~ito) .  The bottoui part of the figure shows in detail tlic 

lower-left corner of the top p u t .  The r-axis is the ruemory size. and tlie ~j-~uùs is 

the nuuiber of index points in a block. Figure 6.7 shows "n-M" ciirves for c = 1. 
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Figiire 6.6: iMiiiimiiru memory size for a given nitruber of index points 

50. 100. 240. 1000. and 2000. 111 the bottoui part. it also plots curve M7,;,( IV. r i )  

for N = llOM. derived froru M,,,;,(N. c) I>y siibstitiiting c by c = Y ,  (froiii 

Eqiiation 6.3). 

We observe tliat for a given iiiirriber of siib-blocks of a block list. the . .~L-M" 

curve is a straight line starting at a point (z. y )  on c u v e  Mmi,(l10 * 10'. TL). Tt 

rueans that for a given riumber of siib-blocks of a block list. the niiiiimuni meruory 

size is 2. the rriirllniuni nuniber of index points in a block is y. and the numher 

of index points in a block is restricted i ~ i  a range. The niinirriuui ~iiiniber of iiiilex 

points in a block is restricted by the total niimber of index points. and the maxirriiim 

niiiuber is restricted by the ruemory size and the page size. The bigger the avCdal>lr 

memory. the larger the possible range of the block size. 

Wheii the nuniber of sub-blocks is very sniall. the riumber of index points iri 



I 1 # bytes / # iiiclex poirits 1 Mmin(bytes) , I 

Tahh 6.2: Miuimiirri rueuiory sizes for OED. Nerus. a n d  Bible 

OED 

N ~ J S  

a block cirrinot be vesy sriiall. otherwise there woidtl Le too mariy hlocks. wliicli 

woidtl uiake big siib-hlocks of the block list. The  maximuru block size decreases as 

the ~iiirnber of siib-hlocks increases. This is because more space is reqiiired by th(: 

root of the block list. 

The bottom part of Figiire 6.7 highiliglits points corresponding to page sizes of 

2k. 4k. and 8k bytes on mrve M.,;,( 110 * loG. TL). The top part higliliglits the poi~it 

coi~esporicli~ig to page size Ik. The nii~ribers of iritlex points in a block for pagir 

sizes of lk.  2k. 4k a ~ d  Sk are at most 121. 242. 454 arid 970. respectively. T h :  

~uinitiiiini Irieiriory siaes reqiiired for page sizes of lk. 2k. 4k axid Sk hytes are almiit 

2G3.8k. 67.7k. 20.4k axid 12.lk bytes. respectively. 

- - 

546M 

S4.7R.I 

6.4 Summary 

111 tlùs chapter we stuclied the relatiotiship among the size of nieruory reqiriretl. th: 

riiiiuber of t o t d  index points. aiid the size of a block for both one-level and two-level 

hlock lists. The  reportecl results are iised for picking parauleters for tlie riietlio(l. 

The  total number of iiidex points determines the rninimiim size of ruemory. For a 

f~iven size of uemory. the block size niiist f d  w i t h  a certaiu range. If siifficie~it 0 

uiemory is not available. a twdevel block list niiist be iised. which costs one niore 

- 

1lOM 12.10K 

15.3M , 6.23K 
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Figure 6.7: Block size vs. uiemory size ( OED) 

disk access for all searches. 



Chapter 7 

Conclusions 

In ttiis cliapter. we siimniarize the residts of t lie thesis. compare the suffix-siguntiirr: 

Irle t liocl wi t h soue O tiier s triictiircs. and oii tline fiiture work. 

We liave proposed tlie siiffix-sigiatiire met liod for searclùiig for all the occimniicrs 

of a giveii phase  in large static texts. Usiiig this uietliotl. searclies caii 

I>e cloiie very efficieiitly. as showri tlieoretically and experiruentally. Assiiuie tliat 

plirase sig~iatiiras are basecl on tlie h s t  Ii worcls of phrases. For a plirase of leiigtli 

1 5 k .  the ruetliod requires two disk accesses on average (one to the index ancl 

aire to tlie text). The average ~iiimher of disk accesses for iinsuccessfiil searclies 

approaches 1 as the nuruber of words in a phrase increases. For botli siiccessfid a1u1 

iuisuccessfid semckes. the niethod raqtiires at most two disk accesses to text iri tlie 

worst case to search for a phrase of length 1 5 k. 

We a tiiclied worcl sigriat lire properties. In particidar. we i~ivestigated the dis- 
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tribiition of the riiirriber of adjacent collisions. tlie clistribiition of tlle ~iiirrilwr of  

collisioris to R given wortl. md the trade-off between signature size arid the riuililwr 

of disk accesses. We gave soliitions to adcless adjacent collisions and to rediiw 

irupacts of separat e collisions. 

We i~ivestigatetl phase  signature sche~lies and proposed the concatenatiou scheriie 

for phase  siguatiires. WC stn(Lied aiid couiparetl strategies to allocete bits anion:: 

words iri n plirase for the co~icateriatiou s(:licrue. We d s o  i~ivestigatetl souie iiltrriiii- 

tivr: planse sig~iatiire s<:lieuies. Wc i:oupucd tlie i:o~icateiiatioii sclieme agai~is t tliti 

siiperirripositiori scherue for phase  sig~iatiires. a d  coricliicled t lie superimposit ion 

sclierue has fa more acljacerit coUisious tLaii the co~icateuatiori sclierue. Wc stiidied 

the possibilities of iisi~ig text couipressioti techniques for p h a s e  signatures. 

WC gave searcli algorithius for the uietliod arid proposed a way to giiarnriten two 

ilisk accesses to tlie text in the worst case to searcli for a phrase of boiinded leiiptli. 

We also clisciisse(1 I ~ d a ~ i c i ~ i g  cliffereut parts of tlie look-aside table and tlie searcli 

performn~ice. We sliowed t liat iiiider uiany <Lis tributions. most searclies reqiiire oiily 

two clisk accesses in total. arid no secarcli for a phrase of boiinded kngth  reqiùres 

ruore thari t h e  &sk accesses in total. 

We gave a ruodel to calculate the ruiniruurn uieruory space and to clioose tlic 

block size for a one-level block list. We also stiidied a hierarchicd hlock list. aiid 

a mode1 for calcidatitig tlie I L L ~ I L ~ ~ U I U  uieuiory space. choosing tlie block size. niid 

divitlitig t Le block lis t . 
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7.2 Cornparison to other structures 

The proposed siiffix-signat ine met hod is very efficient for doing phrase searclies - It 

reqi"es two rlisk accesses on average aiid t h e e  clkk accesses at  most to searcli for 

a phrase of boiin<led leugtli. In particiilar. it is very fast for ii~isiiccessfiil searclies 

1)ecaiise it cari qtiickly filter out iinqualified phrases. In oiir experirrients iising r d  

q~ieries froiri the World Wide Web. iirisiiccossful one-word searclies rieed 0.3 - 0.4 

disk accesses to text on average. and less tlian 0.2 rlisk amosses over ail phirasm of 

(dl llengths. 

It also harides range searches well. Sirice it is based on a siiffk array. aiid 

any operation on a Patricia tree can be simidated on a siiffix array at the cost of 

a factor of 0(log2 n) [GBYS92]. the ruethocl Las a poteutid ilse in otlier kiii(ls of 

searclies. siich as. prnzi7nit;y .wan:h [MBYgl]. rrimst freqnerrt senrch. longest repctitiott 

seun-h (with adcf t i o~ id  siipporti~ig bits). arid r e g d u r  expre.ssi«ri sean:h [BY80]. 

For a word level irupleriieritatioii of plirases up to five words. the total s i x  of t h :  

siiffix array and the sigiiatue array is about 110% to 130% of the origiiial text (sec: 

Table 5.19). whichi incliides 60 - 80% of the original text for the siiffix array aiitl 

40 - 55% for the signature array and look-aside table. dependi~ig on the text. 

Inverted Iists 

As we rliscussecl in Sectioii 1.1. au invertetl list is very well siiited for one-word 

searclies. and the storage overhead for a word-level iniplemexitation is 30% to 100% 

of the original file size [GBYSSâ]. Seax-ching for a phrase reqiiires set operations 

involving ail postings for each word  IL the phrase. If words in a target phrase are 

very cornuion. intersecting several residt sets of words woidd reqillre niany rlisk 
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accesses. The ~iii~riher of r.lisk acresses to seardi for a plirase is thle total ~iiiuil,t:r of 

ldocks iiivolved in eacli word of a plirase. 

As colupared witli otlier struçtiues. tlie silffïx-signat lire met hod is slower t h i  

an iriverted list for one-word sexclies (iinless a word list is tised in place of the 

hlock List - see below). biit faster for phase searches. It lises riiore space thinri x i  

inver t ed lis t . 

Inverting five word phrases 

Iriverting alI distinct five word phases requires fewer clisk accesses to searcli for a 

plirase and more rlisk space than the siifi-signature method usetl on the first five 

words of all siiffixes. 

Speed 

Siiice tlie iiiiniber of (listirict five word plirases is coriipiirable to the uiirul)rr of 

words in the text . the invertad phase list needs to be clivided into hlocks. Assii~iie 

that a block list fits in rneiuory. then one clisk access is required to get to tlie block 

in wlricli the target phase  falls. For a phrase of iip to five words. ~ i o  more &sk 

accesses are ~ieeded. therefore one clisk access in total is reqiiired to searcli for a 

phrase of length up to five wortls. 

Invertirig d distinct five word phrases is at best a lossless compressiori of the 

text. and the signature array on five words of all phrases is a lossy compressio~i. 

From an information t heoretical point of view. tlie suffix-signature met hod slioiild 

in principle use less space than inverting all distinct phrases containing tlie sanie 

~iuruber of words. 
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The iriverted List Las two parts. a phase  List aiid postings. 4 suffix ~ m a y  givcs 

nll tlie postings. The phrase List consists of all the distinct five worrl plxnses. 

Silice tlie distinct five word phases  are sortetl alphahetically. each phrase i:m h i  

representetl hy ( t  l. t?.  s). wliere t 1 is t lie le~igtli of the coturriori p r ekes  of tlus plirast: 

as comparecl to the alphabetically previoiis one. t2 is tlie le~igtli of tlie reriiaiiiirig 

part of tLs  plrrase. and s is the rernaini~ig part. Ramaining parts of distinct fivt: 

word phrases coiilrl be corupressetl by itsiiig ii text compressioii sclieiua. Assiixnirig 

a coiiipressio~i of 30% for the remaiuilig striugs. tliey woidd reqiiire abolit 60% of 

tlie spece ilsecl by the original texts for oiir experirnentd data files: Bible. News. 

OED and web page files. Sirice coupressing short text strings uiay not have a 

compression rate as good as 30%. the plirase List very likely uses much more tlian 

60% of the space of original texts. 

Tlierefore. iiiverting all (listi~ict five worrl plrases reqiiires kwer disk accessns 

for searclies. but more space. than iisirig the sixffix-signatiire metliod ou the first 

five wortls of all silffixes. 

Conventional signature files 

Conventional signature files are s i d u  to the superimpositiori phrase sigriatiire 

sclieme. This siiits part id niatcl~es. hiit rloes ~ i o t  perform as well as thlie siiffix- 

signature method for exact p h a s e  searches. as shown in Section 3.4.2 diie to tlir 

niimber of collisions. 

Tries 

111 addition to siipporting string search .  trie structures support ot her kiricls of 

searclies. slich as. p m z i m i t g  sean:h. most freqrient  search. l o n g e s t  r epe t i t i o i r  seuri:h 
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( wit li adrlitioiial slip portiiig bits). and regdur ezpression search [B Y89I. 

A PaTrie [Slia95] is a pointer-less representation of a binary Patrick trie. Ex- 

perirrientally. it r e q i ~ e s  5 to 7 disk accesses wlien using lk byte pages for searcllliig 

a text witb 100 d o n  ilidex points. The worst case rnight he 46 disk accesses. It 

is iinlikely to he well extandecl to larger block siaes. since it is processor i~itensivc ( i t  

scaus every l i t  wlie~i traversing a 1)lock). Tlin space is reportecl to be 0.65 to 0.7s 

worcls (i-e. 20.80 to 24.96 bits) per index poiut. 

A Compact Pat tree [Cla96] req~iires a t  uiost 5 clisk accesses when iising Lk byte 

pages for searching the OED. and reqiiires 3 &sk accesses using 8k byte pages. Its 

average niimber of disk accesses is close to its worst case. It handles dynarriic texts. 

Experime~it~dly. the space of the static Compact Pat tree on the text of the complete 

works of Sherlock H o l n ~ e s  (238.6Kh). the Bible (5.6Mb). and the OED (546Mb) ,ut: 

abolit 60%. 88%. arid 99% of the original text. respectiwly. Tlie space of tlir: 

dyriamic version on a collection of 161 dociuuents of size 21Kb to 1.4Mb is abolit 

134% of the original text . 

The siiffix-sigiiatiire niethocl requires 110 more disk accesses tlian a trie striic- 

t1u.e. and giveri sufficie~it mernory cari 11e ilesigned to use fewer clisk accesses. For 

example. a Lierarchical siiffix-signature striictiire requires 3 disk accesses on avcr- 

age and 4 i ~ i  the worst case when iisiug lk byte pages for searclii~ig a text of llOM 

i~idex poi~its. given a 264Kb uieniory. It  uses more space than a static Compact 

Pat tree. but less space than dynamic trie structures. 

Some prototype systems 

MG (Mmiagirig Gigabytes) [WMBS4] is a fid-text retrieval systern. It coupresses 

texts and images and iridexes theru iising invertecl lists. It supports booleari qiieries 
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and rankad qiieries. A couipressed text is about 25% of the origirid text. aiid x i  

index is aboiit 10%. On a Suu SPARC 10 mode1 512. it takes aboiit 4 hoiirs ancl 30 

lrunutes of cpii tirne to invert the 2Gb TREC collection. Using plain compressecl 

iiivertsd lists. typical qiieries of five to ten terms are resolved in 3 to 4 seconds of 

cpii tirrie. and slightly mors elapsed tirne. Skippingl allows tlieui to be resolverl 4 

to G tirries fas ter. 

G[ir».pse [MW931 provides irirlexirig aiirl qiiery schnuies for persorid füe systrxiis. 

It iises a two-level inclexiiig and searcLing sclieuie. An index is an inverted list of 

clistinct words followed by a list of blocks. It searckes tlie index and then searches 

each hlock on the list. The index is about 2-4% of tlie original text. It  d o w s  

Ijooleari qiieries. approxiuiate ruatching. a ~ d  searching for regular expressions. On 

a DEC 5000/240 workstation. it took 4.9 uii~iiites of cpii tirue (9  miniites of elapse(1 

ti~rie) to irirlex a file systeni coiitiùiiing û3Mb of text. A typicd searck takes ahoiit. 

2-10 secoritls cpii tirne. 

Couip,ued witli tliesr: prototype systerus. tlie proposed suffix-siguat lire rilet liocl 

ilses uiore space for faster phase  searcLes. 

7.3 Future work 

The sufi-signature method niiglit he prticularly ilsefiil in langiiages. siicli as 

dapanese or Chinese. where word boiindaries are not well definecl. 

.Tapanese Iiidiistrial Standards have 6353 çliaracters for general lise [YM9 11. 1 t 

lias been showed that the lengtli of wortls is 2.51 ckaracters for Karqii and 4.30 

'A seqiience of poiriters are interleaved with hlocks of a cornpresstd i~ivctrtt:rl list rmtry to 

provide ranc1orri access irito tlie inverted list entry for faster searching. 
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fur Kat(~hnî~n 0x1 average. Since worcls nre riot separatecl by spaces in a seritc~iw 

iri Japanese. inverted lists basecl on words are riot casily created for .Japa~iesi:. 

Therefore many Japanese dociiuierit retrieval systems lise cliaracter-hased irrdex- 

ing [YMSl]. Becaiise merging postirrgs lists of inverted lists hasecl on single cliarac- 

ters iucilrs significarit cost . indexing strings of two. or sometiuies ruore. chmact ers 

lias been proposecl for Japanese. 

Yasiislll a ~ i d  Masiirou [YM91] also show that for Knrrji. 73.57% of clisti~rct 

worcls are of lerigtli eqiid to or fewer tlra~i 5 cliaracters. ancl 99.37% are of lengtli 

eqiial to or fewer t h u i  10 characters: for Katakana. the corresponding nurubers 'are 

26.80% ancl 88.97%: and on average. these nurubers are 68.71% and 98.29% for 5 

and 10 ch<vact ers respsc tively. The siiffix-signature met hoc1 t herefore (:oiil<l be iised 

effectively to index Japariese clociime~its. The approach to take is to index cvmy 

charact er and t O store signatiires for correspouïling midti-cliaracter strings. t lrere- 

fore effectively storiug word signatures as if tliey were phase  signatures. Bei:aiisc 

of the pefix property. s e a r c h g  for indivicliial words in dapanese text coiild thexi [le 

giiara~~teecl to take no more tliau 3 disk ac:r:esses withoiit recliLi,ri~ig Ja1)anese wor(1 

segmentation. 

Wlietlrer for Japaiiese or for Western kngiiages. one possible extension of tlJs 

work is to use ideas of the siiffix-signature method in combination witli other data 

structiires to acLieve fast searcles. For ins t auce. kword signatures of pluases coiil(1 

1x2 storecl witli postiugs in an i~iverted list . This aclditional [lata can be iised to filter 

out iinqu&fied elemeiits in a postixigs list in answering a phrase qiiery. As a residt. 

set operations woidd be clone on significaritly smaller sets for phrase searclies. 

We stiiclietl a two-level block list for tlie situation when the niiurber of 1)loc:ks 

is too big for tlie size of an available Iiieruory. With siich an approach. ont: disk 

açcess is rieeded to f i~id  tlie block iri whicli a givexi phase  f d s .  Alteruatively. a 
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word list of distinct first wortls of hlock boiiiidary phrases CAIL I)e usecl. A wonL oii 

the worrl list tkat appears too mauy tiiries in a text rriight ~ieed anotiier worrl List 

CI on tlie secorid worrls to rec1ur.e the size of its blocks. as illiistrated in Figirrt: r . 1. 

So. tlic block list is ilneveu iri heigllt. Some phases  rieetl rio rlisk accesses 0x1 t h :  

I11o1:k List. a11d soule iieed mit: disk access. nssiirui~ig that tlie h s t  level of tlic 1,loi:k 

list is in uieruory and the second level is on tlisk. If the block list is l~asecl mi a 

word list (like in tlie experimerit for Sectiori 3.4.2). t l ~en  the h s t  word rieed riot hi:  

repraseiited in the signatiire. swing space. rediicing rlisk accesses. or increasing tlii: 

effective niluiber of words represented Ir>y a phase  sipatiire. 

-.. ... ...... ... . ...... . ... . . . .  . ........ 

block list ' signature blocks 

Figure 7.1: A block List of iineven heiglit 



Appendix A 

Experiment Corpus 

Ili ths appenclix. we clescribe the texts iised iri o u  experiments. They are the Bihle. 

News. OED. and three cwerent sizes of texts Erom the World Wicle Web. 

A.1 Bible 

Tlus is an SGML exicoderl versioxi of the King James Versiou of the Bible - the 

Old Testxuerit . Apocrypha. and the New Testament. Following is a piece from the 

Bible: 

<bible><book><NAME>Gen</NAME><chap><C>Gen l.</C><V><L> l.</L> In t h e  

beginning God c rea t ed  t h e  heaven and t h e  ear th .</V> 

<V><L>2 .</L> And t h e  e a r t h  was without fonn,  and void; and darkness 

was upon t h e  f a c e  of t h e  deep. And t h e  S p i r i t  of God moved upon t h e  

f ace  of t h e  waters.</V> 

<V><L>3.</L> And God s a i d ,  Let t h e r e  be l i g h t :  and there was light. 

c/v> 



The text of the Bible is abolit 5.6M11. Tliers are roiighly 11.13M indexed plirases 

iii its sirff ix  a-ray. The suffix array arid tlie signature xïïray are clivicled into 113 

IAocks. each block kaving 10K indexed phases. Table A. 1 cliaracterizes the Bible 

phases. 

Tahle A. 1: Niirribers of distinct i-word phrases ( Bible) 

A.2 News 

This text is aii SGML version of the Ottnwu Citizen newspaper from Jidy 1090 CO 

Deceniber 1990. Following is a piece frou the News: 

<1><K#>ll78128</K#><Cç>Ready</CS><PA>Ottawa Citizen</PA><PD>Tue 31 

Jul ~ ~ < / P D > < D > ~ ~ ~ ~ ~ ~ < / D > < D A Y > T U ~ < / D A Y > < E D > F ~ ~ ~ ~ < / E D > < S E C > B U S I N E S S  

</SEC><PG>D5</PG><HL>Consumer spending in U.S. up 1.0 per cent in 

J~~</HL><SRC>AP</SRC>(DL>WASHINGTON</DL><ST>NEWS</ST><L>~~~</L><CN> 

L K < / C N > < D O B > 9 0 0 7 3 1 ~ / D O B > ~ U P > 9 0 0 7 3 1 ~ / U P ~ ~ A K N ~ l l 7 8 1 2 8 ~ / A K N T  <P>--- 

Consumer spending in U.S. up 1.0 per cent in June --- </P><P> 

WASHINGTON (AP) -- Consumer spending in the United S t a t e s  jumped 

1.0 per cent  in June, the largest gain in five months, while 

personal in cornes rose 0.4 per cent, the government said Monday.</P> 

The text of the Ne.ws is about 84.7Mb. Therc are roiigldy 15.3M indexed phases 

in its s i t f f ix  array. The siiffix array and tlie signature m a y  are dividecl into 1534 
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1)loc:ks. each block having 10K i~idexerl phases. Table A.2 characterizes the N c  W.; 

phases. 

Table A.2: Niimbers of tbstinct i-worcl plirases ( N c w . ~ )  

A.3 OED 

This is a tagged versiorr of the Oxford Errglish DDictior~arg. second rdition. FoLlowing 

is a piece from the OED: 

<e><hg><hw>A</hw> <pr><ph>eI</ph></pr></hg>, <sO>the first letter of 

the Roman Alphabet, and of its various subsequent modifications 

(as were its prototypes Alpha of the Greek, and Aleph of the 

Ph&oe.nician and old Hebrew); representing originally in English, 

as in Latin, the &oq. low-back-wide&cq. vowel, f ormed with the widest 

opening of jaws, pharynx, and lips.&es.The plural has been written 

<cf>aes</cf>, A's, <cf>As</cf>. &es.<il>from A to Z</il>: see <xr> 

<x>Z</x> <xs>3</xs>. </xr><qp><q><qd>&c. 1340</qd><a>Hampole</a> 

<w>Pr. Consc.</w> <lc>481</lc> <qt>And by &th.at cry men knaw 

&thSan Whether it De man or weman, For when it es born it cryes 

sna.&es.If it be man it says a! a!&es.That &th.e first letter is of 

&th. e nam Of Our f orme-f ader Adam. </qt ></q> <q><qd>&c. l386</qd> 



The text of the OED is ahoiit 546.GMb. Tliere <are roiighly 10D.SM iri&:xt:cl 

plirases  IL its siiffix array. Tlie siiffix ~ m a y  aiid the sigiiatiire ;irray are cLividecl iiito 

ahoiit 11K 1Jocks. eacL block liavirig ZOK i~iclexed phases. Table A.3 cliaractm-ims 

the OED phases. 

Table A.3: NuInbers of distinct i-word phases ( OED) 

A.4 Data from World Wide Web 

Tliese are HTML pages horu the World Wicle Weh. T h e  texts of sizes 5.1Ml). 

50.1Mb. aud 2Ol.GMb were takeu froni ~Wereiit portions of the pages. A se;lri:li 

qiiery log froni World Widn Weh wes collectecl from 1996 for ahoiit 2 iiioiitlis. 

Following is a piece from tlie data: 

<OTData> 

<TITLE>RADIOACTIVA - LIAM NEESON</TITLE> 
<TABLE><IMG><H3>Liam Neeson</H3><H4>(1953 - )</H4>Actor Fecha de 
Nacimiento: 1953, Ballymena, Irlanda del Norte Educacion: Lyric 

Players' Theatre, Belfast; Abbey Theatre, Dublin, Irlanda</TABLE> 

1981 EXCALIBUR actor 1984 THE BOUNTY actor 1985 THE INNOCENT actor 

1985 LAMB actor 1986 DUET FOR ONE actor 1986 LA MISION/ THE MISSION 

actor 1987 A PRAYER FOR THE DYING actor 1987 SUSPECT actor 1988 THE 

DEAD POOL actor 1988 THE GOOD MOTHER actor 1988 HIGH SPIRITS actor 



1988 SATISFACTION/GIRLS OF SUMMER actor 1989 NEXT DE KIN actor 1990 

DARKMAN actor 1991 CROSSING THE LINE/THE BIG MAN actor 1992 MAR IDOS 

Y ESPOSAS/ HUSBANDS AND WIVES actor 1992 SALTO DE FE/ LEAP DE FAITH 

actor 1992 REVOLVER actor 1992 UN DESTELLO EN LA OSCURIDAD/ SHINING 

THROUGH actor 1992 BAJO SOSPECHA/ UNDER SUSPICION actor 1993 

DECEPTION actor 1993 ETHAN FROME actor 1993 LA LISTA DE SCHINDLER/ 

SCHINDLER'S LIST actorcH3>0scar </H3>Nominado por Mejor Actor 1993 : 

SCHINDLER'S LIsTo[RADIOACTIVA - cine] [RADIOACTIVA - ~enu] 
</OTData></OTDoc><OTDoc> 

The text of WW Wl is about 5.1Mb. Tliere are roiighly 834K indexetl phases in its 

siiffix array. Tlie siifFix m a y  aiid tlie siguatiire array are clivided into 84 blocks. eacli 

hlock having 10K iridexed plirases. Table A.4 characterizes the W W Wl  plirases. 

Table A.4: Nambers of clisti~ict i-word phrases ( WW W I )  

The text of WWW2 is about 50.1Mb. There are roiighly 7.8M indexed phases 

in its suffix array. The siiffur array and tlie signature array are divided into 782 

blocks. each block having 10K indexed plnases. Table A.5 characterizes the W WPV2 

phases. 
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Table A.5: Numbers of distinct i-word phrases ( WWW2) 

in its siiffix array. The sliffix niTay and the signature array are divided iuto 3436 

blocks. each block having 10K inclexecl phases. Table A.6 characterizes the GVWr/V.7 

Table A.6: Ntirubers of distinct i-worrl phrases ( WWW.?) 

A.4.4 WWWQ 

Experirue~its were coricliicted ori tlie W W WI. W W W2. arid WWW:i'. by usiiig r d  

searcli qiieries iii the searcli query log WWWQ froui WWW. The qiiery log I>egaii 

on npproxiuately Dec 27. 1996 ancl covered about 2 ruontlis. The qiieries iri the log 

incliide tliose posetl to tlie Open Text Iridex as simple search queries and as power 

search queries (see http://index.opentext .net). 

One simple search qiiery uight corisist of several word searches. or one plirase 

srarcli. For example. a co~lipoii~icl word search -toiiris~ri Malaysia" seruches for 



.-Aruericati Political Science Association" is to seardi for web pages wlLi(:li liiivt: 

tlie phrase "Anierican Political Science Association". A user can reqtiest a phase 

ssarch. aven if only one word is specified. 

A power sexcli qiiery is ruore couipiicatetl tkan a simple searcli qiiery. it riliglit 

ro~isist of severd word seaschzs and plirase searclies. For example. the power searcli 

in Table A.7  is to seCucli for web pages wliich have ..Hampshire" soniewhere otlicr 

tlinii the titles of pages. Lave .+RaiidCd". aiid have ~ i o  .-New Hampshire". 

Harupsbe Anyruhere 

And Rand al1 Anywhere 

But not  Hampshire Title 

But no t  New Hampshire Any~~here 

Table A.7: An example of power searches 

The trace iiicludes in total about 3.4 mdlion simple search qiieries and powcr 

search queries. The percentages of word search queries of simple search qiieries. 

pl~rase search qiieries of simple searclies. and power searcli queries are 54.0%. 19.5 7%. 

and 30.5%. respectively. 

In oiir experiruents. a power searcli is convertetl to several simple phrases. For 

exemple. the power search query in Table A.7 is converted to four simple searches. 

*.Hampshire". "RandallY . -bHampshire". and "New Hampshire". The W W WQ in- 

cludes phrase srarches of simple semck queries. and word or plirase searches coii- 

verted from power searcli qiieries. As a residt from this trace. the total niirriber 

of phases in WWWQ is about 2.7 ruillion. Table A.8 is the distribution of ssarcli 

length of WWWQ. It lists the number of i-word queries. its percentage over d 
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111 o r k r  to estiuiate tlie iiiisiiccessfid searcli rate of WWWQ qiieries ori a i-ed 

search index. we randoruly pickerl qiiery plirases fiom W W WQ. and t lien se arc lie^ 1 

tlieui ou the fidl Open T e b  Index as it exister1 in April 30. 1997. For 1000 raiidoidy 

selected phases from the trace. the average ii~isiiccessftd searcli rate was 17.6%. Wt: 

dso raiitlody pickerl. from WW WQ. qiiery phases  that Lave 200 1-word plirases. 

200 2-word plirascs. 200 3-word plirases. 200 phases of 4 or 5-worrls. aiid 200 

phases longer tiian 5 words. Tie  average iinsiiccessful rate for those 1000 plirases 

was 50.9%. 





Appendix B 

Detailed Experimental Results 

This appentiix gives <let,decl searcli performance of experinients tlescribed iii Chap- 

ter 5 ou the Bible. New.$. OED. WWWI. NrWWi. and WVVW.?. Experirrients <art: 

presented by percentages of searclies of O. 1. 2. aud 3 disk accesses to a text. T h e  

qiiery (lis tribu tions. r~riifr,nn phrases. prr)portiorrul to occurrences. and De Fazio. as 

(lescribecl in Section 5 2.4.  are iiserl for siiccessfd seardles. Two rriodels U T L ~ ~ O T ~ ~ I .  

i - ruord siy7~atures and ~ m i f r w m  uiorrl signutures. as described in Section 5 -3 -4. for 

ii~isiiccessfiil searches are also iised in oiir experimerits. We also List the niirubers of 

adjacent collisioris. breakirig point S. and guarariteeing phases. 



B.1 Bible 

P h a s e  sigiiatiirns are striictured from the fkst 5 words of phases. Tirhle B.1 

describes tlie signature array a ~ i d  t ke look-aside table. It gives t lie average 11111111~~:r 

of bits assignacl for word sigiiattires. the total m u b e r  of adjacent collisions. the total 

Iiiiuiher of breakiug points for i-word phrases. mit1 the total nilmlxr of gtiaaxiteeitig 

phases of 2 rlisk accesses. 

Table B. 1: Signatures alid the look-aside table (Bible) 

bits in word signatures 

adjacent collisions 

breaking points 

guaranteeing phrases 

I 
- - - - - - - - - - 

O disk accessesl 20.190% 

I 1 disk access 11 67.919% 

1-word 

2.34 

1036 

28G 

O 

1 2 disk accesses 11 11.891% 

0,1,2 disk accesses 100.000% . 

2-words 

6.30 

1113 

1071 

36 

Table B 2: Unifortu phrases ( Bible) 

Tables B .2. B.3. arid B.4 descrihe search perforuarices for 

3-words 

7.40 

1387 

701 

27 

2-words 

4.337% 

indexed phrases ilrider 

4-words 

6.40 

2525 

625 

16 

3-words 

2.094% 

5-words 

5.87 

1958 

614 

18 

- - 

4 words 

1.534% 

total 

28.3108 

8019 

3286 

97 

I 
5-words 

1.314% 



l 3 disk accesses II 0.000% 1 0.005% 1 0.003% 1 0.002% 1 0.002% 1 

J 

1 disk access 

2 disk accesses 

4 disk accesses and over 

Table B .3: Proportionid to occurrences ( Bible) 

7.612% 

0.659% 

0,1,2 disk accesses 

t hee  cwerent cliiery clistribiitions. Tliey list percentages of i-word phrases t hat arc 

foiind hy O disk accesses (by lookirig iip the look-aïide table). 1. 2. 3. 4 and uiore 

ibsk accesses. Table B.? is the residt of eacli indexetl distinct i-worcl plirase being 

queriecl exactly once. Table B.3 is for qiieryi~ig a phase as iriany times as it 

nppears in tlie Bible. Table B.4 is obtaiiied by usirig the DeFazio distribiitioii to 

q~iery indexecl pl~rases. The t h e e  resiilts are relatively close. 88%. 93%. 97%. 08% 

auil 99% of qiieries of 1. 2. 3. 4 and 5-word phrases respectively could be tlorie I)y 

O or 1 clisk access. 

0.000% 

Tahle B.5 is the worst case searcli performance of iinsuccessfiil i-word searclies 

iinder the assiimp tion that all tlie i-word phrase signatures are qiieriecl witli the 
.. . 

sarne probability. as described iinder ~~Unsuccessful searclies in Section 5.2.4. Ta- 

ble B.G is the expected worst case search performance of the iinsuccessfiil ith won1 

searches. of =dl existing (i - 1)-word prefures. 

44.430% 

3.331% 

100.000% 

0.000% 

73.621% 

2.293% 

99.995% 

0.000% 

87.962% 

1.774% 

99.997% 

94.469% 

1.418% 

0.000% 
1 

99.998% 1 99.998% / 

0.000% 



Odiskaccesses 

1 disk access 

2diskaccesses 

3 disk accesses 

Table B -4: Under the DeFazio distribution (Bille) 

1-word 

62.080% 

33.126% 

4.793% 

0.000% 

4 disk accesses and over 

0,1,2diskaccesses 

/ O disk accesses 11 31.416% 1 41.901% 1 95.317% 1 98.233% 1 99.706% 

0.001% 

99.999% 

- - -  

/<di& access 11 14.546% 1 39.522% 1 4.472% 1 1.524% 1 0.253% 

Table B.5: Uniforru i-word signatures ( Bible) 

2 disk accesses 

0,1,?. disk accesses 

- -- - - - - - r 1 disk access 11 14.546% 1 15.838% 1 2.698% 1 3.309% 1 2.411% 

54.038% 

100.000% 

O disk accesses 

18.577% 

100.000% 

31.416% 

2 disk accesses 1 

Table B.6: U~uform word signatures (Bible) 

I 

0,1,2 disk accesses 11 100.000% 

0.211% 

100.000% 

73.396% 

54.038% 10.766% 1 0.100% 1 0.283% 1 0.084% 

100.000% 

0.243% 

100.000% 

97.202% 

0.041% 

100.000% 

100.000% 

96.408% 

100.000% 1 100.000% 

97.505% 



B.2 News 

Phrase signatures are striictured from tlie first 5 words of pluases. Table 8 .7  

(lescribes t lie sigiiatiu-e array aiid tlie look-aside table. It gives the average iiiiiiil)t!r 

of bits assignecl for word sigriat~ires. tlie total  iiciruber of adjacent collisions. tlie to t d  

iiiiiilher of breaki~ig poiiit s for i-word plirases. aiid the total nii~uhnr of giiaraiiteciiig 

plirases of 2 rlisk accesses. 

- - 

I / guaranteeing phrases 11 9 1 426 1 352 / 306 1 817 1 1,910 

-- - 

bits in word signatures 

adjacent collisions 

1 breaking points 

Table B. 7: Sig~iatiires rnid t lie look-aside table ( News) 

, 

- - -  

2 disk accesses 11 11.118% 1 7.195% 1 2.608% 1 1.157% 

O disk accesses 

1 disk access 

1-word 

2.13 

11,536 

3.998 

Table 13.8: U~if-orin p h a s e s  (News) 

1-word 

13.290% 

3 disk accesses 

4 disk accesses and over 

0,1,2 disk accesses 

Tables B.S. B.9. and B.10 describe serircli performa~~ces for ixitlexed plirases 

- 

2-words 

6 -53 

2-words 

3.363% 

0.000% 

0.003% 

99.99'7% 

- - 

3-words 

75.589% 1 89.428% 

3-words 4 words 

0.012% 

0.002% 

99.986% 

4words 

2.238% 

95.150% 

27,832 

5,937 

27,512 

7,599 

16,410 

17,721 

2.322% 

96.519% 

0.003% 

0.001% 

99.996% 

105,752 

46,895 

5-words 

7.76 

22,462 

11,640 

0.001% 

0.001% 

99.998% 

total 

5.66 
r 

6.86 38-95 



O disk accesses 

1 4 di& accesses and over 1 1  0.000% / 0.000% 1 0.000% 1 0.001% 1 0.005% 1 

1 disk access 

2 disk accesses 

3 disk accesses 

1 0,1,2 disk accesses 11 100.00% 1 99.995% 1 99.997% 1 99.998% 1 99.994% 1 

' 

Table B .9: Proportio~lal to occurrences ( Neuls) 

6.649% 

0.567% 

iinder three tlifferent query clistribii tious. They list percentages of i-word phrases 

tliat are foiiiid 1)y O disk accesses (by lookiiig iip the look-aside table). 1. 2. 3. 4 and 

more clisk accesses. Table B.8 is the resiilt of each indexed distinct i-word phrase 

being q~ieriecl exactly once. Table B -9 is for querying a phrase as Iiiany t i~ues as iit 

appears in the News. Table B.10 is obtainetl by using the DeFazio distribiitiori to 

query iudexed phrases. The three results are quite close. 89%. 93%. 97%. 99% and 

99% of queries of 1. S. 3. 4 and 5-word  liras ses respectively cotild be tlone by O or 

1 clisk access. 

1-word 

92.784% 

Table B. 11 is the wors t case secarch performance of urisuccessful i-word searclies 

under the assumption that all the i-worrl plirase signatures are qiieried witli the 

s u i :  probability. as described uuder ~~Unsuccessfiil searches- in Section 5.2.4. Ta- 

ble B. 12 is the expected worst case search performance of the urisiiccessftd itli word 

searches. of ail existing ( i  - 1)-word prefuces. 

46.948% 

3.335% 

2-words 

49.712% 

0.000% / 0.005% 

76.898% 

2.439% 

3-words 

20.660% 

0.003% , 0.001% 0.001% 

89.127% 

1.395% 

4-words 

9.476% 

94.919% 

0.908% 

5-words 

4.161% 1 



APPEIVDIX B. DETXILED EXPER.IMENT.4L RESULTS 

1-word 

O disk accesses 

1 disk access 

2 disk accesses 

3 disk accesses 

4 disk accesses and over 

0,1,2 disk accesses 

1 o disk accesses , 

Table B. 11: UiUforr~i i-word signatures ( News) 

5-words / 2-words 

Table B. 10: Uuder the DeFaaio distribiitioii ( News) 

68.352% 

27.807% 

3.841% 

0.000% 

0.000% 

100.00% 

1 disk access 

2 disk accesses 

0,1,2 disk accesses 

3-words 

16.527% 

76.572% 

6.893% 

1-word 

44.172% 

11.225% 

44.603% 

100.000% 

- - 

1 disk access 

Table B. 12: Uiiiforiri word signatures ( News) 

Cwords 

2-words 

42.272% 

2 disk accesses 

O, 1,2 disk accesses 

6.489% 

90.779% 

2.729% 

5-words 3-words 

37.457% 

20.271% 

100.000% 

11.225% 

4words 

44.603% 

100.000% 

4.983% 

93.705% 

1.311% 

0.008% 

92.538% 

6.994% 

0.468% 

100.00% 

18.862% 

3.730% 

95.435% 

0.835% 

0.001% 0.003% 

99.043% / 99.580% 

15.628% 

100.000% 

0.000% 

0.901% 

0.055% 

- - 

5.010% 

0.001% 

t 
0.389% 1 

0.031% 

0.367% 

100.00% 

0.000% 0.000% 

- - - - 

2.308% 

0.000% 

99.999% 

3.259% 

0.101% 

100.000% 

99.999% 100.00% 99.991% 

100.00% 

0.081% 1 
100.00% 

99.997% 



-4PPENDIX B. DETXILED EXPERIMENT-4L R.ES ULTS 

B.3 OED 

Phase  signetlires are striictiued from the first 5 words of plirases. Table B. 13 

(lescribes tlie siguatiire array aiid the look-asida table. It gives the average ~ i i i i i ih r  

of 1)its assipet1 for word signatitres. the total riiiruher of acljace~it collisions. tlit: total 

uiiruber of breakirig points for i-word phrases. and the total ~iumber of giiaranteeirig 

phases of 2 clisk accesses. 

5-words 1 total 

7 - bits in word signatures 

adjacent collisions 

breaking points 

guaranteeing phrases 

Table B.13: Signatures aucl the look-aside table ( O E D )  

1-word 

1.79 

50,957 

46,733 

13 

( 
O disk accesses 1 

1 3 disk accesses 11 0.000% 1 0.005% 1 0.002% 1 0.001% 1 0.001% 1 

- - 

2-words 

1 disk access 

2 disk accesses 

1-word 

6.945% 

O,1,2 disk accesses I I  99.999% 1 99.995% 1 99.997% 1 99.998% 1 99.990% 1 

- - - - 

3-words 

80.379% 

12.675% 

4 disk accesses and over ( 
1 

Table B.14: Ud'orm plirases ( OED) 

- - - - - - 

Cwords 

2-words 

2.965% 

Tables B.14. B.15. and B.16 descrihe search performances for indexed phases  

6.55 

118,046 

54,955 

1,386 

4.89 

65,246 

86,503 

778 

90.642% 

6.388% 

0.001% 

6.59 

86,235 

63,847 

958 

3-words 

1.792% 

0.000% 

4 words 

1.387% 
-- 

97.607% 

1.180% 

- -  

95.328% 

2.877% 

5-words / 
1.203% 

- 

96.940% 

1.671% 

0.001% 
1 

0.001% 0.009% 



APPEfVDIX B. DETAILED EXPERIMENTAL RESULTS 

8 

l 
O disk accesses 1 

1 

i 2 disk accesses i l  0.640% 1 1.883% 1 1.776% 1 1.599% / 1.713% 1 

1 disk access 

I 1 

4 disk accesses and over ( 0.000% 0.000% 0.000% 0.000% ( 0.005% 

1 

92.806% / 67.093% 

0,2,2 disk accesses 1) 100.000% / 99.999% 1 99.998% 1 99.998% / 99.992% 1 

I 

1 6.554% 

Tahle B. 15: Proportio~ial to occimences ( OED) 

41.105% 

ii~icler t h e e  ~Liffererit qiiery dis tribut ioris. They lis t percent ages of i-word phases 

tliat are foiincl by O disk accesses (by lookiiig up the look-aside table). 1. 2. 3. 4 arid 

more cbsk accesses. Tahle B. 14 is the residt of each i~~clexed distinct i-word pluasc 

11ei1ig qi~eriecl exactly once. Table B.15 is for qiierying a p h a s e  as many tiiues iis 

it appears in the UER. Tahle B.16 is oltained by using the DeFazio distrihiitioii 

to qiiery iiirlexed plirases. The t h se  residts are qiiite close. 87%. 94%. 07%. 98% 

aiid 98% of qiieries of 1. 2. 3. 1 arid 5-word plirases respectively coiilcl be h i e  I)y 

O or 1 cbsk access. 

1 1 
I 

21.896% 1 8.115% 

31.023% / 57.117% 

Table B. 17 is the wors t case searcL performance of ii~isuccessfid i-word searclitis 

iiri(ler t lie assiirirp t ion t lia t all t lie i- word plirase signatures are queried wi t li the 

saxue probability. as described u~icler *'Unsiiccessfiil seardies" in Section 5.2.4. Ta- 

ble B. 18 is the expected worst case searck performance of the unsuccessfid i t  h waul 

searches. of aU existing (i - 1)-word prefixes. 

76.503% 
1 

l 90.164% 1 



APPEIVDIX 13. DETAILED EXPERIMENTAL R,ES ULTS 

O disk accesses 

1 disk access 

2 disk accesses 
- 

3 disk accesses 

4 disk accesses and over 

0,1,2 disk accesses 

Table B. 16: Under the DeFazio dis tribution ( OED) 

- 
O disk accesses 

1 disk access 

Table B. 17: U~iiforrii i-word signatures ( OED) 

2 disk accesses 

0,1,2 disk accesses 

1-word 

65.029% 

7.143% 

1 0,1,2 disk accesses 1 1  100.000% 1 100.000% 1 100.000% 1 100.000% 1 100.000% 1 

27.828% 

100.000% 

O disk accesses 

1 disk access 

2 disk accesses 

Table B. 18: U d o r u i  word sigiiat lires ( O ED) 

2-words 

60.988% 

25.274% 

3-words 

88.532% 

10.602% 

13.737% 

, 

1-word 

65.029% 

7.143% 

27.828% 

0.866% 

99.999% 100.000% 

2-words 

69.087% 

18.587% 

12.326% 

3-words 

89.521% 

9.688% 

0.791% 

4-words 

94.329% 

5.302% 

0.369% 

5-words 

94.540% 

5.107% 

0.353% 



Plirase sigrintiires are striictined froui the first 5 worcls of phrases. Table B.13 

(lescribes the signature array aarid t lie look-aside table. It gives t ho average i i i i ~ ~ h r  

of bits assigned for word signattires. the total nurnber of adjacexit collisions. the total 

uiiniber of I~reaki~ig  points for i-word plm~sses. and t lie t O t d niuuber of giiarant eriiig 

phrases of 2 (lisk accesses. 

total 

29.95 

1 adjacent collisions 1 
1 

Table B.19: Signatures am1 the look-aside table ( WWPVI) 

5-words 

4.73 

breaking points 

guaranteeing phrases 

O disk accesses 

4words 

5.60 

984 

I disk access 

anatures bits in word si, 

919 

1 

2 disk accesses 

2-words 

7.83 

1-word 

4.73 

1072 

3 disk accesses 

3-words 

7.06 

939 

23 

4 disk accesses and over 

1459 

0,1,2 disk accesses 

1 

456 

15 

4 words 5-words 

I t 
1628 

Table B.20: U~iiforru p h a s e s  ( WWWl) 

1490 1 6633 / 
303 

6 

Tables B.20. B.21. and B.22 describe searcli perforuia~ices for indexed plirases 

245 

5 

2862 

50 / 
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i O disk accesses 11 69.651% 1 25.239% 1 10.377% 1 5.166% 1 2.323% 1 

1 2 disk accesses 11 2.489% 1 3.360% 1 1.551% 1 0.733% / 0.564% 1 

I 

1 1 disk access 1 27.858% 1 71.397% 

1 

3 disk accesses ! 

1 0,1,2 disk accesses 11 99.998% 1 99.996% 1 99.994% / 99.999% 1 99.998% ] 

88.066% 1 94.100% 1 97.111% 

L 4 

4 disk accesses and over 1 

Table B.21: Proportional to occurrences ( WWWI) 

0.001% 

iinder t h e e  Werent  query distributions. They list percentages of i-word phrases 

that are fouml by O disk accesses (by looking up the look-aside table). 1. 2. 3. 4 ancl 

ruore clisk accesses. Table B.20 is the result of each indexed distinct i-wortl plirase 

beirig qiieried exactly once. Table B.21 is for qiierying a phrase as many tirrres as it 

appe~ws in tlia WWWI. Table B.22 is ohtained by iising tlie DeFazio distribiitiori 

to qiiery i~itlexed phrases. The three resiilts are quite close. 58%. 96%. 98%. 00% 

a ~ i d  99% of qiieries of 1. 2. 3. 4 and 5-word phrases respectively coidtl be iloxie hy 

O oi. 1 &sk access. 

0.001% 

Table B.23 is tlie worst case search performance of unsuccessful i-worti secarches 

ii~ider tlie assiimption that dl the i-word phrase signatures are queried with the 

sarue probability. as described under .bUnsiiccessful searches" iii Section 5 -2.4. Ta- 

0.004% 

ble B.24 is the expected worst casa searcli performance of the iinsiiccessful itli worrl 

searckes. of Cd existing ( i  - 1 )-word pmfixes. 

1 

0.000% 1 0.001% 

0.005% 

0.000% 

0.001% 

0.002% 1 
0.000% 



APPENDIX B. DETMLED EXPERIhfENTAL RESULTS 

l 
- - - - - - - -- - - - 

2 disk accesses II 9.030% / 5.148% / 1.505% I 0.676% I 0.380% ! 

O disk accesses 

1 disk access 

TabIe B.22: Uutler the DeFazio (listribution ( IV W W I )  

1-word 

27.703% 

63.266% 

3 disk accesses 

4 disk accesses and over 

0,1,2 disk accesses 

2-words 

0.006% 

0.000% 

99.994% 

1 0.000% 

1 0.001% 

99.999% 

O disk accesses 

- - -  

1 0,1,2 disk accesses 11 100.000% ( 100.000% 1 100.000% 1 100.000% 1 100.000% 1 

1 disk access 

Table B.23: U~iiforui %-wortl sigiiatiues ( W WW1) 

3-words 

0.002% / 0.001% 0.001% / 

5-words 

99.999% , 

1-word 

15.495% 

17.281% 

1.587% 
1 98.032% 1 

Cwords 

Odiskaccesses 

Table B.24: U1llforx.n word signatures ( WWWl)  

i 
5-words 1 

1.493% 

97.830% 

2.432% 

92.414% 

0.000% 

99.998% 

2-words 

64.429% 

27.832% 

1 disk access 

2 disk accesses 

0,1,2 disk accesses 

1.481% 

97.012% 

0.000% ( 0.000% / 
1 

99.999% 99.999% 1 

3-words 

98.629% 
1 

1 
1.325% 1 0.032% 

5-words 

95.727% 

1-word 

15.495% 

4-words 

99.968% 
1 

0.001% 

17.281% 

67.224% 

100.000Ol, 

2-words 

83.262% 
- - 

2.693% 

0.019% 

100.000% 

- 

1 4.257% 

0.016% 

100.000% 

- - - - 

10.818% 

5.921% 

100.000% 

3-words 

98.652% 
- - - -. 

1.324% 

0.024% 

100.000% 

4words 

97.288% 



APPENDIX B. DETMLED EXPERIMENTAL RESULTS 

B.5 WWW2 

Plirase signatiires are striictitred from the first 5 words of phrases. Table B.% 

rlescrihes the signatiire array and the look-aside table. I t  givos the  average iiiiiril)er 

of bits sssigried for word sigiiatiires. the t O t al niimber of adjacent collisions. the  t o t d  

niirnber of breaking points for i-word and t lie tot  id uiimber of giiarariteeiiig 

phrases of 2 disk accesses. 

s 
bits in word signatures 

/ adjacent collisions 

1 breaking points 
E / guaranteeing phrases II 1 

Thle B.25: Sigriattlres and the look-aside tzble ( W W W2) 

2-words 

7.82 

8160 

10150 

r-- 

O disk accesses 

1 disk access 

1 4 disk accesses and over 11 0.000% 1 0.000% 1 0.000% / 0.000% 1 0.000% 1 

3-words 

7.29 

12242 

4997 

2 disk accesses 

- - - - - - - - - - . r 0,1,2 disk accesses 11 100.000% 199.995% [ 99.998% 1 99.999% 1 99.999% 1 

5-words 

4.66 

10656 

1583 

4-words 

5 -74 

13822 

2552 

1-word 

6.897% 

80.902% 

Table B.26: Uniform phases ( WWWZ) 

Tables B.26. B.27. aricl B.28 clescrilx searcli performances for indexer1 p h a s e s  

total 

29.61 

51694 

25798 

12.201% 

2-words 

2.382% 

92.247% 

3 disk accesses 1 
5.366% 

3-words 

1.592% 

96.664% 

0.000% 

1.742% 

4words 

1.423% 

97.911% 

0.005% 

5-words 

1.369% 

98.273% 
4 

0.665% 0.357% 

0.002% 1 0.001% 0.001% 



O disk aceesses 

1 disk access 

2 disk accesses 

Table B.27: Proportiorial to occurrences ( WWW2) 

1-word 

- - -- - 

3 disk accesses 

4 disk accesses and over 

0,1,2 disk accesses 

uritler ttuee [Lifferent query distributions. They list percerrtages of i-worcl phases 

tliat are foii~id by O clisk accesses (by looki~ig iip the look-aside table). 1. 2. 3. -1 m i l  

ruore tbsk accesses. Table B.26 is the result of eech indexetl distinct i-word plirasc 

I)eirig qiteried exactly once. Table B.27 is for querying a phrase as many tirries as it 

appears in t lie W W W2. Tal~le B -2s is obtai~ietl by iisirig the DeFazio &striliiitioii 

to qiiery indexetl phrases. The t h e e  residts are quite close. 88%. 94%. 98%. 99% 

and 99.6% of qiieries of 1. 2. 3. 4 and 5-word phrases respectively could be dorie by 

0 or 1 cLisk access. 

Table B.29 is the worst case searcli perforrriuice of unsiiccessful a-wortl searc:lles 

2-words 

- - -  

0.001% 1 0.000% 
- - - -. 

0.002% 

0.000% 

100.000% 

itnrler the asstiüip tion tliat ail the %-word phase  signatures are qiieried wit li t lie 

salue probability. as rlescribed iinder ~~Unsiiccessfid searches-' in Section 5.2.4. Ta- 

- - -  

0.003% 
- -  

0.001% 

ble B.30 is the expected worst case searcli performance of the i~nsuccessfid itli word 

secarclies. of existing ( i  - 1)-word prefixes. 

3-words 

79.936% 1 29.342% 

0.000% 

11.438% 

86.855% 18.294% 

1.770% 

4-words 

66.892% 

3.763% 

0.000% 

5-words 

6.742% 

92.544% 

99.997% 1 99.998% 

4.392% 

95.190% 

0.002% 

0.416% 1.705% 

0.001% 

99.997% 

0.711% 

99.998% 
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I 
-- 

1 disk access 11 52.306% 1 88.799% 

I 2 disk accesses 11 7.526% 1 5.714% 

3 disk accesses 0.000% 0.004% 

4 disk accesses and over 0.000% 0.001% 

0,1,2 disk accesses 1 100.000% 99.995% 

Table B.28: IJnder the DeFazio tlistribiition ( WWW2) 

Table B.29: Uuiform i-word signatures ( WWW2) 

O disk accesses 

1 disk access 

2 disk accesses 

0,1,2 disk accesses 

Table B .3O: Uniforrri word signatures ( WWkVg) 

1-word 

26.518% 

16.163% 

57.319% 

100.000% 

O disk accesses 

1 disk access 

2 disk accesses 

0,1,2 disk accesses 

2-words 

61.923% 

28.2'74% 

9.802% 

99.999% 

1-word 

26.518% 

16.163% 

57.319% 

100.000% 

2-words 

5-words 

99.785% 

0.204% 

0.011% 

100.000% 

3-words 

97.852% 

2.046% 

0.102% 

100.000% 

3-words 

4-words 

99.659% 

0.308% 

0.033% 

100.000% 

75.714% 98.303% 

15.999% 1.624% 

8.287% 

100.000% 

0.073% 

100.000% 



Plirase sig~latiu-es are striictlired froni the f k s t  5 words of phases.  Table B.31 

rlascrihes the signatitre array axid the look-asicle tahle. It givas t lie average niiriil)trr 

of l d s  assigner1 for word sigriatiires. tlie tot d iiiiniher of adjaceiit collisioris. the t o t d  

~iiiuibsr of breaking points for i-word phrases. a ~ i d  the total niiuiber of giara~~tr:eiiig 

of 2 disk accesses. 

Table B.31: Signatures ariri tlir look-aside table ( W W W.?) 

bits in word signatures 

adjacent collisions 

breaking points 

1 guaranteeing phrases 

O disk accesses 

1 disk access 

2 disk accesses 

3 disk accesses 
- -  - 

4 disk accesses and over 

I 

0,1,2 disk accesses 

3-words 

8.01 

39248 

23712 

471 

1-word 

2.42 

21201 

12707 

34 

I 
2-words 1 3-words / 4 words 1 5-words 1 

2-words 

7.12 

29240 

39306 

410 

Table B.32: Uniforrn pluases ( WWW3) 

4words 

6.67 

53932 

15038 

327 

Tables B.32. B.33. ancl B.34 descrihe searcli performances for iiidexed plirases 

5-words 

5.26 

54899 

9185 

281 

total 

29.48 

198520 

99948 

1523 



APPENDIX B. DETAILED EXPERIMENTAL RESULTS 

iirider three different query clistributions. They list percentages of i-word pl~rases 

t hat are foiind by O clisk accesses (by lookirig iip the look-aside table). 1. 2. 3. 4 ari(1 

inore disk accesses. Table B.32 is tlie residt of each indexed distinct i-word plirase 

h i u g  queriecl exactly once. Table B -33 is for qiieryirig a plirase as rriany tiuies as iit 

appears iri the WWkV.7. Table B.34 is ohtained by usirig the DeFazio distribiitiori 

to qiiery iridexed phrases. The thee  residts are quite close. 87%. 93%. 97%. 33% 

and 99% of qiieries of 1. 2. 3. 4 and 6-word plirases respectively coiilcl be &me I)y 

Table B .35 is tlie worst case searcli performance of iiiisuccessfiil i-word se;ir(:lit:s 

iirider t lie assiimptioir tliat all the i-word plirase sigriat lires ,are qiieried witli t lie 

siirne probability. as describetl iinder --Unsiiccessfd seardies" in Section 5.2.4. Ta- 

ble % -36 is the expected worst case searc11 performance of the iinsiiccessfiil ith worcl 

searches. of all existing (i - 1)-word prefixes. 



O disk accesses / 65.194% 1 10.505% 1 2.541% 

1 disk access 30.148% 82.230% 94.827% 

2 disk accesses 4.657% 7.260% 2.630% 

1 3 disk accesses 1 1  0.000% 1 0.004% 1 0.002% 

4 disk accesses and over 0.001% 0.001% 0.000% 

0,1,2 disk accesses 99.999% 99.995% 99.998% 

Table B -34: U~itler the DeFazio d i s  tribution ( W WFV.7) 

O disk accesses 

10,1,2 disk accesses 1 1  100.000% 1 100.000% 1 100.000% 1 100.000% 1 100.000% I 

I 
1 disk access 

2 disk accesses 

Table B.35: Uniforui i-wortl signatures ( W WW.?) 

1-word 

43.667% 

-- - - -- 

1 O disk accesses 43.667% 1 59.619% 1 96.591% 1 98.221% 1 96.553% 

11.119% 

45.214% 

1 disk access 11 11.119% 1 24.137% ( 3.229% 1 1.749% 1 3.418% 

2-words 

43.239% 

37.688% 

19.073% 

Table B.36: Uiiiforru word signatures ( WWWp3) 

3-words 

94.651% 

1 2 disk accesses 

0,1,2 disk accesses 

5.066% 

0.283% 

4words  

99.701% 

45.214% 

100.000% 

5-words 

99.855% 

0.286% 

0.013% 

0.133% 

0.012% 

16.244% 

100.000% 

0.180% 

100.000% 

0.029% 

99.999% 

0.029% 

100.000% 
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