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Absiract

Largescak genomics demands computational methesds that scale sublin-
early with the growth of data. We review several data structunes and sketch-
ing techndques that have been usad n genomic snabys s metheds. Specifically,
we focus on four key ideas that takedi fe rent approaches to achieve sublinear
space usige and procesing tme: compresed full teot medices, approdmate
membership query data structures, local ity -sensitive hashing, and minimiz-
e schemes. We descobe these techniques at a high level and give several
representative applications of each.
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qoeeerty soch o Hoodos o leog tred ssjosecets soch s Paclfe Blowle oee® SMET (dogle-

molrmle tral-Hme ) sqoeociog of Chrfotd Neoopote Teobonlngle® Mol0M sod PomethD0 N
o wxjneocr b o boodteedy of biliom of oockeotide et dey, st s e dectrndog omt et
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oy detw ben bren Sctreriog tepddly. W beve oot ooly 8 oo tefeteoe greoome ot sho dee
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drrsdrr The Nutions] Iovdtnte of Heslth Seqoeoce Bresd Atcbiee sod te Eotogeesn Nockeotide
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¥ As wrrobret the sge of priyoml o). o dcke ol sl 3on o comjpeendes w11 shobegn
jog ™ot mnoooty of it groomio: dete. In sddition o sotege, te dete oot be ety
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e dicior. In the mordics] s ttiog, the Boely phocen jog sod qoetpiog of dete et ereo oote ctodsl
e 1w tewwtvh leb sl tresooent
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thon seod et iments] ssople coold gelckhy eoceed. e ooty sod dhk copecltes of oodeto
wtven Tobe phectics], the tootines sod seece ol by slgot e ot proce dog te dete ooost
oo mootr sloscly theo the e detw belog prooceysed (10, 113

Mmry oo ottt o] beckod o ey berre bern develogeed o meet s challeogre. The s becbodqoe
romble Syt mod coode 3 pece e facleot pioce wdog of letge colectiom of sqoooce dete by e pee-
sttnctntr. Sooe of e dete stonciote wete dereloped fot el stiog dete sod bere beeo
mdeptryd mod mppilied o biodogies] spplicetioos. Cithety wete ypecifiolly dereloped ot geoomie

Font hivesl cleres of 1den e been ciockl o dese ot The bt oesdss of oom-
pct, comprtryeed Jodices thet slios ot efcleot et sttiog ostcbdog «ibdo s kige collection
of sqoroem. Techodqoe soch o te EM-lodex (12) coo Joder sttiog oriog smece close o the
ofotooetioo- theatrtle micdoom, whdle 38l soppottiog eoect sexich. The soood cen of den
ot b dimeond oosflity ted oction techodgoes, ;o telereotly et seondthre banbdog (LSH)
scheme. The s ety sliosdisteoces beteern dete podots o be compoted efclently bot «ith

s ettt by et eotiog cech detom by e probebd Bsie sketch tet coo be compated wlth te
skrtvhe of othet dete o goetie. Soch sketches, ot eemple, soppott efclent orste torlghlet

gqortlm The thitd v the biosd clen of dete stociote tet soppott spptocdmete oeobetsbdp
qorete (AMCH) In oy oo, sqoesciog dets oo be oy tepimeted oo =t g of mb-
sttiog), mod AMC dete stinctotes sllos thet st o be stoted o 3ol spece, ot the oot 0l of
both wexe £ty sl seme Dot oo the ke of opetetioor tht oo be peioboed. A fith cles
of Iden, mindmber s wel el schees, b oo el b aapeecer sty eed b sl ol W

prorrlde trdoced teprte seotetioos of stiogs ot vetions sl eetion.
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Nutntally, wr st foteed o oot seme beckodn oes sod. syl iestioos dor o s pece coos Hd oby—ooort
obrrion sy ot s oeoce comprerd oo beckodn oes et dm ooy st tedoced stotege, sod beohodigones
trlating ywrifrally o othet Kods of dete soch & imaglog o molemst iteetion oeteoth
My o the brobodgnes wr disen s be te con be nyed 3o both st og, slgot s, whete de dete
omn be tred oody ooce, sod off-lior sttiog. The offBoe settiog 1s otteotly b comoon ooe o
md 1n the forns of i teviex W brre selected e beobodqoe o covet with o epe
o thelt Iooperrtterece: mod et tegrtryeotetiveoen. Mot of te becbodgnes bare sl iostioe (odben
Cint wlom st b btrseden the spyrteristion of deee skebrbiog sod dete sttoctnting becbaodgnes
m] 1 ok m ytattiog podt it thoee ottt 1o sppylog ot o proriog oo e Each of tee
fort cleees of idews 3 the bl fot moHple o of scthee teestcbe o derelop e echodgne,
o Ijrtore e effacl ey of exhtog oo, sl o fod sep of oboo]etoeg e sqoseee selesh
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Z1. Sequenring

Arry geoseries smlyeh e eted hete sttty with et TNA sqoeociog of ENA-am. InDNA
sqorociog, te sctosl prooodie mstetis] of e cell (detomoeome of pleodds) b sgoeoced (e,
trmd by w coschrdor) o ohisio seqor odog fegoeots sooeBoes called treds. Bersnss BN A cooont
br sqoroced ditecthy with some bechondogis, 1o ENA-wn (5) e comsoget BNA (o NA) of
ncell b copitrted mod need fof complere otaty TIINA (el NA) rpotheds, which b teo seqoeoced.
Trn oedo celegotie of seqor ociog echonlogle domioste cotteotle sttt tred soeociog sod
ooy tred sqoeociog

n Shotttred sqorociog, sho called oec-geoetstion s oeociog (NG5 ot 3 ecood - ge ortetion
sorociog, proetetes telethe by shott treds (beteeen 30 sod 400 bp) «ith o o etiot e
frwet then 1% of e bas oe steeyns el ot etk ste obafimtiee) Cecomon
NGE e dwmlngle dwclnde T Tttent ™ s v octeet s e el og (48), SOLTY wn e
Sog (4%, s Do s eociog (Fi). Thee bcbemdogds sie mad fof both TINA sxqoeoe-
oy wd ENA- 2y Dlnimlem senevciog b by it oot ey nee d echemnl ogy 1o thh
chen

® o conttest o sbott feed dete, loog tred sqoeociog (sl celled - geoe teflon sqoeoe-
h}hﬁpﬂhtﬂ:ﬂnﬂhﬁ',mﬂimm:ﬂ.ﬂ:nfqﬂmhﬁﬂmﬂhtﬂzn{ﬂ!
of both thionghymnt sod seenteep. The tesd rogth vaties ghesthyr from 1000 0o 100, 000 by,
with mo sretegr tred Irogth stoood 30,000 b fot the oot teeeot chendlstg bot wlth o pet
beve ettt tete of 10=1 5% (51, 52} The teo pt-imaty bechondogde s o s cleen ste Maoopote
sqorociog (), which oy gecttle dem ity scton 8 oockeofide-shosd gup o mesnte te
comjee oo of e IINA briog peveed deoogh ¥, sed SMET sqoeociog (74, which 0w
Hootrsrot dgosls dotlog the oot potetion of 8 cocleotfide o osp te compesdtion. Loog

trme] vy b been ol fxr DNA seqoeociog sed more tecectly b b slspted
tn BN A,

Fut thh trrirx; v omn view mach beohaonlogy e providiog & ktpe et of sttiog ovet o xmall
Hllntion) fom seme ookeren (et of ) looget stiogs. Soee eech sxyjoeoced. fragooent 1a sht,
in ot spplicetiom ooy copie of te oedetylog ooleomle str egoeeced st e smoe Hoe,
providiog oretlnpyiog sod pettelly trdosdeot viees of e ooleode In o geoome sgoeociog
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project, 30 o 100 cove e cowy e egeercted, mesodog St eech b b expeected 0 be -
qn.u!nlilln IMH.uzL'nﬂlluhmumhFrﬂ.-lﬂmlﬂﬂmﬁ-zﬂtdmIInthf

the brodandgoe wr disnn belos Ao effodt o seqoeoce § oexe el with spprocm stely S ssme
!mﬂz ulhmmmrkdmlmhuh:nf'lmmﬂﬂm ﬂ"nﬂ!!'l‘il:lllﬂ!lllfm!ir-
hru:mmd’rwmwmdﬁ.ﬁhﬁtniﬂhﬂnﬂ“hmriﬂ]ﬂﬂnﬁnf.#

xtr wooroced, the fedete oo ghose profatt ooslhy

2.2 Riological Applicaricns

potstions] brchodgoe tevleced bete Mot Io-depth disenssion of S spjliestior sty sftet
wr Inttrel o _:lll:u:h:ﬂ.q_m.

LLI. Gastiwries mtdestvibly  The greoome s sodhly bnks o tr comitoct » specle’ geooms fom
the sqoroced fegmeots of 1 groome. The 3des b o fod oretsgn betsern fregoents ssopled
from or athry plece o the Hor, poosorsn geoome. The reoome e oy prohlem b ol biokon
dorwn loto ooliple mbpiobleon tet wr Jobetetiog o telt oo 2ght. Fxsmple sobjptohleom
tuthert then the etget reoooe), ettot cottect oo (Heggiog of fodog te ettty Iottodoeed by e

sl comnttoction of the de Biofjo greph (75) o totr ot the seqoroced. Segooents. Treosctipe
m aerhily 1y the trlntryd ek of tr comtoctiog the = goeoce of the Heonctipty S BNA-wn teeds.

L1L Vatimttralitg: The sloof vetieot calliog i o et iyt geoom e d ffeteoces betsen
n tefrtr oo snoewe wad 8 sejoroed idiridosl, bess] oo 8 olection of seqoesee Sagoeots.
Vatlmot caling often teqnites o lowet depth of seqoesciog ten de oo geoome syseobby

L1]. Bewd eppliig. Tl 1 w Stk abeplo oot vet ok calliog plpefoem We ateghen scollere-
Honof fmgroety {4, . -} s @ tefeheoee stting: T, md oot ol 1 nddent iy the bet mutchiog
(tpplonly nosdet te el dhbere ot sume sty def oed alijoomt sote) mbekog of T
ﬁ:r_i:ufﬂthmprﬂimdinwhqnuﬂ:‘lmriﬂhﬂnﬂuflltﬂhﬁtwhﬂll
typea of 1eqor odog dete, ok segoeoce ooty ooty beckde oor dete g, slthongh some ook
utr wrell mited o conlBple ek

L1l4. Sexjoestow nligevesit. The goul of e sqomoce slijoment problemn B o Sod ot
aeoroer, groetlly o detrtmioe 3 ey e felsted 1o some ey, A spabem soch m BLAST (bande
lors] aliooment 3estoh bood) (58 ot 3 compren e retdon CaBLAST (com e threky moeeketted
BLAST) (25, 28) snbres the problem: Ghren s st of seqoeaes {2, - . . 2, sl w qoety ¢, Sod the
2, wml Hhaelt mnkestting thet wir slgmifrsntty s ol o e minktiog of ¢ The sftwstr sldbomly
teguity the Thit of diffrtere betwen te sm et mbnttiogs of tee £, sl of ¢ Vestiom feoie
the eotlirty of ¢ o be mstches] When tete b ooly oo seqoeocee lo te ot (Le, ;e 1 wsd 2

mod ¢ both trjxtewnt eotite groomes, i 13 e geoome-to- geoome sligmoent probdem

LS. Espmatbirestt wwivh, Lt Boe{&, B} br ot of rertinenty, whete each B, lywaet
of shaxit trwd Frwgooenty. The experetiment yestch priohle o sims Do fod g sobeet of egaetioens
Hom R ot which & b Bkely thet » goety segoeoee § v sooog e segoeoees ssmpled. This
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prtobirm by breomr mote mpotteot teeeotly, e letgret collection of oo smbled shott beed
exjart i oty bave been dejandted 3o paohlic detebee.

Ll6 Metwmpstiuvi v mho tefetive st ettt In metegeoomies, s itge oombet of secles fom
= common eorioement xe sqoeoced togethet The goel 1y o deotify fom td odxnte wbdch
serrle of groe sir phesot o chet telethee goeotite o te corltooment

3. CORIPEFSSED STHING INDEXKES

The fosdementsl sttiog procendog piohlem o peoeodes b ot sttiog sestole Gieo sttlog T
mnl P with [T'| = |, ol the lorstiewes In'T that mutrh P evactly This prohlemn frotoe te by of
oy mpxtrmcheey St 3 e e oot s sl e goeoes mspylog. Toschiere s, ooe bppriceslly
idrrrs T by chestiog some dete stiociote tet slloes vatlon qoetles P o be piocesysed goicdy:

The st ttee (57, 5B, 30t wttwy {79, eobesoce d o o sttwp (60, comprerse d soffie etteg @l
menl FAM-leder (1) wte all erempales of fnll-text loeflees sojgpattiog: eoct stiog sextch. AlHengh
ttr atr comidetabie diffeteses 1o e meeeet 0 which e detw stocotes satk, tey ote
s of the bext. Siore evety sbatt o of te text 1w prefi of seoe soffic of te e, otgeoddog
m] deriog tee o ffoee Is sffacieot o elloer et (o e oo of oot of tes stoonhe,
mpopintical iy nptiol) petten wxtch

Thh lioe of wotk slen Tinsttete the oeed fof sohlioest slgotitene Eatlier sotk oo soffic
tem e [T 4 [P} Booe ot goeties, ot ot modeto dete sioe thi b oo letge Soffic st
coajxtvveey] nffix wttwps, mod the FREider tejxtvwent  Boe of sotk o tedoee e sjpce nysge o
the Infotoret renethert et raet bl

In te milowg, = 1s cobomaty, when Iedecog = elmmb, o ;ooe et osckn etiog
podotety (memoty st § of Jg{s) it by comsot Hooe sl oot jeece. In thet seoe, tae
moffix Hrer mod woffor st et ot dete stoctotes, e ey teqol e Efememoby wotds ot et
of x chatwrtets

3.1, Suffir Trees and Suffiv Armege

The discoretyof soffix e 1y comdeted oo of te defaiog descoretis 1o stiog slgotims A
mffix Her st wbext T oxdog O] T ) e, It b comttocted. miog O[T [} Bme [FThe slgot e
of the peat” sootdiog o Konth (5E)], sl & cen sovwret » ooptisd (62 of et sewtch qoetle 1o
optimel srrmpintie Bme. Cioee bo i, o o fir e coodete toroe T oootelos P 30 Goe O P (). e
pttrtn ety Hooes 1o Hee text, ot soffix Hee oo eonmeetete wll oo theoces o O P4+ )
e, which b spopicticelly optios] coddetiog et te Iopot onst be eed sl e ook
ot be wiitten, Coxhioed with the Aoest=Aoe comttoction of be soffic Hee, this oomes tet
Bowwiv e exect: oostrddog, O] T + [P} 3 posdble

While the yoffox tee b sl wooocepin ally imjanttent bl s Hriok] og shoot stHiog iehleom,
I b tutely nwed o precties. The coos et biddeo 1o O () 1 often oo dge 1o precties [whonod
20 bytes purt oo 1o e Her wtre tpjdeally teq o ted dotiog corsttoct oo fot DN A eljhebets @5100]
In conttwnt, Har offix wttwy (7%) con e coxnttocted sl stoted o Boest spce, ot with o ooote
primctics] conbent fector Howevet, 1t piovlde fof srpopiotically showert sewtch than the soffix
Hrre—fuitr o watch b O P log [T, of &P +log [T} ¥ oo sl o of exteios] Iooget
oo prtefie (LOF) at-twps. Howeret, sy demoos bt by Alonelbewds et . (6, te eobsooed
mffix wttwy, which comhi of the i sty sogooeoied with exteios] tehie et ogrations
coanpeenty of the mffix Hee pology, o sevseet sll of tr e goetis s g offo dere with
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thr s wyympints complerivg In soch oae, e obssscsd soffic sttwy s pefetted ot offo
tree, w1t e b ot et s sthoted o len sjuece sod besds o piovide oemoky e pettetm
tht wiv jrtwctirally ooxte cacke iy

Tl soffir wttwy of T oo be defaesd o folloes. We snome et T eods with e specisl chatee
bt *5" oot privwent chewhete Dicfaee the tight totetion ofeetet oo e BT = T T =—1],
whetr xh thr lrogth of T. Commttost e attwy (aee Bt 1)

A= (R Ly 1

oxrdating of all tar patiy with Hght tobefee of T el e sooot of e otetion. Sott e sty
A nalng the rrdmgrephic oidet of e Gt elonmt of e i, b otlon of T The mff
atiwy SA(T) (70 b the 1t of the sl clecent of e pulits Io A, 1e ) te Bt Iodies of tae
st of T o leviergrimpede nivdet Thet b, #7 < §, e o T[SAT)[H - = — 1] compates Jes
leriengrtmpld ralhy than the soffr TISA(T)[f] - .. x— 1]. Thesle of SA(T) B () woirls. Sewtrbiog
frxt w ket In T ming ooly the e sty oo be dooe 1o O] P Log{| 7)) Hoe oxiog = ity
seuirh oo SA(T) It e be dmphoved i sestch 3o Boe O] + Log{([T[§) by e nee of edd3 oo
dutw stnctnte [LCP st

3.1 The FM-Indey and tha Burmws—Whader Twmnfrm
Errn mffix sttwps ate often oo ige o be prectios] ot geoomie soske, sod ey do oot giose
sohlinewtly The Fhl=lode r (53 e called opgatinods e by i crestoty, s ks sdrantege of He
terdnodmoecy of Hae Iogaot dete o comriens e dets o sbate 1t while tetwiodog de shility o goety
the deiw stncinte whh smilet Sor gostetes = He oocenprtesed soieieot dets stociote
Thet b, the ypuce tegpltement I fuF(T)) + o), whete T 1s the dtheodet eotogey of the
text T (ot mop k) The dh ooty 1w coessote of He ofotostioo- et ies] ;e oo somot
of sjmecy orrrded o eocdr sech b of He sxjoeoce. Lo thet o, swd of o e lewetentdet betim,
the yjucr rifaclecy of e FM-inler, o well st compriveysed soffoc st (6], b optios].
Ereo thongh ¥ 11 eelled Sthe™ FM- e, 3t 1y twthet o foolly of implementetion sith ightly
diffrtrnt sjece mel Hoor gosteotre, w1l steitiog fom te Bottoes=Wheeket B fotm (BWT)
(54 = belor) sl sjmcr oo ot bonsded byt eottopry of te et (whethe s B ot 3, o

mew seslwie oy o Showbey ent Sulierer Now Seriaeres in Comeslss gy
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m:m:"::fk}.hl:&lmﬁi iﬂlrzﬂ:rnfpmlﬂ:h.ﬁmuﬂin.mﬁﬂuﬂfnf
the FAM-ruler sl the comprene] soffie ety telies Io peit oo te BWT

Thiog the smr wtiwy A defioed In Eqostion 1, B T(T) 1s the sttiog of te et chetwte s of
the attings 0.4 in the ordet Sy apywst-io.4 (10 Figoes 1) The dw of BATT(T )3 O[T [ The
BWT(T) ben comory ntrtvstiog priopertties. In pattiendat;, the Huodotm 1 tevetyThleeit 1 preedbie
o tectrste T fom ooly FE (T ). Conotlog the oombet of ooootte oces of te pettetn 2 3o T oo
be pet-fotooed o (] P) Booe ovlog oody te BT ) mod s e soll so v Aty Sofotmstion. The
BWT bn » frwr sbventegey coanpmtr] b thee so i -ty The BT ot sesocisted Infotoostion b
o nThyr s oomliet Hhn the soffioc st sod eoect costrbees e be foond sttt keeplog the ot gioe]
text T Horerret, the BW T oot detreton o Jorst oo of oostobess st fot eoemple. nasmpiled
mffir wtwy (12, 85)

The sttfing BWT(T) b soevshle o ntthet compriesion with stewdet]. comprtvssion bech-
ojom. The ot glos] FM- oder Iogpsleooestet oo (83 ) o 8 seqgoeoee of ooores io-foot codet @5485),
e ergrth oo 1o, sl vat-shle =leogth piefic coaflog o comprben BT ) o obiwio s stiog of
wloe (T )i In midition, the FM-oder s et ofotostion, osdog ook sfc) speee, s det
ot emch qoety, & ooly oeeds o decode o yoml] leogth of te comprtesses] BW T o some oo,
te BT eocodey the ssme Iodatostion sy the soffioc sty ot 3o e podebet e oossoet (§7) St
e b ot ey comrieres] while piesetviog the shility o teeoret e ofglios] st sod b
ot mgelos I

Tt oot 3 3Im Tt o BW T exht fot oly ety beisde s stiogs. Fot exsmple, the KR Hwon-
Tt (57) eocodes Hee, sl socodiogs exst for @tected sepelie ghapbe (68, pleost grepbs @48,

3. Applirationa

The comjrtrre] text Il we e ot gioelly develoges] for te pioblen of petten sxtchiog o
m bext. The pinhlem of sgoeece sliooeot 1s o oote cooplested vetyion of pettetn sestebdog,
mon] thetwfte Huewe 3ol e wte st telly 0wl 3o ths cootext. Cithe +spypliestioos such ey greoooe
s eohly wlwn sk good nee of B dete stoc e

13 1. Sewtprmstiows wligoariestt wid tend oompypling.  Serruerce wl goooe of s el ouspydog stete
ot oetrtel prohlems In which o sy comptresed st iog e The oost cooemon ben Haie

o sxjoeocr aligooent b e - sl exteod | whe e St He slgoet fiods sttetche of eoect oostcbes
betwrrn the bt wml the goetie, called seeds, ten orsthy seeds wte clhosteted ogethet, sod dee
sl gt & extevsded et te seeds. My algoe by oot benthtie, sl ooyt stiom
oo which sy o o, o o chostet B, sl o o exteod te mstche. Vot calliog sl
tmmctljt wreohly telr oo tees ol goety b Sk sty of tel watke

Fot exmmpale, e MR (17) packege, which 1y oty naed dot e godog oo -o-greoome,
o m mifc tee o ol te weds. Giooge of cloaely spaece]. ey ste exteoded with dyosoie

progtemoriog. The ot sl ekt conptible ST srcd (14 o o ofoc sty o fod dee
wrih

ko mtvetegr of st 3 pusce vty (tathet thn bl orst-vst ot} Fven this provide s smallet
ot factot ovetires] o sofic stteps. To sl st teeds o geesoes, Bostie (1) oism
FM-imlry o minloxr b ooty footptiot sed speal op oogepyes] sextch. It cocohidoes dae
P iwdrr with wbmthte o prim o soml] oombet of odsmstrbes. Boetie 2 (16) Iocodes both
mo FM-lodey ol o dymsnole privgrtemodog eleoent o heedle Ioogret Ioemoct sligooents st
rojrtomh g speed . Cltheet puogen Jut- shatt e wfgoety et n1e e BT sl FA-lode 1 ioclode

Joa Mepalr o ol
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SOAPY (1) mad BWA (17 BWA-MEM (1) sl BLASE (1% alwn empiloy tee FAM-loder fof
elgriog log .

Althengh te FM-iuler b telathe lr soml] sl thentretieally fest St evect sestobes, & o ffeh
from poot ceche lorsl iy Evety exteondon by o b looks st w dirteot—ad poedhly dsteot—
lrrstivmn of e BT tppleally oo ting o exjeosire coche mbs. Tio sjeee] o sestrh, the splice-
wwuir aligoeet HISAT (M) nw= n bietatrbey of EM-adiees. Coe etge FALC eder Iodeos te otite
o, whil ey soml]l EM<iodfices (spypstoconstedy 48 00 fot- e boosn geose ) cootein =
sooml] patt of Hee geoome. Each soml] FAE duder 5 soml] sooogh bo fit 1o b ceche of 0 modetn
CPT. HISAT wligon soml ]l chonkes of w tesd oxlog the Sty (o shoacy FA-lorder bo fod esodld ste
mstrhing lorsten. Tt tenselects the spypringst st yool] EM - odiees o golckhy eted e oostobe.
o 1o Hhe 3 pace teqoited o ot sod e stk egoited] osostpoe te dete. I this feoe stk
the Hooe o prt-fnton w 2 3m ity sewtrh b boooded by the eottogy sod e fracts] dimeon3on of e
b g i el m] dtw

The CaBLAST woite of tonls (25, 253 & fumctions] e nbadent o te snoeoce sfigoe t BLAST
toh 7 1) bat 1 fstet ol oonte memoty efacleot. Ay ooy soeoeee soted o e detshes ote
vimlst, ChBLAST spfiiy the duetw Intn oo detebheses. The eoxtse detahes cootwlos e oodnoe
elementy foam e otighoe] detebhese wrblle te teoedodog: ted oodeot elements ste st e ot
ety o onlgoe element sod e The of dffereee

The CORA softwste (27) 1n s soreletatot fof -t sfgoment phoghems, soch e BWA (17,
18) o] Boartie 2 (156 Ionbesd of ooy eviog te terdnodeoey in te detahese, CORA sho nwe e
tednodmercy 3o He Injok goety dete. Fot eoeople, 30 the piohlem of sligmoiog seqgoeoclog e
n e, ooy of e Iopot teds ste ety ool e ey st segoesced. fom e sqoeoce patt
of the proome. CORA extacty common frsinte of te Inpot sqoeeces, o mo extetosl oot
1oe BWA ot Boetle 2 o allgn s frsintys | ol devoe s e afigomnent of sll te tewds.

114 Gestwsiven misesivibly  SGEA (3 tiog grieph soembler) (22, 72, s ssembler ot bt ewth,
oy mo EM-lodex st erety strp of the snechly plpeBoe. The Syt A -loder 13 coomitocted fom
the twx sqorociog treds The tradh st pattitoon] o ool poops sed te FA- deos
xtr compitrd 1o patelle] oo eech gioop o yend op comttoction. The FA- deom wte ten
metgred (73 Dloectly odog thh EA-loder, the SGA ettot cottectot tepleces o boe 1o s fesd
thet b putt of u losr-coretege dooet 1 trpleciog et b oosm bignons by oo e cove e
of het & oot Then, miog soothet FA-oder, the conted oeyd trsds ste Slbeted oot sod the trach
xtr mrtgrd o groetete te sttiog goph (74

The DBGFM dutw sttoctote (23 teprte eoty w de Binljo grisph owed 3o geoome enecdbdys m
FMLimlrr Thh detw stiocinte wan beted with te ABpSS prme snexhlet (75

4.1. Locality-Sendiie Hadhing

LSH wwn fitst Inttradneesd 1o the oottt of the et oelghlet piobdem (78 I this jriohiem, tae
ol 1s e i ciently et rh waet £ of poiotsy Jo e highediooes oos] mettic e A goety coosdsts of
n puint p 3o e e ooetc e, sod tee algotiten most tetoto e polok fom S et 3 chee st
o the gorty poiot g The spprocmste vetsion of teh problem el thh o it sod sl
the algatitbm bo teinto w poiet oot oo St foem e closst poiot. When g dioemion of de
mrttic sjucr 5 high, this swivh b vty egpenbe. LSH oortiesds str probedi Bate methedy dat
qoickly sl te spprtocostr orstrst oelghbat poohiem.
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It b pondhie o feme ey bicdofotostio problems e spjdodoste oestet oelghlat piob-
ron Fof eemple, gheo o =t of sqoeociog teed, ¥ 1 beorficls] o temoore te trads comlog
fom common bectrtis] conteod oot Algoiog sll b seqoeociog tred sgedot e s qoeoce
rones cen b 3ern e ooty 1o e bighed iooeon Sooe] s pece, mod e oo ooste cesctest orlghlet
aigotithn fidy e trady Het wte close o conteodosot treds (40, 41} Mot piecle sl
gttty wte then nwed oo e ouch tedocesd] set of e o weed oot e conteodostiog teeds.

.l Defitiitiotia  Ghreo the oodvets of Iotete st (2 seqoroce, bamet), o doclletity mes-
mte £ on i 1 w fooction withvaloe o [0, 1], whete bighet valoe deonte oote ot el oot
The Jucratd lodex b mo eoemple of o 33 etity mesnte. It coesntes boe dmllet o ety e
ol b defied by J{d, B om0 ] f AU ] A oetie (of ssoimettie) ceo defioe
ﬂlh:mphhﬂmﬂ.qﬂ!ﬂnﬂhanqnﬂh‘ﬂ:Iﬂqlhﬂ!mﬂﬂnf
oot thet diffet betareen te oo sttiogy. Fot sttiogs of ogth x, try defioes the sor ety
Spld, Bym 1 — Hid, B)fu

A furrllyr of besh fooctioos & ool seosdthee 3 spyprtoodoostes o pattien et o ety Le te
bansh foctioo ste oote oy o sociste e ssoe veloe o cements et ste s ioilet Preclsely
Fren maimlletby mewnte 8 oo te oodbretye 24, w et ' of b inoctioe defaed i b loesliy
e e ot B3

Bt [Mx) = My)] = Sir.g), 2

whetr the pinlehiliy b koo oret the dht3mtion of beb hectien. Then £ 5 aedd o bee ot
st en ISH

A diffetert sl oote geoetel definlton 1s e gpepyeed LSH §6) A dattdobfion oo 3 &
(5, o pr)armitive 1 S, ) = 5, Snplien et Priba) m bip)] = p, mond S, ) < 5 Jopilien the
Pr{kixy == My} £ by, whetr the probehifity b compnbed oret the choder of b ooction 1o 3
The lote ey Bog oo 1n when we beve sy, >rmd gy > py. Thet s, eleroroh tet wte vety 33md
It [Sfx y) > 5| buve u probebhliy of s et p of gettiog te sme e, while eeoents bt
mtr oot yim It beve o piobeblliy vy den py of pettiog e e mioe. The S defodton of
LSH is eqoiveleot o w disttibotion det 1 {5, 5,5, 5 e e fof oll v, eod v, While o pate
ISH

The Jecxwtd ey sty mo LEH. Crandde+ the nllowiog octioer o 1a o petmotstion of
the elemersty of {f—3 1s w fooction thet srocistes o dlfetent integeto [1, 34]] o eech element of
Yl by () = l0y T{x) b e smalle st velor ofmo elemeot o the w4 sceotdiog o e pet
ontation 1. The famyof ooctiee W, = (k. | e pemostion of (4} 13 LSH fot tee Jeccsdd
bl (78)

Thhe Humuming 1 imIstivy sl bes s LSH Crvidet the fam Iy of prio)ection fooctoe 2 det
llutnd-rﬂzrmlnflﬂqﬂhn S = The ﬂnfﬂlﬂtp'nhﬂmﬂn-{ﬂ |7&
[L =]} iz mn LSH foxt the Huromiog sloodletiy H.

Thh piojertino-hwws] LSH rn be erteoderd i priviecti oo that select bmets ioesd of beaee

Bdnrs . ra)msy . 54 Then, te famdly Moy = (B |76 [Le—k+ 1]}

Ml—n) o—k—1s
(’“’*’ e T 1};.)"'"H"

1 Mepslr ool
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ot ther Hmrom o slocd et 3y wheeoeret we beve M1 —n) £ 1 — . Aterlerof LSH noctiors o
be il 10 Befrteee 77

4L Sowvhies. Ting ool ooe beb mocthn ghee s bighoratieoee etiostot of e oes-
ot [ontred, wr tppically ctestr w sketcde Fof mo eleooent 0 sketch fot de ISH b 0 vecior
(Rixy, - -, & (x} of b veioe, whete te bsh noctiom ste selected fom 3 scootdiog o e
LEH pivdwhliy dhrtibotion Toosmpete b eements sod getsn estiosti onof ted g leteg 1
stfares o look st the progerition of mosl et 1o tedt soetvbe o sBmete of te piobehlliy
In Eqnatin 2.

The LEH skrirh fntvoesd 1o thls wey fof the Jecrstd Iodex b called o MinHeh skeich In priwe-
Hre, fanling r iodejeralent besh fooctiom fof e MinHwsh sketrh s oot sy Iostesd, oo con
sekert wydngle besh moction, sl dhe s ketch of st 4 coosh b of ter soslet wios of | ) | € A4}
ot the r yoslimtralnes of e b fooction o ech of the pattiton of e g of besh msios

(78

1.1 Eafimating Sat Siras

It nweinl to be shle o s Emete te 3o of § =t goickly sl ordeg Dtle meonty, o gttt 1o
o e whetr the 3et1s bonletgr obe soted lomemoty The ool og probeh{ Be sgotiten ghe
mo spyprincimation of te oot of datioct elements o e =t (of 1o e stesordog s=tog, seen m
Tart’) wchlle s ot 3o onind o] 3ofrtoetion sheont He st ielf Most ach slgot e st e foement
mo the fnllrwing dmple deetration. Fitst, defie o bbb foection, & 3f = [0 — 1], het ;e
nodintmly e oottt of elemesty of ottt oo o Iotetval, sod ey ek of et e soosllet
beshvalor = oF te latgret oomhet s of Desdiog oo 3ot biosty tejre et of te bah
alom Then, e oumbet of dlsthect elements ot ==t oo be stostel o — Ly eos 2

Aguin, ming ooly oo beh foection ey 0 high retiseee 1ot slo sSmeton. By oiog
r indreperient beshes, the st derintion s dbdded by fr. Hoceret, fodiog r Sod peedent
e by et B oot wewgrs privectien] . Pt ew] algot it svodd niog b b fooctioos sod prioedde
bettrt mmbps b of the 3 et ooseee. S oy algaot] o beve been piopeessd. fof s procble ooy belos
wr explain ooty s fewr of bem.

An slgotitemn ghves u (o, & apyjrocimstion of e Hoe shor s of w et 3 e o fetntoe] s -
Infies Pr " — x| X o] 2 1 — &, whetr the privhehliy sk ovet the teslom clados Iobetos]
the algotithen Thet 1a, ¥ tribton, wlth bigh probehifrg, m good spytocdonstion of e o ofthe set

The first of Bab¥onef et ulh (%) thter phojpurss] slgotithon ke Heck of te F
lowest valoe fonmd, whete b Of] o) Thh slgotihen 13 o (e, Seapypioimetion ming
N Log{ |E7 (b Jogt 178} fe? ) i, Thery alwn pingwres] Imgrtorrements tat me ooy OF1 /e ® -+ Iogf]E7]3)
bity This et algotitten b & ooty nmge et b sspojpiot] eally optioal (@, 81} The ;M-
Connt ajmotiten (B2 o Hee #th mindoonm sl combios ¥ with 8 sohiioest fusction e g, =
logetitiam) o ohiw]n bettet e chion (# patsote ) ot e grhen soooot of oeooty.

The Hypet LogLog slgotithen (£1) 3pin the opot steem Inm ¥ mbetvesn, with the S
§ bty teored froem the bash valor sod 0wl St e ot iplog srhbich sbstteem o element goe

Intn The omr of thew Idiridos] sobettr e b then detetm ioed sod tee o] ol ity 1s e stimsted
nu_-l!t-{E‘;u_I'qﬂ],wiﬂ:u_qnlh [nﬁ*[%}]‘ﬂn]",n-lfhﬂ:mulﬂuf
somttremy, mod M) 1 tee et oomlbet of esdiog otom obeetyel 1o soletesm §. The
sctnal Implemoentetiom of i oocthed bere osdetgoee sdditios] ophoremest ch e g
Hppert Logl.og-+H- slgutithn (B4, which midy » bie cottection mode] sod o beothte fof soel
ool etpeet-fctn s, both of which teok 3o iogtored oretell seeoeey.
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4.3. Eatimating Diatribufons

T Caonte M Shortrdy wlgort-tam (B3 ) s wrts thh goety: Howr oosop Soe does eleont 2 ooont
o molthet 57 I mn (o, S j-mpypriord oostion slgotitm tet et tos Hee oombe + of oo teoces of
mo element 1 € 8 with telethe ettt len then e wlth piokehfl iy st et 1 — 5

CoonteMin Skrtch selects rom [1g(1/8)] idepedent boh foocion sed sote s beoe
dimrrioms] sttwy with r o sl o s O 1) olome, with mech oell Indtellrset i Addiog s
elernt b the dutw st te h pethotmed by sdog 1 oo oo cell o oech of de r ey The Iodex
of the el b ghren by the vaior of the bnh ooctioe for et eement. Beosme of the ooessded
etiat w bab oo lxlon o obtedoce, sech cell 1y o oretetioste of e oot of oo Heeee
of the elrmrots heshiog o thet cell. The ot seen tete valor fot Hee eementy fegoeecy ceo be
T by kg the mindmnm velor o the celh ideotified by pech of te r boh lostiom. Th
bentlstie of tekciog the miodmoom relor 1y dodiet o te teenttiog micdoom beothtie o Speotel
Blwen Flltet {SEF) (Sevtion 5 2], ol 1t b bolk oo te Hes et 8 minlonm rsine b feeet lash
rollh i sl b tetrefntr mote 1oely o be ootbeet.

The otCatrd algotitem (15 comjmbe gloml frgoecy setlsie. It sewety dee qoety: Howe
ooy eleoents In £ oot s Hooe? (Thet b, & competey » feqorocy bstoghem ) ofCetd oses
ooly oo besh fooction thet ghre phin ot eech element 1o te iopot strem, miog te otHnb
agutitemn. The pt 1y ymmpded st seme tete 12 by lopiog from te Injeot st ooy f-mets
whetr the ¢ lutgest bty 1o et banh valos ste i Esch ssopled elemeot 1 deotifed «th te r
Irxeat i Jo i benh velor wheter < p— . 0bCatrd stote so stteg of 27 coootets, sll 1odtiefoed
to b. F wo et 1y ssopled | e conotret ghreo by 1 b bl b octeoeoted.

The ith conotrt o the sttwy cooteion s oretetiostr of e oombet of ooeoteoces of sll ge-
e oty benbrdog to £ Idenlle, ¥ r 1y vety ige (oo latge tet > 1y girste - theo the oombet of ele oot
io the podretae), then the dh conotrt wookd cootelo so coct eioe. As oo by Mobsoosd] et ol
ocontting # e om be extinated by § = 2 — 342 (b o, whee g, 3 coooes § 0
ided brythe som of sll the 27 conotrts.

Muotr groctlly, ghreo w =t 8§ of bmet, bt f be te oombet of #moets ooeotHog § o 1o
& The bh frqoery moment 1y defied o = F,# §. 7 13 te oot of dhboct bomet 1n
S sl B equosh 5] The problem of sppiocdostiog e momeots § wlth o dogle-peen slgotiten

3.4, Applicaticns

Do el iy tvlnction ooe s v be ajalind bn s eige vetietyof b on 1o compbet ]
ﬁﬂqﬁu“ﬂﬁ“#ﬂhﬂﬂ.ﬂﬂ_m&dﬁnﬂlﬂrﬂhn{mmim

d[ﬂnhm{lﬂﬂ:‘m*ﬂl?ﬂlﬂﬂillnmqwﬂﬂh.

dd. 1. Earltvmtiing detrnst’ ditibotiotis.  In spplivetioey soch e gesssme s ochly (B8) mod. we-
gqoeeee sewtch (A0} =0 s Bmetin of b dhttinton of te et of wtplog wos of & b

desltwhle fot s ettiog ooy patwretets of e geoom e sysembiet
LSH terbainne atr oitrn nanl ot . For eoemple e + (4 o0 8 Clonot- 3o Sortoh deie

stimctote o et s spyxod oete oombet of ooonteoces ot eech deooet. Eooet St (89 goickly
etiomtr e ooumbet of dhtoct Amety o e dete wt = el o b oot of Adogleton k-mets,
le, tr bmrty oonttiog ooy moce, whidh st Berlyin be dor o segouesclog ettot. I combloe
b il g thee I ooty mod e vier oot on slgot it de sctibed 1o Section 4.2 o obisio
0 e ety Sioste The obCatd (3 5) proghen oses e ot A b slgotitm (shich s dereloped
Tt thels pn tpor e} o et e eotite dhtt S fon of et fgoeocie
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il Bewd aliptivesit. Resd slimmeot oviog Hee s desod-erteod s Hstegy lovmndees oo strepee
Fitat, frnd mpsrtood costr: o]t I osrst s St af g ent soxd. e tefie e sl gomeot ¥ poedhle
LSH s vety spyprtogrtintr o Ioplement the fitst sbepy of By stetege

The LSH-ALL-PATES (3} al gt dors mo all-vetynsall nl oot of & st O of sgoeoces. To
wvnisl the qosdtetie complerity of compatiog evety padt 3t Sltety te Bl ol idete padts nviog
LSH fot e Hunming dstwer For erety dmet = o erety sqoeoce of £, oples of te foim
(M) ()} mte mices] bo w The, whete b)) bt beh velor sel oim) soie b bt et
shont the pondtion of te oot 10 £ Then the Bt 5 sotted s oo He besh valoes sod teech
with Hentirel bevh valoes sir matkosd o be slioed oote ey This phocedote 1s fepested
seveinl Hooe o vl fehe oegethe.

Altwngh MHAP (317) b w0 ove tlajyeet mod oot 8 geoetal tesd sfgoet, te ovetap poohlem B
tenlhyn spuerial rewe of the albaet eyl ]l ol igome of prohlen MAAP sl ety ey ot o oely
orretinp nylog LSH fot the Jucrstd] Inder MAAP spfits w trsd Iotn demets, compn e o besbrsloe
(irlog w fogretptiot), sod kevpe te smallest - fogett ot Tt ctestes - bash behie s soch thet e ith
bersbs twhle omgrs m fgetjrtind o w Bk of teeds shete dt Sogetptiot s the ith soallet Fioelly,
the trwds thet co-oooot 1ot ssme Jhiy o 0 ktpge somgh petcoeotege of te ¢ bsh ehle ote
romjwiv] mute prieche iy The Idess of MHAF bare ben spplied speec] fealby o tesd. ol goment
1on MMy (38

], Mrstmpyatiuil o shotithe tees et tcmtiods.  The prinhlsm of oostegreoe shoodeee -
Homtlon 3 o detetmine the oot of specis o s ssople fom 8 oot of sqoeoee. Qo
mpyxtxmech 1x o groopy ogethet sod et e goeoces, which priesooshlby cooe fom telete] sjaecle

LSH-Dir (%) o1 o LSH spyprtved st ing e Heoming: dbsteoes o do s Effertbely, ol
.ty o e ey wiv compater], sod seoesces that ate s gdfcethy difetent ete ot 1o dfetet
hion. The phocerdnte & tepeested] oonlfile Sooes st dl fetent tedomn besh fooctoos o miodord o
the fnhr orgetie tutr A sech Ietetion, bios et ste fomd @ be s3oIlst secotdiog o te oo
s bx frort] ooy e oot

Thee prixagrtwon Kb G moxd the 08 Aty soartooeh (413 procesd 1o e sloodet fesbdon, ot oiog
MinHwsh skortries Skortrbee wte ctested fot the segoesces | sbdch etestes s Sgpostn tres S sods of
Hioes st Hen e ot igion] senoeoces (jos b fee Kl obrptes et ketch, tegatdles ofthe ool
oo xlwr) Fot the ciosietiog el evety pudt of syjoseces b competed nyiogr e Jeostd
Index ISH spptorimstion. Fren thongh ths pettalee competisn 1s gosdtetie o te oombet of
seqoeacrs, oo thet eech coopet] oo b ety it sod teqoltes Bt Ipotfontpot, it h possdhle
clostrt Hasnymh of == goueoces 1o thh sy

5 APPROXIMATE MEMBERSHIP (JUEHIES

The comrtvreed Iafloe of Section 3 ghee the ssoe smwet e e oo e vetxioo of te
s qoetle I te sjyhficstion cen oietete ;oo ethoty ottodoee ], by te dete stocin e, den
mnch oxxte mesty=frogsl, sl poleofelly et dete stoco e eds

AMC) sttoctn s comjxtise oo cles of dete stoctn tes thet e pioren pattiondet-ly osend fo-
this Thew detw stoctotrs shote w et Sl syt st et ol owlog opeestioos TosrtfS,x),

which midds ¥rm x foem w oodvete 3 mod Cootad S, x), which detetmioes whetet the mtteot
£ oontwdon o £ 4.

AMCHh uir alloen] n piodoee ettty oo e Sootados opeetetion. Tapielly, ooly ooe-sided
ettt h allowwd: Tx b o £ Sootados(f =) onst tetoin oos I 21y oot 3o 8, Sootad osfS )
may eattectly teinmn o with some piokebilrg Fot this dete stioctote o be sl e fehe
poodtire tutr, de faws] o the piokshffity of Cootad os tetntadog trom fof s teedom eleoe ot dt 13
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oot o the =t ok be bonoded . Soroe ARMCr slios s sdd i oos] Delsts opetetion of ete shle o

st oot ety by stotlog: s spprtoocmste conot fot esch em.

AMC) detw stoctnte ste tppically spplied o prooodes by ekcdog te st Sttty eocode
to br the wt of b-mrety bt e pirsot 1o te stiog of nbetet A qoety sttiog o ..o oo

be bl fof memhetsbds I te iedered sttiogs by Contadioe(€ o7 74 k— 1]) for ek £ TE
» mifrrot ocombet of b oprtetiom oo tos, deo ¥ Bkely et o sttiog dmlst o b
et
The oor-alded etiat of AMCH dete stncinte often o be ooitgeted]. o spplostion 5 ei-
oot g seme privgeettie of He soesces, such et oot of dh ot doety ot e foeoeey
b togtem of kamets, o te spare sl s beoefit of s AMC) tppieally ootceigh the small
devte wwr 1o meontecy of e stioste. In csoy Bodofobmeties sphliest o, oometons coovetgent
e o oot ion wte o] o fesch o paition et coscnsion. Fot exsmple, 1w ) contede
m 3oml] At 1o common with yome bectetinm, thls doe oot Ioomedstely oorso thet the rad b
m oottt ey Hils ceo bejywen by chace. The wdditioo] ettty ctested] by de AMC wte den
ot jantwiteyd o the et ettt ood el (oot og e goeoclog et teedoon s 3m Tt e, e iosed
o ditingylsh el fom g tien evests. O teet spjliost e 0w so AMCHo s weptet =tk beee
oo Imjeect oo the o ottt by oxdogte ANC e e prefilbet o svodd ooty compectetion, b
o omtrhyretifpiog mech qoety dooe byt AN,

E.1. Moom Fieem

The Bloom filtet (H) 3 w prinksh{fst e dete sttochote det siotes s sthitstyset sod sojgpaot b dee
twu AMC) opertetiomn Tosart sl Contadios. A Boom fet ooty of s es-bit ety B o oeell
mrhmbioction ki = [Dm— 1], o fem] . r. Hete, r sod e st ooshle pactssetety tat
atfert the 3 pace g mod e b e e tute

Tommrt{x) sty F[kix)] ol ot mech 1 £ 7 < r. Coctadios{x) et trosooly ¥ 3{kix) eqgosh
1 fort ks 7. Thrls St rwes o b e o gt brees bt oo ot oee fulee e e 3 oll ofthe 8 frf)]
bty bwve bero set o ] by Toserts oot Jomlviog © The vatishie r sl 5 oo be st o cootinl

o oiten this 1s exjeecterd o by n (#1F Foo xinette] eleoenh, tee e posdthe poobehdiy
b mpyptoodtely (1 — ™ _Ifm b fioed bydeived meooty moge, sl are egpect x datios
eleoenty o be netted, e oot of b fooctioos et micdodos de Sle pedtee e b

51. Counfing Bioom Fiem snd Spactral Bloom Filters

Tt emch e lement o the st This we fitst iottodoee d 1o te sppfeetion of ceh ceche shatiog #2),

whetr fnt bis wetr nwsd 1o plece of ech bk 1o 5 o seoxde cooots of op o 15, Tosct oo
octrwes e oot valor st sech bab pea¥m by 1, op o e msdoom posdhle wioe A oex
Tt ey D]t et v oy e ymme ooy, exeept when the conotet 13 st 1 o] oo veloe
(it eyl oo eyt g sl fehe oegetire) Cootaios olloey e e piocedote e e b
Blimam fltet, excrat It teintyn e smallest oot yalore fonod st sop besh o S

SEF §1) sobre w siorllet probiem e conotiog Blioom filbets bot fot o besees whete e connts
ooy be vgodfarently et then the valom slireed 1o o CBE Like o CBE the detw stnetntr b
mo attwy whetr each boh poodtion b« conot stettiog st 0 thet e o dogle b Esthet dan
ictrment all r b pediom, s SBF Imart opetstion ooly loctemets b preoni) wlth
thr minlonm ittt velor, m b tlste keren s micdom] ioctess. Ao SEF Contaios opeetetion
tetaton the ooloimom veine ovet e poadtiom iediested byt bbb vslos. SEFs Inplement s
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sl ¥ rwm] bentiatie, ralled fern g mdodmom, which deotifes ieon et e e beh eolll
viom by e pteveocr of & feeotHog ordodmom cooot sooog teelt diffeteot soted yeioe The
b thitle wrvome thet e e bere o soellet Heno wretege etior et Teom wheete B ooobet
of oorn ey of thelt ool odmom-veloe 1y small soooog e+ ek Locst o ste st thic of belog mhe
poedtire. The teen ting oododmom beoth e eocode e e wlth oody s dogle ooen theoee of

thelt odlodmom velor 1o 8 s coodety SEE thetebry tedneliog He svetege et

5.3 Casrading Bloom Filters

Corwrsding Elowsm filtets (4, 85) wete developed primetily s w vy of Iopriorlog te seeon teey of
n Bloom Sltrt by trenteirely stoflog te et of el podtee pheeot o dee prerions Sleet Specif.
lralhy et Ky be e wrk of bamety et wtr o be stoted, sod ek 5y be o steodetd Bioom S+ o
which thee b ooty bare been ionetted . A e o iog Bloom filbet st o dd 3 o] Bioomn filet
2, lnin whichsmxe ot e lam ety of Intetest 1o deeset x| Soot alos{B; o) = toom el o f K}
berre b Ioeette] &) thetefote sttt fule poxdtees of B tet et 3ottt o te spplios-
Hon The Contad os ojee-tetion of s ceycsdog Bloom filte+ teto o toos 1{Cootad oe{ &y, <) tentom
trom mml Contalos{H, &) tebaio falew

DUndattnostely, 8 slwn greoetstey e pordtees frbich sookd become fulse oegties of te on-
e iy Bl filtet 1§ left oockesckosd ), sothls prvoces s conflones teentstvely oot] tete ste oo oote
ettty o rfites] elements: #4 1y ctested bo oooteio te elenents 1o 5, tet wte Sl 1dentifed =
Tnlee pueithees 8, fob § 2 2 wte ctested oxiog te ssoe Jogle, betorostiog 3o o egpty Eoom et
Coutaineix) tento troom ¥ el ool 1f dete exhit s odd §soch det Goot aios{# ) teotos tms
fot 7 o mod Contaioe(H,) tetoton falem As e of e soccendee Sty B 5 stotiog e soslle
aet, hey can dectrwse Io xloe. Ay thh teentybve coostnct on stefs Ident e fahe o sftet g
roonttortion of the eottte St onflke te Bloom fltet the cosrsding Bioom fitet s oof soitehle

5.4 Hfernrehieal Bloom Filtems

When dealing with ooiple geoomes of egeetiment, we e ooltple st 5, S, tet
»r vt o stote. The devited AchestThat Contaioe{{$ . . ., Sa}, 2 ojetetion teoton dee et
{7 | SontadlnwfS, xj = tom}. If e sty 5 beve some ovetlsp 3o e b-mets ey oontedn, e bi-
etutrhirsl Blomm St spyrtoech ooy alioe Sobest That S tad os goetlie o be processed ooote
ety

Hir twtrhirsl Bioem Sty oot of w tooted. tee T with Lesves cottespeod o o oech et S,
A stwredutyl Bioom Sle+ B teprtesenotiog £, b shoted st lewf £ An iobe sl e © 5 ssyoclsted with
» Blowam ket B, stotiog the oodon of Hee ety shoted st the childten of o0 & cen be combncte]
by takiog e bitwrle DA of sl of cb childten By coosttoction, 1 Cootad os{#,, £) 13 22 7es, ten
= h oot et 1o oy lexd 3o te shitter onted ot 0 The Scbest That Containe{xy ofetetion
begin st the tont of T sl Hevetws te e, eplotiog ooly sobttees tocted st omde o whete
Cootains{f, i h tmm

Ttk lewvealn e e ate ciosteted by shond et iy, this ioder slloses oosop sttt dooot cootelo
thr gorty o be elodosted st the ymoe B, 33oce Hae shoeoce of 8 ghven qoety cmo be deotife]
1o oy lrwres simoeeennaly by qoetplog tet locest common st ooee. Sevetal diffetent
sk barr b propend o select te jlogy of te tee T, lockdiog B4 dee (85, 97)
mod e e Ty coarsttoctesd. bty ttees (10} o mdd ¥, ooote efaclent tejreeotet o soch e g
Splk Segoencr Bloam Toee (2SR T) (1) mod. All-Soaoe Seqoeocr Bowam Thee (BB T-ALSCH (98)
Intthet tedoee the shotegr ot sl goety Soe by elodostiog tedosdsecy o e Boom et
st mloog oy peth fom Hee toot e lesf.
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55, Quotiont Filters and Counting Cundent Filkerns
The qootient Gt (OF) (999 13 soothet detw sttocnte fof efclently sotiog e st of demmi
Let Ebr wart of elomeniy, i) o benh ot ion, sl ME) dee ot (M) | =€ B A QGF b o lonlen
o iog of ${E). T 1 bl oo the prt- el ple of gootientiog, o igios] i it todo ced by Koot (1000,
which oy the lorstion of b mtties o tedoce te stotege of besded Jems. Let ) be o phit
benh foction o thet, ot wll £, d) b g it long. We defioe the ¢ omt ol fesnt B of de o
be the qootirnt of k), deonted ¢, mod the r= p— ¢ teoedodog bit o be te troadodet of Fe),
dextrd r,. Tio sinie the elamemty, te OF me o sttey of 27 alob, sech of shee r b, Each st
b woclstrd with sddtions] moeteiste bit et bt 1o tenbriog oo sod 1o goetplog te
flret Lk the Bloam Sliet, te OF sopptts Jowettion el cooteiement qoetie. Addtooely &
mjyurity sl of kepy sl soometetion of te set & oeade [Le, coometstion of KE)], which
the Bloom fitrt dom oot Thes exttn copubditie mske the GF motr Serdble theo te Bloom
Hleet

The conntog GFCGF) (101) b o detwsttnetnte fof e 8 cieothy stotiog s moH st of eleoents T
woths Ine xoo et st o the OF, o & alloss oor o oclstr with enety bej s ome onlSpi oy
m[r)]. Enthet e me so sodBaty sttey o osioteio conoty, te COF ditecthy oye ety sl
that wir xtnally naed o stote te temadod ety ofkep (L e, gl The conotet ot mo et b st

o the oot trespwd g et et I e flbet mod S eocoded 3o beee ¥ — 1 The COF Il f

b by ] oo el Forwit ey nf thee (3 F enllend e tosdo- s select CF (RS05F) (101 ), wrbich nwe tunk-
-1 edert ofartetnon oo e cortd st bty o loprore the 3 pece sod. Boe el eocy of the GF Thi
dutn stincinie teqoite (2,125 + log, )/ o pet element, whete § 5 e Gl podtie e wd
e 1n the Jowd fectot of the Strt The RSOF (mod COF) oprtetes of to losd Sectots of 0095, mekdog
thth detw sttnctntr motr coemoty efceot teo te Bloom Sliet wheo £ 13 len deo 1784

5.4 Applirationg

My coorentios] mrtieely of smlpds I conjistoo] biokgy tely oo bthio oF ==
Grlent ot et el Apprhdoslr cembebhlp etiog b peitieolstly felevsot 1o e
contrrty, e sdd o] lon of pheclvion ceo oftro be soottiosd st scsle of sddtereed detongh

otz g

Sl Contitig betieats  Conotiog, of spjxocostely conotiog, the oombet of oomtheoee
of ety k=met ln e 3t of sqoeees s 8 oo st 1o ooy pieelioes. The fgoeocy of dee

ety 3o Iopot sxjoesces o be el o Sl of oty tejeest tegioon sl s oeciog ettt
ma] etimmtr e vl of the oode thyiog peoome. Wheo kb oode tetely nige, conotiog S ookt

of oontieoees of sech Famet 1o ige Iopet sets b tymtoe Inbeosiee, sl sy compenbetioos]
techaxine.

In mmoy mppRretiorn, tete 13 0 ke oomlet of deoets with soml] cooots, often doe Do =-
qoecing ettoty. Thes sogle-conot feoety do oot feqoite sop sddtoos] conot cdxtoostion,
mriog comidrishle e Moy bmet comtiog ooh beedle e e osecoont b-mets oviog s
AMC} dutw stncintr b rptstr soglr-oon e ooty fom oot oo teocee oty shose
ooty most be stoted . Sofitscte oe Jellpfish (28 md BAConobet (29 nw o st Bloom filbet
o et effert

Altwmgh it e sjypsirsschee o Inttodnee Sl posd e Femets xith oot 1, ooy dosoortbeem

momlyre dhestr] siog ke sconot kemety s et s, soodog et tep ieprteent soeeciog ettt
So theve prinbeh e ;etheds offet sigodfi et efce oy geio st oiolos] oot
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LEL E:‘ﬂ.i:ﬂtﬂﬂﬂ'ﬁ “Ellfll-l!tﬂ:fmmﬁkﬂ.r_hm:lﬁnlqnﬂyn
qoeoer § ¥ Heetr Iv some soleet of te trach 1o 2ttt con spyrtodooste by covet . Gheo s latge
l:l:nquﬂnnI: T (B . B}, »= o wmtm H.uﬂ.ffnhﬂ:ﬂ,uﬂﬂn'.]'ntm‘ﬂ:
H!Eumlﬂ.hmﬁﬂqupﬂm -ﬂ.’mﬂhlmﬂwm.ﬂ,ﬂ-mﬂu’m
expart imenty et 1orly exjrirs b oew trecectipe Hletwtcbdes] Bloom Sltets con be owed o odbee
this

Thee fitst mpsprtrmech bt privobleon s the Senoeoee Bioom Tree (SBT) (300 Ao SBT eooode
each expertioent 2, ;o comprteyss] Blosm fltet of te st of boets conteloed 3o B, Thee
rompirned Blomm Sty ete stote] st ewee of 8 biosty tee sod otetoe] flbets ste ctested, m
deethed i Sertion §.4. SBT o the KR (Femso-K sos-Een) (102 ) comprtesdon scheme oo
the B fi ey, srbrich allowes fot Indbeidnsd bits o be goetied ot comprte sed i3ty sttt
berrlog o decomprten eech Bt Diotiog te sestch fiot- ¢, sohttees ste oooed. 3 so 3o fcleot
oombret of the oty of § wte presnt st te oot St of e mhttee Thi b siolet o g
with both SSBT (11) sl SET=ALSC @) Thewe luttrt bechoinne stote oo Bloom. fltety ot
rach oulr @ Cioe Bloom. fSitet cootwlon the ety thet ate presnt 1o all ke ondet o, while
the othet flbet contwlos Haoe Aoty Hat wte iesot 1o seme ot oot el egeetiments. Thee
b filte 1y wvodd oeeliog o explote shttees 1o which sll e contelo b qoety ¢, 5 sgod et
mrentage fot comummnly ooon oy qoetie.

Altrtrmthre spyrtrsschee o AR eoshle] egetioe ot sesteb st gheen by Sen O telo (100 sod
Munth (11} Thew iderog stte gles oosp eech d-met o w st of expeetinents coteoiog & The
qoety Hooe of Hewe gjyroeche s yoale with e oombet of dhfoet ot 1o s goety, tethet o
the oohet of eqpeetinents o o detw et Mantls e C0F (Sectlon 5.5) o fotthet Improne te
mcrn ey of 1 Iodex oo the siogle-temet lenel.

563, sty tries wisiwstvbiby witch den Bitnd o prmphin. The st of kemety present 1o mo Iojot s
ple ioplidthy e o greph, eelled te de Broljo gteph, sbich b prioeen o be s octeddhly
Imferttent eoochinetotiel stornte o geooodes (55, 104, 106). Sperifealbs ot S . ., )
be w wt of ety preweot o s ssople. The sdge-centtie de Bioljo gieph b ten s gisph o whdch
each bomet Indinres o edge e s (), (), chete ) 1 te et (F— 1jemet of e oeod
rim) s the tightoamt (F — 1oet of & When comtiocte] fom sgoseciog teeds of 8 tefeteee
n puth in thr graph Thew grapin bee taetrinte fotoe] e bnds of osop gossoe enachly
sppxtomeches (55, 1) Seqoeoce contrrty of Leogth eiget thn & ate oot oecey sty tetwioed sl
10 thetr oy be ooy ek o the graph tet do oot gl ook sop ojor s oeeee. Nooethe-
len, the de Binfio grajsh conteioy cooddetahle Sofohon stion shont e Iojor soesoes, sod & om;
be comtncteyd sl tejxtewnte] efacenthy foften oriog te dmecootiog bechoigoe desctle]
shove). Neve tthelen, o eplick tejxtvsentetion of tis gisgsh 1y often xtge sod oowledy o stk
wih

This by giren flar o probehifsic de Biojo graphe (106) et exgplo® the oottt i oce
betwe e n d-met 3ot md the giaph. ProbeddBatie de Binfjo geplbs teprteent te praph miog et
of Bl fi ety b teentd the exdges (b moets) et wtr eyt o the graph. The ootgmiog edge of
m [k — 1}mort oo b food. by qoetyiog te Blosm. fltet fot evety pomdhle sioglehes exteosdon.
Corsrsnling Bloom Sltets barvr nlan bevn nwed o emctly tejytvewnt theye grapln () A richebiBatie
trjrtemintion of e vrightel de Bioljo greph, televot ot Heosctijstone sxeochly, e bem
o (107} Thee spprtosches allox- te de Btofjo greph o be shoted sl devetsed moch
muotr effickmtly

mew sslwiee oy o Showbing nt Sulerer Now Srweerein Comesl=r 10y



Access prndded by O84S T4 L o OLSL70. Bor prrsces | s culy.

Amm Bry. Biered Deis 30 3019253118 Dersslosded firen s s ssssleeviews g

& MINIMLZERS

The minlodwety schwme b sonthet spptoech o ctretr 8 3oml] trjrieetetion of = oollecton of
sxjoree. [ v St Intoedocsd o belp compote r] ovetisge e Seoget sexqoeoeciog (108)
== mnt oo Ao egpiveleot octhe] s o seosiog s obodoeed. ot dooooe o
ben fonoe] @ bt of sppfretioe 1o yeediog op sgoeecee selers. Llke LSH, the miodor oty
whemr sl Iy groetef oo clled sl sheme ste oed o apinte te ordy oty of
sxjoraee. LSH sl mindor oty scheme st sometioes ol togrethet

1. Definiffon

T‘tnﬁﬂ.ﬂﬂmtlldmlnﬂﬂntﬂ.nﬂﬂ::hﬂt b-urtlu?lg m,ﬂtlu:?hnfﬂtwﬂuq
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wﬂ.mlu:t,ln mfuﬂ“i.qwﬂwimmﬂubmﬂtmlklmmﬂq

Inn'{l:l!!:ﬂl:[l:lt Eﬂmntb-m:thm:nflhlnqnﬂi‘mﬂtwﬂlﬂh,ﬂttmhnf
the ool oty 3 e 3y Elteet e lorstss of Hee selected b-urt:iu.ﬂntﬂt:qm:ufﬂt

welectrd bemety (e Flgote 1)

Alorel soheme b » geortaltotion of e micdod oty scheme. T alwo b thtee patemetete k, or,
ol w forerttn ftﬂ"mkhmﬂ:u.tﬂmul:.ﬂ.tﬂnhﬂ:"miﬂh:in[l,m].rntﬂdfﬂ.nhr
ufmmﬂub-m:h,ﬂtlmldm:mﬂ:ﬂtﬁlﬂimfwﬁﬂtmbm:hnqﬂm
s wrlecty the bomoet st e poe¥on tetotoed by £ A micdod oty soheme 1s teetefote o ool
schemr whetr the fooction §; tetntos the Joder of te o, soslle st beoort sccoddiog o sooe

o

Lowwl whemm (lockding mindotoe ) select bmety 1och St te olleclog o ogeetie
I:IIH:{l}truumﬂﬂ welevtey] bomnets Itl:mmﬂ-:ml:—l*ﬂ,-ﬂ.{ﬂ Y Oy
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hwwhmm:lbmhlmhmﬂqﬂmnmmﬂﬂm
willmhwmlmﬂ.mhlﬁﬂm ﬂtlmlll:lmmb’
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mlml:lnm

Altbngh the mindmicoty method b dodlet o LSH sod b 0w et ovetlep «lth LSH. &
b oot ditecthy mo LSH As desctibed shore, e mindod oty scbemoe doe oot defior o dodletiy
memmnie

N 1.1 3
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ﬂml

Cien o waprenee i ek e, bn eomh win Ao gey Swr), o minknbes [o edemie (red senle),
Conwrnibrre win i oreBlieby i elest e mme miskmbcers ond dhe selesey] pralil-ns rneline o
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5.1 Farmmaters of Minimivrers Sehomog

The dendty of mmisdond oty schesme 1y te oot of peedtooe ceosen ovet e leogth of e gt

ooy It s et v o exjaerctation ovet mo iofodte ogth seqoeoe with e demen
Indrpr e ntly st twdom . De prodfiog oo He sl iestion, Iose deond bty Iopfe tedociog te s
of the him of e combet of minlode by pedtiom o keepio o b b, which 3o oo it g
tootioe o ey mege.

The patwooetr ty or mod & 1ot ;oo ty o lors] sche oo st coosttwioed]. by Hae spypslestion.
Adntgeralor of &, sl beocre loog d=ooe t, svodds s potions eollkioom, while s xige valor of orloeets
the den iy, mod the lrngthof the wlodoss -+ F— 1 5 e eoect oostehs tegoitement. The odet
oo the ety (ot fooction it e loes] stheooe) b oomthy oocoonstteloed - Begetden of the chaodee
of the otviet of foction, the sherree prope e o sod & of ododmbets ete stided Corenoently,
Imprtorlog the demdty of micdod oty 3cheooes by coondog the bet o 13 of giest lobetet, m woy
Imjrtore oot 1o deondty wonld beoe fit echBog sod fonte sppfretioe st Bide chaogr o e
rote algutithm of te sjypf ratiem

Beoosnar st it oor oot b charsn 1o evety reloog, wisdon, e demity 1y oecey sty st st
1y A e otviets oo demets pretfotm poot by, soch e te ledengtephie otdet oo dsmets, wod s
e oguter d ety ety oo (1100 A feedom jeebonbetion of B ot pretiotms tesseoshle well
1o prwcticr wod 1y the nyoel cladcere. Fot o tesdom e toootst oo sod. ot or ook oo xtge (o 4 at,
whetr o 1s the sher of the siphebet), the exqperted. deodty 13 2o 4+ 1), widch 1y shoot belee tae
optimel deodty of 1o

The theaty bebiod ododmiorts sod, ereo motr a0, lors] sohemoes b oot pet nlly oode bood
In patticenlut, the problem of ctestiog obdetion of octon ghriog te lowet pondble deody
1y il g It b poendbde (111, 113 o ctestr otdety with deodiy loeet e 2 o+ 1), bot e
oot tnction b oot shewys phecties], i3 o]t 1 iotiog e latge et of ket O odet oy sohderiog
the optiom] dendty of 1 /o do exch (113}, bot the comttoction b optimel ooky 3o te epopiotie
one whetr o b foond mod & becooe ety kitge. Fot the ootr comomoon oeoe shete o h atget
then &, miodod oty scheem e cooont schiere e ot o] dees ity (113 Locs] schemes, oo the othet
bl do oot berre thdy Bodtetion sod ceo potrotislly scddere optios] demdty This 1s mo sctire
dormln of trwwtch.

ﬂ&ﬁ:ﬁ:ﬂm

Mindord oty wete fist nttodnced 1o X603 for e compotetion of Sget el ovetygn It ook
-ﬂlzrtmpmﬁrﬂtmﬂhﬂmh nﬂhdﬂ“ﬂ.ﬂ:\n-h!ﬂﬂ,mﬂfm
berre nad mindod oty o geeed op el opetatloor.

630, Pultwise stlog ovwesinps Pairwhe string ovetings B the otigim] geooio sl
fixt which miniorioety wete Iovented (105, 110 Giren @ =t of sqoeocky teds, e fitt st

of the ore tep-lepont—roossrns method ot gesome ssechly (114 1 o fod ol de teed puit
whete the wffir of e tred sligm with the piefix of the ottt Fot x beeds, slgolog ety padt of
trmdy trqoite fu?) calls b the aliget, which lswe ty et ool

Tospesd np thh spyxtvech, ooe ittt bion ogethet te trwdy 03iog oiolod oty sch et Beo
trmls with s pomilr oretlep air 3o st bt oor coomon bin, while reh wlth oo ovetsp ote
lorly oot o shatr sy bin. T do thi, He ovet iyt poty eech tred 3o o cottespeoodiog o el
thr minlml ot bmety of = The oaxte prhecise sl Hoes oo og sl jgeoeot: step oeeds o be ton
only hetwr e trmh within mch bin.

If ben ey e s ovetlng of w mindmom gosfity foiodomm. eogth with miodoom deotleg),
thry mnst bere mn et mstch of 8 roshle ogth . The petsocte s & sod o ste chaosen o
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thet F eqosh o+ & — 15 beoce, priogeetty § of te mindod oty gostsotees tat teo tesds wlth o oog
roongh ovetisp shatr ot ket ooe Ho. I 4 s letgre eooogh, 1t 1s ool by det bero tesds det do
oot berre s eoect msich bere e e miodod oty sl tedh fedoees the st of Hee bioy sl te

oomhet of coneren ity compatisen.

611 Bend sligruress. The aligoety miclosp (42) sl micdosp? §3) ste dedgos] o slgo
ety loog treds thet bere bigh ettot tetes. Thes aligoets o miodo oty o socho -t sl igooent
Fint, all b mindodorty of the trfrtroee seqoroee ste compmobed sod moteted oto o beb behle,
whetr the key b e wyoroce of the micdod ot sl te valoe 3 o Bt of ell te iodiee o e
e de teware e e whee e iy bamet 1y selevtesd s Hreminlmieet In slgolog s goety seqoeoe:, e
oriodm oty of e qoety ete seatrbed o te besh behle fot Iorstiors shete te goety odght sfign.

633, Cootitlig betvests with sojest’ betvwsis.  Some fwst fmet conotety sl o mindod ot
sl bioodog o petellefor delt opestion (4, 45, 115, 115, sibeoogh o e ety difeteot oy
Hn fxt vt Iy compniation. Thes sppfestiom ke st of = goeoce (e g, sqoeseciog beeds,
poome) sl oot e oombet of oomtteeees of erety dmet phevet In te syoeees. Hete,
te minimicrts ate wemeh, with o tppically o the taoge [7, 12], sl dee f-mets tet wte o be
conntey] beve length &, whdch 1s tpplrally latge then 14 sod o to 70 The pateoebet o 5 dedioed
by the telation o+ — 1 =k w0 thet s wislow of o oot semets tejrberenty ooe met

Thee ket contet sjysl et o brtvsles He 1ogant s eqoessces 3obo so-oalled sope s deoets. A sopeet
et w e qoercee of roo eoatee wiodones thet select He e eeooe e s o odoiest. Eech sopeet
et B ooy seeotdiog o the miodod ot 1o ¥ Fioslly, e sppfretion e te oombet of
ooty of esch Aoooet 1o pch bin

Pogertty & of the d=mety sl the chodee of o gosteote e et fot evety domet 2, e anpet b
ety with s copry of 2 wte o] togrethet 1o ooe dogle o Beesose o bme b oot be pres ot
o twn dffetrot him, ¥ 1s powihle o petfiohm e conotiog 1o eech bio Iode peodeotly, sod g

634 DhaBinfopieph ctvstit,  The too vatisot of e BCALM algotitem (71, M) s ooble
Har oxndxtwockrd o patts of Hee sysembiby de Biodjo grispshs (oo vt sty e mscdmel ooidgs, ood-
s, mrwl. o]t} nxlog mo Idew slod et o sopeet domets. The daooe by 3o the e goesee bedy e
srpututrr oo bios besed oo thedt mindor oy, Theo te algotitmn chestes the oedos] oodtgs

in emh of the bim. Fioally the slgatithm gloes ogethet patin foom dfe oot bioy by pooceed-
og o » pattieniet otvdet o goatsoter tet ol ooty ste coested. The oo webdom of e slgo-
Hithm vat oo see Iopeottent detwlh, bo both ove te piogpeetle of oot b efacke oty splk
the stk of marimal ity cttion sd o e oty ol te bio wth petbs et oeed o be
Fonl

615 Spetier deis shoetoivs,  Spetee dete stctotes oo o ooty o smple oo
mo] oy st ofotooetion st cettaio dedgoeted poiot, dete by tedoriog e soonot of jofo
rotion o stote. The o priogeettis of oiokohets (Section & 1) eonte et o s goeoces et
e w xlgod farnt evmct oomtch will select Hae ssooe oododond ety Thés gostsotees Hat, dosmn b sooe
mndmnm tendotion, the e xfiatonstion 1y soted o tee jatye dete stoctn b e 1o te ol dete
L aniliing 8

oo the mindmlerety of the sqoesciog freds, with alge et otiog oot joat s shdft by ooe b
bnt sho the syjoesr Joiolog tem coreoathe miodmieets, The ol of te slgotitbm o

sl Hy the graph mel grocmte te ooty fom the de Bmolj gaph 3 othetslse compeob
Mapae o of
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o othet de Biofo gieph-bened snemhlet. Altongh o g ooe seqoeociog e tfofs coold ceose
1omr btwwrde 10 be mined sl thetefotr ookl nttodoe svembly et eyeeclally ot kige

wimdowr shoes, in practies, wisdos shoes of 10 15 sbose Jtle /oo degradetion sod. Slgo] frent
ety aeriog.

The sffer wt-twy deie sttoctn e (Section 1 1) 3 sho soesshle o dosoysmplog with mloimde-
etz (471 [ontrerd of keepriog m ioder of evety soffic o e bt T, ooly te iodies stettiog s
minloioety wte kept In algoiog s pette o, e oolod oty ste sho edtected fom te bt sl
semtrbed fort o Hhe wn e wt-tg

Thee Mush M upy slgrert (38} mEgos koog trsds ton groome T cooobdoes the miodord oty oostheod
wih MioHwb sketvbes Section 4.1 ) o nithet fedoee e s of de lode . The Iodex ctested
o e grsome coamisty of Hae b b vsioe sl jrsdtion compbed ot evetyododohest foood 1o te
o In alipoiog s sqoeoce ¢, e micdod oty st sl exttecte] fom g, mod st ety loostion
with s swtrl mindniert betwrn ¢ el te groome, te Jecestd Idex b sBmsted oxdog dee
MinHuwsh skrtvh ot This prorddes the yevds for m 3] -sod e ste o], sl gom et s tetegy

1. CONCLUSION

ﬂ-::t-:t,:nﬂh-tﬂ.- sHnrintes heve been o muiilun‘l!ﬂ:tuf!umh I:-il:l:ﬂlli".
Rrwwivh into bow o eooploy edst og s bocin ey sod e dedgo of oomel. becbod oes b proogeelled
Htﬁﬂm.nhhufmr#ﬂ:hn:mﬂ:nutﬂimﬂhmpmhflﬂniﬂufﬂn:*
poeche b o ctestr dete stncinte St siote the eleret eyeect of He oodetylog s ooeoees
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