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Abmriract

Motivativre Tha construcilion of tha compaciad da Bruljn geph fom collacione of rafamnce ganomas s 6 beek of
Increaslng Irnterast in ganomic analysss. Thess graphe am incrasslngly wad a8 sequanca indices for short- and
long-mead allgrmant Alsn, a8 wa saquancs and aesambla & geatar dvamy of ganomas, tha coborasd compacten da
Bruljrn gmph s halng ueand mors and mom ae tha baals for aficlant mathocs o parfom ocompambhes g anomlcanaly-
mas o thasa ganomas. Thamora, ime- and mamory-afficlant construcion of tha graph fmom mlarance saou ances.
Inan imponant problam.

Ramud i Wa lrimoduca a new elgodtm, implemartad in tha oo Cuitlafish, b0 coreirud ha (ool orad) com pactad da
Bruljn graph from a collaction of ona or mora ganoma rafeences. Cultiafish inmoduces & noval approach of modal-
Ing da Bruljn greph wrilcas as firlla-siala subomala, and coneiralre theass sutomala’s stabs-spens bo anelbl e rackdng
thalr el tioning stadas with vary lnwmamorny maga Cultiafish s alen fast and highly parallalizeih s Fypard mantal
rasulls damoneirata that & acalas much baltar han edeting sppmoachas, eapaciclly aa tha membar and tha scala of
tha Input rafamrences grow. On a bpplcal shamd-mamory maching, Cultlafish constructad tha greph for 100 human
genomas In undar 8h, uslng ~28 of mamory. On 11 dvama corlfer plart genomas, tha compadad greph was
consiruciad by Cutilafish In undar 8 h, uslng ~84 GB of mamory. Tha only othar inol complating thees teske on tha
harmcwam tnok ovar 2h using -~ 128 GB of mamony, and ovar 18h using ~288 G of mamory, mepacteaely
Avalishi ity and Implamamted on: Cultiaflsh s Implamantad In E4--14, and s svallabl s uncar an opan sourca §cenes
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1 Irircahacticn
With ihe inoweasing ofinedabi Bty and e onghpnt of sanemncing e
et of whole grrnme eeereners owoillable for comparatire onobyees
and indesing kas heen prowing eemendonely. kindemn sgnmsing
iz oo gies man groesoie blRom of shosteread eqenee prr-same
ple, and with soirmnfibr-art demoen and eefrrencersgl ded] asem by
aignrithme wr now hove hnunds of mammalan-sled geonmes
awalloble Mowesrer we now bove secossfrlly osemblesd geonmes
that are an onder 0f magoinde lorger han Bppi~l mommolan
eoores, with the brget ooes among dheee being the mgar pie
{3 Ghp] Sievern of ol | X1 6] and she ewl on walling fih |~3T
Ghp) Wowmbhillow of ol K], Wikh moden kog-read neqoensing
irchnolngies and amembly tednignes, He diversity and she ome
plarrew of efeoeapolilty gronooes s Epete] B0 confooe
incrgsing ropldy. Bepresentolion of dese pefreenee ooliestiom in
compast foem fellioting mmmon geoomie anabpws i Hoe of
o ot ondd impostonee an o = olgoddhre oe cooe
aneting these repeesenta i one.

Tao thln end, He e Renijn graph bas bemme on ohjest of entval
impostaner in mory greoomic aabsis oeks Thils i was inldaly
e mustly in the oient of geonme jand aoepnme] asemh by

€T Auherfa {2021, Puliishee by Dl Liniarsly P

[EOLER {Pevacer of ol I{K]1), POLEREKR |(holsnn and Perer,
1), Vebeet (Evhinn ond Rieney 2005 Ferhinn of ol KE9),
ALLPATHS |Boiber of of | J0H: Mo~Collom of of | NI(H], ARySS
|Smpenn o al, 1Y), Tem-Alyw (Bobessnn of al, EHO),
SPAdm (Bankerich of ol 1i17) Mink (Chikhl and Bhk R3],
and SO AP s (1 of ol X110: Loo o ol JHE]], i baw eeen
inoveasing e in compar ative grnnmiss [Costew | Lohall of ol EH T,
DECCSNT |Ud=am of ol K1d], Sxipd {Fang of al | X116], and
Bohb¥ (Wiokin and Medreder, KT, and bas alen been med e
cerasingly in he moient of indewing peoomie doto, sibtber fom
emencing reods [Yord | eioggll o ol X117), koot (Pandey of ol
IHE: Abnodoresl of ol 2iH9), Vaorlkirege (Winggll of ol BT19),
and Metaleoph (Karoslloy of ol KK1]] o foom asesnbled ¢efres
encre s [deRGA (Lin of o, 2HE], Poferfish | Abnod eesl
rfal I8, and SATLT |Lin 2 al | X119]], or feom hosh [RLight
|Mlopchet of ol K19] ond Bifeost (Floley and Mielsied, XIH]).
Thee kiber appli-alinm most freqrently make nee of dhe | onkoed]
conparie] de Benijn groph o woront of the de Bmin graph in
whilh the masimal non-hranching pathe {alsn eefreeed 0 o ooibige]
are e {nbn singl e yentiers in e ondesdbyping proph s ohoee
Thil retairm all e infosmatinn of the odginal graph while ppi=liy
eamiring moch lmm gpaee o sioee, indew and proces. The et of

hnr

THa s mn Ogun Assery srlinin AiFluiss e o B b ol Bve Eraallon B v e Aciel ol on L s Bl st o B i e e oy o e g L i mhy ol By mm =
sirinie rum, o sivilulion, e regrocuslion i amy medum, prosiced e origine s |3y e,
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masimal nnitige for 2 de RBenijn proph is oolnee and foem o node
deeompnsition of he graph (Chilkhl 2 ol K16] The solnesd voris
antis hollt over mokil ple pefreen e

The j=obneed] compasted de RBenljn graph bas benme anineweas
ingly naednl dak senenee in mpotalonal geonmios, doe e e in
deirsting and epesnting weiidtin within @ popoladion of
oo, mmparing whole poone egenees. an well an, moe e
ceruly, itn acrderoied] nee an @ o ional smchee 0 amlist with
indrning e or moee eelaied] hiologieol eapemces Applying &

Bemnijn grople fow dheee sohale gengm e anobysis taske high Bghts o =ol-
leminn of aigorithmis dhollenges mnch on =i cooebstion of

e puple foot-of-core (Eonded of ol I0010), khoer (Pl of ol
IEH1), ROSS (Biee o ol K17), Mink (Chikh and Bhik B3],
EPeindew (Radland, 71 9], and BFT {Holley of ol K116]], meme
oeyefisent rprrentodom for dhe graphe and shele consenotion
Sl T (Worwm of ol K1), DRGFM (Chikhl of ol BT14),
BWTdwned algnriiben (Baier of ol | T 5], RCATWT {Chilchi of af_
IHE], TwoPaCn | Mefnkin of ol | 20 6], Aol S {Gnn of o BT19),
wny] Bifeomt (Flolley and kiedeted NKT], bolding spocer- and dme-
effkeient indloes on e m [BFT {Holley of af_ BHE],
Pufierfish |Abnodores] of of | A1), and Blight (Worcdes of ol
IHA]), and performing wad-aligment on the grapbs neing e indg-
ey [eRGA (Lin of ol X16)], 4=SALT |Lin of ol FHE), and
Pofitlgoer (Abmodores] of al | NI7()] o0 mention g e,

In this work, wr okl e i ioiial siep of dhe pipdioes amncdaied

wih wholk gronme and peogreonme aobsis oeks ey oo g
praplee te dme- and mesmaoey-efid st comstenation. of {ool-
o] mpasted de R grophs Te present o el algosiiem,
implementrd o e ool Cobllefish for his porpoe It by excelient
axling hehavike and bow memary eeqoiemenis, bl biting behier
performance thon stoien fubreont ool for somposing J- Renljn
papls from eeener =ollestione The algorlihm modes each e
tinet bemer i = veriewof dhe g Renljn groph] of dhe iopot eefoen e
collesilon an @ finiteestalr antomaton, and desipm @ compact hash
table mivysinee bn sinee mnoinot snondings of e sotes of $heaninme-
ata. LIt charoiesiyry the A= that fonk masimal ooitige deongh
am imp e traversal over dhe oeiginal prop be—ithnnt bnilding itew-
pliithye— ] dynami-ally transl il o the staies of He antoma o wikth
e lo=ol infoemodon ohitaioed abang the way. The masimal mitige
e then eovosie] Heoogh onoher dmplcl ovesol miog e
obtaioed] k-mes chara e tiom.

e o the aligneiihm on hoh individnal penomes, and nlies
thons of gronmes with dvee ol oo st T cloedy
ehird bomare T elaied bt dffeeent apee 11 mhied, dSffeeent
und boge mpifee plonte and 1650 bomone e sompoes ooe 0ol b0
theer puinting stotregfedhreant bonke Bifrost, def8W and TwoPaCo_
Cottiefish is smmpetitive with o fomier than tes tonls nnder rari-
oo eediingy of &-amer leopth and teead conot and oes s oemory
| bt mnkbi ple: fwrs lesn] on 2l ot th e smallest dotowste.

Note that. hawed] on the inpoit 0 e mostvoeion of @ de Beoljn
paph bring o et of sither pefrenee o oes or seqencing eade,
we distinguish e gropbs an i or e Bruis prophs aond resd de
Erulfn propia, eepestivdy (De Beofjo popls ooy aeo b cooe
seind] feom Aamer i Sesly, whidh hemeebes o peneied
from weda 0f efreencrs o rade | The preseoired Cobll efsh ol govithen
wordn with &= Bmijn praphs hawsd on eefenes egnmnees e i

o mien ot g ] ey d - Renijn grople

2 Ralw e woark

The amamnt of shost-read egrenees prodnoed om wmples, e
wholr=grname DINA, ENA o metogenomi- mmples, can be in e
oeder of hillom Comstenotion of lboog-snongh con il prone sspren-
cew, alen pefreved b0 on oontige {Stoden 1880, from the wein of eade
in Imoen an the frogrent amembly peohlem ond i 2 centeal and
long-stunding peohlem in sompniatinnal biology. MMany shaseread
fogment omembly agoribne [BCALM (Chikkl o ol BT,
BCATMT |ChikH of ol IME)], Beonn (Pan of ol FHE), and
defSW |G o ol K119]] o= the de Benljn graph t0 eepesent the
inpnt et 0f reade) and asemhle frogmene deongh praph smpase
thon Mo peesally, fogement osembly olgoeldhme are ppicaliy

preewent an panty of keger and moee somplew geonme e blly algo-
dihie Jn this work, we sndy e oy eied peoblem of cooe
smating and ampanting de Bl prapls in e whole groome
miting While he sompotallona| eeqoiesmenis foe e compasied de
Emijn graph onoetvnetion feom. genome: pefren ey aee typlke=aliy sob-
santiil compaeed] B0 Hee laier plhoses of g oenee anal yels febole-
and pan-genome] esks ooly 2 e ook bave foeyeed oo e spesl i
eohlem
£ SpEWTMW {Morne of al | 2 4] ceplols opobogical eeadone
ships between sofiix trees and compaated de Benfjngroplbe. Tt inteo-
dors o comimnot colied] s shigs which i o groesolbotion of
mnffiw Boks and in simior bo poinier jomping eebniones. b0 fast novi-
g mffix bees dnr Wentifying WP jmovimol cwst maicbes),
and then omefosme o inn yeties ond sdges of the onipot
paph SpETL b dmperresd] opon by Baier of ol {X115] oelng bwen
aignrithene hawsd oo o comp e sofi e ond oo e Bowen we-
Theeler Trarwform | BYT] {Boremen and Theeler 1984]

TwaoPaCo (Minkin «f af | X1 £] takes dhe apywnach of eonmesais
ing the eiigrs of dhe original de Benljo groph, which alde in idmtife-
ing e Jumci-w pitine in e gmomes, e posiiions dhat
covespnnd b0 vesies o TwoPaCo's ompanied graph fommar
Initolly haoving the entier wet of venlces on jooctinn condidoies i
shrink s e ~andid aies st neing o Rlnom filier (Bloom, 1970), witha
pam over e groph Sioee te Bloom fler may conigio fole posl e
jonciiom, TeenPaCn makes annther pom over e graph, this Hme
krrping o bhash ihie for the redn e sed o feond idaies and thoe fliees
ing oot she fole posithres AFXW (Gon «f ol ¥19] bolldes BT
of the mosimal ooliige wihont ewpllcitly oisting e mitige
teomebres. It poriitions the (& =1 Jmes of the iopot iobo o oo e
ton ofhndreis and applies paraliel reieg | weting on e ookt
Thrm charanirshing the d=mevw af e mde of e masimal oitige
nsing dhe sowtrd informainn, i mergen dhe bockede in 2 way bo peo-
doee e il geeATTT

Rifrrmi {(Holley and Jfreied, 20X]] ioldally bolds an appwnsis
maie de Reviljn geaph nsing Hoded Rioom fkierm Then for s A=
mer o e opnt i eeivose e mosiool oo dhat containe dhat k=
mee, by eeiending the b-mer Snrewaed jand haslecand], onmteneling
th mofiix and peefin] of the ooitig This peodoers an approsima -
compacied d- Brofn graph Then ming o d-mey =sonilng and mine
imbrehowsd] polkey, i efioes e mokosted mitige by eemoving e
foler pumilil ve b s ees presentin te oompacted graph

A Prefimiveridn

Te mmebier all nieioge 0 be over e alpohst = [4 O G T
For some miving 1, h| dennies i Imnplh sl ] denntes e sohewing
ofs fom the P o te Pih ooty incinsive(wih 1-haee] indee.
ing]l ={s} and prap{s} donote the s and e predx ofs with
length . eapectively. For bon sivings, v and y mnoh dhat v ] -
pragyl, e phir operation & i defioed an @y = xopp 1|y,
wheee |-} indhrappend operation.

A vy i 0 miving of leogth & For someniving v, s reversr mmes
piliverans ¥ in the ntving ohiained by eeversing e order of e chara o
v in ¥ and wmplamenting b dosee osswling B0 the
nncken il de bases® somplemenioeity. The oo ioal fome ¥ 0f o midog
¥ in dhe wiving ¥ = minjy ¥} acwefing 0 e eslgyophie
ondering

For o et § of sivinge and an integer & 0], e soeesponding o
Brulin prophi i defioed an o hidieested] groph widhe |{] i et of ventie
cen belog ewacthy the ot of mononieal d=mevs from 5 and (§] 0o -
s wandw bring ononested with an sdge i theee s some {# = 1=
mee rin § moch dhat W and v are e connoieal fonme of e f-mee
Breufe and e}, mepectively, L. pra g — u and adyle) —u
| Thin in she hideesed] vorknt of de Beoljn grople . applichie pram-
tiea by wilih the gt of dooh ke-stvandesd DA For o disnmdnn
on e pimpley deoted] vadlont, e Childhi of o (K1FH]. We adopt
an rcpr=-oriric dedioiiion of te de Beijn praph whees an sdge
cuinty Iff e s some coremponding {# = 1j=me presnt in & as
oppoes] o e wacirocem dic definl don whee e edges are dmpll ol
pren e esties - o0 mige W=y eelnn I g {u)—-
Ereg v} ] A vestew v in oid b0 bave e ethy e Aldes, pefeeeed bo
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u&ﬁaﬂi&wuﬂtﬁﬁﬂ mkde 35 An mige s beidwceen bea
venlioes v and v i inckdend o Fwoothy ooe sbde ofw ond ooeslde of w
Thee inod dener sl are detrvmines] meing dhe fol bcing e

1. I proy{er) = w, i preg {r)in in iy connok= | foem, den s inins-
dent o i hack slde 2,3 of sy ot wiee it i incldent bo w ' St
iﬂe:..r.

1 Hafi{f =, ie sfif{r) i in i oonoil foem, den r s ince
dent b0 dhe front sie 2y ofv; otbercie it b inddeot o v ook
LT R

Euey thm rismid to be g danp S0 an esdge o can be defioed
ana deinple N 2 0, S with 3, and 1, heing the ildes 0f the yenties
o and v, eesprsivedy 0 which e incldmt o, The conoobeal A=mer
¥ coesponding to o ventew v i eleerd b0 an dim bl e

iafal{v) =¥ An Fwomple Eostvoion ofo de Beoljn graph is ghenin
Fiigoee 12

A walk i defired an an alienaling epene 0f yestiew and
Eigra, 19 = {lig, 1, M - o b1 My M), B0 Hhat oy b0 mooeree
sive venlloes wy o and Wy in w are onooeeied] wilth He edge o (lheongh
any shie] wo and v are oled the mdpoiats ond dhew; foe 0 1 o
mx are calied] dhe imdrrmal varfices of de walk w i sald to esder Wy
nsing &, and sl v, nsing £, . Foe the codpolote vy, ond v, w does
ot hare an moiering ond oo ewitig edge espectively. For
ﬂ-|:',fgm,uiluﬂmm“thn:ihi-hmtiﬂt:.,fifqihd-
dent tn :.,E. Oiberwiae it wid tn enter wdenngh it bk slide s, 5.
Fx 0 < {1 mx, e izeminology for the eeliiog slde in slmikeedy
defined] neing tee inckdmnee slde of oy bo e i id B0 be iegad-
cmsfami  for mach of i inieeol vesties oy, the sbdes of W o
whitsh s,and &, ; are insliene aee & et Ininithee y, an inpni-smn-
sient wdk mierm and exile 2 s deongh dffeent sides Te
pore in lbmma 1 (e Sopplerentory Semiion 5T gt B eeone
st |spedling] of e iopnt sivings 1€ § e pomible ooy feom.
inpniecosinent wolle ore G5 4] Thersfore s ore ooy iniees
eard o moch ol and efer o inpoi-cn i ent wolin whenerer
nsing the bn walke onward.

Frownrmyinw, In imlabd be § Lo § = bbal{w) Tewy
that o wees the strliing 3 for dhe ventrew o e 0 o 7 5 we], och
that 3, in [ f w eieew , from e front and i T, oterwiee 3 i
d:ﬂnﬂmlqndjhtnif_?ﬁﬂiig#nfum'l‘hﬂq
niuilﬂz‘lmﬂnm .-El [

hrmp-{-'u,nqv:q-- 2, b} 1w maid b bea sming if || =1,
aein {5 #]:

1. each intenal rester oy bas Fotly oo incldent sdges. &y and
]

1. and wy bae ety one sige w and vy bae pm sty oo sige e
ciient w0 the sl eapetivedy hengh which @ ewiis vy and
e Y,

A noitig lmead o be mawimal # it ooonk be estended by o vees
irx o rithey iide Figoee] Eostvoies reomples of walle, pathe, dheie
spellings andd masimal nnitige in de Beljn grapls.

The covepacied de Aralfn graph ({5 ) of the graph CHE, &) in
obtaiory] by ool kpeiog ea0h of i mosimal ooitigs inbo o sogle yee-
e Figgee 1h shurecs the sompasted] fnem ({8, &) of dhe graph (3§
#] from Apoere 1o The peohien of compamiing a d- Renljn graph in
o csompnie e aet of e mawimal

T e that marsh 3 5 oo heeop ] on 0 eqoeoes Glog of
conplede masl mal oolige, @ ooitig oeeds o be preyenied Soomspao-
ning moliiple inpok sidoge Te ofrmtnaie s theongh meing a slighi-
b akrend topology of the &= Bevfn groph GiS, 4. Durig
cmemnstinn of G {8 A == bt mach 3 S an {cea-c]) wheee o
dennirn e rmpily spmbol We pefer o yesier v s 0 sehinad i e
Firwt e the nt dumer ¥ 0f nome inpot siving 1 6 5 oo eeesponde bo v
Inthls oenevenees of v, at st one slde 3 of wdoes oot hayeany io-
et miigre—re et b0 Heae slies on sshirkslde Thon, w9 ch eoe
thordealde 3, baw an inckdmt edge that can be monded with & The &=
encne] eige nooese 1) b0 2 epeckl vester 0y T AR moh g
conoey b0 an adhlegry bt feed sdeof T Thm, T bas oos slde
wiih iocdent ediges, and anndher with 1 » || Theeefore T willbe
a4 mawimal nnitig by il f Fosthesmoe for o sniiind v comesing
o some yenew w eongh by eotiod-slde 3 0 mitly cootiniog v
cannat ek 0w Heoogh 3, an 3, o molbdple inckdent e ge—
eestvainin g mitige rom spamnin g mn ki ple inpot siviogs

& Algarithm
4_1 Mothvation
(dvmn anmt 8 of mieirgw and an odd inieges & 50, o simple naive aign=-
dithm b0 woewet e oerspondling compamied de Bmin graph
G5 k) in o Semt vonmienst e ondinory de Benln graph £48 &),
undd ten ronmesaie ol Hee masimal nonsdonehing potbe fsom G5,
k] The praph somstrostion o be perfosmed] by o Borar acan over
each 1€ 5 soring infosmation abang the way in some graph epe-
eototion fommat Bl an afjocrney list Eoomevation of te oo
branching pathe man he chigioed nsing a licear-Sime graph travemal
aigneithen |(Commen #f o, EE9). Howerer stoding the oefinaey
aph S 4] omally ks oo mosmone spaee for lorge proooes,
and dhere i oo smple woy 0 e i wihont baving He eotiee
mphpreent in _ Thin malwaies dhe design 0f medhode able
to holld G {EA) deethy from § withont karing b0 coneenst
HE A

Forsome 1€ & it inimpononit to oot that by definillon of sdges
cexiel = de Remiljn graple, mach (i = 1}-mer in 18 an edge of Coda, #].
Theeefoee we mn obioin o somplete walle wovemal 1] ovee G,
k] heongh a lioear scan over 1 withoot baviog o bolld Gja, &) ex-
ph=itdy Aln, rach masimal onitig of she proph s ooloieed ae a2

mhbpath in this walk, as prrren o lanmo 7 e Soppleoentory

{h)

Wi 1. Fomr €31, &) . Figgeam {18}, my = {CAC, A0, AT AT Gyt Bt} i s s, e o sy LA CLATE B i m e F /) FR—— -

e the vakh oy ={EAC ACH ATE ] e g th, syl G Paics i e sy, s sl o —— T I
il w mitag. Thess wre o rescriesl seobilpe i ks groph. (s peth e sfersed v b s sreceeo], vtk He oo on el speliieyrs O 4,

1 com sl s ] s el e ki gy -
ICTALE el (2 B (] A Beardir-

acturl) e Bursign pyroplh e I = {mﬂmﬂ,mﬂ},nﬂk 3 The vesiices s e cocwokal ks fron. T, sed sech slpe cosrsgprs e seos 4ol

L Each psk spps i w vertacy, with thallst sl the possby sces
wocd i b e vl irctas. oo Hh et by i Beech . Tihos mhem gy bl &

d..ﬂqhﬁw-dh&,*:h*.ﬁr-:l!-nqﬂlﬁq-hl i bl ), bz
o b ] i e Foar ey, th 4

E A s d O comers-

Fdhthdr{ml,ﬂﬂ}:ﬂlﬂq,m Mm#mu&ﬂ-—m --hp{immﬂmn-q—d.;:-pdd-

Bruige. proged, with mech o wsinal
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Setinn 57 Fioe the wet of miwings £t mawimal onidige aee ol milavdy
coniined ina collsetion of walles 5]

Thm, in coosbenest (5 { & &) efficlenidly, oneappenach s bo ewbea of
off the mawimal noitige om dess wolks W 5], widhont oilding

G 4. Te deacribe bedow an arpmptoticolly and practieolly -
cient aligrwlihm that prrfonme dhis tosk

4_2 Aandng vartices of tha masdmal urltigs
Similar to the TwoPaCn | einkin «f ol X1186] algoddhm oo algo-
eithm is hased on the cheerration that there ewinte 2 hijestinn bes
e dhe mawim ol onitige of (4| 5, &) and dhe s beivings of te inpot
mizings in § whoe irmingl A-mevs coreespond o e eodpoiots of
e masimal mitige We refer o e endpoint venilces on Sk ing
venliirs This cheerratinn rinces the graph sompo=tion peobiem bo
the prohiem of dedermining the st of the fooking yestirs Cnee
each vestew in (45 &) an be shavamieshed] an dihee Saoking o in-
izl wih pwpect bo the masimal noilig containing it e onitige
thramebres can Hen be enmewied miog o walk o GiS &), by
i il i ing soh patie having fanking demees ot hodth mde.
Consider 0 mawimal onitig @ and oneof e endpoinis v Sy thar
v i sonpeted ko @ dheongh e sl e i, and e obher e foe- v in
2 fanking veriewan it is oot possih e 0 Foiend @ g sy while
riining iwdf o noilig, doe 0 oneof e fnlowing e

i. thereare mither ol ple siges incldent b 2 o OF

. e in ooty ooe mge {0 dpoee B, 20 ) inckdent b0 Sp o, bt 3,
o muolip b= incldend miges [Dioe o e cenended sdges fior e
tiordeslirn i in oot pomlble for ooy slde b0 have e incldent

eaigra=—ryrent for the ppeci] yentex T jpes Sesion 3] 1

For trivia] oniltig | onitige wih mwa oty ooe d-mer], entending
e mliig e ongh 2y in hodh the cows viokiie He e=end peop-
eny of joneivivic]] milige while for nondvivicl oolige, e Gt
propenty in sokied in caee {{] and #he odher ooe i vokied in o
1i]I"la:ln.l:lﬁ, we =n ohwerre that e adja ey infosmation of de
skien of He yeotiww can be e 0 dedermine dhe fonk ing vesl e
An per lemma A jeee Sopplementory Setion 57), @ slde of 0 yiex
canbhayeat most fone dslinatedigrs This being fnite. the o djaeeney
infomnalinn focdinding the presnoe of on cenended mige] oo be
track rd melog some dake senctoe Theongh a set of walle ovee Gi 5
&), mach et sdge (o, v, 2} 0 be eweded dne the slies
ig and 3y Wikth annther o=t 0f walln, e mawimal noliige can den
be moeatrd] an pere dhe fooking vevdees, detesmiced] ming de
ohtaioe] odja ey infnmmatinn

Anokrr oppechemdopied io TwoRCo (kiokio o ol
2EHE fidn i bave an e link dota siencsinee mpponting grevles andd
g it op with te groph migres (ie (# o 1joreen] wih o et of
wallm In anniher et of walien, dhe fooking yenlces man be chara o
il 2 nming incdenoe qoesies {fone pee side], and He masimal oo
tige zam b ewtro e on dhe Sy,

4_3 A o aterrm irletl c Trlta-sbala satomebon mocal for

varices

In e chowctrshotinn appeaches of de funking yesties 2
o= 0f edondaney in e icfosmation sned i the yvester slies
ithait b v o tipl eincl dent md e, o aee entine] sldes. By dediobiion,
theer plies hedong io ke fanking yesties of dhe maslmal ooitige.
50, in o femit ot 0f wolks over te proph, onoe o side of o0 v iew bae
been detre mined o bave moree thon one deloetedge or to be 2 ene
tredealde e adjpon sy irfosmatinn foe e dlde bonmes edm-
dant= fur oo porpoees, we do Dot need 0 be abie b0 Fomerare e
incldent ediges for Hels slide oF o Gffeentonr heteesn Bem Cioky
the infoematinn dhat thin shi mokes te v ey fonking is o ffieeo
Conplenmiorly, anotber nooeer of eedondant infosnasion i e
venew oldes cheeered b0 have rxostly one inoldent sdge (eednding
an eernnied] mige] opsho some point in the walle For mch g side,
kreping tvack of ooy dhat single s ge s mrffisient oo of baving
optiooe 0 ok moee deins siges when o Jfeent Sige

encnnteees] op dhe sl de s chewred b0 bea entinedsild e distingn ik
ing bedwren the s heeomes redondant

Thm, we cheerye that the ooy mqoleed infoamation o keep per
sienfa renter e

i. whether it hos Foetly one distinet sdge | eecinding e cemnon ded
maige], and i mo, whkeh mdge i s omong e fone pao i lities (on
peelemma A, e Sopplanmory Seminn 57F or

i. i ik bas sibery mokiiple distios iocdent edges o a0 =m0 ded
g

Henee g side un bave one of e difesnt confgnead one oe
for pach prmsible singiednn sdge |eanding He ¢ one], and one for
whrn it has ridher mnbiiple eiges o an emonded edge Thin implies
that rach yerlew can be in oo of {3 3 X =15 dffeent coofigoeas
tone We efer to ook o configneadon os o Sade for 0 e
Figoriog oot theninirs of e yeotis provides m with eooogh infors
malon ko emtwa et e masimal noltige.

T compmie He aminoll mabenf sach yesieww in G5 &) we eat
v s 2 deteeml oletie §olir-stol annmaton [DFA]L Peor bo b verslog
S #], oo infoemation i avaikble for pe—sr desigrair o speshl
mtate for mnoh | e wsfalied softe- Then in espooes b0 roch incbient
eiige o eentin & mer viskied for v, a0 appeoprae soe-ronsition is
made

Formmolly, 0 veirw v in GE &) & eeoim] om o0 DFR
Q. X, &, go, Q) where—

Etaiew () = (F1) [g0] in the et of all pomibie 16 siotes The 15
wrnal migirs |mofigeatinm] of the yenlicesin (65 #] =n be paris
toned inn o dispint dowes haeed on tede peopeeties on in
Figoee 1o

Iopot syl ¥ = [{oy, G} | €30 5 € E W [5] ] {whess ¢ denates

the smpiy bl need for senbindesld ] i e et of inpot spmbo ke
for the aninmaton o the ol govithm, we amina By mole st s

ooy oot per mipe bt per veniew That in for some walk
Wiy, by By - - by, e procem i renloes
Peoeming v, meane cheding b eiges o, and &, smolacenely
and ooly for v, feacinding the miges® otber eodpolninl; maldog stoe
trarmliom for v anbomainn as i [This shrinks e giie-
mpac= for the aninmata. For e sohwalk {5, v, 5 ) e sdge s
and s, are bobe processed i ndependent of each olber, then dodog
each pencrmming anby one sde of v, can be e This eeqoies mach.
mhie b have an oo vislied sto b indepeadently, making He store-spore

e {E ¥ 6) =35 Fom bmma 1 s Sopplemeniory Seeilon 5T,
e eiigrs & and #yy aree inddent bo 3 feent sl of v Peoceming

them simnoloneomly o v, e ey dhat bodh e ol des o= geen
bogedhry moking ooe stair s fisent 0 oot e novislied] saios”
of bodh e sldes bogriber This redineres e shoir-spaee she b0
(x5 pl)jmlf] Thm dhe o incddent siges [m, rya] aee being
e an iopot for b antomoion of v, The edges man be eep e eoied
murinethy with o paire of charoctres o), ] for v, G and G enende
it miges incld ot in wes oot and hook reeprtivedy, in e il
(e e iga J | and o3 o oot el y oo eeepond o wyanad ey, o
thin orders e oeder con alen hete op posiie hased on e slde ofens
traneeofw o]

Tearslion Bonetions l:ﬂ:ﬂf—tﬂilﬁt noslon poveming
e soie-dransifine Figree 1h presents o bighdered view of e pos-
bl ypm of tomliom betwesn soie of e oo comses
Snpplenmicry Fipoe e 51 i Boseoirs o detaillsd o veer e of the o=
thons defines] for e shoies an prr varin m inpnispmboke.

[rbilal miairyyn in the iniiol sigir Sor e aninmaton w bich is the
nurrisl iedd mhate

Arrrp maiewn CF in e i of e porslble 25 difernt ooofigoea -

thone |ie stoies] for ghe yenlloes |Fosmolly, thie parameder dennies
e et 0f sioirs rosdoble fom dhe okl sl ooder cestain pas-

itevnn of e iopot spmbole As o poepoes in Dot e oeepionee of
any specifls inpot potirens wadhey jost t0 compoie g Sool saie of
each anbnmataon, we define dhe aorepi sioies an dhe enbiee et of po-
shlk ialwoi ).
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by Hhw et el il w—rw i ol o v e For wosn e, He et cle ol

dm ik o che i 7, el X, mmpectiredy.

Thes com. b g v ] = 2 cliillesrsn b com b pperst o off B sh g, w e i ches com beim w thoss 35 shatmn TPt by scosd :ﬁ--l':r!-:l:-ll.t I.-I ik e . -y o >
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Notuthet,

poct corilly s gl ncclet: mclpg clus oot w wa e acge, v skl ot echre o st 51 -b-lln-h;lh-thNHh-thh-
rvumm. Hi e e ool Hhw shubes | Foar sxcssryple, crm sk siabe o e cless wivgple-dee slegle-conk, wath e s s sclpgs i cisst bt ot el beech ey s crod e wth.

the dharectes X, sl X, sesgectvvally Mores, Tt s b provaced wath tle st (75, T30,
s py b st o gy 1 {3 = 23] 4 (T =y o liForemttacey 1 Ty £X4] A4 (T = Xy b b torw sintw of bl cles okl be slepie-oeot that

§ Xy =T], the licemmy

o o ] o i e o ilnren i sucllt e comdi®
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4.4 Tha Cuttiafish algorithm

Fora et § of inpnt sivinge dhe propoeeyd algneiien, Cobll =fish {8,
words heedy an ollowe Coslefish brote rach yesiew of e e
Brnijn graph (5 &] an o DFA-——lowy] oo the oovd moddiog
adbeyre dndendneesd in Seetion 43, Pt it eonmera i e et K of
venloen of (5 4], appiying 2 Amer sonnting algoddhm on & Then
it bnilds 2 compact hash ohie snotre e for Ke—eampbrping o minkmal
peefret hash fonstin ne—tn asnelate e anbomaio o Hedr sioies |yt
to be dedewmined]. Having instontioiedd o DIFA M, for each reviex
v K with M, being in the inilal stoi g = dhenovisdied saie] i
mabres an | mp B o verso ] W 5] ovee (G35 A] For rachinstonee {ie
Remrer] ¥ of mach yesiex v vislied adoog W5, i mokes an op peoped-
air mhaie ansifion for vy aninmaton Wy=—ming e ool infoamas
thn ohtoined foey, e dhe oo ineldent ediges of ¥ in W 5] Hoving
Tl wbed] e oyl e compoted fnal sicirs of $heantomaio coe-
eaprind bn e ominal stoies in e ondesdping graph GE A
whish had not bern bnilt repliddy. Coblefish hen chara mevhre e
farking yevtien of e mawimal nnitige in another fmpll e aresal
over (o5, 4], neing e stodes infosmal on ofdhe oninmata. som pried
in e preerafing wep and eetvosis e masbmol ooitigs oo ey,

ChiieFah K]

1 K e Emird it e Oinignr e kb == mees{S}

1 A = Commtrnet = binimol e Perfrt = FHosh = Bonstinn{K)
3 B Compotre = Sioteal8 &_[K[}

dioecachs £85

X Pntwa telel o wibn o l-linitige 1. A, H]

The majne somprnenie of el positheme—on = ol ek omn oo d e
dake syneinee for the aninmata and thede staies, somprting e a0-

mal moies of He aninmaka and ewtvactinn of the mawimal onitige
from the iyt mivings are dnneed in g nent soheesione Finally,
e moesyeswm of the agorithm is povm io deoem 1 in

Snpplemmiory Semn 87

4_EHash tahla airuchra for tha sutomats

To muinkio e frommil oning] sates of e anbomak for dhe yenti-
crn oGS, &) sheonghvnt ke algnriifen. some amnclative data snos
e for he renties (i woonll Aeoes] ond dedr sloles i
iy e design o hash toble for dhis porpoee, with o @,
afsl key-vaine paiving An eficdent epesention of baeh tobies
for dumers in 0 significnt dake senotyee problem in e own dght
and some ahtempty mren ekie badk b0 e ompasted] G Benljn
pruph (Morchet of &l NH ). In solving te schpeobiem efieianthy

for oor come weenplol tibe foo thot dhe et Kofthe keyn |2 mooo-
k=l kamrern are minfis beee and it can be boldk peoe b0 compniing
the mioirn We boild dee et K offisiendy foom the provid sd et § of
inpot mivings osing de X3 algorithen (Eokot o al, BT
Afiereorin wr mebeneta minimal peefest hash fonofinn | MPEHT] &
over e st K rpinying she RRHosh algoeithm (Limomed of of
T

A perirst bash Snoeiinn Ay, foe 2 wet K of keys s an injestie fons.
thon from K b the oet of iniegrvn, ie for vy vy 6 K i vy ok vy then
Apla) ok Ayaer) Perleot hosh fnnctinm poranies thot oo ashing
el rm ave masie fnedhe ey in K A pevfeot hosh fonetinn is mine
imal if & mape K o the et [ KL Sioers we do oot oeed b0 sop pont
lnokop of d=mers oooesisient in g iopot sivinge. ie o0 aiien ey
will b geeried], an WPFHF works ety in dhls cose Alen, ow an
MPFHF prodocrs oo oo sl oo, we do oot oeed bo sioee dhe keys with,
it hash iohie steneinee fior ol el on. e oo Ge—redncing He gpaee
it for e svneinee Alhongh ineteod of e e, we oeed
b0 mbowe: e fonotio o iieedf w ith tepimcioee i tokes mock e spoce
tan e et of e In one edting e fonstinn comenoted] ming
BRHosh tkrs AA.T biinfemer iespeotiee of de damer she &
Thereas stowing she keys woold tabe 2 himS-mee

Ax e hash valre Ay] for some key v £ Kin af most {|K|=1],
we e d Boear arvay of she | K], indewsd by Afe], 0 sioe te stale of
e reriers punoobeol damees] ¥ an e bash toble voloes, We =l
thin arway the bl foble B Sn, dhebosh fobie siwnsin e sonsiets of
o comporenty an MPHF A and ao aray B For 0 canookeal #=
mer 2, diw amockiied bocked i in e A {E Pihindexof B—8,; sor e

the mtaie orf & dhronghunt the algnridam

4_A Compuiling tha slatas 6nd exdrac] ng tha masdmal

urltige

For o et § of iopot mixings with s dsiins momiol A4mees and an
MPHF A over o derern, e algoelihm Compoie-SioirnlR A, 6]
conpnies the nigir of rach yerew in (RS 4] Inidoly, & maorks ol
the m yenioes i = dheir antomaio] with te on visbied stoie in o bockee
ein table A Then i makes o mliesinn of walls ovee S A
wialk oo =g,y Moyl - - M) Bor pach 3 0E B P rach veviex
win wh], i e e amncoied d-mer instonee ¥ in 2 i esomines dhe
twd incld et s ges of oy o), L= &y and oy, making appeopeiie
mhatr ormitinn of e anbtomainn of W aceondiogly. Sop pleoentory
Figree 51 provides o detailled oveeviex of e DFA tonsition fone.
thon & Adier the fmp Bl som plede wovemol oree CH 5 8], e aminol
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o) Ky and B Ftro

satm of e venices pninmata)] in e graph o sompied
cverthy

For an iopnt seing 1€ § and te WPHT A, te dgorthm
Emtva e ol wl mal ATl ligel 4, A H] eoomesgies ol e masimal nnitige
prwent iny, osing the soirs infommatinn of g aninmata preesent in
the ook sts ghie A The snmeva tion s dooe deongh anotier impli-
cit complete bavesal ovee G A For 0 walk we
(o, 1, M - g B - - e M) OTEE G, &) apedling 1, my w0
entrvn oy heoangh ite slde 5, and e dom of te sigie of vy i jee
Fig L for motr-bwes] Then wiokibs o maslmal oolig oremsal
inwit

1. o= mok-omoli-me or

1. 3 inthe oot of v and o, = eeuiiiin slagdr—rads or
A g etk hack of v, and ¢ = sinplrdn i ® o
d. v, esminate o maslmal oolilg e vemsalin o
W, iemminoirs o mawimal mitig o veral inw i

1. g e ol s # e

1. ayinthe oot of wond cp = siepledn ot o
A, yindhe hack of v and § = efin singlerar: or
A, wyp inikies o mawimal onlilg deaversal in w.

The ket mindil o fne inilodon and tesmination dn ooteeye
Le ooly the st dhees onditione of e other cowe are checlred] for
ok o cwn e e ng v o —— wnlding seenlor srosmning.

Sopplmnmiory Sesiinn 517 soniine e peendn code of e
aigorihens Compnie-SigiralS A =] aod e peocdpal oompooeot
Provrspefbenee{v 1 h, N, and Ewnie e lelo wlmal dTodilgeis, &, B]

4.7 Porallalbrall on schama

The Coiteflsh olgneiifen is designed in be efiloently paraliefhoble
ona nhareerren ory mol o mochioe The St wep e e gro.
exallon of the et K of conoobeal d-mees in porolieled inde DY
aigoriiben (Koot of af | 2H7T] dedf The beo major siepm of -
splibing e onletinn of dsmees om dhe i opot s e oge inin Sffeeent
bim and s woping and conpastiog e bios——ree Bighly
paraliefhed.

The et piep of consnoting the WMPHF widh the RBRHaosh algn-
whthm |Limaset of af ; K1 7] in alen porolidied by pastidoning iis
inpnt key ot K t0 moliipk theeadpe—fintvihnting snbeeis of ey
with some thershold she o the shreads as soon ae it is eead off diske.

The nemt mirp 0f ompnting the soirs 0f te resties s porolid-
bed an folkmen_ For mach iopnt seing 2 £ 5 1 is panitineed inbo o
oommber of mifonn shed scherings Fach solwiring is provdded o
an awailahie derad ond rach theead in espomsihle to peoces e g
men having Hedr sonting indloes in iln smbeiving Alngh e
thrreade proces disjoint sds of dA=mer insonres, ey goeey and ope
daie the mmeentvy in e hash tahle snoetnee for idmtiol ”oonis
al Aemrern Aceming He WMPHF A conneenilly fsom moltiple
threade s fe an e orreees g eodsooky; wheeeas aseming o
hash iohie entey Sndf ie an soiey inin dhe bocksts ghis B isoot,
mince all e Heedde are | deferiies] ooeming e me ohie B
Te cmoee that ooby o sloghe dhedd mn prohe andfor npddaie some
specifie ey at ary given e deongh mointaining o sparee ol
thn of asemm-lnin inin . To e b memaoe y mage o= o
hiepacied] tuble for A As och ey with aorrsselncdks, ookiple
thrra s may oo dhe e nnd eedrd g meamorpae o] ooty
while orming pearby indes To awoild snch dak o, o= oeea
e e fr- hilepack v yemine (aesais K2

The ket sep of sorsting e mashnal ooitige i paraliefhed
similavly, by deivihnting disjnint snbetvings of an inpnt sving 1 0
diffeent dheeadn, wheee mach theead i esponsible b0 exbrast each
masimal milg dhat hae ity starting A-mer o the walk speling 1] in
in mohewing Fack mosimal onitig is assigyes] 0 nolgoe dsmes o iin
signairer and nolqoe ety siion of o maxdmal oolig is eoeoeed by
il oning i sigraines kamer b0 some speckl * onbpnt - gge]
mtate of e sme shoie-kom when de mitig is eetvo e Gt

4 A Aayrpinics
Cdvmn o ol of weioge § et e be the boiol eogih of e inpot
mivings and = b the oomber of distinest & -meew in the inpot Then
e pmning G of Cobefish & bowly bonded by
CM{rer = mpE{A )]}, wheee Li4] i e eapeoied Gme to bash @ A-mer
by Cobtiefish  Amoming dhot RRHash ik (4] dme {an
conson] to hash @ mackioe wond of Gdsbitn, H{E) = OO0l
Srr Snpplerentory Seotinn 51,1 dor o detailled anabysin. The deprnd-
encenfthe mning time oo haoth tee iop ot she (ee] and the varinn
in the inpot | experead dheoogh u) is exbibiied foran apes datowetin
Snpplemmicry Figoers See The dependmee on & s daneed in
Seofinn ¥ o, with bencbmording in Tahle3

The mawimom memaory nsage of Cohll =fsh is compl ety defl oead
by e spore et of e hosh ohie ssines In one seding,
e WPHF ke ~A T biinfames (For fonbhey memory saviogs, dis
can be reineed] b0 3hlinfberer, woding off e gpeed of de hash
fnotinn ). Fach venew ponnokeal kames] of €4 5, #] man be in ooe of
16 difierent stotrs jibe sintreapaee she for dhe DA & )0 = 3] Ak
lamt [logy{16}] = 5 bits are prmary 0 eepesent moch 0 slaie
oolqeedy. Thom the bockeis kbl =oosene Im bis io botal
Theeefoee He mawimnm memorey mage of dhe algneiihen in 5.7 5
n)=Hu} Hs=—ivorsloling to ooghly @ bpie pere distiney A=mer
|The explelt afjocreney indinamation hasedd aligorithn ondioed in
Setinn d I evnieen Sehiis prr sld = ooe for ma0h pomsdhleedge anda
entins mork re——maoking I » 5 =10 biin ko be egoieed for each yee-
it Thm, te D'FA maoded makes e memoey savioge X% for e
hash hnck e {160 yerens 5 bite], and 3% ana whole (137 w8 7
biim]]. T lioear relail orwbip hatwesn dhe memory mage and e
distinet dumers oot s Eosvoied] foe o bomon and an opes datowst

aut Sopplesentory Hpoees 5Th and d. Se= Sopplemeiory Seation
53 7w a detailed anabysis

- Futmm s Fl

Te eroboted] the peeioamanes of Cobllefish oompaeed b0 otber
sttt ok 0r consensting ol o] compo e e Benljn
apls om whole poome eefreeners. See Soppleoreatory Seation
5.1 fara disssinn on ke definiion of "ok duat we adopt hee
e alen asrwerey] il suling propeetices, and efeoe of gheiopot s -
e oo perfoemanee Papesimenis are perfonmed on 2 v with
an el Xeon CPO {ES<1699 wi] wih 8 oew and chosdesd ar
I XIGHy 517 GR of memory, and @ 36 TH Toshiba ROGTACAS
HDOD. The mntime and e prak resldent memoey mage shaiisti-e
are ohigi o] el og e GHAT Siesr sommand

b 1 Datesst chamctaristics

Te o= 0 varied collesinn of dotoseds b0 bencdsmark Coifedish in
eraboting ity prefommonee on Gverse iopok dhoroerintie Pt e
amrm ity performancer: on siogle inpot gomes. We nee individnal
eirenws of |i] 2 homan | Howen sspdama, ~3T Chp), §i] o westeen
poelik |Ghonlliy porilin, ~3 Ghp) and (] o sogar pioe | Pl e
bl ~ITE Ghp]. We awo eralnaieie peefosmancee in bnilding
|ooboesd] mompasied de Benijn grophe i~ for collsstione of eefreen.
crx aninpnis. e e 0 oumher of genome colles o exbdhiting 8-
e pnowneal chaey tevintioe ] 61 E ol | Eachevichla md] |~
A1 kibyp), o datosst wih small bootre il groomes (§] 7 Homams
{Homen ssfibem] |~ Ghp), vy doedy ehiird mosd seadeesd =41
mammallan Fom thesame ppeciee §ll] T Apes | Hownline i)
|~18 Ghp), ekird modeate-shed mammallan geonmes faom de
same ondee | Frieeats] and sopeefamily, bot diffesnt specime and fiv]
11 Coifres {Finogfnda) 104 Ghp), ek boge plant geoomes
froan e sarme oedler | Finabn], hot Gffrent specie.

The E coli daiset with £7 sivaine (arailobie ar WORT) wan med
in benvben avking Split Tl (orm of of | XH ). The boman daig-
=t wan med in a RT-hawed alguwidhm (Raiee of &l
I1S) foe ompacted de Bnijn graph consteoeilon, and inciodes e
diffeeent amemblies of de homaon geonme {fs0m he OCSC Genome
Browwy], an well an shre mairmnal and paiesal opbotype ofan inde-
vidmal WNA1 TS Owb fmalke], from dhe 1000 Gmomes Paojest
The ope dotowdt incdndes seen owikble ekenss fom e
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orargrtan and dhe dhimp g o westen godlla, 2 boman and @
booha. The mplfer datowes on meists of oine eefren oes bednoging tn
the pine | Fivsrew] Dmilye feom de pine e ppnee and the ke
rrer and a donglae fie ond oo eefreenoes foom e esdwonds
| S e S wrwr’] mobfomnilly. We omembled she ope and she coniier
daigeis fnm the GenBank dotohawe {Sayem of of_ JEHE] of WCRT

e e aseswed] Ciohll =" s performanes on sompasting o loge
oomnber of by reloird geoomes_ For soch, we oo the 93 homan
erenes peoevoied] neing te FIGG penome simokitne | K Reomne
and 5ol KHd), dat wos med b0 benchmodk TwoPaiGn (Wiokin
rlal, KHE). Conpled with the previons T homon geoomes, dhin
gives o o datawet of 1600 bnman eedesen oen |~22F Ghp).

£ 2 Banchmarking comparieors

Te benchmarkrd Cobtlefish agaiost dheree otber implemeotodoos of
whole gmome efrene de Bmin poph compasiinn algn diifsme
Rifrmit (Holey and M(eeied KK, el {Ginn of ol | 2 9] and
TwoPaCo |kelokin of ol , 2i16] Whil TwoFaCa, B Costle-fab in
mpecklird o wordk with eefrenee egenees, Rifenst and GeGE R
e ol sopoble of mosbwoeting g somposied] groph fom shone
e egrencrs an well. We compare agoiost Bikost and GG
nsing Hheir o p e prka e g shilngs for coneleneiinn feom ederenees. e
et oottt among e tonke, ooly Bifsst cosbensts B mme
pacied de Beoljo proph withont ming ooy inesmedioire disk spae
Srr Snpplenentory Sesilon 547 dor o deonmsion on dhe disk spacee
omagenf e bensbenovked tonke.

Al s took bave mobti-breodiog copobifty. deCSR bas o
mas-manaey aption and it is et in e hest menory-mage chioi oed
from e oiber tonls The st o fithe boole are o withont ooy meme
oy eaivi=ion Al te raokis eponied for cach bool o pendoceed
wikh o warm cache Tahles 1 and T sonioin o semmary of dhe anme-
purinon renbis bk ghat e bencdhmordk peefomonees incdings all
it mirpe of the pipeliioes o cooelens e compasied e e ge
Bemin pople, which inr def8W and Cobiiefish indnde e kamoer

Te do oot semparee agaioet compamilnn algodthme designed for
conmenoting the somposes] de Bmijn graph ooy foe egonencing
daie. Three ool oenally flkiey demevs and alier the inpobogy of the
eeanliing de RBenl{n praph haeed on cestain eondSitinm (branch gl
path coverage me ] and Hese s onont aleays be Soedy boned
Thm, evym if idrally configneedd, threee opproa s will prodoee |po-
Iy, howerer | medhnds hat eeplicdy holld she composied] de Renlin
paph from pefreenere a0 odop i ore fven crnier Hede aligo-
withme armnnd cevtain optimia o dhat are oot availlable b0 methe
o hnillding He =ompased] de Bmin graph feom e deeit Heeefoe
s most foie nof b0 sompare methode dat do oot cep Bethy sop-
piot e compactsd de Benljn praph comnation faom edeen ey

againet methadn that ewpll ity snppont o aeeeap ety designed for
this porpoee- This is ~vident wben mrol noting meshods b con sl of

compa e de Benljn grople ffom eefeeence egenees ine odher poe-
pioees | Riiokin ond Medveder, KX In ench e, even anthom
wha hare workedd oo hoth sie-njsibr-an consenotinn mesh ods fioe
g eied] wefreen e | efiokin of of | 20H 8] and eade (Chilchl of of_
IiE ] de Renijn graphe wdest e inamer over e bibier

e vexified the soresines of the prodoee] noitiges by designing
a validowne dhat mofieme §] e migoe eelstenee of 3ok d-merin
e onipnt noitige sollestion [ihe ot of masimal ookige s oolge
andd fowme ¢ nodedesompaosition of e graph (Chilkhl of af | X0 16]):
anidd |§] the compledre gp s Bogea hillty of the et of inpot e freens by
e milige = r2h inpot e in sty sominstible feam
e cnmpaoted graph].

A deest wvrspnndmnee beween He onipnis of e Sffreent

ook in oot mwightfrewor]. See Snpplsmentory Sestbon 543 foea
detailley] dscvmsion. The commandd Boe coofigoeatiom for exeming

e btoole and e dotoeed sonees are present in Sopplenoentory
Setion 8%

b3 Paralial scalabliy
T ameesn He oo bility of Coblefish o0vnm varpiog nombes of peos
crmmn p-fhreadin wened e homan gronme and stk =31 and 2
eoird Cohiefish neing 13! proceswe Heeads. Fgoes % and b
shure the nealing performanse chane
Cereration of dhe oot of keyn {ie A-mevs] osing TW0CY |{Eoko
wlal 7] invery fat for individol efences, and the §ming s
quoite bnw o begin with——ihre gperidng is abmost liear np-in aromad
cight tyeais and Hen ineies aficrcords. The WPHE {minkmal
peeiect bosh fonction) ooosbostion does oot seale post 74 dbeeade
whih wr= percrive an doe b0 limliotinm involving bohtlereds in
diskeg = thronghpot, and memory aoeres bodtleoedb s amn daied
to she inveosing ok mises in BRHash (Lhmomet of of ) K7
The rewt bwvo sirpee 0 mpoting thestoien of dhe vt ond Feieo .
ing the mawimal noitige, both scale pooghly liceady ol e woy op-
ko032 dheraddn Fior the eeivactinn siep e choee bo empont sach mam-
imal mitlg and sldppe] onipohiing e siges foe the mmpanied
paphin some GFA Somar

b4 Goaling with k

Nent, we aseess Costiediab's per iosman e with o ponge of dffreent s
vaors We o e 7 homan groomes datowed for thin eopedoent
and nee 16 theea s dong onosbeneil on. Tahble 3 showes dhe periname-
ance of mach miep with varying doralnes

Te oheerye thaot the d-mer =t cneeneinn srp shes down
with the incveaning &, whicdh may be abie btoble o o vee bead o ce
wird with e TWC3 ol gorithen (Eokot of ol ; X117] io peocrsing
krges Auner shes Albogh He oot of distins A-mes gross
showly with inorrosing & the WPHF consmnatinn ol res down. Sioe
e RPHT in conmien e by irvating over e famer et on Sk the
decvrowe] ppered in this pep in mosthy edabe] oo diskes e Hen oghs
pot The mirps icrolviog graph iaveswols oopotiog e el "
st and ewivacting e masimal onitige, are o ffemed Bite in deie
mmiog e by akirdng e vobe of & Cotposting de oompa mied
paph in dhe GFAT jand in GFA1)] Soemat ales mnck looger dhan
ontpoiting ooly He milige ior kbower valnes of &, doe b0 senel
prpentics of e sompasied] groph (e Sop pleneatary Seellon 544
for o disvmmine].

The memory muage by Cobtiefish i desty proporinnol bo e
dimtinet d-mrrs-smnnt w, whish typl=liy ineaes with 4. Thoa, dhe
masimmn memnoey osagedlsn grows with &

Befrevieg hack io Seiion 4 8 dhe mning Gme of Cobilefih i
O =+ m} WM, and i memory mage i O{ET 3w} Tabke 3
denmuirairs this inrawe in moning Hoe with & also
wih sffrein fom u], and de inorae in memory g with =

(il ch appically prows with 4]

BB Elads of tha Irput siruchera

Next, weevwalinaie he efferts of some of the sneinral chara miveisils
of the inpnt gron mes on e perinmance of Cobll ek Specifiolly,
we anmesn dhe dmpast of the proome she (ol ekeeaee Enpth )
ans Hhede wieneinrol varailnm e ongh. distinet f-mes omi 8] oo
the e and memaorey m of Cobl =flsh The amning Hme
in Of{rer =4 w JA{#}} and e meanoey nsagein O 7 3 o) {eeSestinn
4.5]. Th iopnt she detrwmies e nkl noomber of A-meem 0 be
procrsed afthe #4mer et constvoel on, yenticers® stodes compoiotion
and the masimal onitige eeivatinn segm. The varkition in e inpok
detremines the perfosmanee of #he MWPHF sombrnotion | and indies
eatly affety dhe staies compotal on and dhe mitige FovsoHon sieps
tenngh Heidr e 0f e hash foble gimoivee T me e T homam
and the T opes dokeeds with A& =31 ior sch, oeing 16 paocrs e
thrrade Befreesers oreincremeniolby added o g iopok et and e
peefoemonereor e mromnesd ine sach inpotineone The beochmorks
indnde hoth thesiepn of bnilding the smmpacts] graph and ewetra e

ing the ma wimal onitige. and o il e in Sopplemenioey Fignee
51

e cheer v that e mming me varies hoth with He inpnit she
and with te swnenral rartinon For the bomons dotowet the dis=
ot A-mevs coont doew oot oo moch feen oo eefeeenee b0
v the inoveow i jost ~ 5% Thin s becores He dotowest sonioim
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Tiabvls 1. Tl mn d mesmenry-parionmn s banshmarking forsompesting singls bnptefersres de Bnljn gepis

M dA=GEM TwraPulin Cami=fish
Tumws Theead & Halld Oy Ml Oy b ] | Oy halld Oy
]
Hawus 1 T oGk-R-R IR 1R iRkl (TS R0 (5T El-318 e B 30 b R T80 {2 TE Lok]rd oyl
ol OFLeRl (B019) b8 R T le) H-YT(RTT) Enl-if- 1l je ) 1243 e (A0S 1537 (A ek
i AR TN ECRERR XECRO (AT R OE-37 |5 1157 | 50 —_ =5 (1 75 0F13 {1 51
al fni-h- | RAiA) Al 4R (Mde) K5 A ) i E-TLE S — o745 (3 0s) -3 {3 1d)
s BB et S R S LTkl Y - |5 Oe-T4 |5 T — Lie - Frdefoi] EC-B7 {2 53
ol T S A) a0Rr ke Ms) L2382 ) G712 | 55K —_ 13 3 OS] - (1 19)
Gerlls 1 T OFRI0 (] 1ek - AT S hehe (5TE) el B (RO 3XE (s Ti-da (2T 17T
ml OFT0e (Ra1Y) ECMOE Rl gk Ll R oG fn-li-0 (R A 7R Helf A0 L3l delic)l
i Tl NS (MR frbobk ERERT (AT R4 0543 |57 pEzirg LY ry —_ [k e ded ] E-AT (14T
al fni-hic-h (RA1E) ahRE TR (BIR) Er-B5 A o) 103 | ) — [pt - el ] fok-Fd (3 13)
s Tl f-Ro-de (M) B1ES AT (AT R4 BT |97 B7-15 | B EX) — e gfrdd | k-2 5 {2 &7
ol fn-ieene (S 1Y) O XRME (B E) K241 |3 5] -k | 505 —_ 15 (3 0 2) irC4 R T
Gagar 18 BTN PR Bl-hR ERe- b Lk YY) -l BE S L) enl-be0 el 53] — F-Mpd ) -Febl
plae {1424
Wl X 1R —_ X fles_ R4 —_ = - e ] — K bk | 20 ) fi-2r-hie
{2080

Mows: Hacly ool ccombioh et oottt tine” ity wtlll e e Eormin i, ool et ot ey muit e e pialrpie, it pubretlioniemy. The castpet dopah epeare bl ool
pcned ol da et PR Exriar The Besi il el soipemes i o ol ool i et ol v B gl

TFura bl e = ot el o il il mipnts i g it e ool el et vl il e kg ooF et ot Bt et el o e gy et el
ity o e camtpet dcp The dierepst tery besmeen thet diesiieraty wit e oof oGS o el b e oy Eiiile gt Pl e nev, —n, e o ot B ey ol daiela -
e et i kel ip— ek Aty By Ao it et T Bl el lareads aodl Baggalerd, JPHH) el pubd i e e ey o O il et it B
o vl oor i il et oo e oot e o e o o ey | el G B purens i - e il e il Bile Connellal] TP 10 s i ey -
vihetude Moy iihcr bl o F b bt wid Fil crisleal e e peaferasane B w270 Erpew of seanery G o Bhes Bier e e B pot i, wrbdeh dgadil-ssedy
wile i ol et e el i e ot W el o 3T e Bt 31 el e L P it i il - e e X e 3 el e 3 i e i e i
e T Bt ey Pl ot e el st ety sty i il o, By B i kit e cypadiietl it o el len it i il 8 o oF et metrbey il
ek Ther Bet e deaeh Eumted fuc s bttt y] d epearned. Aibien, thet cotput g o TarcEwCe b idghe- thrcached, oot dha des i hedr cotopmt: cooshotis i dieckien o=
s Aanpyrlied By oF el slhrea g Ther ol wadthy 2 dackion e o butemrit | et ik neriicltemiutet— Pt i ot oF iiesinery il et calnw] . el AenGHERL

Tt el iempiiematandonts Fimlle T posat e ietiiemoryr st il e posihin: oo neibichinot i pepueated

Tbds ¥ Thrm=nrd mesmerysparioers s banshmerking for sompestin g solonsd de B o grepls |Le muBipls npot relersnses)] for k=31,
using 1 & el

Dumeyx Tem | gemean =] =gl | bp) Dilarlmer & ovw oo Mo e Twabals Cn k-l
& Fenll oM MM 1T 1) L LE 1 {EL5)

7 Hamumm na 1ek 55 {1508 x| 37.54) (4 [AL] FiRFE

T Aps G ik i flOA TE 17X fL45 X L TF-E o - L |
11 Conlfn G L r 3] — — Sl | Xk 05 L7~ 31 R F]

I Hmum NG HA - - IWE{NIE  SH{ET

M- Bt el ool ovomtott ek e oot ke i i, el e ot ey el i ibten B preaalenions The costput dbep i corheded Pt et
Thet ke v it imigperes: om o el shice e s o ol v e i

Ther Bbey-sdiors Fror il TP 0o 2 et ek i o et i cmienr e s Tl 1. Dol ol e PRl el e Ao M etlntieteh e e it il ccpenrie i
wemt preroarine o, i et ool it o el ittty el e o e e el detibiemotyr el e oo el e (o b - e ]

Paralil woaing: tireieg Pallal scalirgr spanchp

] " gl gy oochs i, 3§ Fpccdop leroarl o,
g 35w e hilinby somiricw off St el oo v ey gy sy B ool B, sty e = 3 [ior Hw B sren. pyesraers
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Tiabla 3 T s mamory-paricnmeres barsh ma kdng for He sispe of Cutefish on e 7 humn genomes de st seos dilssnt F

Tuld wrpu ) Ml Rl Oy mep ju] Ol
Thee ]  wewnaey (G memery fER)
E Tl x ke Er MEHT Emres Onlpurim  GPAT
ey (A ool cemmelen e pm s ey

n 135 154 [ 7 Tl Lrr | 187 Tk T 1ar

n 185 »i E | ol 115} 1ad Lk 1Hn afm

el 1o 435 Hi ™ 143 1% 1o i 7

L | iz 1114 i E c ] el 141 e -] 148
in ke ) 1440 L r) Ml I L) L] E ru ] iel
Tiowi T et runiobibioh hiiems ity i secyeccatiodh o el e et it ihdeiidealy el i e i it g

eirens frnm e mespeses henoe e genomes ae reey cloedy
eelaird. Thim, the effret of he distinet d-mees sonok esmoins songhly
simillar on all B iostoners of dhe dokeet The inoreaee in moning
time in obmost sompletdly dominaied by dhe boto | wodibnodd, e e
total she of e proomes For the opes dakosst, boweyer, e
Eoores are oot from e ome e, and de rarkitiom in de
oo cmivhnis o0 inwvegsing the distins d-mes sook b0
I 50% kom ooe efreener 0 even. T, e soniog Gme on dhis
daioeet inwraws with te ol geonme e wib oddidmngl non-
ikl el from e varying & amees oot

Ot cihrey bansd, e memaoey nsage by the ol gorithm is com-
plaely detemined by e datinst d-mees snnk widh oo efes feam
the inpnit s As descevibes] in Section 4 8 she oemory nsage of e
aignriben b oot per disbinst darer, toking o8 T Hinfbamer
Snpplmnmiory Agoees Th ond d confnem o the then ey e thapes
of he memory consanption and e Seiost A-mees conot plote aee
idendal

B (e e

Te peesnr o highly sxloble ond wery be-memory aligorithm
Cottiefish b0 onosbvwoest the | oo boees]] sompa e de Bl jn graph for
ol of whole gronme ekeenrs & modds o e of e
original graph a2 dedevm ind s~ finl s ot annmain e and sthonk
bolding e original praph it coevetly deieamines e nioie of each
aninmaton . Three soirs choroctrei e dhe yentiores of e groph tat
Hank the mawimal ooldge (oooesbwanching poibe], allmcing = sent
emiwatinn of Huwe moitige The aigneithm i yery sukble in wme
of e and i oees o smoll ond oostant oomber of biie pee Geiiost
Ramer in the datawet

Beslies heing =fidmi for mediom ond begr-sole genomes, =g
conmon mammalion geoomes, e dgorithn s bighly oppl-oble
fior bunge: onlexstinom of {very] large geonmes. For esompl e, Croite-fish.
conmenoted] He mmpasts] G- RBenljn graph for 100 dosd y eekaied
homan geonmes of botal ngih ~ 22 Ghp o <9 b, toking jost ~19
GR of memaey. For 11 aonifer plants that aee from dhe same b wn-
nomis o er, rach widh very kg individnal greoomes and havinga
total genome length 0f ~204 Ghp, Costlefish coostenetesd e anme
pacted graphin <9 b oeing ~84 GR of memioey. B these dotas,
th orwt hest medhod eqoieed moee ton P b osing ~11 GR of
maneey, and moe ton 16h ming ~I8 GR of memory,
eaprtively.

The improvement o perfosnanes over e shtreaf-ghreant books
sirma from e nurred mod sling of the graph vestieey on dederm ok il
finlie-mioie antomata The core dak senoneesis o fost hosh toble
designey] meing 0 minlmal peefrot hash fonotion o aslgn A-mes b0
indi=a anda hitpacked bnokete table stosing oot snondings of
the mtawes of the antomaio This compast dato sboenees obtaine o
maneey osage af i Thim®-mer, Ieading the alporithm o0 preatly
ontperinem swisting tools st scale in eme of memoey coneamption
whil bring eqgnolly fust if oot Geber. For sccavine with fonther
manoey srings eanirements, te memorey nsge on be mdneed to
iﬂﬂbnﬂ,m&gnﬁhqmﬂnflhhtimdm_

The algawitin s sevently only appl<ble e whole gronme
ekreners. The asnmption of de alwener of egoencing eeoos in

e pefreenors makes complede wal kb versols over e orginagl de
Bmin groph posihie widhont having the grophb ot hore]. This is oot
e mae e shont=rrod eqrencrs, and e egoeclog eeeors make
mch dmpl it o yersaln Jif ookt A signifiont Bneof fninee reaesh
in b0 ewier] Clnstiefinh bo heopplicobleon mw evpmcing dato

O rpmitories with krge datoboes snining maoy greoooe
eirenws Chitlefish =n heopplied yery fostin an ooe-deman d man-
orer, an folows Fiest onecon holld and store @ et of baeb fonstione,
each one over wme oo of ekited genome: pefeeenoes. Thin on oiste
of e et b0 miepm of dhe algneithm and is o ooe-lime peoeed e
coniining the hoslered pant of the algordhm Then, whmerer
some wt of eefevencees in o be compacted], dae bash fnotion of g
appeoprie soper-dom oo be bbaded ioko memary, and He algo-
dithm then myrenies by e kst oo siepe, which ore ite Dot and
axkhle This works ey b te weiw of keys that e
hash fnneinme aee bnilk npon e eopereedls of e sot of ey being
o laier for dhe comtrostion. Cobllefish provides the opilon to
mave and bnad bash fonstinm, making e shene Foskhile

An e pomher of egenes] ol aseemh ] e pronmes
inoroers e (moloes]] compasied G Bijo groph will liedy coo-
e bo be an impoatont foondailonall eepreeentallon for =sempara-
tive analbysis and indewing Tio teis e, Coatiefish males o notable
advanemmnt in e oumher and sole of e geonmes 0 bolld aome-
pacied de Renljn graple opon. The algnrithen is fost highly poralle.
Huble ond very memory-fogak and wr prrride o com peredersbe
anabysis. hosth deawrtica ansd expeddmental of its performance We
heliere dhat He pengeesslon will fonther impeare e eole of e de
Benijn graph in compara tive genomis, smpotall ol pangroomies
and e anabpsls pipdioes alen ©elloting e biologieol
sindir ey for lorgeeasale geonme sollesinm dat may oot
have beren pomihieralier

Ackervirod tedg senierin
W et e e T v oot o ingg: Siopertit ot s Hie® i el

Frnfing
Thi merk et imppered by e MIH B0 ENGETRRT, NEF CCE-A7IINTL
amd CHE- 1 TiEEET.

et o Tt BB bk i ool o 10 il (Cemalicd et

Rafprprnzim

Alaeeolared P ool CIPHE) A dpain o el - ik Baellny oor e it el
enleared e rmipe pmple. sl pftasmcraiva 34, 2377

Maeodard P oa ol QB s ofiledeas s babls g oo etk reperencanm o of
R cltetoidmotonl pmiboor oo ity ool ool ikt e P o il i el e
Ea-:-,]’.l]' fedl] Bl b Cowvmpiicsoicll Lvakivikrr Aiadugy Epahiger
il el Pt Choti, pys 1-1X
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