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1 INTRODUCTION

HE OE0RED I Betny oiarE (cibyg) (ghal Zaminat 2l | 2017}, s axctasaion of e cladcal da Brodin

goaph (i) (Pavimer s Tang, 2N, Pavonerat al, 0N ; Chikid aial | 2014} 1n akay companant of 2
gowing noeohear of ganmice tonls. Angmanting de cafidonal dg writh ool infomstion provides a
machandum to anscists mats-dats wch an e reer wemple or cafamncs of odging whb saach Emar Colocieg
ithen. Jhvg ancahlag It b0 b ouad ina wride rage of appicatione, och m largs-wcals ssqoencs wearch (S olemon
and Kinguford, 20116, 217, Bradley at al, 2017, Son et al, 217, Pandey at al, 2118} [althongh wme
(Solomon and Kinguinnd, 2014 217, Sonoatal, 2017) do oot axpliciely conch dwie mpessndtions in e
leegnage of e cibg], popnlation-leval vadsion daecion (Hollay af al, 201& Almodes) st 2l , 2017,
Moggll at al, 17}, txvamal and wasch in 2 pon-gasames. (Holley af al, 2016), and wagoancs aligmant
(Linetal , 216} The popnladiy sl appficahility of te g boes. ypoemd masarch it davelopdng Lpocs-
aifkciant and b gh-pearfemance. duts-simcom implamantatons

An affciant and faut mprasnistion of cdg mgoime optimizing hoiy e dbg and the color i femadon
Whila ihara arin afficiant and acalahls matuds for raprasnding de topolegy of te dvg (Bows & 2l |

M1E, (hkhl sl Rizk, 2017, (hikid af a1, 20114 Salikhor ot 2l 201 4; Coawrfird ot al | 211E, Pandey
ot al, A1Ta) wih fant qoary Hme, 2 walahls ad acact mpreambton of de color Informacon bas
ramainal 2 callavgs. Racanily, Moatafa af al (A9 bave txcklad this challangs by ralaring duw
srxinmma cnnarsini—allowing te oumed color wat for 2 F-mar to contsin aora wemplas ot wme
conimllad prohabdity—ht it 1 oot immadfately clear boer this madwd can e mads axact

Spaifically, axisiing srac colr mprasniafions unfTar from Largs wizas and a fast poenth mis thot 1eadh
ithem by orninats e o] mpesantation vrs of de cibyg writh svan 2 modarats nombar of iopot cemplaa
(Fig. 3h} Axa mmli, the colorinformstion goen, o doeminats den e s oead by all dves indecas and Bmin
their ahility to wcale bo largs inpest dets wain

Ighal at al (A1) Indmadocad cibge and propoasd a bash-bhawd mprmantstion of te dhyg In wrhich each
d-mer 1n addit onally tagged with e liut of edamnes ganomas in which it s contxirnd Moggll o al CH117)
mdocad te wize of e cdbg In VAR by mplacing de hah map sith BOSS (Howe o 2l 2012) [a BWT-
hasd (Homoon and Wheslar, 19504) ancifing of e dvg that maigne 2 ondgoe 1D i sach F-mar] and ming
4 Bonlean marls indarad by e oodgoee Emar 1D and ganome famnce 1D o infcais oocoranscs.
They mincad g vivs of te ocosrmncs maicls by applying off-the-abalf comprasion schndgoas Raman,
Raman RHao (RRR) (Raman ai al | 200 and Ellas-Fann (Elim, 1974) sncndfing. Rainhawrflsh Almsdamal
ot al (A117T) wheank ihe color tahls forther by soaodng dot men of e color maivle ars ondgos. mappdng a1l
d-mear writh de sama color nformation to aungls oo aed aeigeieg e dcm kaoad on tee. fogoes: 7 of
sxch ocowmnces paitsm. Howevsr, desplie dess Improesmenis, e woalability of te sanlting o
mmaing limiad becamas aven after sEminetieg radosdsnt colom, te spacs for tee color tshle goes qoickly
o domircts den todal space mal by tews dats oo

Wea ohaarve that, In meal bological data, even when e nomberof duinet color class i largs, many of
them will bt reter sach odfwr In tarme of de wat of wmple or ;eiaeecs ey snonds. That & te color
clsm nnd to be bighly cormlated ouber thon ool foom 1y speead acomes, e space of poadhls colors. Thems
am Ininitivs maons for mch caacteraio For acampls, wre obasrve that adjacant men in de dhg am
exiramaly 1kely to bovs alther identicel or similar color classss, snahling storage of enall delis inanad of
the compiate color clasm. This is bacarms t-mers adjacent in the dhg ame Hkely to be adjacant (and hance
preumd) in 2 aimilar wa of inpot wamplem In be context of aqoencs wsarch, bacams ganomes and
manacriptomes are largely prmarvad acmes organs, Individnals, s evan acmes related specis, e axpact
oo d-mer that ococor togedher in one wampls o be bghly cormlated in deir cccommocs ames many
wanplem Thim, we can ake advantags of this corelation when deviding o aficent scodfieg chamas for
the oibg™s manciamd color Infemation

In this anticls, e devalop a ganeral wchame for aficiant and acalshle sncoding of the color Infoems ton
in the cibg by scoding color clamas (Le, the paserms of cczomence of 2 Fmer in ampis) in some of
thelr Hffarncm (which am small) wlh eepect o wme “peighboding™ color clam. The key tachadcal
challange. wolvad by oor ok, s aficiently sasching for te oelghben of color clasm in be bigh-
dmanaional spacs of colom by levenging the ohasrvaton thot timilar color class od o be topologica iy
cloas in the onderiving dbg ‘Wa consirnet 2 welghead graph on te color classss in e ofbg, e de

weight of each adge cormapnrdds to the spacs raqerimed to uoee dw dalts beivwasn i oo poine. Finding de
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mindmom apaning s (MST) of i graph give a mindmal dalis-basad reprasntafon Aldoegh -
conumxting 2 color clia on dds mpeeandation mopics 2 wralk oo g MST ron nods, shorsdand tamnporal
Incalliy oo e loankopa, alloers o o ows 2 uma ]l cache i midgate du pafoomancs Impect, ylaliding qouary

thronghpot that 1s amanfally e ams an when 2]l color classss am mpesanind sxpicidy.
An aliemative wonld bevs been o oy 0 mi de depeh (or damater) of g MST. This pmhlem in

berelly unfiad in o foemee e onmodad booedsd-Famame MST prohlam (Raidl, 200R) and e rooded
bopr-conaireinsd MST problam (Albam et a2l , 205 Nt i in APX, that in it & oob possdhis o
appmximats dewm to within any conatant facior ( Manyam and Stallmann, 19946). Althor at 2] (NS gawe
an OX lig ) appenxdmation asming e adge wraighis fmn a2 maidc. Khollar ot ] (20EY) chaver ot 3 e
adga Lasghr ara e wama m de adge walsler, than ters & an afkclant algodim for findfing 2 wpenndng
irae. ot i writhin a oonatand of oprimal in e of both Bameter and waight Marsthe ot al (1998) thowr
that in gawra]l we can fnd e within O log e) of dw mindoom dameter and gt Wa can't ma
Khnllar's appmach (hacams oor adgs langibe ars i aqoal in oo adgs welghis, and sven 2 OF Log #)
sppmximation wonld giva op a potandially sohatantia) smoont of spacs.

Wa showcma the ganerality and applizabifiy of oor color clas tahla compressdon schedoqos by demon-
araing it in tro compotafional bolegy spplicatiom: wagoancs weach and vaclsfon desction. 'Wea compem
oo navwel color clas tahle gt Son it e capreasndation mad 1o Mants (Pasdeyat al | 22118, austs-
of-the-art larga-acals wagnenc sasarh tenl ot s 2 cibg 0 indax 2 et of waancing wempla, ad e
mprasntaton mad in Reinhiverfiah (Amedaee] o 21, 20017}, 2 uste-of-the-art Indar o facilitsie vardstion
date: Bon over a wat of ganmes W thowr ot oor appmach mainising de weme qoary parfemancs whila

achinving over 112 amd 2.5 sineags wrvinge mlafdva i te mpssntSon pres oy mad by s ool

i METHODE

Thik sacton dmcdbm oor compact cdbg repreasntation. 'We et deflns oibge and beisfly deacrie
ecinfing compact oibg repreasntafione. 'We then oofline de bigh-levsl ides bebind oor compect opm-
mentaion sl axplein boer e s te dbg 0 sflciantly bolld oor compact mprasshton Fioally, e
dacrhe implamantafion datsils and optmizaions (o oor qoary algociten

21 Colormd dr Bruifa gmphs

The dbygn are wridely mad to cprasnt te topological srcoe of 4 st of mem (Pevioer o al, 2001,
Zahinn vl Bimey, 200k, Smpaon et al, 20F, Gobhhar & 2l 2111; Scholz o 2l 2012 Chang of 2],
Y, Linat al, 218k, Padey o al, H117a). The dhg indocad by 2 wat of -men & defloed balow.

Deflinfilon 1. {hee o e K of bamere, the dhyg e ad by B o adge 5o B ylene s ock bmer jor adge]
cotmeecis BE two (E—1)-lageh rubnrbar (or partkear).

Cilbegn axtond the dbg by andgning a color clers ) to sach adge (or node) r of the dbg. The color clas
Cir) s a st davmn fom wome ondvens [ Ersmples of 07 ad O are

- Somafimas, [ & 2wt of misence ganomem, and Cr) s the wobast of refamncs ganomes contsindng
t-mer r(Lio a al, 2116e; Almodaread af al, 2017, 2018, Moggli et al, 17T,

- Someafimas, [ a st of reads, and Ofr]) In the eobast of resds containdeg r (Allpenabd atal, 2018 b,
Tomer st al, 1R

- Somafimas, [F i 2 wat of eagoancing apardmanis, and Ofr) i e wobast of waqoancing arpardmends
contairdng r (Solomon and Kingufoed 2116 2117, Son &t al, 2017, Pandey at a1, 218}

The goal of a cdbg mpmssndation I to lirnE:u]ﬂ'nﬂmpﬂlgnpdhh',nﬁhlwrﬂngh

- Pobs quary Chvan 2 F-mer v dninmins whether * o in £
- Color quary (Aven 2 bmarr £ E miom O{F)

"The cocie of the A Benije graph e bppaally shared anpliicitly bicsnes te ooce s i soply o forton of E



Cemom bt by LI CFF BIAE Y1 AN BATTF DIN LEEE AR e s Eiearpobs = o (NI Por poaresi 1o m oaly.

L] ATMIMDARERT ET AT.

Eﬂmhtmmpfmnpﬂuquin,munmﬂuﬂqhyﬂmp]gqnﬁqﬁrﬂudﬂl
poasihls pradecaasnrincoaaanr sdgas of an adga This anshlm m oo implamant moms advanscad algorkhme,
uxch m honbhls calfing (ghal Zamin et al | 2012).

Many cibg raprevantatione typcally dacompoans, at leant logically, into o imonrm: ons Mo
mioring a dbg and asncisting an 1D with zach Emar, s ons umcors mappdeg dwws 10 6o te acimal
color clme (Almodsei st 2l 2017, Moggli et al | 0017, Panidey ot al, 201 7h). The inBvidoal color
clmass can e mpeasniad an bit vaciors, s, or ming a byheld acheme (Yo st al, 2018). This
Infoemation & typlcally compaaad (v sl Lampa], 1977, Raman & al , 202 Dosviann ad Van-
torind, 2114).

Dur articls folloers thin utandard sppmach and focmas sxclmivaly on radocing te wpece raqoimd for
ithet. mirmc i, pioring e color Infemation. W pmpoas 2 compact rapeaan caion that, gvean 2 color 170,
can ranm e cormaponding color aficienily. Althangh sra pair oor color tahls repmasncation writh e
dhg umciors repreasniaion of te comniing qootient fitar (COF) (Pandey af al, 201 7h) an ouad in
Manils (Panday i al M) oor propoasd color tahls mpresniaton can be paimd wite oter dhg
roprassntatone

23, A similarity baed cdby represaintion

The kay ohasrvafion babind oor comprmasad color-clas pesandstion s gt e color classs of F-mam
ithoat arm. adiacant in te. dieg are. Bkaly to ba wary timilar This, ratter thon utordng esch colorclas aepliciy,
wa can uom only a fawr color claws axpliciily and, for 2]l te ramaindeg color clamss, s wom only tedr
i fTamncas foum oitwsr color classss. Heacama te @ffamncas am umall, the tokal spacs med by de cep-
mantation will be wmall

Motivatad by the ohasrvation shove, we pmposs to ind an sscodng of e color clasass that ke
advantags of the Fact that mout color classs can bs mpoeuantsd in tarme of only 2 wmall nomber of adim
(la, Hpping the parity of only a favr bim) srith repect o ume oo dgbbor in the bigh-Amanaional space
of the color classss This idas wa feat sxrplomed by Bookusin and Klain (1991) in te context of
infoemation retdaval Booksteln and Klain o wed bosr to acplods te implicic clouering among bitmape
in Information Retdaval (IR} to achiave sxcellant radocion in storsge space oo repressnd thoss bitmape
ming an MST au the ooderlying eprasntation Unfortonarely, te appmach csken by Bookusin and
Xlain cannot be dimatly med in oor probhlam, wince it raqoies compoting and opimizing opon te finll
Hamming datance graph of the bit vecion baing repmeasnted. wrbich in oot ractahble for de wcale of data
we are analyzing. Hence what we nead s 2 method o afficiently dacover ao incomplaie and bighly-
spama Hamming datance graph tha, nonatdwisss wpporis a low-weight ppanning oes. 'We describe
belowr hoer wa apply and modfy this appmach in te context of the eat of cormelaed bic vectors (Ls.,
color clasass) that wa wish o scnds.

Weaconatme tonrcompraasd colorclas represntsion as follos (Fig. 1). Foreschedgs rof dw dbg, 1at
Cir) be the color claa of © Lat & be the wat of all color classs that ocone in e dbg. 'We ot conatroct an
onifiraciad graph with vertax wat Cand adge s raflactieg the sdjacancy mlsionahip implisd by de dhg. In
other Frond, them s an sdge betvraen color clasus ¢ and o i e aciat adjacent adges (L a, incidant on
the Lamea oode)  and v o the dbg unch that & =) and &3 =0y Theas adgm indicate cnlor classs that
am 1lkely to be aimilar, basad on e umones of de dhg. ' We then add 2 ipacial node # to the color class
graph, whih is connected to avery nods. 'Wa sat the weight of avery adge In the color class graph to ba dhe
Hamming Hutance hatwraan i twnn ad poins (whems we visw color class m bt veciors and § & de all-
zoaroa hit wactor)

We then compaie 2 MST of the color clms graph sl mot the oee &t e apacisl § oode Note dt
bncanan the § e i connncind in every oiber aode in the graph the graph is conmecingd and bancs an MST
In gonsandend in axit [Tuing 2 MST, wa mindmivs de tofal ize of e Affamoces that e ooed o wiom in

Wea then wtom the MST m 2 tshls mapping sach color clam 1D to dw 11 of ¥n parent in de MST, along
with a But of the & famncas betorasn the color clas and i paent For convendsncs. wre can viewr de list of
Affaences bawaan color clas &) swl color clas o a0 2 b woor & G oy, whers § & e bli-edes
exclmiva-or opartion To mconaimet 2 color clam gven i 1D L wre tmply corall dw & ffamoes waciors
we ancoonder while wralking from £ o de oot of $e MST.
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TG 1. Ereswhig corkd cilisess by fincheg dhe RTST of She ook it iy, i ohchrecise] graph dei vl Srowr celbyy
Thoe caicleet of bty prrcesresis i (=-2) The sticvws o (i, B) sl fhn ditection of sl o s by which e s Sk gpoagph
The cypiivre] scihinshls BIST & show 0o (0) S0 covrpiriscn . Sitcw wot itneed cibarye e sigh bedwobdn iy -t
fecwry covkor crlosb o gorewen meted gl @ colbgy wat wont't bune Hh echgn Bt covkor ciliiie gpoewen der) el ko, sl
shovectourn, cnd fiek] BT ik dodk ooy ndl o b Bkt RTSET wot clah oot fcherrh o ccwrigh b ool ool g ool cond e iy
Broijn poapds RIST, s coewrh il i bidsh
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23, Implrmenintion of the MST datn ciruciure

Anuwning wa hava |7 color clansas, |I7| coles, and an MST with ot ] welght of w ower te color ol
goph, we vors all the Inform stion raqgerded o cadave te origingl color bit vacior for esch color clas 1D
haamasd o the MST pivncives indo tuns. dats sirmoiese

- Parent wecior: This wactor contsine |7 wlot, sach of sz [log, ] The valos womd in inder 2 rep-
resni te paent color clas 1D of $e color clies with inder # 0 te MST.

- Dialts vactor This vector contsing walon, exch of vve [log, |[7|] For sach pair of pamet and didld
the pamnt vacior, e compms 4 vector of the infces s wbdch tey dfar The deles vecor & de
concatanafon of dees peradgs dalts vecton, ordemd by e 10 of e ueeee of te sdgs. Note thet dhe
perc-adgs daln vactors will oot a1l be of de sama length, bacarms uems adges bave Largar waight than
oty This we oesd an sl lary dets strocioes. o mooed e b o baterasn the par-adgs delts
within the overall daks wachor
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- Boonidary bit vecior This wacior conteing whit, whes 2 st bt inficse e boondey batersan b
dalis pam within the dalts vacior To find g uaing podton, witdn g dalts vechor, of te per-adgs
dalta Hat fior e MET adge with woome 10 2 we perfiem feleaf?] on te hoondery vacior. Salac
reiwrna e position of tha ih one in e ooedery wacior.

231 Qorry of the MST-bosrd represrstciion.  Fgom 2 shows bow goedm procasd ming this
mcnfing We stan with an smpiy acommnlator bt vacior and 2 color clas 10 2 for which W want to
compasts e corvmpindieg color clam. W parfnem 2 walact qoery fior #and £4-1 3t oondary bt vacior
in gat the boondedae of o B farece Dt in de delts wactor ' We ihan iterste overlis dffisrance But and fip
e nficatad bix in oor accomnlator ' We than wat $+—=PARENT [{] and mepaat ool § bacomes [, which
inficaim ot wa hovs reschad the root At s podnt e acoomnlaioe will e sl to e B wactor for
color clas §

24 Intzgrozion in Monzic

Onca conutmciad, oor MS T-hassd color class mprasntation s 2 deop-in mplacamand for the corsnt color
clama mprmanisons mad in weeeal arising teols, inclnfieg Manis (Pandey at 2l 2118) and Rainhowfish
(Almsianed at 2l A17T) Thelr axiating color cliss tahisg soppaort 2 @ngls oparadon—qoarying for 2 color
clama by i ID—and oo MST -homad rapmasntafion uoppon, sxaciy ihe. wams oparafion.

For ihds arficls, we Integraied ooe BMST-haai mposeantston inio Mants. Ths cams. spacs v can ba
chiaval in odiwr innls, paricnlady Rainhowflah, widch bas 2 similer coloer-clam sncefing @ Mantis

241 Congruction. Weconumet oor MS T-hasad colorclms mpressniation as follos. Fmt, we oo
hiants to hodld in defanlt epessntation of te cdbg. We than bolld te color-clas graph by wralkdng de

g aned adding all the cormponding adgm to the coloe-clas graph. The adge st & typdcally moch amallse

otn == [l nfofa] co
BRI

Build BY for Ca

Ench indss mprsaarts mfecemyion for
calar Wi the o D index

GELG
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TG ). The cowswysing] BIST (Gp=laft) the dbb sitncinfe kb skooh e ook indoarlicn s b it of wh BTST
(gt} Thise fignore aees illosboades dhe sbag ooy o] ko Bnild oo of the coilor oot () ol Tead of e b Fobs

et e cyriery pofce e bovesns e cows. cout ceyiion e clodhin g podiony we apply Lo priclion
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ithowy thes il (e man ¥ dbg adpm may map o te wems adge in dw colorclas graph), w tis can ba
dorwt. in RAM Node that wra do nod conmpaie. the. rsghin of de adgm doring de pam, e ame. that wonkd
e harving all of de largs colorclas K vacion in mamory o com pte. tedr Hamming dumece.

In e wacond pam s oxvame e adge set and compnts de weghe of sach adgs To mindmizs RAM
mage doring this phass, we wont e adgm and inme ovee dem i 2 "hlockaT™ manner Spaci fically,
Manils uinre. the color clas Kt wactors on-fak sageniially by 10, groopesd inio hiocks of moghly 6 Gha
sxch Wesont e adgm laricogrphically by teir uees sl deuineiion block W ten lod 211 poin of
hlocks s compasts e wraighin of all te edgm baterean e torn hlocks commndly i mamory. At all dmes,
wa neaid only o hlncks of color clam vacion in mamory. Givan the weighied graph ore compis e MST
and maka orw fica] pms o dadarmninn de relevant dalia s and sncods oor flnal MET umciors

242 Porcliriimion We noie that after having conumcind the Manth mpossniaion most phosss
of te MST conarmction algodden am idvially paalislizad MST consrociion decompoass inin thee
phasea: (1} colorclhas graph conumetion (2) MST compotafon, amd (3) colorclas capmasndafion gan-
sration Wa panllafiza graph conatmcion and colorclas mpmesniation gareeation The MET c ompataiton
inalf dn et posenlinlized

Wa parallalizad te demmmination of adgs in te color-clas graph by amigning aach thmad a2 oangs of
the k-mar-to-color-clam-1T0 map Each thmad arploma e meighhors of de f-mars tai appear n i

amigrend cange. and any miondant adgas am dadoplicaind when all theads am oddwd Smilady,
pacallalizad s comptsfon of adgs wreghin and dw axiracion of de dals vaciors thet crmpannd o each
adgain dw MST. Givan the et of adgm wrind lacdcographically by sl snd podnds (desmnined dorieg e
flens phoans), ¥ 1n wirnd ghefororand to panifon e sk for pocassing keiche of adgas acrom many demade
k In poaathla, of cooms, dat e beiches will daplay FEfamnt wockionds and that wme thmads wlll
complaw heir sigeed work befinrs otdhers. 'We have oot yat made any atempt (o opfimize the parllsl
consroction of e MET in this mgand akhongh many sanch opfmizatons am likely posaible

243 Accelrrating guariss with mching  The socndsd MET 1s not 2 hatanced irse, 1o dacnding 2
color bit vector might mgoire wralking a long path to e mot, which negaively Impaci te goary Gma.
Atempting to axplicitly oindmize dw depth or Eameter of the MST s, & duomasd in Sacion 1, oot
geomally spprocimahls within 2 constant facior Hovrever, conaidering dw fact that the fraqoency drd-
botion of the colorclsus 1s very skevad, uome of the codor classss 2 mom popolar or bevs moes chldon
and, therefiurs, ars in the pah of many mome code. We ke advantags of thess data characaduice by caching
the mumt pacent qoeriad color bit vacion. Every Gme wa wak op the o, 1 the color bit vacioe e 2 noda is

already in the cache, nor qoary algocithen unps at that point and appfas all de daltas i i bit vacior inoead

of the zarn bit vectorof e mot. This caching approsch signiflzandy impeoees the qoery dma, reun teg 1o dhe
firal goery Bme eqoirad o decode 2 coor clas being marginally fauer thon dect BRR accms

The cache policy s dmigred with te irss umcioes of oor coloe-clas cpresstafon in mind Spacii-
cally, wa want (o cache oodes pear the leave, bof oot oo cloas o e lesves that wre end op caching

emantially the anfirs ome. In addifion, wre don®t wrant to cache Infiegoend]y goaded nodss. Thie e ma the
Tollowring caching policy: all goaded nodes are cached Forthermors, ws cache intedor nodes. visied docieg
a qoery & fnllowe K a goary viaii 2 ool thar bon baen vaitad by 10 other qoaciss and & =10 bope avway
from the comently goadad ¥em, dee wre add dot node o the cacha ¥ a goery visie moms don ons woch
nnds, we add de S oo sncoondersd

In oor sxpecimens, we mad acaches of 10,000 oode and manegsd de cache ming a FIFO policy.

25, Comparison with brute-force and apprecimaie-asarest-azighbor-baced appreaches
Oor MST-bhmad color-class mprasntsion s e dbg = abint = o hich colorclaus s kel y in be
Ooe conld Imagins altenelivaly conatmeciing dw MST on te compleds colorclas graph This srooid
the shaninialy lovreu-weight wpenning s oo the color clasm Unforonetely, oo MST
e I lea than [K|E]) Gma, wo this wonld makes aor conaimefion Sme qoadesfic n dw nomber of color
clinsm The nomber of color clmm in oor aperimanis ranges from 105 60 109, o e aomhar of sdge in
the complste coloeclms gaph wonld b in te onder of 1012 to 10'Y, or poadhly aven mors, makdng dis

algoridhen impractics] for the largeme dsts sty conaiderad in ihis arficls.
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Almmafwaly, wa conld oy o ma an appmrimsie e ighbor algoadim o fied pdn of color
claasm with umall Hamming dstanca As o axpearimant o implamaniad an spproximas e nedghbae
algoriihem that hickaind color class by their pojacton into 2 smallardmanaiona] whapacs Neamat-
nl ghbaiir onriaa wars compaiad by wasrcidng oridin de qoaciad Jiem s bocke: Ranlis wame dieappadnitieg.
Even on wmall data wai, e svemgs duancs batwaan ithe qoadad itam and duw mooed el ghibor o

maveral Hmem Largar thon de svarsgs diatan: 2 finond ming e ol ghlvrs, gpaued by e dhg Thim, wa 34
nt parnnes. ihin FAracion fonter

1 EVALUATION

In thin saction wa avalnsts oor MST -howed mpresaneation of the color infomation in de cdbg. All oor

axperimanis oo Mants wih oor intagraied MST-hasad colorclms rapmusndation
Epluniw megrice: Wa avilnsta oor MST-haus] reprasntafion on ihe followring pecomatar:

- Scalabflity. How dom oor MET-hawsd color-clms epemsstaiion wals n tamm of space wrih in-

craagng nombar of inpet cemplm, and boer doss 3 compaes o e acuieg mpeasndaione of Mand?
- Constmxction Sme. How Jong dom it ake—in ad@idon o dw odginal constroction dme. for bodldng
cifhg—in hodld oor MST- hawad color-clas repreusnts fon?
- Qoery parfemanca How long dom it ke o qoacy e odhg ming aor MST-haed colorclaa
reprvmaniation?

11 Ezperiwmmnl procedure

111 Syctrm specifoction: Manth tkes an inpot 2 collacfon of squeckr flss (Pandey o al
M17c) Sqoaskr s a bmer coonier that akm an inpot 2 collection of fastq Al and prodocs an ooipot 2
engla flia writh a compoct hash tshls mapping aach Fmearto te nomber of Gma 3 occom ot inpot e
An I pianden] in avaloafione of large-acals sqoance wearh inderss, wre do oof benchmark de Gma
oaquired to conaimet dess linm

The data Inpot to the constroction pocms e somd on foor-dek mirme (eght dake infaT). Each & a
Sasgain THN pm & TH dak (STANNYNINEDT) They wam fnmatied ming ZHFE sl arporiad ming NFE
over a 10 Gb link 'We muad dffarant cruiam to oo and evainate Gms, memory, sod dek raqoimmands, for
e oo utapa of prapmcmaing and inder boflding an srace done by Pandey ot al (2118).

For index hodlifing and qoary benchmards, ora ran all de acparimenis on de iams cystem mad in Mantis

o al, MR} an Indel(R) Xeon(R) CPLT (E3-2600 w4 B2 3 GHr wih 44 oues and 36 MH 13

cache) with 5312 GH RAM and 2 4 TH TOSHIBA MGIACAYL ATA HDD moedeg [Thisin 1610 (Linoe
kama] 4. 20-50-ganerc). Conuncting e main inder s done ming 2 wingls dwasd, and dw MST
contmet on o parfirmsd ming 16 teands Qoary banchmards sram sl parformsd g 2 degls dunsd

1131 Dom w svolusie weolnbility and comporicon o Montic W integrated and avalnsted oo
MST-hasad colorclms raprasntafion srihin Mantis, wo ore brisfy revieer Mantis barm Manfis bollde an
indar on 2 collsoion of onmesmhlsd e wsqoencing dats wain. Exch dats wat in callad 2 reenpls. The Mantis
indar anahiag fast qrarm of te foen, "Which wsmplas contsin this F-mae™ and ""Which ampla am
Bkaly to contain this uring of hasse™ Mantis taas an inpot one squeslkr fls par campls (Pasdey o al,
M17Tc) Angoaskr s ina compact b tshls mapping aach bmar to e ombar of Goss 3 ocoes writhin
that pampis. S qoaskr alun bas de abdliy o eadalize s boab that Bmply mprasns te ot of o pressnt
& or shove wwms marpovided desahold, e ofer o dees s fltersd Sqpesker e [Taing de Altaed
Sqoasker s vantly mdocas te raqgeimd ntermadiats sorsgs spacs and alu deceaas the conairocton
fma raqeimd for Manfis conaidershly. For srampls, for de breass blood, sl brein dsts s (25856
mmpla) the ooflitarad Sqoeskr flm oapemid 25 TH of wpaca, whdla tha flemad s migee only: 108
GH To wave intarmadists unrsgs wpacs and wpead inder constrocion, sre bodle ooe et oo pes s ndaton
T s flinend Soresier fles

Givan the Inpot flm, Manth conurnon an inder conaating of tero flar 2 map fom F-maeto codor-c s 10
sl 2 map from color-class I to de bt vactor ancoding that color clas. The ot map s uorsd & a2 COF,
wrhdch inthe eama compoetbash tahis ouad by Sqoeskr The color-clam map ian RRR-compraesd bitvaotor
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Racall that aor conuirmedon proccas s implamanisd an 2 poaipcmsing uwap on e andssd Manids
color-class repmasntafion  For conurmetion Smas, wa. mport only s poatpere maing unp Thin i became
o MET-haad color-clas rprasntafon & a2 ganer]s il ot can be appisd oo many cibg mprssnistom
nifwr than hManth wo wrs wani to lolste g Smes apent oo MST conatme Gon

To bt e calability of oor eer codor-claw raprasntafion, we mad 2 codomly wlaciad wer of 10, D00
pairad-and, homan, hok RN A-uaq short-mad acperdmania. dosmlosdad froem Eocopean N oclastids Archdwe
(NIH, A17) in ghppesd FASTO format 1n addition, we bavs bl te. propossd index for 2586 wa g ing
wampla from homan hlood, brein, and besu (AER) Sosse orginally mad by Solomon asd Kngufiond
(20168) and alun muad in de whaagend sk (Solomon and Kiegafoed D017, Sonoatal, 2017, Yostal,
R, nclnding Manfis (Pasday atal, A11R), & 2 podni of comperkon srith teas mpmesniations. The wat
of 10, N srpadmants dess o oveclay with de BAH wmplae The foll Bt of 10, 00 acpedmantal
identifiers can he ohivinsd fmm  hope-#githoh comtCOMHEINE-lab'onl ar-mathilohimastaninpes o
oohbsh] (k_shoffiad bt The tofsl dva of a1l Swees arpecimeans (gripped) o 25.23 TH.

To alminsts spordom Fmam ot occor wli inadged flcant abosdancs sritin 2 ampis, e uposskr lea
am flliarad in mmows low-shindancs Emam. We adopiad e ceme coinff pofcy ofgnally propossd by
Solomon and Kingefned (2016}, by dacanding -men that oczor e than sms tesshold nomber of Gmes.
The theatunide are datermined aconeding o e sizs (o byta) of e gzipped ampin, ad dw fesbolde am
glvmn n Tahls 1. Wa adopt 2 valos of =23 for all axpesimants.

3132 Evoluntion resnii

33 1 Scolckility of thr mrw color-clnse represrmation.  Figom 3a and Tahle 2 whaoer hoore e iz
of oor MST-hased color-clin mpresndsion ecales 2 e s de omber of csmples inderad by
Mantls For comperion we alun givs e wivs of Mantis® RRR-cumpreadon-heaad color-class mpesn-
taion Flgem 3a aleo plom de aize of the COQF hat Manth oum (o map b-mars to color clas e 'We cn
dow waven] conclminne fown dees datr

- The MST-hasad reprasndation s an ondar-of -magnitnds wmalisr fan e BRE-hasd mpossntafion.
- The gap batwasn e RRE-bhasd cpresststion and te MST-hesd cpresdsfion growe ;. we
increas v nomber of Inpet esmple. This wnggeis thot te MET-hassad rapmusndalion poere m-

yopiofically slovwar than te RRR-bhaad mpossntsion
- The MST-hasad color-clms mprasntton i, for largs nomber, of samples, shont ¢ wmaller dhon de

COF. This meana dhat mprssnting te color clim s oo longar de caling bobflaneck .

Tahls 2 alun shoere the acaling oeis of all slemenis of e MST epresstston, 1o adddon (o de oo of
MST over the color bit vecior As expacied, e list of delis dondeate e MST mpessntaion both o
tarme of tofal wizs and in tene of groerdh. Tahle 2 aleo shov de aversgs adgs waight of he adges In de
MST. The adge weight provn sppmrimately popeetfional to 84 1og (f ofeanples’) (1a, avery Gme e
doohle the nombar of eamples, de aversgs adgs weight inceass by alooar ersctly 11 This mggeus that
oor dhy-baad algoriden i ahls o fnd pair of gimilar colr class The Gms colomn dteers e Bme
onquired to bed1d the MET represantsdon (wrhich in i addfon to de Mt conaimeton Sms raqeimd o
prodncs e inpet to dhe MST compesaon algorthen).

To battar orudaratard te scaling of d & ffarant components, of 2 cdbg rapreosntafion wre plof desizes of
the RER-hanad color-clas ospressnts A one and MS T-hased sprasstafons on s log-log wceals in Fipers 3
Basd on e dsta, the RRE-haad mpousnistion sppean oo goer o aiza at 2 mis of moghly Be'<),

ThaIs 1 MMidmTe Nowem 0F Tk 4 RIS RTAT AFFRAE IV AN FEIFEERENT 1O BR CoTNTan
Al ARTINDANTIY ENFEERHNTAD IN THAT EXFERANT (TAEEN PROM THE SEITHNCE Rioedd THEA ARTICTE)

MHin s Max rige Cloff No. of expenimeniy wirh arecifed threshold
o B 1 ™
=3 MR S0 MR 3 ™
=AM MB 51 3R 1o 125K
al OB =4 3R i 1We
=3 08 oo 14} 2Hhd

Hote, e kars wih ool of ''caiof™ e lecbeded o ek Seesbedd
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Liesrwy siayy B e noroes ol The .

whermm the reror MST -hamad mprmatation groes moghly o 2 eate of Bp'~) This sxpiaine wivy the RRR-
banad represants don groen to derarf the COF (arbich prosn moghly Jinesrly) and bacomes dhe bt s ok in
acaling to larger dats wel, wheem the MET-haad mpessntaion doss oot Wih te MEST-hoead raprs-
amntation e CQF linalf & noor he b lnreck

Finally, the 1t oro men in Tahls 2 ahoer the wize of de RRE- and MET-hassd colorclas mepessn-
tafinna for the homan AR s Eocburlelds ool data wah, mapevrivaly BHE it dats wat mead in SHT and
itn enhasrand tonle (S olomon sd Kiegefieed 2017, Son et al, 2017, Yo stal, MR}, & wall & in Manis
(Paalay aral | AR, sl F codl in the dats wat analyzad in g Rfinkoorfish articla Thie dats wat, which bas
bty bt 2] P GanBanke (OFLasry at 2l 2116}, conslus of 3598 Hadnct £ sodl virsing. Sieca e urain
amarmbfan are 2Tl from te cems ypecim E.ooll aach ursin sherm 2 lags pontion of 1 esqrene s st de
oitwsrs Wa epacifically choas this dats et tines Rainboerfish b aleady domonsiraied 2 laegs improvemant
in gze o it compamd to Wad (Moggl &t 21, 217}

An the tshls thoe, oor MST-hassd colorclis mpessndaion i ahis (o afacivaly compeeas ganomis
color data in additon to RNA-waq color dats

332 Index building syolucticn  The "Hold Hme™ colemn in Tahis 2 show the Gme rageimd o
b 1d oo MST-hasad color-clas repreeantafion fmm Manfs® RRE-hoead mpessntsion All edld mad 16
threads Tshle 3 shoers boer dhe MST conuimetion Sme for 2 1000 campds deta st ecales & a2 fonction of
the norvhar of hedld heasds The mamory conanmpdion is oot affacied by nombar of deeads and cmaim
firad for all idals. The memory oeages for both te main s bedld and de MST conuimefon siape s
shovn in Tahis 4. Sincs hees phasss are on indeperdandy, s tincs dw MST phoas folloss de Mandis
consiroction phaws, de pesk memory fir the. sriods hodld plpelins is dw marimom of e memory oeqoiosd
for aach of the oo consimotion phasss.

Ovenll, the MST conaimefon Gme is only 2 Boy fracton of e oveml Eme eqoirsd o boild de Mands
inder fimen oawr fauitg fles The wait holk of e Gme s gpent pocseing te faig flas o peodocs. fltesd
upaskr. This usp wa parfmad on 2 closter of 150 machinas over moghly 1 wesk Tho MST con-
umcion mprasnis <1% of dw ovenl]l inder befld Gme. The memory mgeiesd o0 bold de MST
deperwiont on the wize of te COF and grover. propeerfiona ] to thar In fact dos to te ooolS-pom consioe on
procadors, te pask MST consroction mamory i smantally dw gze of e COQF ple 2 relafivaly wmall
(and adjmishia) amoont of rorking meamory. For e mon over 10k sxpadmenis, whers the OQF aize wran
the. larganr (3807}, e peak mamory mgoicad in bodld MST & 1118
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Taris & Qrmy TiME ANDG EBUGENT hinsony 50 MTaNTR Do THE WIS SeasNNa
TEEE-Bilan EAPEASRNT ATEN POl COT. DN A TN ANT THE CHENAL BT NTIR
(MThodin Eases, Eawmd, Ban-Cosewnsmr Cotos Craue) Cves 10,00 FXrnsamem

MHondr wirk HET Jelrmlir
Bucley dmaed-Hopoery Query Spee Bncdey foered ey ey Soaee
100 Tty 1 mahoby 10 ecench 07 scdcis 11EGER 37 mionisd 55 seoods D08 sconcs 9D GHE
100 Tomwcwiphs 1 psfobs 17 séconich B sdconch 11968 T4 cmmbsd T wecwds 11 sonds DGR
UMED Tewhboofipuds 1 oshokh 28 sdcohch 79 accwicds 1200GE 46 cedobsd 4 sdcohds BDedcoicds MO GR

The "' puery™ colesnm prrrvides jusl e e s io ereeale ol quesies (o wesl dbe reguieed 12 iy was sready onded ne g
peryer-bmeed s Iody Mok s, |e esbiesl oesrry g o e DT b e pureresis v, e comsilag el vl (s ol s yn

desnlemies e Iniel requied ey,

123 Qorry svaloation We evalnaie qoary apead in the following manmer W salact random
mbasin, of Incraasing aize, of ceecdpi fmm te homan raacriptomes ] qoacy the Mantis Index o
daternrins e wat of axpadmania containing sach of thaas anacxipi. Manfs sawan anscdpt qoardse =
follovwrs For aach F-mar in de irasecripe, it comping e wat of wamplas conisindng dat Emer k then
e 2 uanpls an condrindng a ieanecripe 3 e campla contsine moe. than 8 foacion of de E-mar in de
iraacript whem B & a2 mar-adjmbohls parsmeer Note dot, fior Mantis, e 8 thesabold s sppling at be
vy ool Mantis et compotem, for sach sampls, te focton of -mem et ocone o dot campls and ben
Hites m a lat wteap Thoe e qoery Gmes coported bare am vald for any 8.

Tahle 5 mpons the qoary parfiemance of both e RRE and MST-bhaad Mantis inderm. Deaplie e
vaily-midocad wpace aecnpdad by e MST-honad Index e e Pact thot the color class decoding pene adom
& more involvad, qoeary in g MST-hased Inder & 0lighily Sater thon qrerying in e RER-hawnd inda
The aversgs qoary Hme in both RRR-haad sl MET-hass] index s .08

Once the index bom bnn locddad inin RARM, Mantis qgoerls am moch Fater thon the dess SHT-hased

larga-acals paqoance waarch data smcoes, and oor MST-bhead colorclas epessntaion domn®t changs
that

4. DISCUSSION AND CONCLUSION

Wa hava Intmadncad a novel sxact repreasntation of te color information seociated writh e cibg. Oor

mprasntation vislde largs impmesmans in tarme of ceposssntation uzs compemd o posvioo wats-of-the-
ot spproaches. Whils oor MST-hassd prasntton i ooch umalar, i il provides capld goary and can,
for axampls, miom te qoary rmnlis for 2 ceoecdpt acmas o inder of 10, 00 RNA-eq acpadmends
n ~0.08 vgoary. Fonbermoms, te s bepafk of oor popoasd cpessntaion over that of previom
apprmaches appean to goer writh the norober of color clas being sncoded, masndng 1t s oot only ooch
muallar bt alun moch mors wcalshls, Floally, te repesasntation e proposs is, measndially, 2 uaod-aions
monding of te cdbg's aanciaed color informaion makdng this mpesentafion concapinally amy o
intagrats with any tonl or medue] thot neads o uom color Infematon over 2 largs dbg

i & oot clear bowr moch forther e color Informaton can bs comprsssd srbils mainbining 2
Joanlrms represndstion, this is an intermting dworatics] gomtion 1t may be foodifil o appenech dhis gosion
T e parpec tes wnggasind by Yo st al (2115}, of evalnsing de mairc siropy, foactal dmsaneion, and
inf'ormn st on-theoralc andropy of te wpacs of color claess Pactically, bovevar, wra bovs obuaread that, s
laat in oor corend cyatem, Mantis, for larga-acals vaqoancs waarch, e COF, wrhich & oead to uiors e
inpology of e dbg and to ansciste color clme lahels writh asch tmer, e bacoms e ewr calabifey
bodlaneck In i uindy, i may ba poasibls o radoce de wpecs equoiead by ihis component by making ms
of soma of dw weme chasrvaions e mlad opon to aliowr aficient color class oeighbor wsarh For
erampls, bacams many adjacant b-mars in te dbg thars e wamas color clas 1D, ¥ & Bkaly poasdhle to
ancnds i lshe] Infoemation wperssly aoroas de dbg, taking advandsgs of te cobwrancs baterasn bopo-
logically nearhy b-man Foobermoms, o allosr wcalibifity o moly-mamive dots wsin, ¥ will Hkaly ba
oacsuary to maks te eyatem bisrchical or aven to adopt 2 moms spacs-afficlent (and domsin-specife)
oprasntation of the oadedying dbg Nonatwlem, bacams sre bovs desdgred oor color clas mpeessntsion
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an amaniially ontuegonal o e Jbg oprasniafon, we aniicipeme dat wrs can amlly integrsts i sppeach
with impmvad mprssndstione of te deg
Mantin writh e merer MST-hasad color class sncodfing & sditen In CHHLT and i avallabls o hatpa-ff

githoh ¢ onvaplashvimantis

ALUTHOR NSCTLOBLRE STATEMENT

The snthwers daclar teey bovs o compating fnancial demem
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Thin wrock wran wopporied by the 175, Nafdonal Scance Fonndstion grane BI0- 1564017, CSR-1TEMERN
CCF-143MR4, OCF-17162%2 CNS-140880% Naflonal Insiintm of Healh granh ROIHGINENIT,
ROIGM1ZNAS, snd Gondon sl Haiy Mors Fuswisfon®s Thats-Deiven Dacovery Initisfve Groand

GHMFASS. The arperiments ware condoctad with agripmant porchassd twnogh NSF CIEE Rewsarh
Infasncioes Gran Nomber 1401%]. B P i 2 co-fooesdar of Oossn Ganomios.
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