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1 Introdixetion

Indeorng of gannmic sequsnces 1a an Impaortant problen 1n madsrn compartatinmal
genomica a8 1t enables the atnmie querless mquired fnr analysls of sequeancing
data—partlcularly roforones muidod annlysss whers obasrved sagusneing data
!n comparad to mown roforotee sequencen Fundamentally, analysss nesd to
firat rapldly leats short eeact matches to refarence ssquencs hafinrs perinming
other operatioms downetmam Hor example. fnr gulded sssembly of genomes
warlant callng and structural vadant ldentlficatinn aead sequences ars matchad
to kmwvwn references hafnre nonel sanencea are arrangad accornling tn the sesda
[1]- For ANA-paq, statlatica for groups of related k-mers mapping to Jmown
tranmripts or gane allowr algorithme to Infer the actlvity of genea 1n slngle-cell

Hacantly ressarchars have hasn Intematad n Indedng collactione of geaomes
for metagenomic aml pan-gamamic analysss Thers have hasn two mah types
of approaches full-tewt Indewss and hashing bessd approaches that typleally
Index the de Brulfe graph (DHC). Wlth reapect to full-text Indexea, reasarchers
have devalopad tnok that uss the rdndar [§] tn compats matching statitlos and
locate mawimal sxact matche for largs refarence collectiom [6,7]. For highly
repetltve collactinne mach an many ganomes from the samen apaciea r-lmdee bamsd
apprnaches are sapacially space sffident slnes they acale 'nearly to the mmbear
of ruma In the Burrsus-Fhecior Tramform (BW'T) (8] and not the length of the
referance text. TWith respact tn hashing hasad appreaches tnle reatrlet querls
to fiwad length k-meara [1 9] and Index the DHG. Thas tanh achisws fastar sxact
quarisa but typleally trads off apaca In other ralated worde. gepdh-bassd 1ndewes
that compactly represent genamie wmrlatinm as pathe on grapha kawme alan basn
dealoped [10, 11]. Howewsr, thes Inderm raquirs additionsl work to project
quarisa lamding on graph-basad conrfinates to 1mear conmlinates on referencs
EMMJLLAT CFR

Many tonlh have hesn dessloped tn efidently bulld and repressnt the DHO
[12, 18). Hacently, Khan st al Witroduced a patr of methoads to comatruct the

campactad DHG from bath amemblad mierencen [14] and read asta [L5] Eldm st
al [16] mtraducsd the mintmiarapacs DBG -a Mghly affactive Loy compmea.
glon achams that 1eea minimizera A repreasntative saquences for nodes 1n the
DBG. Karaalvow st al dewslopsd the Counting nHG [17] that stama diffemncea
hetwaen adjacent nodea In the n B to comperess metadata s inted with nodes
(and saquencea) In a DHG. Encouragingly much racent work an Fpeebrum Bro.
aerdng Fring Setr (AP3Y) that compactly Indee the ast-membarahip of k-mems
In mferancs tarta han bean Intraducad [LA 12-25]. Although theas approaches do
not tarkls the josats querle dimetly, thee do euggeat that ssen mrs aficlant
salutlone fnr refarencs Indee'ng are posslbla

In thls work we sxtend thews mcent ldean and Inteadwes the concapt of
a Snentrum Presorabns Tlins (SPT) which sncodm how and whers k-mem In



an HPSH oocur In a reference text In Wmtroadudng the SPT, thla work malke
twn ko obasrvatinons Flat 2 hashing hasad snlublon tn the reference Indeximg
problem fnr k-mwers dosa not necesattate & de Bruljn graph but hnatesd requires
& Hifna ower the Input reference collactiom—the NPT fnrmellse this Mecond
the reference Indewing problem fnr k-mwers querls can be cleanly decom poasd
hhin & k-mor-lo-iie quary and 8 die-ta-armurren e query. Crucdally, FPTa snahle
the Implenwntatlon aml analysla of & general class of mewlular Indexes that can
explott aficlent Implementationg 1ntredwead 1n prlor work

Contribm tlnng. We Ius our work on conddering how Indawes can {n pracies,
aficlently suppart the tn composble querles—the koaor-to-die query and tha
Hio.tn-orrwrroes quary. e highlight this work's ey contributloms balow. W
Introducs:

L The spertrum proervding Hiieg (SPT). An SPT 1a a genersl mpreasntation
that explldtly sncods how shamd ssquences—bios—repeatadly ooour 1n a
miersncs collactlnon The FPT senshle an entive rias of aparss and modular
hdaxen that suppart sxact leats quaries for k-mara

2 An algnrlthm for eampling and compresaing an Indaxad SPT bullt fmm unitigs
that sampio unltlg.ncmrrances For aomen amall comtant "sampling rate® &
our algarithm stoma the poaltione of only == 1fs accurmncs and sacndea all
mmalning arourmnca wing A emall sonstant number of bia

S Petterfisnd a practicsl hdee sl mplanestation of the hisaducsd sam.
pling achemea We highlight: tha critlenl sngnasrhg comsldaratinng that mala

poffearfiehd sffactive In practics.
2 Prohlem Definttion and Prelminaries

The Mappad Rafarencs PFosition [MRF) Quoery. In ths work we conalder
the reforenro fnlowing prabiom for konos (Aven 8 oollection of references R =
[By.-- -, Ry}, where sach refarence ' a atring omar the DINA alphabet [4 2 T, 8],
we pesk an ndew that can aficlently computs the mapped roforonee position
(MAF] query for & filwad k-mer alzs k. Given any k-mar = the MHP query
enumwmtss the poaltions of all eecurrencen of = 1n R Pradesly, sach returned
occurrencs 18 a tupls (v p) that specifiea that k-mer, = aocurs In reference n at
poaltlon p whare B,[p: p+ k] == F a k-mer dom nat aocur 1n some B2 £ X,
the MAF quary returms an smpdy lat

RBanls NWotatln. Btrings and lbin ars sern-lndexsd The length of a ssquenca
7 B denoted |§|. Ths dth charactsr of 2 atring 5 1a §i]. A k-mar 1a a atring of
lbngth k A sub-atring of length ! 1n the atring S atarting at poattion 4 b antated
F[d : 4+ ¥]. The pmix and muffie of length 4 1a denotad F| 4] and F[|F| — 4 1],
mapactively. The concatenatinn of atrlngs A and B 1o denated Ao B

We dafine the fus aparation A Qe O, to be wmlld far any palr of strings A
and B that owerlap by (k— 1) charactas If the (k— 1)-length miffix of A 18 squal
tn the (k— 1)-length prafle of B, then Aq@e B = Ao B[(k— 1] |. Whan k cear
from contart w6 wrlts A O ' plars of A Qe B.
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Rank and Salact Qoerls over Seqoanees. Glven & saquence [, the rank
query glven a charachear o amd poaltion 4 writhen rank (4], 18 the mmber of
occurrences of a n §[: 4] The sdert quary ealect, (§ ) returm the poaltion of
the r-th accurmnce of grmbal a 1In F. The arrcss quety access (1) returma FH]
For & ssquence of length u ower an alphabat of ake o, thews can be computad 1n
O(lg o) time weing a waeist mabrix that requirea nlg o+ o lg o) blta [24]

3 Spectrum Preserving Tilings

In thls sactlon we Intrwdece the specrwn proendey Bling, 8 repressniation of
a gwen reference collaction X that apaciles how a sat of Bia contalning k-mers
repeatadly oocur to epell out the conattuest refarsnce sequencss In X Thh
altarnativs rapraasntation snables A mwwiular snlutinn te the referancs 1ndexing
proklam hasad on the hisrplay hebtwesen ten mapnings—a k-mar-toetlls mapsing
and a tlls-th-norurrencs mappdng

31 DDefinition

Zlven 8 k-mair length k amd an Input referencs collactlon of ganomle saquance

% = [R1,...,Bx], & spactrum preerving tlling (SPT) for X la a fve-tupls
T=(U,7, 8 WL

o0 ‘B Lo et med b, [Zanme B oot [T = e e
s = 4 A & ¥ & & O & EFW
Mk £ R T & R oy &
== ) I O O . == 1 H IE.]:'H::'"
werpiazes S
B h

Fig.L (o) A spootrom preserving +iliog (SPT) with b =3, () with tim [ SPSS)
that ootain Bl booers in miremom. (o] The SPT ooplicit ]y eeoode s whes sach bmer

DO TR

o Tles: | = {IA,. .., U7]. Thesst of bios 1n a apectrum pressrving atring ast,
la, a set of atrings such that sach k-mar In X ooccurs In some IE £ R Each

gtring IE £ U lacalled a die

o TIhg saquemess: 7 = [1),...,Tw] where each T, correaponda to sach
reference B £ X Each t1ing ssquencs 18 an arderad ssquence of e T, =
[Toza- - T ar |, 0F longth M, withsech T, = I € 4. Wetermeach T,
LT

« T1 langthm L = [L;,... Ly}, whare each L, =

L. -- 1inar,] 18 2 Baquence of lengthe

« T1 offkate: W = [W,....,Ww]}, whers sach W, =
[t 1, - -, il 2, | 1 a0 ingar-asquanca
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¢ Mle-ocemrrenca start posWlons: § = [F,. .., 0x], where each §, =
M- -y #n ag | 1o an Intager-mequence.

A waldd SPT mnat mtlafy the sperbrum prosoriing Bling properly, that esey
miarence saquence L, can be racomatructad by ghilng tgether subsirings of Sioe

at offssta W, with lengtha L.,

B =Toaay:tng +L] 0 O T ar, [0 a0, 2 e, + 1 ]

Spaciically, the HPT sncodes how redundant saquences— Hioe—repeatedly
oocur 1n the raference collactlon X We usirate how s orderad saquence of
gart-poaltlome offets and lengtha eplicltly apediy how redundant ssquenca
tls & palr of referencea In Flg 1. Mors succinctly, sach tlle-accurrence T, o with
length [ . tllm the reference aequence K., aa

Bt + M m 2 i + o | = T [ 2 W L ]

In the sams way 4 amall FPSY compactly determinm the prosotes of 2 k-
mer, 4 amall HPT compactly apacifls the tosadon of 8 k-mer For thh work
v conddar 9P Te whers any k-mar aocurs only ones 1n the ast of te 1. Tha
algnrithma amd 1dass I niredwead 1n this papser atll] work wlth SPTh whers & k- mar
may ooour mars than ones In i (aome eetra bk keeping of 2 one-to-many k-
mir. tn- ts mapping would be neadad | howeesr]. For aass of sxpoaltlon . we lgaors
s orlentatlnm hers W completaly apedfy the SPT with orlentatlomn allowing
lls to slmultansonely repreasat reveras-complament asquenca 1n Sectlon 52

11 A Cenaral and Modnlar Index over Spactmm Presarving
TIngs

Any HPT 1n Immadiately anwnable to Indadng e an antls st of algerithme
Thia 1n hacawms an NPT ylads & matum] dacompositinn of the MAP query
(dafined tn Bect 2) whers k-mera firat map to the @ and Hle aeurrences then
map to poattione In misancs Th hdee s reference collantinn a data stractirs
naad only compaoas 4 quary for the poaltivne whers k-mers aocur on Hlas In a
HPEH with & query fnr the poaltlne whars tllea cover the 1nput referances
Kaally, an Index ahould find 8 amall SPT whams k-mam ars compact]y repre-
mentad 1n the ast of tles whars tllsa ars “long™ amd tiMng saquencea ars ahart®.
Compact tlings exlat for almaat all practleal applicationg alnce the ammmt of
wn{mure saquancs grows much mars alowly than the fotal length of refarence
saquencan Fluling 2 emall SPSES whears k- mers accur anly ancs han hean anhred
aficently [1&-M)). Howewar, t remaina unclear If a emall SPSY Indussa a amall
HPT, alnes an NPT muat add1tinnally sncnds Bl rirmencs poaltloms Currently,
nob Mks pofferfish Index reference aaquencea waing an §FT bullt from the
wniilas of the compactad de Bruljn graph (¢pHG) constructed over the input
saquencan which has hasn found o be ufidantly compart fne practieal apedica-
tiome Though the edetance of FPEYa amaller than CoBCG e aggeat that amallar
HP'Ta might be found for Indewing we leaws the peablem of inding amall or esen
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optlmal HFPTa to future work Hare, we demanairats how Indexing any glven
SPT 1a muduiar and posafhle In general

Glven an SPT, the MAF quary can be decompaosad Into teo querles that can
gach be muppartad by apame and sfficlent dats strctures. Theas querle ara

& The kwar-tn-tila qoary: Glven a k-mer =, ¥2t11e(x] returns (4 p}—the
\dentity of the tls IJ; that containe » and the offsst (poaitlon) inte the tie
If; whers = nccum That 1 11 e(x] = [, 0) W IG[n: p+k]== F=lamat
In %, witile(x) raturm B

& The tladonermrmnes qoery: Ziwa the r-th aeourmaes of the Ble 17
tiledacad, ) returm the tupls (k, &, &, [) that sncodea how IT; te the refer.
ence . When tiledace(d v) = (n & w0 [, the rth accurrancs of IF; aocurs
on B, at poattion (&+w), with the sequence I5 fw @ w4 Lot the rth aomr.
renca of I be Th . on F, then t1ledaec(d v returm (v & m, S m )

When theas two querls am supportad, the MAFP query can beé computed
by Algorthm 1| By adding the offest of the querlad k-mer = In & tlls IE to
the poattlonea whare the tle L accura, Algodthm 1| returne all poaltlome whers
A k-mer occura Line Ll checm to ensure that any oocuwrrence of the querded
k-mar B returned only if the correapaniding tlle-nccurrence of I contalma that
k-ma. We mote that starlng the mmber of accurmnca of a tlle amd reburning
nmmeacea(l;) raquire negliglble computational onerhead In practics, the length
of t11ng saquencea T Are orders of magnitudes langer than the numbar of unlque
tllea In thls work, e aghall e oo, to denote the mumber of accurrencen of IF;

In t1Mng sequenca §.

Adgorithm 1

def arp (o

fnp +— M2tilm(m]

if tup =@ then
return [ ]

foor v +— [ 'to onesy dn
[m, &, e, I} +— tilmBona(i r)
Fwspx[wt+I— b thm
| mnp]m!![n,l+p}

rebtirn

HHEIHIIHH-:-IIH

13 ‘Tirop In' Inmplenwntsatlions thr Ellclent mer-toetlls Joerles

Naturally, prlor work for ndexing and compresing sapectrum pressving atring
msta (SF9Y] can be applad to Implement the k-merto-tlls query When
prfferfich waa firat devalopad, the dats structures required to suppart the
k-ma-to-tlle quary dominatad the alsse of mnderately akad Imndeea The



Almadare] st al [ hiroducsd & sampling acheme that mmple k-mear poal-
tlons In unitlge Hecsntly, PIHr (21 23] Introduced SSfsch an sficlent k-mer
hash'ing acheme that sxplolta minimizer hased partitinning and carafully handle
highly-akswad datributions of minimizer oocurrences When bullt ower an HPHE,
Sl ghore the k-mers by thelr arder of appearance In the atrings (which we
term tllea) of an SPSY and the allowa eaay computatlon of a k-mer's offsst 1nta
atlla Other methods bessd on the Burrows-W hedar tramaform (BWT) [&], such
aa the Bpactm] BWT [28] and BOSS [25], could alan be usad Howewsr, thes
mwthda Impllcdtly aort k-mwes In leddongraphical order and would Nealy nesd
an extra lawal of Indiraction tn Implement ¥2ei1e. TTnles a2 compact scheme

devimed thls can outweigh the apace savings offerad be the BWT.

14 Challmges of the THadodlermrrenes Cnary

The stralghtfnrwan] soluflon to the tle-touwroirmncs quey B to stors the
amrwera In & tabls, wkah whers wiah | stors Information for all eccurrences
of the tlle f; and computlng 11 edece(d r] amounta o & slmpls leokup Into
wiah[i|[r]. Thiala the approach taken In the poftertish Index and han proven o
be afactlve for moderately slad Indsxes This Implementation B outpat opdimal
amd 1a fant and cache-friendly alnces all sev; pecurrencss of a Bls IF; can be accassd
contlguwualy Howesar, wrltng down all start positloms of tle-ncoirrence 1n
wiak s Impractical for largs Indexes

Hor larger Indewm [p.g mwtagenomic rafemncem many huiman genomea),
expliclily atorlng okak becomes mors coatly than supparting the k-mar-to-ills
quary Ths la bacawms. an the mumber of Indarad misrence grow, the number of
dietinct k-nwern gmws sub-lneady whearsan the mumbear of ecurrence growsm with
ths (cumulative) raferencs length Problematically, the mimber of atart paattlons
of Hle-norurrances grows ab ioadt 'mearly For 8 raference collection with takal
aaquencs length L a nalve saonding for neak would taks (2L 1g L] biia, an sach
poaltinn maquirs [ig L] bita and thers can be at moat L diatinet tle

Cther slgnrithme that suppart “lacats™ quearle ouffer from 2 almdlar problem.
Th anewar quarimsm 1n Hme propaortinnal to the mmber of oeurrances of & quary,
data atructnre must apdelly stors poaltlone of aeoereaneas and accen them
n conetant Hwes. Howreesr, storing all posltloms 1a Impeactical fne langs rafarance
exia or largs k-mer-astn Th addren this some algarithwms smplay 2 achama
tn sampie poaltlons at some emall samping rate & and parform Qfs) work o
mwirlewe not-samplad poattlone Hince & 1a useally choasn to be & amall conatant
this extm ({a) work anly 'mpesea a allght overhead

Cne may sonder If weak—which b an itaericd fndow——pan ba compesesd
ming the tachnlqum devalopad 1n the lfrmation Batrlewm] fleld (2], For b
Inglen] seiqusncan A largs proportion of nteak comelats of wery short 1nvartad Nata
(g unlqua wmriants In Indaesd ganomes) that are not well-compresbla In fact,
theas shart lata aecur at & rate that b much highsr than for 1neartad 1ndawes
dedgnad fnr natural languages Bn metead applying exeting compeesion tach-
nlque we davaelop 8 nowal sampiins achevwn fnr weak and the tae e rraecs

quary that eeplnlte the prapertls of genomie saquances



13 J HDanet el

Nk il g i m I 1 Mappun s peatbian ) gy
B % L R ¥ A OP T e, o} = mink1]is] = b =]
minlr vy ml el c—
-&+
=l=-ll— el - |8, @1 -]

F‘ig..l (6] A seitig-diling & oo 5PT wheoe {lm, weitige, dlweys oome coopletely

the oeferrmon saqoemom. [b) The MRP gqoery s pecbrooed by ooopotiog s b
mur‘lncﬁnimbnmni:t;[lﬂn;l them ebding the ofert to tle poitios wheo st
ceewrreaern appoar I doed refrmmooe wsepenos [(c2oon]. T oeively sopport the
it =t oo gqeery, poaitiooe of Bl oitigecermrremes ae dooe] W e ieble
ntah

Fig. 4. ] Poffwrfinh? sanoples oot eod £ it comoem oo oo s ood -l Only
the positiooe of t e cororremom, of the aomgel=d oot (biack) e doosd I otab. Poss
tiom of the sobomde it (grey] oon e oopoied weite o te podtios of
saopled ooitige by tevemiog backanis oo the vemsbsed tliog of @ Ereees. Sem-
phiog the woe=th noit g-comromon oo ey i sy gk thed tmoer-
ok tormioatn [b) Prodeossor eed sooosen: ooolect e e cbteioed fom edjeon ot
ity comremos el am siooe] in the onder i which they appear oo the oo
Thean oookotidm for the r-th comrremon of T4 s siorsd o pabf][r] eod stabf][F],

Tempet vl
4 Pufferfah2

Bslow, we Intraducs pofferfizhd an hndex Bl ower an SPT conslting of
unitis Poffeartichd apnlle s sampd|ng achems by aparalfy the e -acorrence
query of & gwen putfertish Indsx [0]-

4.1 Interpreing pofferfich ag an Indexr over a Unilg-Basad SPT

Though mot Intrduced thia woy by Almwwiarsl et al | poffertish 1o an ndae
ower & widkig-tiing of an Input referencs collactlon [9). A wndbis-tling 1a an SPT
which satlaflea the proparty that all tlea alwaya oocur complataly 1n raferencan
whem, for every tle-accurmncs T, . = [E, offast 4, = 0l and length [, ., =
[Tf;|- When ths property 1n gatinfled we term tlsa wedbie

An Index bullt ower umitlg-tllings dom aot nesd to stare tlle-accurrence off-
msta, W, or tle-ncourrancs lengtha L aincs all tiea have the same offet (@)
anid ooour with mawimal length For Indewas conslructed oser unltlg-tlings we
ghall use ¥ to mean ¥itile, and nece to be Eiledece wlith one changs



That 1, n2ecs omlta offasta and lengtha of tlle aocurrences alnce they are un'infor-
mativs for unltig-tiings amd returna s tupls (v, &) inetead of (m &, . {), In pross,
v hall rafer tn thess querle an the k-mer-to-unltlg and unltlg-to-mcourrence
querisa

The MHAF query ower umlilg-tllimgs can be computed wilth Algorithm 4
fln Section § 1) whers Line 1l 18 remawad from Algorthm | We lhatrate the
MAF query and an example of 2 1mitlg-tlling In Fig 2

43 Samapling Unllgs and Traversdlng TIHgs o Sparsily
the Unlgto-Dermrranes Ooary

Pofterfiahd Implenanta 2 gampling achemes fnr wedby-armureon o on 8 unitlg.
illing For aome amall constant &, our schemes mmpls 1fs mws n wkah sach
corrspanding tn all aecurrences of A uniyus initly In doing an 1t sparelfie the
ndace query and wkah by only storlng poaltione for 8 subsst of sampicd unitigs
Th compute unltlg-to-ncrrmacs quedea 1t travess unlblgaeosrsnes on an
hdexad unltig-tilng

Notahly, pof ferfiahd traveram unitig-tilings that are fmpileily repreasntad
For unitlg-tl'ngs with podtloms stored In wkak thers sxdeis no contiqume

Baquencs 1n menwnry mprsasnting aocurrencas that 1a obelos to traverss  How-
erer, when vlewed an an SPT, wnitisormrmonros hagse ranks on & t1ing and
travarsals are posalble hacsuss Hling saquences map unlqely to & ssquencs of
unitlg-rank palrm

Spaciically we deine the pred query—an atomlc traverasl atep that enable
trawvarsals of arblirary lengths ower rafemncs tiings (Zlwen the r-th accurrence

of the unltlg IJ;, the pred query returna the Mdentiy and mnk of the preccding
umitlg Let tie T, ., be the rth acourmncs of the umitly I on &)1 t)ing sequen o
T. Then, preaA(i r) returm (4, ¢) Indleating that T, .., the preseding unitig.
oocurrencs, 18 the g-th aocurrence of the unltlg L. If them 1a no preceding
oocurrancs and =1, pred i, r) raturme the aetina valus B

When an Index qupparta pred, 1t 1aabls to traverss “backwards™ on & unitlg-
tling Succemlvely calllng pred ylada the ddentitie of unitigs that form a tling
saquencs. Furthermars, alncs pred returme the dentity § and the rank g of & pre-
cal\ng untlg-rmirmencs acrening data asndiated with sach vltad aeoirencs
B atralghtforward In & tahls Nies wea (1o, with nean({] )

Even the intlg-ast |, pofterst iahd Amt aamplea a oubast of unitigs g ©
U For sach aamplad wnltlg I7; £ U g, 1 atore Information for unltig-accurrence
Mentically to pofferfish and records, for all accurrencas of & asmpled unitlg
L, a lat of raferencs ldentty amd poaltion tuple In mean|d].

Th moveer the poaltiom of the r.th woeurrancs 2 not-samplad unltlg I and
tn comparts ndeca(d r, the Indae travarses the unttig-tiling and 1tarativaly call
prad untll an occursncs of & gampled unltly b found—let this be the g-th
occwrrencs of IF;. Curlng the traverasl pofferfishd accumulatsm mumbsr of
muclantides comerad by the traverssd unltig-accurrencem Shnce I7; 1o 2 aampled
unitlg, the poattion of the ¢ th accurrence can be fmmd In wean(f][g]. Th return
nwhaca (4 r), paftertisnd adds the mmber of mcdsotidm travemed to the start
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poaltimn stored at weak(f]fg], the poaltion of & precading aocurrence of the Rame
plad unitlg I,
Thlnpru;m:ahlmphmmi!nﬂ]gnﬂthmﬂmdﬂnﬂmdhlﬁg.ﬂ.
Treverash must acconmt for (k —1) overlapping muclentidea of unitig-acourmnce
that te & refsmsnce (Lins 5. Snring the ength of the mitigs la neaglighls slnce
the mmbsr of unlque unttigs 18 much emallar than the mmber of oooirrence

On tha Termation of Traversals. Any unltlg that eocurs aa the sam-th
occurrence (16, with rank zsma) of a tlhg-asquence B alweys sampled Thia
way, backwards traversalh terminate hacames srary oocumsnce of & mot-sampled
unltly mocurs after a sampled unltly This can be sesn from Fig & Concretaly,
if T3 = L} for some tMng-aequence T, then the unltlg IT; must alwsm be
samplad

A_'E:Irﬂhm i .ﬂ.?ﬂt]]m a:
1 def oPoon[i, rjz 1 def prsdfi, rjz
[+D P+ prablilr]
whilen ]inSospe(i] do grpali[b—1]
(7} = prmi[i 7] (53 + k(g)

Do I |th|—b+1

o m O M

b mE MM

— L'i_[h]
[r, &) +— otabi][r] — ranlky i,r
return [m a4} :hﬂjftﬁﬂ[fii}
return [F,q)

43 Inplemeniing the pred Quoery wHh poffertiehd

Puffearfishl computm the pred quey & conetant {me while requiring only
comatant apace per unltg-accurrence by carafully storlng predosognsr amd suwe-
ey muclantldes of unttlg-ncourrencen

Prodoacmanr and Soccemor Noclantides. Glven the tling saquence T, =
[Tnas---o Toar, ], ™ Bay that a untlg-accurence T, ., 1o preceded by T, ., 5,
and that T, . ; 1o surrocded be T, Buppoae T, =0, and T, 5 =1,
and let the unitiga hawe lengiha £; and !;, reapactiely

We agy that, T ., ; precedea T ., with pradecesaor nucleatide 8 The poe-
dacemnr mwclantlde 1a the micleatlds that precedes the unitlg-nccurrence T, ., on
the reference saquence 1T, . Concetely nle the frat muclentlde on the laat k- mer
of the praceding unitly, 16, g = To o aff; — k| We asy that T, . succesda
In m-1 with succesanr muclentids &+ Accondingly, the successnr muclantlde, &, B
the last nucleotids on the frat k-mer of the mccesding ity 16, & =Tn o [K]-

Atatractly, the preceding occwrrence Th m—1 cin be “reached” from the
guccesding oocwrrencs In . by prepending ia pradecessnr muclentlds to the
(k — 1)-length pmfie of Thon. GWen T and 18 predecessor micsatlds g
the k-mer y that la the last k-mer on the preceding occurrence In m—1 can
beé obininad with y = me To o[ &k — 1] Given an accumencs T, o, bt the func.
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the succasanr muclantlde of T, ., rEpactlwaely. If T - 1o the firet or laat unitlg-
occurrencs palr on T, then ence-ane (T, ., and pregane (T, ..) retum the
“mull® character, ‘¥

Thess notatlonally dense dafinltloms can b more esally underabeed with
& fgura Flgursel showa how predecessar snd successnr maclantldes of 8 gheen
unitlg-norurrence on & ting are obtalned

Concrete Hepresantation. Pofferfisnd irat sample aast of uniigs Ug © U
from U{ and atores & b vector, 1eamy to record If & unitlg IV; 1o sempled whers
ieimpli] = | MF IE € Up. Putfertisnd atorea In ntak the reference ldentity
aml poattlon palre for oocurrences of sampicd 1mties only

After gampling unlque unitigs pofferfishd ators & predercgtor nurloobide
fabis piak, amd & suerstrer nusiogiide fade stah For sach not-aamplad unitig
L sniy, ptan(d] store a llat of predecsssor muclantides for sach aocurrence of I 1n
the unltig-tillng For aii unitiga I stan(d] sborea a et of succenar nuclsatide
for each occurmnce of LE. Qoncretely, when the uniig-nccurrence T, o B the
rth nccurrence of 5,

peard] —preame (T, ) and etanfdlr]= emee-vue (T, .).

A diacmaad In Hack 42 unltlge that eocur aa the zsro-th slement on a
il'ng 1a always samplad an that esery eccurrence of & mot-aamplad unltlg haa
a predecennr. If T, . has no auccsasnr amd 1o the laat unitlg-acourrence on a
lling sequence, stabfi][f] contalne the aentine symbal ‘¥. Flgursd Ihetrate
how pradacasnr and succasnr mucleatlde are shorad

] Oecorresoes of F; mnd 5, el storsd

skl Secndxolaielalel Pl Link
7 L1 B Craacting prwdgl, £ o= 1)

_‘l £ T A —
CE - T -
on 3§ e

——— a Coaltqpil i 2P, 4 il e 1l s,

oo T T e

= =] | [ == :

Fig. 4. Yienbxing the prad qoery thed finds the comooemon of T et proosdes, the
qluﬁ.ﬂ!nm‘u:n:mnfm withmak 1 [n; Al oororrersos, of T m:ﬂﬂ" = vismntiowl
[in sorted onder) with their pososd g aod soooseding ot cororremoms, Tt bl
The figome shoes siooed sooomnr ooolectide o Ty, eod predeosens ooootide or
T Whenrvwr an comromo of Iy prossis e corooese of IV, 8 oomspombiog peic
of kot 4" emd *T* oomr amd s atomd in stab(f] aod peab{i] gt il (B
Their rosla [nooieied with eberiph) of the cocespooding. pradeosen - oo
mdmtide prit mofeh in ptabf] eod stab(f], bot the éedices do oot A ok qoery for
prwlerssnr oooletele T At e r = 1 yinlde tle metohiog ek of the soessnr
montids k¥ A sl qoery for the ooolectide 5 wih mok 1 yielde the dedes ol
oo rorremn of the poodeomsanr Tfy.
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Compning tha pred fmary. Glven the k-mer-in-unltly query, poffert sl
supparta the pred quey for any unltlg If; that b not-eempled When the r-th
occurrences of I succeads the ¢th accurrence of If, It computes preafi r) =
(4, ¢) with Algorithm & Th computs pred, 1t comatructa & k-mer to And I7;, and
then compaies one rank amd one salact quary ower the storad eta of mucleatides
to find the correct eecurrenca

Pottertishd Arat computea §, the ldentiy of the preceding unitly The laat
k-mer on the precading unltlg muet be the frat (k — 1)-mer of I; proposded
with predecemor micleatids of the r-th accurrence of If;. Giwen ptan[d][r]=m &
comtructs the k-mer, = poll[: k — 1], that muet be the lagt k-mer on If;. o
on Line 4, 1t computa ¥uy] o obbaln the ldentlty of the preceding unitlg IF;.

It then computsa the unltlg-rank ¢, of the precading unitig-mocurrence of IF;.
Each time [; B precaded by the nuclbotide n 1t must be pracaded be the same
unltig If; slnce any k-mer oocura In only me unltly. Accordingly, sach acourrance
If; that b succeaded by IF; muat alwera be aucceaded by the same muceotide &
equal to the k-th maclantids of L5, L[k For the preceding accurrence of IJ; that
the algnrithm seelm to Amd the muclantide & 1a sborad at somes unkmown ndex g
In etab(f]—ths lat of succemor muclantiden of If;.

Whenewsr an occwrrence of UV succsads an occurrence of IT;, ao do the cor-
reaponding palr predecesor and mwccemor nuceotide stored In pean(f] and
£tah({]. Fince ptak(i] and stab(f] store predecesmor and miccenor micsotldes
In the ordar In which unltig-necurrences appear 1n the tling saquences the finl-
lowing mnis of stored nuseobidor muat be squal: (1) the rank of the miceatids
p = ptab[d][r] at ndex r In the lat of pradecessnr mwclantldea peab[i] of the
muccasding unitlg I, and (2] the rank of the micdantide & = If;[k] at hdee g 1n
the Ut of muccsmor nucksatida, skab({] of the pracsding unitlg I;. We s
trats this correspondence hetween ranlm In Fig 4 Ho to find g, the mak of ths
pracading unltlgoccurrence, pofferfishd computes the mnk of the pradace-
aor mudantlde § = rank (pEakf] r). Then, computing gelect, [wabd), £, the
Index whers the f-th rank mwccesnr malantlde of If; occurs must pleld ¢

Time and Spaca A nalysle. Poffers ishd computs the pred query In conatant
tlmw. The k-mer for the query ¥in 1o ssemblad In conatant o and the i
query 1iaelf 1a anawerad In conetant time aa slready done In the poffertich
Indax [8].

Fnllnt-mmplni unlilga, poffertishd dom not sbore poaltions of unltlg-
occurrenced 1n wkah. Inatead 1t atores maclantidealn tables etak and peak Theas
tabla am Implementad by uwawiot matelsos that auppart rank selact and accen
aperatlona in (g ) time on squence with alphabst slze  whils raquiring anly
lgex + oflge] Hin par asment [24].

As explalnad In Mect & 1, we have awolded the treatment of orontatione of

nclsatils saquances for brewlty. In actualtty unttlgs may aocur 1n 8 forused or
a barimiwrds orlentation (16, with a revass complement squencs). When con-

sdering orlantstiom, pnffertisyd implenerts the pred query by atoring and



querying over lata of nudeadde-griotiaiion palm In this cass peab amd =tak
netasd sbore pradecesor-orlentation and succesoar-arlentation palm Accord-
hngly, wawalet matrica ars then bullt oner alphabein of slze® and § reapect]vely—
dedving from eight muclentlde-nrlantation palre and one sentine] vale for unitlg-
occwrrenced that have no predeceaor. Thua, ptak and stak In total mquire =T
Hita par 1nitlg-acrurrence (aince T = [Ig &) + [1g9]). We deacrlbe how the prea
query 1a Implenwntad with arlentatioms In Sectlon 5.8

Consiroctin. The cwrrent Implementation of pofferfishd sperslfies the
unitlg-t-nocurrence query amnd compresss the mble of unitlg aocurrence whab,
of an exlating poffertieh Indae and Inhadis 18 k-mer-to-unltly mapping In
practics, gampling and bullding & pofferfizhd Index alwsys takea lea time
than the Initlal pofferfienh Indax conatruction. I brisf bullding poffersi snd
amnunts to & Inear acan over an §FT. We decrlbe how pofferfishd In con-
atructed In more detall In Hectlon B4

44 A Hawinm Sanapling Schea to Soaraniss Shord Backwards
Travamals

Exen wltha conatant-tine pred query, computing the unltig-to-noourrence query
¥ faat only ¥ the length of backwarda trenerasls—the mumber of times pred B
callad — 1o ameall Mo finr pomes ameal] comatant & 8 sampling acheme ahould sample
Lfx of unisus 1nitye stnre poaltions of only 1/ of untig-ormurretees In weah,
amnd reqult In trawversal lengthe uaeally of length &

Af firat, one may think that a gready sampling achems that treveram tling
paquences tn zampls unltlge could be weed tn bound travemal lengtha to anme
given maximum length & However, when tll'ng sequencas hecnmes much longer
than the mumbear of unlque unttiga such a gresdy achems sample almoat ali
unitlga and only somewhat afactive 1n limitad acenarios (mee Saction 8 5). Thus,
w6 Introaduce the ramdom sampling acheme that sampls 1fs of umitie unl-
formly at random from |{. This scheme guaraniesm that traversalh udng the
Ered query terminate n & otepa e empertadion If sach unitig-nocurrence T, ., |
hndependant and ldentleally datrlbutad and drawn from an arblrary detriba-
tlon Then backwarda travarsals untll the aocurrence of 2 sampled unltlg | a
aarlm of Bernoulll trlals with pmbahillty 1fs, and traveraal lengtha follow & gan-
meirlc flstrbutlon wlth mean & Although thls pmperty rellsa on & amplifying
amumptinn, the random sampling achams worlka wall 1n pactica
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Twhile 1. Simn asd speed of pofferdish? doos qgoerying 10 million reelbom bmems
nmd 100,000 madk. [Toompresss], beantie ioplemerist oos of £l oo 3 et o-oomr e
gy [pofferfish wdmos with the spovae ki mpeoemistion B]) e ebeled w3h
“Nome* sanpling stretery. Heletiw sizs of moprses] sprseoistioos amd mlsts
aloeniowme o the haslien g Ddsted o permthee

Dminnat Bampling s ratary wleaee phva (R | 10A Jomees (aeea) | 100K ramcdds (nasw)
¥ Hoummne Nena 11 =l ¥
| Randem (4= 3,6 = 05} | 7.0 {043 Al {438} | EERl (s
Bandem (&= 3,0 = 35) | 29 {05 B {7 9=} 1ma (10|
A0 Bucteris | Nens L& T 1A%
Baodm (o= 36— .05) | 17 (0% A4 {11 3] 55 (13w
Bandem {a= g &= _25) | L7 {QEX) I (1=} 155 [Lxgx
FEK Human got | Nans =3 . a3 1'my
| Bandsm (4= 3,k = 05} | 455 {0 00] AFLd (55w S (19
Bandeam =3 &= 35} | Sid {059] =5 (ifx SRS (1 3Yx
Bandsm &= B &= 05) | o5 {04 RS (129x) |ELS (1M
Randem (= Kt = _35) | 455 {15) IO {FEx) | SeE1 {155x)

4.5 Closhng the Gap Batween a Coostant Time prea Qoery
and Contlgooms Array Accems

Evsn though the pred query la comatant time and traverssh sre ahort, 16 1a
difficult to Im plement pred querlss In with epead comparable o sonSpuowr army
arrages that are usad to computs the ndace for when oeak la “demss™—1l1 6
uncompraaal amd not sampled In fack any com preslon acheme fnr meal would
hawe dificulty contending wlth conatant time contlguous array acces regaridles
of thelr agr mpintlo slnce denses mplementatiom are output optlmal wery cache
lemdly, and slmply ainre the answeaa to querisa In an arrgy. To cloas the gap
betwean theory and practics, poffersisnd explolin asreral optimizations

In practis & emall proportion of mique unltlg are “popular™ and oocur
exiremaly frequently Fortunately the total mumber of accurrences of popular
unltlga b amall ralatiws o othe umitlga Th awdd an excemlwaly large mumbar
of travesals fmm & not-samplad unitlg, poffertizhd modflea the sampling
achame to always sample popular unttlga that eoour mome than & presst numbear,
a, timea Better yet, we m-parametedss thla optlmizatlon amd et o ao that
the total mumber of accumencas of papular unlitge sum to & glven propartion
< &= 1of the tatal ooourrencea nf 811 the unttlgs For sxampla ssttng § = 25
reatricis puftertisnd tn aampls from 75% of the total eke of meak comalating
of 1mtige that mocur maat 1nfraquently

Alan, the MAF and pred query are spacislly amenabls to caching Motahly,
prfferfishl cachms and memnizsa radundsant ¥2n querisa In muccaaaive pred
queriea Alan 1t cacha “mirsaming™ querls to explolt the fact that succeslwe
querisd k-mema (6., fmm the same squenced read) Neely land on the samse
unltly We dearribe In mom detall thess amd other Important aptimizatiome
In Hactlon HE



§ Experiments

We amasaeed the space-usage of the ndexs conatructad by pofferfizhd from
aeqeral dfferent whols-gennme asquence collactions s well aa 1ta query perfor-
mancs With difersnt sampling achemes Heportad sxperlments were parformed
on & aEver with an Intel Xean CP (ES-2000 wd) with 44 corea and cloackad at
2 GHz, 512 GB of memaory, and & 36 TH Toshihe MGEACAL HDD.

Datasais. We evaluated the parformances on 8 mumber of datassts with vary-
Ing attribute: (1) Bactarlal collectlon: & random aet of AN bacterial gannmen
from the NORBI microhial databass; (2] Human collaction: 7 amemblad hman
genom e aedquencea from [27); and () Metagenomic collaction: $1G01 repressnta-
tlve saquencea from the moat preslent man gut prokarpotic genomn fmm [28).

Remunlie Th smulats 8 d1ffeult query worklond we querlad the Indeoea with 10
millon ramdom bus pasthe k-mers gamplad 1mifnrmly fmm the Indeesd refer-
encm Chur renilta from Thble]l s that sampling popuier unltigs B critical
i achlegs reasmahble trade-nffa betwsen apace awd apead When Invdedng seren
hman genamwa the difference In apacs hatwsen always sampling wing ¢ = (UG
and ¢ =125 18 anly 21 GE (12 5% of the uncompremad ntah). Howersr, axpllo-
tly recorfing 2 1 (R of poaltione of ncrurrences of popular unltigs sube b bdalily
maddurcas the comparaties alowndown from 43 &2 to T 02 Thh 1a bacauss aetting
t =120 lmatand of ¢ =1L greatly mducea the marmum mmber of ocourren e
of & not-sunpicd 1mity—from =27 (W) to =0 (NN toes reapactlvaly. Hers, sst-
ting £ = 2% mwsamm that random k-mer querle that land In mot-eampled it
perinrm many fewer trawsmeals omer reference tllings

On metagamnmic datamin Indawss are compressad tn 2 slmilar degres bt
differancen 1n query apaad at A fersant paranmweber aettings are pmal] Pot et sl
¥ sapadally sfactlve for a {ame coallaction of bactearlal genamea With the faatet
paramwter astting Y Imcurs anly 8 4 5x slowdosn for madom querls whils
mduring the slzs of ntak for the callection of 310N bactarlal genomea by 379
(from 8% GE to M 4 GE).

Apart from random lonkups querls we alan quetsd the Indexs wih k-mem
dedving from aaquenced readasta (20, 30]. We meamurad the time to query and
monwar the poaltiome of all k-mers on LWL reads Ths apedmant deavwm.
mduead when querles are pad tlonally coharent or mia Sucesei e k- mer quearla
from the same read often lamd an the same unltly and can thus be cached (e
Bact 4 5). Frus negabiue k-mera that do ot accur 1n the Indeesd refarence onl-
lactlon metthar raquirs traversah nor Ineur any alvndowms

Th atmulate o metagannmiec analysls we querlad reads friom 8 human staol
pzmple agalmat 4 (W] bactedal gamamen This 1n an example of & low Wt-rata
analyals whers 12% of querled k-mera map to Indeeed reference. In thia acenario,
pofferfiehld raducem the algs of weak by half but Incurs only & 12x alowdown
We abn quarisd mads from thae sams himan stanl sampds agalmat the callaction
of SN bactsdal gennmea repreasntative of the human gut Hers, 2% of k-
merd a6 found In the Indexad referencea At the aparamt astiing, pof ferfiahd
ndexsa Incur only & $6x alowdown whils raducing the ske of weak by G



i J HDanet el

We abasrve that pofferfiehd'saampling achems 1a leaa sfiectlve when Indax-
Ing & collectlon of sewen human genomea W hen gemplad with & = Sand £ = 25
pufferfiehl Incurs a ULhx slowdown when querying reads from & DN A-s6q
sxperiment 1n which §2% of quedsd k-mes occur 1n referencs saquencea. Fater-
satingly, the alowidown when quarying reads 1a larger than the alowdown when
querying random k-mers Thia B Nkely dus tn blassa from saqusncdng that causs
k-men and resdn to map in non-unfnrmly Indecad references Nonestheles thia
regult motivates fubure work that could deslgn sampling achenwa aptimizad fonr
apedilc detributlome of query patherma

We sxpact in aee lew- pronomesd alowidowns n practlcs than thoas reported
In Teble L Ths b becausstools downatream of &n Index e poffertiehd almoat
always periorm operatlons musi alower after atralghtinrwand eeact lankupa fnr
k-mem For exampls, allgnera have to parform allgnment accounting fnr mis-
matches amd sdita Alan our exper'ments pre-prnces random k-mer asia and
read-mein a0 that an benchmark 1a I/ boumd  Critlcally, the compromisms In
gpeal that pofferfishd makes are sapeclslly pelatable becauss 1t trades-off
apead 1n the fasicst operatloms In anslyam—eceant k-mer querdss—whils sub-
atantlally reducing the space required for the most sparc fmiopsfue operation

Twhile 1. Sizs n (18 of posaibls, oew imbmos—with o impleoeoied by 238Eash ool
oo by poffecf sh?—mompered to the sl of ocigion] pof fecd-dsh dees Seleoted
mnnp] iy br detmrts [opto-bottom) em [a = 3,8 =DI3E), [a =3, =
D.[E-}, nmd [l= 6,2 —I;I.I.'E-:l1 respetively

Dniaa Nitr e w/puITArTinks | k7 win ek | Naw ey | Qigim] parrartiah Indee
% Human T 13 in1 T
A0 Batar's |37 .3 iln T
0K Humma g |36 no T iy

Uslhng StRsh for Fyven Smallar Indexas. For conwenlence. we hawe Imple-
mented our HPT compremlon achems within an Index that usm the sporifie
Bp&ree putfertish Implementation for the k- mer-to-tle (k-mer-to-umitlg) map-
ping [3]. Howevwer, the SPT enablea the comatruction of madular lndexea that use
various dats structures fnr the k-mer-to-tlle mapping amd the tlle-to-reference
mapping, provided only 2 min'mallatlc AFI bebwasn them A recent repressn-
tatlon of the k-mwr-to-tlle mapping that supparta all the mecessmry function.
allty 1n #fnaxn [23] Comperad to the ¥on componsnt of poffertish SSRash
1n almpat alwsys subatantlally emaller. Further, 1t ussally provldes faater query
gpeal comparsd to the sparse pof ferfish Implementation of the k-mer-to-tlle

query, eapadally when streaming quarle are helng perfinrmsd
In Tahla2 we calrulate the sles of 1nideren 1T S8R 1n used for the k-msr-tin.

tlls mapping—rather than the sparsc pofferfich Implementation Theas sk
then repressnt owerall Indee slzss that would be obtalned b palring & sbabe
of-the-art repressntation of the k-mar-to-tlle mapping with a sbate-nf-the.art
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mpreaatation of the tlleto-referencs mapping (that we hawe preasnted 1n thi
wark ] Practlcally, the only Impadiment o comstructing a fully-functional indee
from theas componentala that they are Implemented 1n dferent languagea (C++
fior S¥Aanh and Enet for poftertisnd)—we are currently addreming this leae.

Impartantly thess remulis demnnatrate that when S5Rsh b usad the repre-
entatlom of the tle- te-ncorrencs quary baconwn & bottleneck 1n terme of apacs,
occupsing an nereasingly larger fraction of the ovarall Index Table 2 showa that
In thenry If one fully explolta the madularlty of 9P Th, new Inderss that combine
SeRarh with pottertiahd would be Ralf the space of the original poffers ixh
Index As of writihg, with reapact to an Index over SN bacterlal genomes
the atlmatad diference 1n monctary coat of an ATWH ELD Inatance that can #f
& 6w B0 GB Index veraum & 131 GB pof ferf 1eh Index In memary 1a JMTED
per month (pes Bection 5.7).

Conmparing to MIDONI and the r-Index. We comparad pofferfishl o
ML a ton] that bullds an rIndee o lncate mawima] sxact matches 1n highly
mpetitis misrence collactions [f]. In brlef, potferfisnd 1a fassr and require
loan apace than MONT for our benchmarked bactarlal datasst Chur tool doss s
with some trade-nffa Petferfish? supports rapd locats quedes fnr k-mera of
8 fizred angth whils r-lnder basad apprcaches supports lacats querls fnr pat-
torma of any arifirmry length amd can be eed to Amnd MEMa MNaotably, 1t haa
bean shown that both k-mer and MEM querlss can be wsed fnr highly sfectlve
mad-mapping and allgnment [1 ]

Hor raference we bullt MONT on our collectlon of 4 (0N bacteris] ganomwa
Hars, MONI requirad 510K of dlsk apace o ainre which 1a 20%) larger than the
puftartich indox (305 GE] with 1ta dons k0 mplsmentation—ta it apace-
sificient conflguration The moat apace sflclent configuration of the pof ferfi ahd
Index (with # = & ¢ = 25] b 42%) the ake of MONI when bullt on from the
peme data and require 21 7 CR of space. Comparad to a theamtieally posslbla
hhdex apaciflad In Table2 that would only raquirs 110 GRB, MONT would nesd
4= mnors apace.

We abn performwwl a beatsffort comparleon of quey spead betwesn
patterfiahd and MONL Unforbunately, 1t 1s sot posslble to dirsctly mes-
gure the spead of eeact Incats querlsm fnr MONT bacawms 1t desa not sxpoas
an Intarfacs for mach quearlea atead we querlad MOMNT to Awd MEMs on trus-
poaltlve k-mam treating sach k-mer aa umique read (encoded In FARTG format
an MONI requirm). We argus that th 1a a reasonable pmey to sxact Jncate
quariea hacauss for sach trus-poalties k-mer derleing from an Indeawad rafarance
paquencs. the satlm k-mer 1taalf 1s the marimal axeact mateh For MONT just s
In benchmarlm for 1n Thble 1, we repart the time talwn for computing querla
only amd lgnom time required for 160 operatlons e loading the Indee and
qurlm, and writhng remlts to dik)

We found that pofferfishd la faabsr than MONI when querylng k-mem
aganat our collacblonm of 4 (W) bacterlal genomeas MONI raquivad 1481 Ta to
quary the samw set of 1] m1llon ramdom trus-poslties k-mers queriad In Tabls 1

When comparad to the slwsst bullt swat space sflclent conflguration of
pattartiahd bonchmarkad In Table || pofferfishd b Lhx fastar
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In ths wark, we Intrachics the spostrum presoming Hilny (SPT), which deacribe
howr a apectrum peasTing atring ast (SPEE) tllm and “apalb® an ot collaction
of refarancs saquenci Whils comlderable ressarch afinrt han hasn dedieated to
comtructing apacs and tnesfidant ndawe fnr SFSH 1ttls work has basn dona
to dewelnp affl dent repressntatinng of the tinge themaslve deplie the fact that
thess t1ings tend to groser mors quickly than the FPEE and quickly bacoms thae
glza bhottemack when thews compaonenta ars combined Intn reference Indexe
We dewrhe and Implemant 8 aparatication achams 1n which the apacs required
for repressnting an SPT can be greatly radwead In exechangs for an axepactad
comtant.fartne herasss 1n the queary tima We albn describe aemeral Impartant
hesurlablca that ars usad tn subatantlally lesen thia conatant-facrtor 1n pmctica
Having demwnatrated that mewdular referesce Indexes can be comatractad e
compaaing 8 k-mentntlls mapphg with 8 tle-to-acmrmncs mappng we havs
thum apenad the donr to emploring an Increasingly divess collection of ralated
refarancs Indaring data atracture

Dmplte the sncouraging peagres that han hasn mods hera we bellaws that
thers ' much left tn be sxplored regarding the repressntation of FPTe, amd that
many Intarsabing queatlone remaln apen Some of theas queationa are: (1) How
would an algarithm sample Indeidual intlg-norurrences 1netaad of all aomir.
renca of a unitlg tn cepileiy hound the lengthe of hadewands travemala® (2)
Doea & amaller SPES Imply & amall SPT amd could one compute an apdlmally
amal SPTT (8] Giwen mmes diatributlona] ssumptlons for querlm, can an algn.
rithm sampls SPTh tn mnimizs the aepectad query timeT (4] In pmeties, how
can an !mplementad tool combine our sampling achems with exlablng compmea-
slon algorithma for the Mghly akewed tle-tnaecurmacs quary? (5] Can 8 by
Indax ower an HPT be comatructad and appllad sfectwely 1n practical 1ee casm™

W ih eeclement we dlacum In mors datall theas pomalbilea for futurs work
In more detall n Haction 5.8
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