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—— Abstract
String indlexes such as the suffix army [SA) and the closely mlated bngest common prefis [LOF)
array are hmckamental objects in hioinformatios amwd e o wide wniety of applications, Despite
thesit importamee in practice, few scalable paralke] algorit hms for constructing these ame known, and
the swisting alorthms can be kighly mon-trivial to implement ol pamlleliae In this paper we
preseut CaPS5-54% a simple amd soalable pamlle]l algrithm for constrocting thess string indexes
mapinad by sampksort. Dae toits design, CAaPS55345 hos excellent memorye beality amed € hus ineurs
fewer cache misses and achieves strong perbrmanoe on mod eme multioore systems with deep ooche
hierarchies. We show that despite its simple design, CAFS5 A outperforms existing stateoft he-art
pamllel 54 and LOF-army constrection algorithnes on modem hand ware. Finally, motivated by
applications in modern aligners where the query strings have bowunced lengths, we it woe £he
notion of a bowmdedsoonte ot 54 and show that CaPS5-54 con easily be exctencded to explodt this
structure to obtain ferther spesdaps.

2012 ACM Subject Classification Theory al computation — Sorting and searching

Keywonds and phrases Sulhix Army, Longest Commeon Preh, Data Structures, Indexing, Parallel
Algorithms

Dagital Object ldentifier 1004230 /L1F Les WA BL2023. 14

Supplemen tary Material Softaare (Soamre Code ) bttps: /fgithob conyfanshed /CaPS-54
archived at swh:1:dir: 2808464 13489%.c 9067 030bc 3565 004 3008890 Flbh

Funeding  fiod Fodme: supported by the NIH umder gramt award mymbers BROTHCEAST and by NS
awards CUF1THT2 and CNS1TH36A.

1 Introduction

Methods for aligning sequencing reads to reference genomes underlle some of the most
well-developed and widely-used tools in bidnfomatics (2], Modern read-to-reference aligners
tepleally emiploy an dnder over the refererce text, A elassie hwlex for strings s the suffix
ATTAY [5."|.] :J‘ln-'"r:. which Iz an Array af Indices of the |!’!.'-'.i-:'&-::lg|'.|'|.]'|||i-:‘..|'|.||.'.-' sorted suffoees of a
etring. In alignment, the SA lwlex ig weed by the populae STAR aligner :lﬂ': as well as
in other tools [48, 3], The SA has alzo been used in short-read ervor correction [H)]) and
sequence chetering [19). A related object frequently used in conjinetion with the SA s
tlee Losngest Comrmon Prefi [LOP) arsay, which contaies the eugths of the longest sliamed
prefies hatwean pals of sucesssive Indices In the 5A . For nstanece, the 5 A can be 1med
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in ooncert with the LOP-array (and other anxiliary tables derived from thesa) inoa data
stmieture ealled an enlaneed suffix aray [1] to mimde the hmetionality of a euffixc tree [19],
bt eoftenn e e Melemtly and wsing less spoee. A aceount of the perasivenes of the 54 awd
the LOParay in computational genomies is best left to a dedicated wview [see ag. [16]).

Becawse of the wbility of the 5A [aod the LOP-aray) o stong ndexing, significant work
lsas besen dedicated to developing practical algontlons for its construetion. It s wel bestahlizled
that SA amd LOP-array constrietion can be perfornsed sequentially in tome Hoear to the
slze of strings, However, as modern genomies plpelines prodoee ever more data — oeloding
rscre conmplets refarenos genomes and pangenomes — there hag been a coneerted effort to
i prove the practical eficiency amd eduee the rontime of SA awl LOP-aray conmstree tion.
A st of efficient sertal algorthms have been developed [30, 36, 29, 37, 14, 39, 3. Likewise,
i an effsrt to take advantage of the inereased pamallelizm of modern ecmputer handware, a
mnnher of parallel algorthms lave also beon proposed; e g, pamllel DivBuBot 32), paralle]
D3 B3], amd parallel divide-and-conguer based SA-construction [24]. External memory
algorithme (22, 35 23] have alzo been a fooie of recent research becanse of the memory
bt tlemseches thiat ke wlsen bilding the 5A amd tle LO Paaray on geomic datasets, Besides,
algorithms for GPU-settings [34] and distriboted-memory [15, 16] lave been developed. We
vefer the itemsted reader to [43, 5, 6] for a comprelensive review. For our pumposes, we mote
that these nereasingly advaneed methods ntredoes rew algorithmle technlgues to enable
parallelizm or fmprove tle worst-case thne complesity (2o tlat it is arhlisear]. Tle tradeoff,
aften, b tleat tlese more complex algaritlons may potentially be more diffienl to fmplement.,
aptimdze for modern lavdware and cache layouts, and o msaiutain,

Ly tlis work, we addiess these sswes by fntredseing CaPS-5A a lighly pamllel method
for constrseting the 54 and the LOP-aray, A core principle beldnd CaP5-54 & slmplicity.
Chae approach draws on several exdsting algorithmes and technkgues, and focoses on thelr
efficlent combination for the problem of highly parallel SA constretion. The algorihing
il upon the perallel semplesort algorithm [17), amd 8 easy to implement and optimize
fosr mwodernn liavdware.

A potential downslde of our approach 2 that 1t e salpal-sensdtive and ag a resalt (s
wiorsEt=-case tine complexity on adversarcial inputs s gquadeatie. However, o practios we
find that the sharel-memory plenentation of CaP55A ontperforms state-of-the-art
methods (gpecifically ParasLLEL-oivsr FSOoRT [32) and Paracie-D0O3 31, 3]) in terms
af mmtine and sealability (although net in memory for ParaLier-orvsursorr). For
eariple, CaPS5-5A can bolld the SA and the LOPearray for the telonere-to- telons e
hmsan genome assembly (CHMLE +2) [40] in 141 seconds weing 32 theads on a typleal
slaredhimenory s hive, whereas the leading method PARA LLEL=-DIvSUFSORT requires 1959
seconds, Chir experimental study demonstrates that this superior performamee of CaPS5-54A
can largely he attributed to two canses, Flist, CaP5-5A achievs hetter mamory-koeality
[fewer eaclw misses) tlen tle otler methods [likely thanks to s aralghtforwand approach),
anwd meconwd | the worst-case amlysis of CaPS-8A does not represent a typieal or veal waorld
e ease, Ohverall, our work densonstrates that as paralke] resomees nerease comhining
demalrespecife optimizations (e, LOP-infornsed perging) with highly-efficient general
porting strategies (e, samplesort [17]) can ontperform mome sophiticated it complex
algorithms, CaP5S-5A = lmplenentad in C++17 aml iz adallabl ander an open somce
license at hetps : /g ithub . com/ jamehed/ CaP3-3A.

The rersalmeder of this nsamecript s organized as follows, We dirciss the prelininary
coneepts reguited for a ool treatment of the algoritlon as well as the most elevant prior
wiork ared the nethods against which we compare CaP5-5A in See. 20 Then we diseuss
CaP5-54 du Bee. 3, aod provide an analysis of its asymptotic belador. See. d deseribes e
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experimental stiely for the puoposed algorithm, and meports the resuliz. We conchxle with
disenission on the potential of the metlod aml prspective fotue diections for bullding oo

Lo aof it

2 Preliminaries
A wlring [or tesl) T=o0g0q ... 0, 15 a Andte ondersd seguence of neymhols deawn from
a fnite ordersl alpbabet Z. [T denotes the length noof T. The half-open interval |§§] = a
slesrtlsmd for the closed futerval [@.. 0§ — 1), T, denctes the 't symbal i T, Tle sabsteing
Ty of Tz the seguence of claracters of T on the lall-open fnteral |1 We call a substring
Ty with t =0 a prefie of T. Likewise, A substring Tj;  with j = [T] isa saffic of T, denoted
by Ty

The ordering of L induees a lexicographical ordering of all possble strings over L Tle
Saffier Army [SA) of a sting T s an arvay of the staing ndices of all suffoees of T orderad
by the suffixes' lexicographical order. The Loangest Common Prefie LOPIT, T2 of twa
=l |'h|g|-= Ty and Tz ig the |.|'|.|'ge'!|-=l-|-ci:.-:!'!-:] ]'ll!‘!ﬁ.'-; P af haoth Ty aiwl Tz, sich that if [P = k then
for alld < i< k, Ty =Tz, aml Ty # Tpp . Glven the snffin arvay 5S4 of a steing T, lis
LOP-array g the array L sueh that L = LCP[Ti5a, 1, Tisa, ,4). * For ingtance, glven the
sting T=AACTGCGGEATE the SA and LCP anay awe given by follow ng data strsctume:

Inecle=x i} 1 2 3 4 5 & 7T & 9 1
T / AT OO G 4G oA T %

54 a4 1 & & T 4 & @ 3
LCP army 0 @ 1 0 i1 1 1

The work of an algorithim & the total monber of operations it paformes to compate the
reslt, Tl deptd [or span ) of an algorithom i the baogest sequence of dependeant. oomputations
i its execution. In peeikdo-code we will wse (] as an nfix operator to specifly the pacallel
g (%] 0 gy desstes the paallel exeention of §x] and g[y]. We
1 lﬂ'{fl_ﬂ.'l:l with high protebility fuhp) In 1 to nean ﬂ'{cfl_ﬂ'l:l with probability at least
T—n*fuc=l

exeention of statements

Praor Work. Tlhe SA can be comstroeted wively in O[n logn ) work for an n-length text.
Efficlent algorithne can operate n O[n] work aml On] space, which k& the theoretical
aptimm, as it s the thne awd space reguived to record the 8 A and LCP amay themselves,
A compre henglve dieciesion of work on SA constroctlon g owell heyvond the seope of this
msrscript. As such, we here foous on several sequential aond parallel algovitlos which are
of particular interest due o tleir speed and wide we,

The state-ofthe-art sequential program for SA construetlon = divewfzere A7, 14]
Subeeguent work has elueldated the algoritho to be an eficlent mplosntation of some
twoestage algoritlons :El. l]:.

Diveufsort lss been parallelzed by Labeitet. al. in 2017 [32), and is comsidewd a state-
af-tle=arnt tool fn parallel 5A constroction [t has reeantly been wsed in several comn pitatical
genomiles toals, inelixling the CAMMLG meihod for mierobial abumdance quantification (517
amd the macle tool for computing match complexity [42]. o

At s welk kisvwn strategy for SA eostrsetion is e Differenes Cover modulo 3 (DO
(P AT | ?T wliels las alas been effectively pavallelized :J‘I-l:.

U wWith the spacinl case af Ly = 0.
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Relevant String Sorting Methods., String sorting = a well-studied algorithnole prollens,
The nmin diffealty in string sorting 12 that comparing two strings Ty and Tz eeguires
O oein| [T}, [Tz companiscs, wlicl rendeis mony traditional sating algonitlons for atomde
abjects costly. OF partieular relevames to our work s tle problom of meming two sorted lisis
af gtrings. Farach-Colbon nsed an eficlent merge-ronting for bulkling suffix trees in lnear
thme [13] (thowgh the space overlead of suffix trees renders them impractical for most modern
applications]. Ng and Kakelil amlyaed an eficiont mergiog stategy of sorted lsts of stings
with associated LOP-information [38]. They show that given random strings with uniform
digtribution of symbalz, an LOP-infornsed nerge-sort algorithm has an expected minning
e ol O keg 1] o sort nosteings, Tlee same merge proeedme was used by Bingmanm ad
Sanders fn several smnplesorting algovitlons for sorting collections of strings :!- .

Bz amwd Sanders propose two merge-hased string sorting algovithims of particalar
fterest to ug here: Parallel Super Scalar String Sample Sort (pS®) am] Parvallel Multiway
LOP-Mergesort. pS* makes 1= of the merge routine in a samplessrt franwewark, muoeh ke
CaP5-54. The algarithoms differ o tleir inputs (4 sob of stings ve a gugle string) as well as
tleedr approach to partitioning the data. '|.15EI s acline-wond-sized pivel keys to ereate a
hinary search tree which can Ot lnto the cache of each core, then divides up the lnpot se
af strings evenly across the cores and bins them aceomdingly, As described in Section 3.1,
CaP5-5A divides up the lnput into evenly slzel partitions, then samples plvots nsing a
two-step process aml places them into each partition. Parallel Multway LOP-Meargesor
genevalizes the merge-algovitlhm o k-way merges ?'

3 Methods

The proposed algorithm, CaPS-8 A, s lased on the semplesort [17] algoritlo, Saomplesort
i oa popular geseralization of guicksort tlat acldeves excellant performsmes an hotl sarved-
rsernory ard diEtriboted-memo ey avchitectires :]]. ] Inztend of partitioning the Inp
arvay Into two parts avound a glngle pleot as noguickeort, it chosses o omber of plvois
1,22 ooy Epo akong with two sentinel pivots 2o = —oo amd z2p = 400, and partitions
tle data into p partitdons such that an Input element = B assigned o partitlon § I
21 <= % < 2. It then sore each partitlon using ancther [Enally sequential] sorting
algoritlim (e, quicksoit].

For constrseting a suffix avvay, stmply applying saonplesoat s costly shee steing com par-
imore In gereral reguive superconstant thne, In nsore detall, st each suffix needs 1o he
asslged to dts partition by binary searcling over the pivots, Secoasdly, sorting the salfixes o

each partition may oost substantially moee tlan Tneavithmie thee dse to steing comparisons,

gort and LOP-greays, Whenever two sullixes are compared, the eonparizon & alway s done
iskde the eperation of merging two sorted arvays of sulfixes, Eacl socted aray bs angmented
with s LOP-array, and the nerge opemtions avokl repeated comparizons of conmon
prefixes among suffixes by exploiting tlese LOCParays, This approach bas previously bean
el In general string sorting algorithoes B8, 8 7)) bt to onr knowledge has not heen
leveraged for SA coretructon. The partitloning strategy for the suffoees s medified to
meke better wme of the merge speration aud achieve good pamllelizm. In parteular, instead
af randonly sampling plvots at the beglnning of the algoviihom, CaP5-5A partitions the
suffizes uniformly lnto p subareays, sorts the subarrays locally, and only then selects the
phvets wing oversmnpling., Onee pivots are placed within each partition, tlhe p partitions ae
firther subaivided into p— 1 subareays each, for a total of plp — 1] enb-snbarmays. Sinee
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each sib-anbariay s fanked by two pivots, the partition that it sloukd go to s kown, Eacl
partition B thie a collection of sortad sulb-subarrays, which ean be nsreged efficiantly. The
initial soating of the wiiformesized subarays s dose vsng mergesort to explait the merga
cpemtion Thus CaP5-5A ends up explating an e oot merging procedure with associated
LOP-information to reduce expensive comparizons of suffoes, while not having to nerge
burge sub-ariays doe to its pivoting strategy, We diseuss the algoritlon nomove detadl o tle

fesl kv ling, et

3.1 Parallel SA and LCP-array construction: CaP5-5A

algorithm s a steing T and a partitlon commt {or, sabprotdem coand] p, and as oontpat
produces the SA and the LOP-aray of T, Concepiually, the algorithn execites in four
higli-level steps wliel we llugmte o Figue 1.

CAPS-5A[ T ¢ L.
I OSAL AL, LT wrrayy ol wea [T
# popubuie the suihx army with seme permoation of B2

Evr L& |0, [T]7 in pemorm sl
S SA i

B

e

Evr i £ [Q, pl i pewrallel
o= L, ¢ o= |[1& 1%& F range of the Uth subarmy
Memae-SeeT | 5A | o SA ey Libws Lip g T

F wrd I_l sl ol wnifcrm wwea
Ve

LR B

f wample [p— 1)1 prvests from 54
5 W = Sasees-Poeors| SA L L T pl

F lesmde mch vy £V in smich werbe] woulounr s Tor dves sconsane pveds vy ool vy,

F phce ull sufioms k mch wubarmy wd. Ty, 1« Ty = |'II in partition | in SA°
O 15, R) o= Coieare-PasTmess] 54, 5A L LYW, T pl

5 tredex of purdden § o 5A " K, iz posfion ol pived v m partiion

 margs the fowr e suloormgs nmch paridion
10 Paz-Uoey| 5A7 BA L PasCorv|L", L) 4§ Pase-Ooevi X, ¥V copies X 4o ¥ in posd ki
L Ewrj & |0, p) in peralll
12 k 5. LT
3 Wt - P o 5.';.'I_I L 5A

# compads L Powdlies ad the poont en hounchores

b Do me- B sgusy- LOPS [SA, p, 5,5, T

% mebwrn [5A, LY

Flret, It populates an mnsorted SA. Then this indtlal SA e hroken Into p subareays of
unifonn slze [Tp, aond each subarray is sorted with MerGE-S0RT, I pavallel. Mext, p— 1
clobal pivets ave sonpled fom tle sonted subarrays togetler, Tlean o eacl sorted sabarray,
i parallel, each pivet B located with a bimey seareh, The locations of the p— 1 pivais thas
fomied i each sorted snbarray break tle subaray hnto posorted subesubarrays, Besides, tle

pesitioan of each pivoet o tle sl 5A & wow defined by s lecation in aael of the p subamays.

The loeal crdaring of tle suffixes o eacl sorted subamay amd the global position of the plvots
thns define p partitions for the fmal 5A, each of which = 4 collection of p eulesnbarrays:
are from each of the p eorted subarvays, Then for each partitlon, in parallel, s p sorted
sul=snbarrays are merged eonmsively Into a folly sorted partition. Together, these sorted
partitions, in onder, prodoee the Gnal SA and the Anal LOP-array. The LOP-values for
pairs that eross partition bowsdaries are computed at the e,
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Mesw ], ¥, Ly, Ly, &, Lz, T W S [ X, ¥, L LY, T
F morgs the st worogw of suifioes {of Th X & ot the wory X oof suifbcss {of Th mio ¥
Foand ¥ with LOF armgw Ly aced Ly meape, A comwlrucs the LOP army of meried X m L
& ames £ abocomdrucds £ LOP amrae m Lz A g, L"u.umrkir'__qn:q
I i=m j=mk=20a A u mesory precsncdien @ X ==Y
2 i o= 0 LOF of dthe bud compoured poar I o= [X|
& 1, =08 LOPIN K ) 2 ==l
4 while i < [X|and j < [¥] k= Ly =
& Le = Ly 4 rarlinrmn
& i L, =
7 = Ny, Lz o= g, = G ot o= 0yl i
: -h-d;l.-{ ':.i. ) 1 [ !l.li.ﬂ.'l.-:"-\:l:nﬂ'l ¥ e 50 :':H---l-.-'l'l.-\l}..n._.""*--i-.-' T_|.||
o b & it -2k B _ s S | 'I"|..__.-\._,.i(|..__-l.-\._,.L|_jﬁ_..L|..__.-\._..'|:_|
11 o= iE e U'PlTle.;.n-Tnv, -r.i..l:' 7 M| :':I-J-.ui._.-:':Im..n_.-Ll\.l-.m._.-LIu..n_.-f-L-T-'
Lz Z = {x' HTeivn < Tjen M- Pasmemeed [ X, ¥, m, B, Ly, Ly, TL
Ty ol homree g i
. & nerges i e colbotion X ol i seted s ulor s
i Lay = L. il L, T' i A ol wuiitcem o ;5 K eoomawing the monges of the
iis el A wubarmoaw m X3 Ly w e colleeten of the
i fih = A LOP armoye of the subarmoym, and the LOFP arrme
Aol ¥ e eomdruced m Ly;
11 i £y == X A oy precoed dEeos are X ==Y oamd Ly == Ly
] i= 141 L ifte=m=1
7 wbia | rarbr
is j=i&1
[ 1:] wioige | W, 7L soe| Ly, Ly, swas [, 0 & i o= 0
d 1= S5 — Ky F guiifios in the find id suloors
e k=1 B M- PART e [V, 0 X 18 Rig s
Lo paaing Bxpaans, T2 1]
2 Cary [ Xy, e L v Ly ey L2rea ) B T I T [T P
Ly ikn B%pigg o)
ARG <= I B ] K, Kk vl i lx ey, 1 T Ly, T
- 3 i o= Y, Lag = tia
| O | Yol L1+ b

Cory Ly page L2 pesna

Tlee algeritlon & presented as following, awl s major steps ae detailed o the following
subsectons, Tlen we analyze the asymptotic elaracteriktio of the algoritln.

The MERGE operation. For efficlent suflix eomparizons, CaPS5-5A uiilizes the MEeERGE
aperation. A palr of suffixes |5 compared only when merging two sorted lsis of suffimes,
with tle only exception belng the case wlen tle algaithm perfonns a binay seaveh ising a
pivat suffix. When merging sorted suffizes, nerging without any extra informstion abont
tloe sinffixes don its input Hets ean be eostly dse o anper-eonstant. thme string ecnparsos. To
aviedd comparing wpeated poefoes of sufflwes, the Merce procedum n CaPS5-5A wtilizes e
LOCP-arrays of the put suffix lists, generated recmsively o the MErRGE-S0RT procedme,

Tlee BlERGEX, Y, Ly, Ly, £, Lz, T procedure takes two soated arvayve X and ¥ of soflfixes,
tleeir respective LOP-arrays Ly amd Ly, and populates the array £ as tle merged output for
Xoawd V. Also, the LOParmay of £ s produced o Ly, The proesdurse works exactly lke tle
classie merge routiee, with the following medifications

At a given moment, let X, and ¥, be the two suffixes being compared, and £, he
the output of the comparizon. Without less of generality, say that X; < ¥, Is found, Le.
L, =X, Let m denote the LOP-length of the the last eompared palr in each step of the
merge, Then after the curent step fnsles conparing X, Y;, we lave tlat mo= LOPLXG YL
X < ¥ implies that Ty o < Ty, 2. The next suffixes to compare are X; q and Y. Let
L =Ly =LOPIX 1, %] Ko = X lmplies that Ty, oy, = Ty 5, - There are three
possible outeoies wlhen conpparingg Lo awd m ((hstated o Figue 2]
L L o=mu It dmplies that T, yem = Txem. Combining with Ty, s < Ty, we get

T;l:|+..|.|- < T'r'|.|.|-. [t fesllesws tleat

Zrp1=Xigy Lz = LOP e, L) = LOP[Xi, Xi ] = Ly m = LOCP[Xi 51, Yj]=m
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Iril bt ey o P aPbosm 1.-:':'..-._1‘..
2, Saredmap ok, aict p— | cbel pivole sred plocs n e sy
T | - B | B i [ it

Sisn 1: g Eon Tink o ey m s prstbore.

T I | | ]

- [ |
nip

2 Figure 1 Chverview af OS5 A In dle first step of the algariihm the input text T is partition
evenly nomss nparditions. Thew enck padition is morbed . pivols are samplxd wig e sampling
mirtinie, anel located within each partitiom to create sub-paritions. Sulbsequently each s b partition
& callmied, Finally the MERS E rootine is wied 0 complets {he sudbix and the IO Pearray construciion.

i o= o % ) i 1 1 ) =
Mg e aiep
o ceierrmee L X, m AATAA. A= AATAA. K o= AATAA.
FIRC T ol o ST | : - A
Raiib} ||y o X, = RC X, = M

¥y [ 1, = G ¥, = AATHC ¥, = WO

f L-r. B —— e C——rnmo s
mr-uru,_:. 2 X% 2 AL |z

LEMK,, ) = LK = LEPX,, fi=w

U Figwe 2 Figure illustrad g the csen thal con ocour on the [k 10'h step al the MERGE romiine,
which determines 2y, 50 Coses 1 aned 2 recquire E 1) work and sinop by compare the O lengihs of
the previous step and LOFP [ 5, X)), which are almady avaikble, Step 3 mqrnes work proportional
b CHLEPIX 5, Yil—m), since. X0, ¥y alneady aluare o orres i al =iz

2. 1 = me It bmopbes that Tsr, = Tr,oe1, . Combindog with T, oe1, = Tags,, we get

Tois st > et . Mo follows tliat

Zie1 =Yy, Lape =LOP[ZLs, Ex]l = LOP Y Xil=mm=LOP[Xi:, Y1 =1

Jo L ==m: Wa oolipuiE no=1m4+ Lf:l"l_T::-:, Lan .,.,_:.T!'rl sl |l gat the Ehﬂtih’il:@{:

xi.ql IrTi":.-l-rn. {T'|.|-I|l
Ehi'l =
Y ot lserwise

I.E:Pl."ﬁ'.l_h.:’{lI:h II'EL_1==.‘-{-L.-|

Lppet =LOPZi, 5. 24) =
L k41 k1 k {LE:Plfi.xi--|=n1 ol | e

m= LOP[X;.;, Yl =n

The MERSGE protedure contimes this way threugh X and Y. Floally, when eitber of X
skl ¥ lias Do dde pletedd, Clie past of tlie euteies ot the stlier e ave copied e Uee sind of Z
anmd L.

Local sorting. CaPS-5A starts oul with scime permntation of [0, [T71, ad serts s pdisjolot
eularrave, each of glze [TLp, in parallel wing Mesce-Sorr. The Merce-Sorr{X, Y,L,L", T]
procedime takes as duput an acvay X of aiffoees, awld sovts it iate V. Beddes, e LCPoarray
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of sorte] suffices is pooduesd in L, using LY as working space. Ag typleal MERGE-SORT
implenEntation regquires lnear extra space ineach lsoeation, CaPS5-5A uss the arrays
X oand Y In a baek-and-forth manver to reiee the extea gpace o the lvecations. For
ench, ¥ needs to be egqual to X hefore an lovoeation, The nerge step In the sort wees the
bl ErGE-prooedure deseribed earlier,

Phot selection. CaPS5-5A deviates Fom samplesort o g plvet selection stmtegy, Ina
by pieal sanplesort, pivots are to be sampled froan the ndtal arvee and then partitioaning wouald
b hased on thelr lntervals, Ingtead, in parcallel, the Saspre=Poaors SA Tpl procedore
[2ee Suppl) o CaP5-5A samples s suffies from each of the p subarrays, where 8 18 the
spmpling foctor. Then thes s = p sanple suffixes ae sorted ising a seguential MErRGE-S0ORT.
Subesguently, p— 1 evenly-spaced plvots are selected Fromn the sorted outpt to forme the
pivet set V.

These plvots define the rangss of the samplescort partitlons, and ave wsed to split sach
al the subareays In the next collation step. We ghow In Theoran 1 that with a suffielent
snmpling factor 5, the glze of each partition |z within a constant facter of [T p with high
probability, which ereures a balaneed load for processing each partition in the last step of
il algortloe.

Collating partitlons. Having Analized the pleot set V), the algovithm locates ench il
suffix v £ W oin each sorted subaray, Eacl subaray s seaneled foe tle p—1 plvets o paallel.

Conslder a plvot v £ W oand sonse sorted subaceay AL The pesltion of v in A s the lasi
ke w lere v can be hserted without breaking the sored omder of A, This ndex s computed
iing a binary search for the suffix v in A, During a Moary seacch snffoes are conpared
withont any associated LOP amay, contrary to the MerGE procedure. Asa practical speedap,
wie skip sonee repeated chavacter comparions hetween v and the suffeees in A uzing the
sirp le woeelerant dea l-:!-

After placing each pivet v inte A, the ndex L olv in A fmplies that all the anffixes oA g,
are = v, Henee the son O of these hdices of v across all the p rorted sulbarray s provkles
tle total suffix connt in the SA that are not exicogm phically larger than v — the lndex of
vin the final SA is C, — 1. Along with the rentinel pivel positiong Cy = 0and C, = [T),
Pl p— 1 pivets divide the sl 54 dute popartitions, Consider two sucossive plvots v
and vy, I encl sorted subamay A all the sufflxees b sueln that T:'"I i1 They = T:'-'l-' will b
present dn the ndes-range (o1, G of the foal 5A . That i=, all the suffizes hetwean the
kvcatioms for wioq and v belong to the [§j — 17t partition.

Thuz the pivot oeations noa sorted subarray A leeak A Into p o sob=subarrays, whers
tlee jth sub-subarviay is Known ta be present o the 't partition of the fimal S A, After tle
IJiI:EI.I'_‘- segrelies, CaPS-5A moves tlese !'\-IJIJ'E'\-IJIJEI.I'III._‘-!-\- i1 ]Ju|1|]|!'| Lo callate all :-|J|J-:-Cu|:.|.|'|1|._'. B
for the samwe partition. The LOPaarraye of these sub-snbarrays arve also collated together.
The Corrare-Parrrrons [ 54, 5A", L U, VT, pl procedure [zee Suppl.) deseribes it in more
datall.

Merging partithons.  Having grouped together the corresponding sub-subarray s for every

A partitlon conglztz of poeorted colleetlons of sufixes, with all of the collections stored
contiguously. The MerGe-Parrrros (X, Y, n, B, Ly, Ly, T procedine takes this collection X
af 1 srted sub-subamays, awd prodsces e merged outpuat o the same contigios region of
mEnary ¥ orecusively. Ly is e eollection of the LOCP-amays of the sorted groups i X, anmd
£lse u:g'!l',l{e‘:-:! |-|:'.|1'-z'|.|'|z'|._'.' i ]Jll::l-:!u-:’tle‘!-:! i1 Ly The sorted Fraonp= i X [z'l.u-:! L;-::I are delineated
b R.
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The MerGE-Parrrmioy procedurse B e as the MERGE-SORT procedure, exeept. for
tleat it is more general — the sorted wnits wlere MeERG E-5S0RT bottoms out are slugle sofflxes,
wherens MerGe-Parrmion bottans cut eadier at sorted goaps of suffixes, As noted earlier,
blerGE-Parmimion ako uees the space fn X awd ¥ back-and fortl to rewse the extra spaces
e e,

3.2 Asymptotics

expeented o a text T with length n =T, given a subproblm-count p.

3.2.1 Work Analysis

We start by amalyzing the overall work of the algorithm and providing selfcoontained prools
o the total work due to h_-.-u'.h-::-l -::-::-u‘.].n'l.l'il-\.-::-lh ikl |J_'.- ol z'l.l;l{-::-rilhu‘..

Local sortimg. This step executes tle classke MerS E-50RT cn aach subaray, For a subarmay
A witly me suffisees, this amonnts tooa total work of Tim) = 2T w2 +0(m ] + C LA ], where
ClA] denotes the mumber of gy mbol comparisos made i the execution in the tldvd case of
the MeERGE procedure, We amlyze the total amortized cost of these ClA] valies across all
thee vecursion-tiees of all the subarsas i Theoram 3, Cmdttiog C (A from Tim, each keal
ratt lsas ™ g losg ™ wark,

Pivot selection. With a sanpling factor 5, there are 8 2 p plvots sonpled o total aeross
all the subarrays, CaP55A sorts these pivols with MERGE-S0RT amd pleks the p— 1
eqquldistant plvots from these as the global plvots, The MERGE-S0ORT anmnnts toa total
work of Osplegsp+ 3 Ly, ), where L, ig the cutpit LOP-array of the sort. This halds
Froame Tlesren: 3.

Collating partitions.  The collation sep fst beates each of tle p— 1 pivots ineach of tle
garted subamays using inary search. The length of a pivet suffix iz QIn], and the sorted
:-u|m|'|1|._'.:-un' ol &l "-_,"'||. Tl work of enely |Jh:|u|'_'. s el i:-uf:'l_11.+|-::-;|§ "-_,"'||'| i1 pract b [11. = [T| :I
with the smple-aecelerant :l:!-: strategy. For adversarial inpute bowever, the work ean still
b O ko ] the worst-case, Then the suflx indices ave moved lote thelr appropriate
final partitions, This step simply worders the elements across the sorted anbarsy s, and thas
reqquires O 1) total work.

Merging partitions.  The MertGe-Parrrmon procedme works similar to the MERGE-SORT
procedure, except for that the eonmsion hotioms out at a sorted group of suffixes, hetead
af at a single suffix. Unlike the MERGE-SORT hstanoes hoawever, each of which opamte on

tp=staed snlarrays, the MerG e PARTITION Instanees may work an varions siees of partitions.

Tleaem 1 provides a howsd on tle partition sizes,

e Theorem 1. With o sempling foctor &, every portition hes size ol most <00 for some
concatiend ¢ adh bdgh profabaity,

Proof. Tle algorithm samples 8 pivots foo each subarsy, for a total of sp osaomples, Tt tlen
picks p =1 evenly spaced pivots [every 8'th sample) from tle sored samples to use as global

Plvests,
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Conzlder the final location of these sp samples In the Anal suffix aay, Every s'th of
tlem nsarks the hourdary of a partition, This, a partition has slee d = %% only iF fewer
than & of the sanples fall lnto these d snffizes. Othberwize, at least one sample woiild be
pleked as a fnal pivet amwd would thos eeak this partition.

Let 5A he the fnal suffic amway, and X; be a vandom vaclable elleating whether 544
g ore of the gsp samples. Then PriXi = 1) = s#/n. Thos the sandom variable denoting
tle nmher of samples pleked fom a reglon of slee s iz X = E;"}"xi. By lmearity of
e s ta thon, we get E|X| = E;_"'-l"E}{-l_ =emipPr X, = 1] =i - irh = ca Applying the
Cleeriafl bowmw] we lsve:

PriX <sl < PrX<s| =Pr[X<= :—:E_H_'_ =Pr[X={1-01- l—]]E_H_'_

< exp {— 121 = 1) E[X]] = exp[—1/2(1 — 1/e)%es) ()
With 8 = 32 lnn and letting ¢’ = ¢[1 —1/&]%,
Prix < &) < exp (=121 — FAR -32lum ] = exp { lujn s |1 _.-_.'.I:I = 1"

Shsea tle event of a partitin baving size = oo hnplies the avent X < 5, we gat:

Pria given partition las siee = onfp) < PriX < g < 1m0e,

= Prlat least ome partition las slee = oenfy) < 50 w0 = Ty v o o .
= Prijat least prtiiion | fpe moenfpl TP 10 S [y wdoae 1]

= Primo partition las siee = on g | = 1 —pfnte,

Sheee p s at most O[1), wo partition bas size = onfoubp, -

Tlus each partition las size at npost <% for somse constant ¢ whp, Merging a partition
Aowith m sorted subgmups has work Tim) = 2T"%2) 4+ Olm) 4+ CLA), wherse ClA] = the
painber of syimbaol comparisors msde o Merce, Omittiog ClA) froan Tlm], this solves to
O%p logp] = O "p logp] ulep.

Total symbol comparisons. A sabproblens in the algorithm |2 sone subarmy of the 5 A
that can be processed ndependently of the other subarraye inoa given step. Lot X be
sone subproblen o elther of the two stepe: local-sorting and partition-meerging. For the
bkrcal-sorting cuse, sorting X with MeErRGE-S0RT consists of log v/ recnsion-levels Bor the
partition=merging case, the MeErRGE-Parrmion poceduoe for X executes o logp menrsk-
levelk, We label the bottom-most level as lewel ) and count the levels npwanls in the
reciEloEL e,

Lot ® £ X be a suffix. At any given level 1) x ie presant in exactly one MeERGE-S0RT
[or MerGeParTimioN] instance executing on X, Let x be the suffic that lmsediately
precedes x dn the outpot of that MerGeE-S0RT [or MeRGE PARTITION] [stance, and e
Li(x) = LOP(x,x]]. Ifx is the first euffix in the output, then x) is the empty suffiz, We
prove the folkewing,

e Theorem 2. /n MeErGE-SORT and MerGeE-Parrimion, Li(x] < Lis1(x] for e saffie x ol
ecl recarmion oel tE |0 d— 1], where d & e depth of See recarsdon-tree,

Proof. Let x he present in the MerGe-S0rT (o MeErGE-PAarTrmion] hetance M at level
L4 1, anmd say M ospawns the twe nstanees Myoaosd Me. M oand Me ave at level i and x s
present o exactly one of them, Let it be M.

Now, x;, , 18 elther x) le. the same suffix preceding x in M, or some other suffix y from
M. I %], =%, then L, (x) = L(x), and the clajm holds.
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In the other case, the output array of M has the following forme: [ x) U, x. )

Suppase that the elaim & false, Lo, Lilx] = Lis1(x]. Which ig, LOPx,x{] = LCP[x, y].
LOP(x,y] = LOP(x, x| imples tlat %] and 4 2hare tle sme prefic of length 1 = LOPx,y),
and mEmatel st b hedesx L Let ooy, Cufs ad ¢y be the Uth symbel fnx, x, amd Y resp. As
U = xf dnthe output, ¢y = €yt Besides, since x and y first mismately at the Uth symbel and
=Y €y >y Thusey = Cor LOP(x, %] = | lmplies that the U'th symbols inox aml x]
ave tlee s, Le. o, = €y Thies we get ¢, = Cu amd ¢, = Tt resl b dm o oot e tioa.
Hewce, LOP(x ul < LCP[x x{]. -

Theorer 3 provides a bound on the mouher of total comparlizons made acrees all the
blerGE-S0rT amwl MerGE-ParTrron instances in the algodtlong execution,

e Theorem 3. The folal number of spmbol comperfsons made aomoss all the MERGE-SORT

N . , e . -1
and MERGE-PARTITION dnatanees in CaAPS-8A for ann-length text 8 Onlogn+3 77, L]
atfep, abere L da e oatpad LOP -arm gy

Proof. Symhol comparizons occir only as part of the MerGE procedure in both MERGE-

LOP-arays, the MerGe(X, Y, Ly, Ly, £, Lz, T] proeedus tevates thoagh the Xi's and ¥ 's
aisd Al din the 2= e sorted order, u.|l::-|:|H_ with their LOP-values i L-EL- Wit leint loss of
generality, suppose that X < ¥ s fowd at sooe eration, Then the wext eration compares
HKpgr o Y. Let Ly = LOP X o, X and m = LOPLX Y, LOP of the last compared pair,
Symbels from the suffixes X0 amd ¥; will culy be compared i L, =m lelds In this case,
we compite 1= LOP[X 4, Y] with exactly n—m+ 1 symbal comparissns, The +1 term
B odue o the Mist mismsmtehing symhal paiv, mois set to n for the ext temation, We argue
tleat before the new m = n walue s assigeed as the LOP-valoe in the outpot LOP-aray Ly
i moinze future iterationn, It rensadns unelaged.

In the pext leation, I eage (1], Le. 1, = m haldg, then moremalng anclanged. IF ease
(2], Le. L, < m hoklsz, then m bk oassigned at output Ley g, Do the event of case (3], elther
L, cr mmis sssigeed to Ly oq, and these are equal fn this case, T X lms been depleted dubng
thee e while ¥ still lias remsmining elements, the current mois assigoed as the LOP-value
fosr 1l fivat of the vemaining elaments from Y.

Tz, whenever |-=:.-'||:|||-::l| -:'b-c:lll:l]'u'l.l'irn-::llu-c are dane In case [-H-] af g, it resnlts Inoa new
value m’ = m for the varlable m. m = m’ pasiziz untll m’ has bheen asslgned azs the
LOPowalue for some meerged ontput, Thos the mumber of matching symbol comparizons
usacde i case (3] accmmilates o tle LOP-values at the outpat.

A the LOP-values stat out with 0 at MErGE-S0rRT. Tleoein 2 states tlat the LOP-
value associated to a given sulfx can never deerease wlile wihmling up the recnsior-tees of
Mer:e-50rT and MerGe-Parmmion. Thus thesum § 11 Liof the fimal LOCP-walses e
SA & the total munber of nwteldng aymbaol com parizonms made across all the MerGeE-S0/T
aml MeErGE ParTITION execntions.

The extra wEmatehing comparisan in case (3] of MerGE costa O[], Do the worst case,
thiz case oeeurs in each teration of MerGE., Chultting the msatching sy bl comparkons,
a MERGE-S0ORT ar a MERGE-PARTITION stance working on m eleneniz lnowms Tim) =
2T 2] + O m] mismatehes o the worst case,  This solves to p o= O legi/p] and
Pl g log pl adep for tle p MErGE-S00rs and Merce- Parrimions, sesp, Tlos O0n kg n
mssAteling syimbaol comparisons ave made wilyp, -

Total work. Locally soiting the p subarrays cost p o= OO0 4 log w5 ] = OIn leg vp ] = work
without the sembal comparisosns, Chnitting the syuchal comparions o soting the smplad
plvats, the pivot selectioon step s O] ap log sp ) work. T the collation step, tlere ae plp—1]
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hinary searches, costing O[p 1 kg */p) work in the worst-case, ard ﬂ'l_]Jz{ﬂ + dog "] In
pradctice, Remging the p partitions sparately oost p= O leg pl =0 lagpl whp withoad
£ s h_'.-u‘.|1-::-| -::-::-u'.].n'l.rih-::-u-\..

Tlee tostal mumber of syimbol comparizos fn the beal-sont and the portitioms-merge steps
EOMlgn+3 11 Li] wufep as per Theorem 3, where L & the owtput LOP-amay, [nsoriing
the sampled suffices, the mumber of symbol comparizons done is also bounded by this .

We note that the alooritlon reguires on the crder of Jw(T) bytes of working space, wliers
woE 4 B s e mnmerieal size wmed o store 5A awl LOP values,

3.2.2  Parallelization

Ohe loplensntation fully parvallellizes the work acrees the different partitlons. Within a
partitlon, we perform recumsive callz to MeErGE-S0RT In parallel, bt perform the MerGe
procadue sevially, We show tlee Follow g theorem: abont the depth of our algodtln:

e Theorem 4. The overall deplh of the algorithen s ﬂ{l_11_,""|.1'| |-::-;|{11:| wlip.

Proof. The dominant factor in the merge algorithng iz the depth of the MERGE routine,
whieh r:hl:l]'l[l.-' j'le‘!l'F::ll'll:l-c a lnear nimaher -::lr-:'t-::lll:lj'l.l'l.l'irn-c:llu-c in the illj'lu' elze, Tl -:}e'!j'llh af &
comparizon b5 1] in cases 1 and 2 of Figue 2 and weguives a steing comparison fn the fal
AR,

The string comparizon can be parallelizel work-efelently (Le, In the same work as a
serlal character-byv—character comparizon] by nsing a simple prelx=donbling strategy, In
more detall, the comparkon algorithm works fn wunds comparing 2* elaracters o the 'th
voinud witil a mdsmatels cecms, Clearly for strings of lengtl 1) ouly Ofleg n ] rouds ave
regpuived | and thuos the ovenll work §s asyimpiotically the saomne as the serial algoritlon, and
tlee ddepily is O log n]. T, for merging two sorted arvays o the algovithoe, each of ske k,
wie require a deptl of O [kkegn).

Putting these facts together, for a single call to the MERGZE-SORT routite, we have a
recurrence of the form Dk = D k/2) 4+ Ok lag n), which iz reot demivatad and solves 1o
O klog n). Siwee oan algovitlom & pavallelzed acvoss different paortitioons, awd by Tleopem |
eacl partition loes glze o most On/pl, the owrall deptl of the algaithom & O [(nplleegn
utlep, -

We note that the deptl s not paly-logavitlonle, as o the elasie paalle]l MercE-50RT.
Heowever, the amount of pamllelzEm gewevated by owr algordtlon & move s enongh to keep
tlee proeessors all sy o practioe. Indeesd, we note that waay saoeplesort hnplementations
e i smdlar strategy in practiee and wse o serlal sort within eacl partition, and thos ako do
st lave poly-kegavithmie depth o practios, Tn o ieplemantation, we exploit parallelismn
isdigg tlee parallal printioes awd the work-stealing seheduler from ParlayLib ‘F

3.2.3 Optimizations

W applied a momber of optimizations bt the implementation of the algorithom tlat provide
practical spesdups. We make 1re of vectorization support using AVE Instretlons from
nodern processos o spesd up the compatation of the LOPXY] routine used o the
bl ErezE-provedure and o the biwmry seavcles in loeating pivots,

* Olsplagsp 4 E:“ 1 Lpy b oomprrsons are performed, where Ly & the LOPoarray of the sored samples.
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L thee prosposed ME G E=S0RT and the MeErGE- Parmrrion prsosdures fn the algoritlom, we
b mested parallelizm o thelr reeursive vocations, This b= applied o tlse implementation
up=to sonse fxed gramilarity, due to the asssciated overhead of eclieduling small tasks.

L tlee bimary searveles for the sonpled pivois i eacl sorted subarray, nstead of searceldng
for the appropriate positon of an entive pivot suffix, we ook for a Axedlength prefix of tle
phvet, This helps reduce tlhe total work associated to locating tle pivots, with an associated
trade-afl with the Amal partition skes. With sufficlently large prefix lengths, the partition
sizes do not get slignificantly afectad o our absarvation.

4 Results

We performed a mumber of experinents to charaeterize the performance of the CaP5-5A
algoritlon aml its implementation. We evalnated its performaes compaed to the awilahle
i plementations of two leading methods for SA comstruction: PARALLEL-DIVEUFSORT [32]
ard ParaLier-DOCSE B We assessed (e ability to coretruet SA and LOP-arrays onoa
mineber of g datasets,

Mext, we evaluated the parallel sealing of the algorithm. Then we explore the klea of

kugilis,

A varkel eollection of datasets haz bheen used o the experinents, Table 1 delireatss
the pertinent chavacteriztio of the datasets. We follow :]ﬂ: e rernoving K-vepeats, which
cene i wlsen tle seguenes uisderlyving a wghoan of tle assembly camet be wsolved . We verified
the ecormeiness of the hoplenentation by eross-checking e ontput against from that of
TARALLEL- DIVE UFS0ORT.

Computation system.  The experiments lave been performed on a serwer having two Lutel
Moeon ES-Be 2 M) GHz CPUs with 44 cores o total amd 512 GB of 240 GHz DDEA BALL
The system 15 v witls U kot 200000 (GNU S L o4 0= 13200 werie =86 640, Tle 54 anmd
L Pearray eonstrnetion thines and tle masdmnn memory wsages of the tools were measmed
with the GNIT time conmmand. For the large datasets Awolot] genome dataset, we 1med
maclines with twe AMD EPYC 7313 CPUs with 32 cores (o fotal asd 2 TH of DDEA EARM,
riming on Red Hat Enterprise Limix 8.7 (GRU/ Lo 40802025, 19,2218 T 586 64).

4.1 Dataset characteristics

Table 1 provides some pertivent charmeteristics of the datasets vaed . The GROLIR dataset
= the Human Bulkl 38 pateh velease 13 verslon of the lnonsan genonse reference from the
Genome Reference Corsortinm®, which iz a clromosome-level assembly of the full genomme.
The TT dataset i the atest T2T CHM U320 Telomereto-Telomere asseambly of tle CHM 1S
well Hise with elwomoseme Y fom NAZL385, fran the T2T consorthnm, wlich is a complete
genon-level assernbly of the genone :]I:il:. Together, thess two linmn datasets represent
what we naghee may be a dypdeal weecase for genome construction in tle context of a tool
like STAR [12]. Though largely similar, the CHM 13 assembly has resolved telomerle and
centromerle reglong, and more complete coverage, specifically in highly-repetitive reglons.

Thies, we expect it represents a more clallaging problem hstamee for suffl x army eomstree tion.

1 https: ffwew. nohl . nlo. nih govfgre
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Tlee CABG [Coon pacted de Brufjn Graph) dataset s the collection of the maximal wnitigs
exctrae ted froom the de Broljo graph (with k-mer gize 27) of the lnnsan ssquencing read set
NIST HGO(M [SRAZA0M61 — 95) [52] by Curreersn 2 28] This dataset represants a
potenntial wmeecase wleme ome may wisl to bodld an fndes for the seoquenee stored (o tle CdBG
data strocture, The alility to xlex the CUBG haz proven weeful In many contexts [10],
aned the 8A can provide ome possible ndex for providing eficient loeokop over the r.le‘:-:;ule:‘:u-::;e‘:
cottaimed i the CdIBG.

Thee great white slark dataset s the genome reference of Carcharodon carcharies [36] and
tlee axolot] dataset & the genoie refeenes sguence of dmbgslome medoanam ]T Tlagsse
represent large pooblemn lnstanees, where one sy wizgh to balld the SA on large refeenees
SOOI,

Table 1 Dataset statistios: momber of bases, mean LOP, and standand deviation [rowunded to
nearst whak: mymbser) ol the fmal LOP-army.

. ape ot Dhew,
Dt et Hime el LOOE of LCP
Human L3 L hid) 2,545,541 8 3,807 12,678
Human [T2°7T) 4,117,242 0071 2,518 LR
CdBy [Human reads) 3,963,272 308 13 i
Gireat white shark 4,267, 160,925 10H 1,192
Acxerlert ] 23,208 219,524 44 160

4.2 SA and LCP-array construction

We evaluate the performance of CaP55A o constreting the SA and the LOP-armay
af a mimber of genomic datassiz, compared to the SA constretion pecformmance of 1.
PAaRALLEL-DIVESUFSORT [32]) and 2. Pararien-DDC3 [3]. Table 2 contains the resulis of the
bk ing. As the state-oftle-art s et dal benelimark, we wote the performanee of tle
diveuleart rplementation fro PBBS -.{-

Tabde 2 Time and memory-performanes resulis br constructing S As (and LOP-array in case
aof CAPS54]) with 32 theads. divenfsort & shawn az aserial benchmark, Time iz reported n
mrooiuds, med the mwemory wages are eported it GBs in parentheses, Best performanoes among
the parallel algorithne i each mstance are highlighted, FapalLEL=IMCA and divsufsort could not
b o om Aol because we oowkd not modify the FEES oodeshise to aocommodate the nrge
nreTical sioe.

Dhavtasest CaPR-548 PAkALLEL-DIVEUF20ET  PARALLEL M divsufsort
Human {3 RLThi3) L3 4T 173 | &2) 250 [110F) 203 [17)
Hwman [T2717) LAl |50 194 [ &4d) 21 [115) 1% [18)
CA By [Humam reads)  LEE [6d) 21 |44) G423 [126) AEr [23)
Cirest white shark 173 [T1) TR |18) 481 [135) 438 [24)
Azl ] B 910 1068 [224)

We pote that CaP5-5A executes gignificantly faster than the other pavallel algorithms
in all the nstances, whersas PARALLEL-DIVEUFSORT 1res the least amonnt of mensory.
Loterestingly for the susaller datasets CaPS-8A does pot veguive moch owee ey than
TARALLEL-DIVEUFSORT  despite constructing both tlhe SA amwd LOP. Mewory usage could
b opaoved Ty hit-packing the elexes, or throngh the extension to an external nsnsory
algoritline,
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4.3 Parallel Scaling

L oopeder 1o assess Tow Benriibee runtloe 2 o parallelizon we evaluaied CaPS-5A against
FARALLEL-DCF awd ParariEL-mvsursorr as the mnnber of theeads hncweased. We report
tle results lo Figase 3, which lhstrated that CaPS5-5A expleits poallelsm better — beoomlng

Uz Fastest et lesd oz the tlaead oot beecines ligl desplie dolimg mere work asyimplotieally,

- e
E= i ] \ L]
e
G 1300
E 1] "l."\ 60
t ™ ol B\ .
I-"“\-\. sy
* - SN =
. —— =
205 o] = .y, S RN o
4 B T 18 X M J A2 4 B 4k & 2 M W A2
Bsrmiter of T hroess

i ol DG - Paraial DivSulan o CalSEs

Figure 3 Toumdimes of CaP554  PakilLE mysuraomr, md Pacaiims-D0 @ el cond
incremses lor GUERCTRAS, T2T, and CdiE. divsufsort runtime is in red,

O the GROBIE and T2T dataseis, CaPS-8A and ParaLieL-pivst FsORT heeome fastor
thap diveufeert al around the sans number of theeads, after which CaP55A beeones
faster. Ohy CMBG, CalPS-5A sees galos frons pamllelism over the best rerlal progrun with
apprednsately Lall the number of threads, This say be hecage CdBG has fewer long
axsmon- prefises, amd ro CAaPS-5 A achieves closer to its best-case work.

4.4 Cache Performance

Tl smplesort=lased deslon of CaPS-54 optim@es coche-performusee. I order 1o evalunte
Cle emipl rleal cnehe beludor of CaP5-54 us compuensd o otle e algeothms for 5A constrge
tean; we prolils] the progrmes on the GROBER and the T2T mfernce gonomes. Becalise
aache-behavior can degensrate as pamllellzm nereases, we ewloate it acea 1, 16, and 32
Clarenad, The remalis fn Table 3 gliow thal CaP5-5A4 culpedores other parallel 34 fdecing
prograne by an order of agnitude. Al rseasurennots were taken with the Linuy pert

axsannkalel.

Table 3 Caclkemiss mies (in %) for coinpared metlods on GERORIE aned T2T datosets with
mweapect to number of threads, Reported mnnlbam are avemged over 5§ s to obyviate operating
syaten jitter. Lower is better, and the beat resuli & lhigh highied.

Human [LiChIR) Human (127
Mlethod L the 16 thr 2 thr 1 thr L6 the 32 thr
Cialrs-sa 4.5 A2 ER ) .04 T.61 TRl
PipiLlEL-UMEDRORT 21588 2503 2641 3T34 47494 4483
Paraiiee-0i 4475 3541 q7A3 4504 3923 4768
divsufsort [R5 [FR! ]
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diveufegort Is sonwwhat nwore cacle-effielent than CaPS-5A, bt interstingly =
parallalization n PARALLEL-DIvEUFSORT |ms significantly worse caching pefonnanes than
bt Iy i wenlsort and CaP5-5A 1t & possible tlat feeoporating some of tle implementation
detalls of diveufeert conld provide Drther hoprovensents to the cache-performsnee of
CaPS-8A.

4.5 Bounded-context SA Construction

By virtue of crganlzing all suffixes of the umderlying text T, the suffix arvay provides the
powerfinl ahility to efflelently seavely for gquery patberie of eng lengtls o the text, While this
capahility arkes waturally frooe the definition of the SA, suely Bexibility s varely needed in
tle SA's meat comunon applications o genomdes, Specifically, when wsed to eficlently find
seed seguenees fromn a genomle read, the nsodomim kogth of the guery iz often very short,
Blamy msdern aligners wse seed lengtls in tle moge of 1531, amwd even with the maxiong
msappable prefic concept weed by STAR [12], the query length = houmded above by the
arvar-fiea prefix lengtl of the rensimler of the vead [ravely moe than - TOO0 miclectides).

As el lndices that can provide efficient lookup amd locate gueries for patters less tlan
sene e kgt say K ave often very uselol o this context, For example, the k-BWT
data strueturs 1, 41,1 |.: bsilds a transforim of tle tet tlat ciganiees elareter of cume es
by thelr dounded eondeet (o this case their vight oontext of leaggtls k. This allows the ndex
o b it efflebently, sinee rotations of tle text peed wot lave thelr relative orders resolved
hesponad their nitial length k eontexis, while slnmltansously allowing efficient and eorrect
query for auy pattern length < k.

Here, we experinsent with an analogons verslon of the SA- the dounded-contest 54,
Specifically, tle bousded-rontext 54 of order k resolves the exieogmplhic order of all suffixes
af the text wp to (ad b heding) tledr prefizes of length k. [Ta pair of suffises shae o prefix of
kgl =k, tlean they may appear o an arbitmary velative order witloin the hoamded e onte
SA of eeder k. Without amy imeaningful modifieations to the guery algorithims, tlis variaot
afl the SA allows locating all eeenrrences of querkes of any length < ko the text. Such a
varknt of tle SA is very stradghiforward to oonstroct wing CaPS-8A, as we shinply declare
eqqual sy suffixes that ae equal up o [or beyomd ) tledr length b prefixes, At the saome thine,
this variant can be pwore efficient to corstret nsing our algorithim, as the context length k
places a stoet upper bousd on e mmmber ol comparisons we st pecform when attempting
tor ddetertnine the relative order of a palr of suffsees. Specifically, 1t follows divectly from
Thesrem 3 tlat CaP5-5A performs at most O[n deg n 4+ nk charaeter comparieons o e
worst case, wlen oonstroeting the context-howded SA of cwder k. Tn Table 4, we report e
Pl regpuired too conmstrset te contexi-bounded 54 of orders G4 aond 256 of tle GROLI3E awd
CHMILE lnnman genome assembles compared to the thme regquied to costreet tle standard
(Mall=eontext) SA . A= expected, the hommledroontext SA can be constroeted substantially
faster than the full-os et S AL

Tabbke 4 Timings [in seconds) in constructing the bounded-context 554 with wriows orders,

Dbt tull=eontext 64 256
Humam [{aRO7hA% ) 142 1k 100
Hwman [T271) 144 Lk 103
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5 Conclusion

In this mamsceipt, we Introdoes] a ew method, CaPS-5A, for parallel 5A and LOCP-
ATTAY COnELried on. CaP5-5A l:]iH]'llul'l._'.-'H VT l!{-::I-::I-:] cacle j'le‘!l'F::ll'll:l.l‘l.ll-:‘:le‘! [i.!’!. VLY low eache
nules rate ], and seales well to oy threads, A= a vesnlt, CAP5-5A iz able to ontperform
cxlsting state-oF the-at pamllel 3A construction algoritlons lke ParpaLLEL-DivE U Fs0RT amxd
TaRALLEL- DM S o genoande datasets, At tle saome thne, CaPS-5A b5 substantially simpler
than existing state-altheart algorithmes, Thizs simplicity eases mplenentation, amwl leads
to mEny apportunities for forther fuoture mprovemsentz, Likewkre, CaP55A provides the
LOPearray divectly as a by prodoct of SA constre tlon, and dees pot reqguire a separate
algoritho to produoee this weeful anxdlary data steactore. We hope that will prove 1o he
vefin ] widlites where pamllel 54 constroction is a core subpreblem, amd also lope tlat tle
relatively stralghtforwand algovithim will bevefit From forther optimizations, enhancensents,
anwd altermative lnrplementations within tle commmnity.

Az CaP5-5A seales well with the level of avallable pavallelins, and perforns well for
burge e fereneess, we expect tlat it will provide a wsefio] option for tock that seek to binild tle
SA in paralle] enviromments. T addition to tle e taken fo construet the SA or tle LOP
anvay, anstler conskderation s the menory [Epecifically the BAR) requived for comsiree thoan.
Chne approse b to improve the memorg-sealaliity of SA construction algeritlms is to develop
external-memory corstruetion algorithns. For example, pSiecan [24] 8 a state-olthe-art
ax ternal-menwry algorithm for 5A corstruetion. Sueh approacbes nmke e of axternal-
ooy [Le, disk] and algorithms tlsat acess and comstiet the SA oo strsctured way ae
likely amemble to external-memory varlants,

We note that, thongh we have not exploved it n this mameceipt, CaP5-5A I= highly-
anenalble to external menwry mplementation, This s becanse the initial partitioning
geerates mey suall subproblems tlat can be solved hisde peasdently — e some subprohlem
cann be paged hnto BAR while athers remain candizk . Pivet san pling feoan tle subproblems can
beer v ||:||1::-u;1'_|:| asimdlar ]m.-_l.:_il];l.:_ PresheEs Likewisze, afl !'I'jli'-i::l' saleetion, (RIEINRLY uj]jll't:n.‘d.il]l.ll.'!'l_‘-
equual-sized partitons will he eveated | and these sub-probleams, which target specifiec outpat
e rvals of tle Bl sulfix acvay, can be solved hsdependently awd o porallel witl te relevan
data for ouly a working subset of partitions paged oto BAN with the remaining partitions
resid g o disk, Furtler, given a sufficiently fie-gralined pactitiomeg, the algoritlom can lkely
provide tizlt eontrels oo tlie reguived wocking memory, As more BAR e s allowed, a larger
manber of partitions will be allowed fn BAR at csee, and our algaeitlon will be able to better
meike e of available parallelzme O tle odleer Toosd | o tle mecdumnm allowed BA M wsage is
restricted, fewer partitions will be present i memory at aeee, potentially Hmdtieg pocalle lzm,
bt acdhering to the reguested BANM constrainiz, In practics, we belleve that, so long as
a rufficlently Are-grained partitioning is weed, external-nensey varlants of onr algorithnm
will still be able to efficlently make me of wany threads while still substantially reduocing

thee requuived working memaory. We leave the effcient bnplemwentatioon of an exte v -me mors
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A Methods

Prendo-codes for the procedures absent o the nsin text, Sampie-Proors, CoLlLaTe-
ParTrmons, axl Compure-Bouspary-LOPs are provided in the following,
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