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Bi-directional r-indexes

Abstract: Indexing highly repetitive texts is important in fields such as bioinformatics and versioned repos-
itories. The run-length compression of the Burrows-Wheeler transform (BWT) provides a compressed repre-
sentation particularly well-suited to text indexing. The r-index is one such index. It enables fast locating of
occurrences of a pattern within O(r) words of space, where r is the number of equal-letter runs in the BWT.
Its mechanism of locating is to maintain one suffix array sample along the backward-search of the pattern,
and to compute all the pattern positions from that sample once the backward-search is complete. In this
paper we develop this algorithm further, and propose a new bi-directional text index called the br-index,
which supports extending the matched pattern both in forward and backward directions, and locating the
occurrences of the pattern at any step of the search, within O(r+rg) words of space, where rg is the number
of equal-letter runs in the BWT of the reversed text. Our experiments show that the br-index captures the
long repetitions of the text, and outperforms the existing indexes in text searching allowing some mismatches
except in an internal part.
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Table 1 Comparison of space and time with the existing compressed bi-directional

indexes.

H is the length of the longest maximal repeat in the text.

right-extension(contraction) is symmetric to left-extension(contraction).

Here w is the number of bits in the computer word.
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5. right-extension \IMNFITH 5.

BFELDIZ, 7TV AL 1ICBWTe —s £e—s Kol
BaxEZ5. (1) len’ DfEIX len 2 1 MAAMETHZ Z L
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MEREZADE, s <LFY () < BERHiID. O

3.2 PLCP ZHR\Wk locate DRI

I locate D7 NI Y X LITDONWTIBNRS ., HBALE
DHNZE, 1-index SV R— b T 2HE 0,071 ERHWVTIE
RAEHTHIEEWTES., LEALEMNS, ZOFEETIE
p' = LF(p) DEITPHRVD, PS5 SA Lk
DX [s,e] DD B, BUEFAELTWS SA[p'] ITHIGT %
o BHRENCE DMEICH Z0HET 2 Z e BN TERW.

b, 07 OREHEHAZHRT T 2HESRMEL LT, B
PLCP[1,n] ZfA\WV3. ZiUX LCP % XFHIMEDIE
OER7dDT, PLCPli| = LCPISA[]] (i=1,...,n)
Tz g

T RMEDHIEER E DT locate DFEME 7 LTV X4 2
WRT. DT ofi#E 4 Tld, il 3 001N T 5 L &,
TAIY AL 2HBEFEICEES 2 Z e 2T 5. &3
CRE 4 XD, locate DIEE RIS,

W 4. [s,e] ZBIED X —> PITHIET % SA FOXR
5%, FAIYRXL2DANIH j = SA[p],s < LF4(p) <
e,len = |P| il 3T ERET S. 2O E, 7LV X
L2k PoOEBERZELL 2THIT 5.

FERH. ¢, 07! DIEEMIX [6, Lem. 3.5.) TREIATWVWS.
DIFCHTEMEDIELHICOWTRTY. j=SA)p TH 3
Zeho, j=j—didSAP] (pf = LF(p)) ITZHE L.
RE»S s<p <eThbH, RIVBEIRHZDIX
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73U XL 2 locate(P)

Input: p, j(= SA[pD, d, len(= ‘PD
Output: T IZBF % P OLHABAE
j' 43 —d (= SA[LF(p)))
pos < j'
: output pos
: while PLCP[pos] > len do
pos < ¢(pos)
output pos
end while
pos < 3’

© PN

: while true do

—
@

if pos = SA[n| then return

11:  pos + ¢~ 1(pos)

12:  if PLCP[pos] < len then return
13: output pos

14: end while

e PLCP[SA]Y]| > |P|=p >s

e PLCP[SA]|<|P|=p =s
T & 3. PLOPISAp)] > |P| TH 3 ¢ %,
PLCP[SA[Y]] = LCPISA[SAY]]] = LCP[p] =
lep(T(S ALY}, n], TISAW — 1),n)) > |P| D . 1
E LD, TISA[Y],n] DL |P| XFiE PITFELWVE
B, T[SAp — 1],n] D% |P| XFbFh PITHFEL
W, LdioTyp — 15K [s,e] i@ FEN, p > s
MDD, —J, PLCP[SA]]]| < |[P| THd L =
lep(T(S ALY}, n], TISAW — 1),u]) < |P| AT D 75,
T[SA[p'],n] DHEE |P| XFB PIXFELWVWI S
T[SA[p' — 1],n] OFEH |P| XFF P £ —HETF, p -1
WX [s,e] DACH D, LichioTp =stkd. pt
e DBIRIZOWVWT S, FKIZLT

e PLCP[SA]p' +1]]>|P|=p <e

e PLCP[SA]p' +1]]<|P|=p =e
DO D. BLEED, s<p <eDWLT2HIELLH
ETE3. O

PLCP OfE3, ¢, % O(r) FEOZRMIEIER, O(1) K
IRt 2 [16) O L AFHC kD2 Z LA TES. LD
HWamERALTEM L 2155,

3.3 #ER7ILIV ALOKHHEENE

ATV RXL1DTITEDPS ITTHIRPIIT, aP(a < c)
DI EIZ 272012, LD rank 285 O(o) [EIGT
By 208D 5. ZOFEIR, ERHEBIRRMEE 2
52ZeDTEL7D, BWT 2V xz—7Ly PRTERHT
UL O(logo) DA =X —FTHIIRT 2 Z e TE 3 [12].
AHITIE, ZOFRICEEZMZ, HEEM L BWT Z2
Vz—T7Ly bRTRETAZET, IRZ7LITYV LD
Rt A EZUET 5.

BWT @ run QEEX T % W72 F OB %25 Z,
L'l,r| 5%, L' D&ELTONEL v BIE, XTFOEE
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y B 3R, L' VA X rxo, rHOREET 22X
L7V RG EARTIENTES. Thbb, Lij=c
DrE, 7V FG DEE (i,c) TRPHZEZL. %
LT, ZhFhofix, MET % run ORX TEADITT
5. 2OV RGIINL, UTOEEZHEHAT 5.

FE 5 ([13]). rHORZFROVA X rxr @ 25T7V v
FEZZ, BRBn ATOIEAER 2RO 35, D
ER e > 01T LT, O(trlogn) £y b OZEMEHHET,
RO RHHHEBA O SR OBH OB E O(L log™ 1)
R TR T2 e TE 3.

YA ZXrxoDZVy KG%, mORWEETIEL T
FAZXrxrel, TESZEATZ. £, GITMAT,
L[i) BIES % run &S, B XU ZD run OFALE/H& T AL
EBERETIBEENDETH 5. L, r-index DHEE
ZFWT O(loglog,, (n/r)) RRREITHEITTZ 5.

YTOFIET L[ IT&ENS ¢ XD/ LFDORE
EBZS. (1) L,r BT % run DBES 21,20 2RKD, Zh
50 run DR T AME I, BRD B, (2) EHE5 ZHV
T, BAE (1 + 1,0 — 1] x [l,c — 1] NDELFFOEA
DOBMERDB. 3) LI < c THAUXT -1 +1Z/MXZ,
Lirf<ceThuEr —r' +1 2R 3.

EH S OF — AR L, LR OMFICHET 2 2
Y CEH 2 %18 %. predecessor ICHER T ZFIH a R b
O(loglog,, (n/r)) 1&, Kb DICZHHEKREH WL Z T
O(logr) FFICTE 3 Z L ICFEE I N L.

4. BERER

4.1 HER%E(H

MRELXTFHRFOERE LM S 2 728, Piza &
Chili Repetitive Corpus *! & D E§ L7230 FH| T — Xt v
FERNRE LTEREIToZ. 7 Xty FORMEEE
21RY. AFEBRTIE, br-index, r-index, bi-directional
FM-index (2BWT) @ 3 OH5| 2R L7 —&t v MIxt
L THEERE L 7. br-index DIERERTH % PLOP DHEEE
X, BiZE Y b2 bV [17,19] ZHWz. 2BWT 12D
WTIE, SAH IV OME s % s =16,32,64,128 D 4 38
DERL7=. %72, 2BWT 2B 32 BWT OFHIZI3, RRR
By PR ML (18] TEESNYVz—T Ly P RZH
Wiz,

KRG A ZDHBITINZ, BITEID X — ALERIZ K 5
BROFERMEZ TGS 272D, N4 ALY T74<T 4 7R
THWHNEY 7 b 27 BLASTO7Z7LI ) X L%EL
7z seed-and-extend 7 V) DFETREERE LTz, 2D
TV T, 3O EL 22— P=P PP %
EZ, P, BB, P, P Il—BLEWTRER
kKDL CTH 23 &5 R XXFHNDMEBEZ L2 THIZET 3.

*1 http://pizzachili.dcc.uchile.cl/repcorpus.html
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2BWT ¥ br-index IZBWTIX, £3 P, 21~ —EBEHXT
WCHRRT . 208, P IZDOWTI left-extension %, P
IZDWTIX right-extension AV, &3t T kHOFA—HK
PHRLEDPOHERT .

r-index Tl right-extension % EITTER VDT, Rk
OFFEERND Z 23 TERV. bhic 2 MED R 2
TNAIYALERIT L. 1 DOHO 7T Y X2 (match-
first) Tl&, 2% — > DRED B IETENANT T left-extension
THRL, Pt P ICOAXFOLA—EE kL HETHET
5. 220HDO713Y) X4 (locate-first) TiE, mHIZ T
ND P, OMBNE> 2 TRET 5. 0%k, SHBMALE
IZDOWTC, P, Py DB T ORI EF kLT TH 250
HETS.

X FHE influenza ZXfRE L, X —Y PIEREX
16,32,64 DHFR5T X FH % 100 30 7 > & 2l L
Jo. Pyl P OHRENICEREL, |P| =[|P|/3] & L. &F
BT DA —BOBIZI 025 10 DRETHIT L 1.

4.2 REBHER

5P A X%RIITIRT. br-index DV A4 X, £ D
HBa 2BWT 0dD XD b/hEhoiz. HISNCS, r/n D
il A3 LEHE Y K %= W escherichia 1238 W T br-index D /53
K& Trolz. ¥/, r-index KT 2, IRTOEFE
TI3IEEEDY A kot

112 seed-and-extend DFEITRE %2 7R F. r-index 12
BIY % match-first 73V X L0, X —VEIFEWV
|P| =16 ODHEZRE, AT 2 A —BOEIMIG L T
PO SEATRERE 2SI U 7=, locate-first 7LV X A%,
WRR =V EPEL, P, OHBERBBNZ W — X THT
FRRISEM L 7z, 2BWT 1281 2 ETRRNIE, ~—HoD
HEIMZET, RNEZ—rBREWVWE %13 br-index & FHEIC, 8
W& XX locate-first & [FIRRICHERE L7, br-index 1, #F&
T AT —HOEMBHEML THETREOHEINIELHTDH
D, HMAFTRTOBECBVTHORS| XD b EHIcHE
L7.
5. #&am

AT, O(r+rg) EBOZEMFHEETHAFD 2 —
HRER & MM E DB % YR — b3 % br-index 185
L7z, FEBRIZB W T, br-index D54 4 X1& r-index
D 3ERETH Y, 2BWT L L 25 E R KIEDZ W
XFHNCBWTERTH 5 2 e DB INZ. £z, TR
BRROENEZRZH 2 LT, seed-and-extend 27 T
DETFBERE L. 207 T VIZBWT, br-index &
r-index & D b EBUCENEL, FAT 2L —BXTFOD
W22 ZDMEMZKRELS R o7,

AT, O(r +rg) FBICHIBERIR it 4 X TRL
RERFHAROEELZFEHT 2, v HEADO—BIeEX
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influenza IPl=64
35F —e— br-index
—e— r-index(match-first)
30 r-index(locate-first)
—e— 2BWT(s=16)

0 2 4 6 8 10
HET B F—BXFH

influenza IPI=32

—e— br-index
251 —e— r-index(match-first)
r-index(locate-first)
—e— 2BWT(s=16)
20
i 151
S
o
i 10
5k
0 L L L L L L
0 2 4 6 8 10
FET IR —BXFH
influenza IPI=16
—e— br-index
301 —e— r-index(match-first)
r-index(locate-first)
251 —e— 2BWT(s=16)

sf /

0 2 4 6 8 10
FET IR —BXFH

1 influenza IZX3 % seed-and-extend DEITHRE. 2BWT &
REALHEE TR MEERET 2 22 H 20D, FERMA
BiathoRs [ LiEWEE & o 7.

Fig. 1 The computation times of seed-and-extend query on in-

fluenza. The 2BWT sometimes mistakenly locates posi-
tions for unknown reasons, but the number of reported

patterns is very close to that of other indexes.

bhd. T, left-extension B X U right-extension B3
zhen, BREFARICBIT 2 weiner-link B XU child 12
M43 2720TH5. L2rL, TO—JT, br-index I
left-contraction 3 X O right-contraction % %R — b L%
Wiz, ZNoIINIBT % suffiz-link B K parent 135
HEATWRVL., Zhs0RIEX, BEEFADKRIEED,
LCPIZNT 2D/ TV DVWTNITHEHATESZ
Do TW5. BREZ O(rlog?) FETHEARETH %



BIRLIEF R RRE
IPSJ SIG Technical Report

Vol.2022-AL-188 No.2
2022/5/19

S n o r TR r/n
escherichia | 112,689,515 16 15,044,487 15,045,278 0.1335
influenza 154,808,555 16 3,022,822 3,018,825  0.0195
world-leaders 46,968,181 90 573,487 583,397 0.0122
einstein.en 467,626,544 140 290,239 286,698  0.0006

® 2 WFHTF—-&Ey bORHE. REIMALFHEERNOXF2ET.
Table 2 The statistics for the datasets. The lexicographically

minimum character attached to the end is included.

2BWT r-index | br-index
s=16 s=32 s=64 s=128
escherichia 10.18 8.07 7.00 6.46 9.20 26.89
influenza 8.80 6.69 5.62 5.09 1.49 4.32
world-leaders 11.38 9.26 8.20 7.66 0.96 2.74
einstein.en 11.97 9.86 8.79 8.24 0.057 0.162

R 3 BNFHNHERLET DY A4 X (bits/symbol). s i SA DY >~ LR
Table 3 The sizes (bits/symbol) of the indexes on the repetitive datasets.

s is the sampling parameter for SA.
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