Lecture 8:

Backwards Search and
FM Indices

Johannes Fischer
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Burrows VWheeler
Transform

1234567 8910

T=CACAACCAC$  CACAACCACS
ACAACCACSC

CAACCACSCA
AACCACSCAC
ACCACSCACA

build CCACSCACAA
CACSCACAAC
, ACSCACAACC
rotations C$CACAACCA

SCACAACCAC
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Burrows VWheeler
Transform

sort
columns
(=strings)
lexicographically
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CCCAAACSAC
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Burrows VWheeler
Transform

T = CACAACCACS

1234567 8910
A=104 82 59 3 71 6
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L[i] = T[A[i]-1]
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Last to Front Mapping

T = CACAACCACS

1234567 8910

SAAAACCCCC —» F (first)
CACCC$AAAC
AC$ACCACCA
LF[i]=j < A[]=A]i]-] CCCAAACSAC
AAACCCCCAS
ACCCS$AAACC
C$SACCACCCA
CCAAACSAAC
AACSCCCACA
CCCCAAACSA —»
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Last to Front Mapping

O

® cqual chars preserve

rderin Fand L




Backwards Search

® ([a] := # chars smaller thanain Tf.ae >
® OcCla,]:=#da'sinlL[l,i]forae >

® search for interval of P[I,m] in A

backwards search step
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Backwards Search
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Backwards Search
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Backwards Search

Algorithm 2: function backwards-search(P;. )

s «— 1; e — n;
for:=m...1do
s «— C(P;) +occ(P,s—1)+1;
e «— C(P;) + o0cc(P;,e);
if s > e then
| return “no match”;

end

end
return [s, el;




Backwards Search

® Note: no use of suffix array A
® Space:

» C:|3| lg n bits (small)

p BWT L:inlg |2] (same as text)

) Occ: 7 (Ql)

® How to output text positions! (Q2)



Implementing OCC
(Ql)

® rank(B,i) = #l's in B[I,i]

® in ADS: nt+o(n) bits for rank in O(l) time

® idea |:bitmap B, for every character a € >
= n |>| bits, O(m) search time!

® idea 2: wavelet trees:

—=>n Ig |3] bits, O(m Ig |3]) search time



Finding Positions (Q?2)
o Ali] =j e A[LF(i)] =j-I
® sample every s'th position in T

— O(n/s Ig n) extra bits, O(s-tocc) time
® say s = lgis; n = n lg || bits, O(lg n) time

P tocc: time for evaluating OccC (e.g. O(lg |2)))

® marking sampled positions: n+o(n) bits



Summary

® FM indeXx with

p O(n lg |2 |) space (using wavelet trees)

p O(m lg [>|) search for # occurrences

p O(k Ig n) for outputting k occurrences (using
sampled suffix array)

® can be improved, see e.g.

p G. Navarro,V. Makinen: Compressed Text Indices.
ACM Comput. Surv. 39(1), 2007/.



