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® MEDLINE (1100 500GB)

® Blog Watcher (1100 blog )

® TREC2004 Terabyte Track (2500 426GB)
® Web Pages in Internet ( PB)

® Genome (> 800G in 2004)

® \We can obtain accurate information from very large
iInaccurate data (e.g. 50% is error) by central limit
theorem (Mehran Shaami@AAMT2005)

® c.f. Google
2005



®occ(P)
®loc(P)



(Suffix Arrays, Suffix Trees, N-gram



O 1G “the”
® O(logN) (suffix arrays) 0.005 msec
® O(N) (grep) 970 msec

P



® 6 O
o

® N-gram N

O O(N)



O(1)
o
O : NH, bit occ(P) O(m) time
[Ferragina 2005]
oH,: T k

O Hc :0.23 DNA:0.24 XML:0.10



® df,(P)/df(P) [Church 2001]
@

O
@

® N-gram feature (boosting

® (tree kernel)
[ _

O



Suffix Arrays
Burrows Wheeler Transform



Suffix Arrays (SA) [Manber 1989]

® C =40 T

o7 (suffix): S, =t t, ..t 5. Ty
S, abraca$ Sti$ 7
S, braca$ Si |a$ 6
S; raca$ S | abraca% 1
S, aca$ - S, |aca$ - 4
Sc ca$ S, | braca$ 2
Sg a% Sk |ca$ 5
S; $ S, |raca$ 3

T (3)
(2)



SA

T=abracadabra$ P = bra
11% occ(P):
10 a$ O(m log n)
7 abra$ bra > adabra$ loc(P):
O abracadabra$ O(m log n + occ(P))

3 acadabra$
5 adabra$ “—

8 bra$ “ | _ log n bit (4n byte

1 bracadabra$ bra = bra$ R (an byte

4 cadabra$ - Hot

6 dabra$ bra < cadabrag 9CC(P) O(m+log n)
9 ra$

2 racadabra$




C.f. Suffix Trees (ST) [Weiner 1973]

oT Suffix Trie
O ST

® Compressed ST On hit
[Sadakane 2004] [Okanohara 2005]

ora ra T abracadabra
bra
&>

'Q a2 \e\d C
c\9 T0d

.-..I.-..--- suffix arrays




Burrows Wheeler’s Transform [1994]
(BWT)

®
O bzip2
® BWTIi] := T[SA][i]-1]
® abracadabra$ g,;ard$rcaaaabb

® BWT
O
[ hese are great ...
[ hese are possible ...
I hese were not of ..
[ hese...



BWT

When Farmer Oak smiled, the corners of his mouth spread till they were within
an unimportant distance of his ears, his eyes were reduced to chinks, and diver
gingwrinkles appeared round them, extending upon his countenance like the
rays in a rudimentary sketch of the rising sun. His Christian name was Gabriel,
and on working days he was a young man of sound judgment, easy motions,
proper dress, and general good character. On Sundays he was a man of misty
views, rather given to postponing, and hampered by his best clothes
andumbrella : upon the whole, one who felt himself to occupy morally that vast
middle space of Laodiceanneutrality which lay between the Communion
peopleof the parish and the drunken section, -- that is, he wentto church, but
yawned privately by the time the con+gegation reached the Nicene creed,- and
thought ofwhat there would be for dinner when he meant to belistening to the
sermon. Or, to state his character asit stood in the scale of public opinion, when
his friendsand critics were in tantrums, he was considered rather abad man ;
when they were pleased, he was rather a goodman ; when they were neither,
he was a man whose moral colour was a kind of pepper-and-salt mixture.Since
he lived six times as many working-days as Sundays, Oak's appearance in his
old clothes was mostpeculiarly his own -- the mental picture formed by
hisneighbours in imagining him being always dressed inthat way. He wore a
low-crowned felt hat, spread outat the base by tight jamming upon the head for
securityin high winds, and a coat like Dr. Johnson's ; his lowerextremities being



BWT
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® BWT F

® BW

BWT

BWT

$

a, $

a, bra$

a, bracadabra$
a, cadabra$
a: dabra$
bra$
bracadabra$
cadabra$
dabra$

ra$
racadabra$

BWT



index |SA  |BWT |F | Suffix

0 11 |a; |$ |$

1 10 |, a, |a%

2 7 d a, |abra$

3 0 @7@ abracadabra$
4 3 E 3'14 acadabra$
5 5 C / a- |adabra$

6 8 a, / b, |bra$

7 1 @—»@ bracadabra$
8 4 a, /c |cadabra$

9 6 ag / d |dabra$

10 |9 bl/ r, |ra$

11 2 @—»@ racadabra$

BWT

BWT
BWT F

F[i] BWT

LFmapping]i]

LFmapping[3]=7
LFmapping[7]=11

a, BWT

b, BWT



BW (LF-mapping)

void revBWT(char* bwt, int n){
int count [0x100];
memset(count,o,sizeof(int)*OxlOO);
for (i = 0; 1 < nj; 1++) count[bwt[1]]++;

for (int 1 = 1; 1 < Ox100; 1++) count[i]+=count[i-1];
InNt* LFmapping = new int[n];
for (int 1 = n-1; 1 >= 0; 1--){
LFmappin [——count[bwt[l]]
+

int next = Find(BWT,”$”); //find the position of “$”
for (int 1 = 0; 1 < n; 1++){

next = LFmapping[next];

putchar (bwt[next]);

}
delete[] LFmapping;



SA

® Compressed Suffix Arrays (CSA)
o

O [Ko 03] [Kim 03] [KS 03]
O
c.f. dssort, msufsort, divsort
O
® CSA [sadakane 03]
® CSA [mori 05] [okanohara 05]
O wavelet tree

@ [Huynh 05]







Compressed Suffix Arrays (CSA)

[Grossi, Vitter 00][Sadakane 03][Grossi, Guputa, Vitter 03]

® SA nlogn bit
®SA 1 N

® SA W
® W[i] = SA[SA[] + 1]
®SA]=j s.t SA[j]=i

® SA SA [i]=SA[iK]
oW SA SA, SA
® SA[i] = SA[W[i]]-1 = SA[W2[i]]-2 = ... = SA[WM[i]]-n

® If SA[WMi]] = p then SA[i] = p-n



I SA |SA1l |W:=SA1[SA[i]+1] Suffix

0 11 3 3 $

1 10 7 0 ad

2 7 11 6 abra$

3 0 4 7 abracadabra$
4 3 8 8 acadabra$

5 5 5 9 adabra$

6 8 9 10 bra$

7 1 2 11 bracadabra$
8 4 6 5 cadabra$

9 6 10 2 dabra$

10 |9 1 1 ra$

11 |2 0 4 racadabra$




I sampled SA | W:= SASA[i]+1] | Suffix

0 3 $

1 0 a$

2 6 abra$

3 0 7 abracadabra$

4 X 8 acadabra$

5 |\ 9 SA[7] |

6 |8 \ 10 =SA[W[ 7]]-1 = SA[11]-1.

Lo ssAwpl2 = sAE)2

9 /\ 5 :SA_LP_ 4__-3 — SA_8]-3 '
=4 - 3

10 N

11 |~ 4 N AU o




W[i] = SA™[SA[i] + 1]

O | suffix 1 suffix
® SA

oy
o

® :
T[SA[i]] = T[SA[i+1]] SA[i] SA
Suffix
Ssafr1< Ssajjrz - SASA[i]+1]<SA™
— WJ[i] < WY[i+1]

T TISAJ]] = T[SA[i+1]] Wil<W(i+1)

1+1]
(

SA[i+1]+1]



I SA |SA1l |W:=SA1[SA[i]+1] Suffix

0 11 3 3 $

1 10 / 0 ad

2 7 11 6 abra$

3 0 4 7 abracadabra$
4 3 8 8 acadabra$

5 5 5 9 adabra$

6 8 9 10 bra$

7 1 2 11 bracadabra$
8 4 6 5 cadabra$

9 6 10 2 dabra$

10 |9 1 as

11 |2 0 acadabra$




oy
o d d[i] = W[i+1]-W[i]
® delta d[]
O(NH,)[Sadakane 2003].
® Wavelet Tree d
O(NH,) [Grossi 2003]
o W [i] =WJ[ik] d
Wi t=1/k r=1%k

W[i] = W, [tk]+d[tk]+d[tk+1]+...+d[tk+r-1]



Self indexing property of CSA

[Sadakane 2003]

® CSA
® T[i...jl substr(i,))
® Suffix
O
® D[] :=
® C[i] := DJi]
® T[SA[i]] =DJj] s.t. C[j] 1<C[j+]1]
void substr(int i, int j)
for (int p = SAY[i]; i <j; i++, p=W[p]){
int t = binarySearch(C);
output(D[t]);
}
}




I SA |SA1 |W |Head of Suffix
0 11 3 3 |3
1 10 7 0 a
2 7 11 6 a
3 0 4 7 a
4 3 8 8 a
5 5 5 9 a
6 8 9 10 |b
7 1 2 11 |b
8 4 6 ) C
9 6 10 2 d
10 |9 1 1 r
11 |2 0 4 r

C[0]=0
Cli]=1
C[2] =6
D[0] = “¥’
D[1] =&
D[2] = ‘b’

*substr(3,6)
p:=SAl3]=4
decode[p];
p=Y[p]=8
decode[p];
p=W[p]=5
decode[p];
p=Y[p]=9
decode[p];

/[ output ‘a’

/[ output ‘c’

/[ output ‘a’

/[ output ‘d’



Backward Search
[Sadakane 2002] [Makinen 2004]

@ SA SA lookup
W
® Search P=CAGTA In backword @jmjpm-11...)
A
A |AGTA A A A
/ ¥
CAGTA | C C / C C
prefix P[i...m]
G GL__ |G c| ¥
\ LIJ
T T T 1A T
GTA




FM-index [Ferragina 2000]

@

O

@ LZ-index
® CSA occ, loc, substr
® BWT

® LF-mapping



® rank (B, p, x)

® B[0...p] X
® select (B, 1, X)
®B r X

o
® B=d#rcaaaabb
rank(B,6,a)=2
select(B,4,a)=7
select(B,2,b)=9

® rank, select OCC



occ(P[1...m],BWTI[1...n])

Clcl:i=c

BWTT BWT

1. 1 -=m

2. sp :=1; ep = n;

3. while (sp ep) and (1 >= 1) do

4 . c := P[1];

5. sp := C[c] + rank(BWT,c,sp-1)+1;
6. ep -= C[c] + rank(BWT,c,ep);

7. 1-—

8. 1F (ep < sp) return O;

else return ep-sp+1;



I SA |BWT |Head of Suffix
0 |11 |a $
1 10 r a,
2 7 d a,
3 |0 $ a,
4 3 r, a,
S 5 C as
6 8 a, b,
7 1 as b,
38 4 a, C
9 6 as d
10 |9 b, r
11 |2 b, )

occ(“ab”,”ard$rcaaaabb”)

b



I SA |BWT |Head of Suffix
0 |11 |a $
1 10 r a,
2 7 d a,
3 |0 $ a,
4 3 r, ay
S 5 C as
6 8 a, — |b;
7 1 a; «— | b,
38 4 a, C
9 6 as d
10 |9 b, r
11 |2 b, )

occ(“ab”,”ard$rcaaaabb”)

(1)°b’

(2)

(a, as)

(rank(BWT,‘a’,ep),
rank(BWT,‘a’.sp))



I SA |BWT |Head of Suffix
0 |11 |a $
1 10 r a,
2 7 d a,
3 |0 $ a,
4 3 r, a,
S 5 C as
6 8 a, b,
7 1 a, b,
38 4 a, C
9 6 as d
10 |9 b, r
11 |2 b, )

FMcount(“bra”,”ard$rcaaaabb”)

()b’

(2)
(a, ;)
(rank(BWT,‘a’,ep),
rank(BWT,‘a’.sp))

(3) “ab”
(3-2+1)=2



CSA FM-index

OCSA W FM-index W1
® W-1[i] = SA[SA[i]-1] = C[T[i]]+
rank(BWT,T[i],i);

O
O FM-index W-1
BWT rank
®rank(BWT,c,I)
®c 2

N C



Rank, Select

B 2
® rank(B,1,x), select(B,i,x) 1.5Nbit

® Rank + popCount
® Select rank
B 3
® Wavelet Tree [Grossi 2003]
® rank, select O(NH,) O(H,)
O O(NH,) , O(1)

[Ferragina 2005]

o(1)



Example of Wavelet Tree

O Z:{a,b,C} Oplh

® T= abbccbhaacbab

abbcchaachab
011111001101 ,
T
/ bbeebebb
00110100
a 0 1

b C



Example of Wavelet Tree (contd.)

O Z:{a,b,C} Oplh

® T= abbccbaacbab 4 £
rank,(8)=3
abbccbaacbab
011111001101 ranki(®=5
T

/ bbccbebb

00110100 Fanko(5)=3
o .

a
b C



Succinct*
Bit Array / Tree

*Succinct @ n O(n)



Succinct Bit Array

® Bit Vector B[1...N]
® rank (B, p, X) (x=1,0)
® select (B, r, x) (x=1,0)

®
O 1 bit vector
O rank/select 1.5Nbit
[Kim 2005]
Q select,O(logN) rank, O(H,)
[Okanohara 2005]

® select/rank O(H,)



Balanced Parenthesis Tree (PT)
[Jacobson 85] [Munro 01] [Geary 05]

+ =N 2nbit
® parent, first-child, sibling O(1)
®c.f 2n - o(n)bit
nlogn bit
OLISP DFS
1(( 1)1

Q?\Q (0(00))



Balanced Parenthesis Tree ()

|
® findopen(x), findclose(x): x

® enclose(X): X

O
® parent(x) = enclose(x)
®sibling(x) = findclose(x)+1

@first-child(x) = x+1 Q?b (OO00))



PT

@ M
o
. near (11 1

® far “near "

® pioneer “far
far

pioneer

= S (e




PT ()

pioneer
pioneer
® pioneer
® Block B pioneer 4B-6
o . ploneer

G o

PT



findclose

® findclose(i)
® |
® near
®
® pioneer
® pioneer PT

® far
1. pioneer p (rank
2. p —

3. p i

4. p t

t

(rank

)






o Suffix Tree [Shibuya 1999]
® xbw [Ferragina 2006 to appear]
o BWT
O tree entropy Sub-path
[ _
® pattern hunter



oY BWT

® NH, bit occ, loc  O(m)
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