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}  

} לּ ṇ  
ƁWavelet Tree  

Ɓ  / FM-index /   

} ︣  
Ɓ קּ /    

}  
Ɓ ךּ  

ƁSequence Memoizer  
¶  + Pitman-Yor  

 



טּ{ ṇ  
Ɓ ḭ ḭ  

Ɓ Ḳ ȬΡΡ 106  Ҝ  ȬΣΡ 1010Ṍ 1012  

} Ṅ 
Ɓ :          101( )Ṍ 109( ) 

Ɓ  :        4 ( ) Ṍ 104 ( ) 

Ɓ Ḳ ︡ḭ ḭ  

} ṇ צּ  
Ɓ צּאל Ṍ1 ḭ 2Ṍצּ ḭ ︡

טּצּ ︡  שּ



} Ṅ שּקּ ךּ  
Ɓ ṇ 1   = 3000   (@3GHz CPU) 

Ɓ צּ ḵ 

[J. Dean, LADIS 2009] 

 

 

L1 Cache 

L2 Cache 

 

 

Ẁ  

 

(nsec.) 

10Ṍ100word 0.3 

32KB 0.5 

256KB 7.0 

8GB 100 

1TB 10000000 

2009  



} Ḳ   D={di}ÉϾΣȣȿ$ȿ 
Ɓn:   

Ɓɫ: ,  ʎϾȿɫ| 
} f(di,q) : q di   

} q ךּ  
1.                     ὪήȟὈ         ВὪὨȟή 
2. קּ   ύὪήȟὈȟ►  В ὶὪὨȟή   

 
כֿ{ ḭO(n) , n log2ʎ bit  
Ɓ ḭאל ḭ ṇ  ךּ
Ɓ Wikipedia  (n=1.0x109  ʎϾΣΡΡΡΡ)    250   2GB 
Ɓ             (n=3.0x109  ʎϾΦ)             750  750MB 



Rank  

Wavelet Tree 



}  B[1, n] ︡ נּ  
Ɓrankc(B, i) : "ɍΣȣÉɎ cҽ{0, 1} ︣ 

 

 

 

 

 

 

 

 

כֿ{ O(1)  n + o(n) bits ︡  ךּ

 

 

                

  rank 1(B,7 )= 4 

  rank 0(B,5)= 3 

: B=0110011100  

i1234567890  

 0110011100  

 0110011100  



L:=log2nאל .1  

Ɓ rank LT  

Ɓ Ḳ  (n/L) logn = o(n) 

 

S:=(log n)/2אל .2  

Ɓ rank ST  

Ɓ  

Ɓ Ḳ (n/S) log L = o(n) 
 

Sאל .3
︣ rank  

Ɓ Ḳ2S =  o(n) 

 

:                O(1) 
Ḳ   n + o(n) bits 

rank1(B, i) = LT[i/L] + ST[i/S] + ( rank) 



} ʎЂΤ rank ︣  

} :  4ɍΣȣÎɎȟ 4ɍÉɎҽɫȟ ʎϾȿɫȿ 

}rankc(T, i) : 4ɍΣȣÉ] cҽɫ ︣ 
Ɓ ︢ ṇ צּ שּקּ  

}WT כֿ rank  
Ɓ O(log ʎɊ ḭnlog2ʎ bit (1 טּ log2ʎ) 



}  
Ɓ  

} ṇ  
Ɓ ︣ צּ 0, 1 

T=abbabdcaabbccd  

 abbabaabb   dcccd  

a b c d 

{a, b} {c, d} 

{a} {d} 

 B=00000110000111  

 B0=011010011   B1=10001  

Ể 1 

1 0 1 0 



}rankc(T, i) ּפ c ︣ פּ  
rank  

}1 rank O(1)ḭ  /ɉÌÏÇ ʎɊ   
Ɓ nlog2ʎ bit (1 טּ log2ʎ) 

 abbabdcaabbccd  

a b c d 

{a, b} {c, d} 

{a} {d} 

 00000 110000111  

 011010011  10001  

7 = rank0(B, 10) 
3 = rank1(B0, 7) 

rankb(T, 10)  

4ɍΣȣΣΡɎ 
a bּ7צ  
︡ ךּ  



 

FM-index 

 



} ︡ לּ  
︣  

Ɓ צּ רּ︣קּ  

 



 
  

tocc 

 
 

FM-index  O(n) Î ÌÏÇ ʎ O(|q| ÌÏÇ ʎɊ ú 

SA O(n) n(ÌÏÇ Î ϹÌÏÇ ʎɊ O(|q| log n) tocc + O(f(q)) ú 

ST O(n) O(n log n)  O(|q|) tocc + O(f(q))  ề 

n =   ʎ =  

 
 



 

(sec.) 

 
( ) 

 

(sec.) 

 

(sec.)  

FM-index  250 1 2.5 x 10-6 ú 

SA 250 5 5.0 x 10-6 5.0 x 10-6 ú 

ST 872 10Ṍ30 2.5 x 10-6  2.5 x 10-6 ề 

Å 1GB  (N= 230ȟ ʎ Ͼ 256) 
Å CPU 3GHz  

 
Å צּ  
Å צּ  
Å 1צּ פּ︡ קּ  ךּ



 

S12  $ 

S11  a$ 

S8 abra $ 

S1 abracadabra$  

S4 acadabra $ 

S6 adabra $ 

S9 bra $ 

S2 bracadabra $ 

S5 cadabra $ 

S7 dabra $ 

S10  ra $ 

S3 racadabra $ 

 

 

 

 T=abracadabra$  ($ T ︡ ךּ )  

 

S1 abracadabra$  

S2 bracadabra $ 

S3 racadabra $ 

S4 acadabra $ 

S5 cadabra $ 

S6 adabra $ 

S7 dabra $ 

S8 abra $ 

S9 bra$  

S10 ra $ 

S11 a$  

S12 $ 

 

 

 

SA 
12 

11 

8 

1 

4 

6 

9 

2 

5 

7 

10 

3 

(2)  
  ṇ  

(3)  
       SA[1,n]  

(1) Si=T[ién]  



SA Suffix  

12 $ 

11 a$ 

 8 abra $ 

 1 abracadabra$  

 4 acadabra $ 

 6 adabra $ 

 9 bra$  

 2 bracadabra $ 

 5 cadabra $ 

 7 dabra $ 

10 ra $ 

 3 racadabra $ 

 

 

 

abra  

כֿ ￼ 
4ɍ3!ɍÉɎȣɎ 

abra adabra $  
 

SA  
 לּ



SA Suffix  

12 $ 

11 a$ 

 8 abra $ 

 1 abracadabra$  

 4 acadabra $ 

 6 adabra $ 

 9 bra$  

 2 bracadabra $ 

 5 cadabra $ 

 7 dabra $ 

10 ra $ 

 3 racadabra $ 

 

 

 

q = abra  

abra abra $  



SA Suffix  

12 $ 

11 a$ 

 8 abra $ 

 1 abra cadabra$  

 4 acadabra $ 

 6 adabra $ 

 9 bra$  

 2 bracadabra $ 

 5 cadabra $ 

 7 dabra $ 

10 ra $ 

 3 racadabra $ 

 

 

 

abra  
צּ פּ  

 
 
 
sp :  
ep :  

 
abra SA[sp,ep]= {8, 1}

︡ ךּ  

 
ep ɀ sp + 1=2 

sp 

ep 



} O(n) , n(log2 n + log2ʎɊ bits 

ƁSAIS : ʎ ￼ḭ ︡  [G. Nong+ DCC 09] 

Ɓhttp://sites.google.com/site/yuta256/sais 

} tאל O(t log n)  
Ɓ BWT ︡  

 

 

http://sites.google.com/site/yuta256/sais


} Tּפ B  

}B[i] := T[SA[i]-1]   (B[i] = T[n] for SA[i]=0) 
 

 

 

 

a  $  

r  a$  

d  abra $ 

$  abracadabra$  

r  acadabra $ 

c  adabra $ 

a  bra$  

a  bracadabra $ 

a  cadabra $ 

a  dabra $ 

b  ra $ 

b  racadabra $ 

 

 

 

B = ard$rcaaaabb 

 

Block Sorting ּלּך אל  



}SA ︡ BWT  
ƁO(n)    n log2 n bit 

}SA ￼ BWT   [Okanohara+ SPIRE 09] 

ƁO(n)    O(n log ʎɊ bits for ʎ Ͼ ɉÌÏÇ ÎɊɱɉΣɊ 

}  
ƁO(n log n) , Î ÌÏÇ ʎ bits 

   Input T[1..n] 

   p = 0 

  for i = n to 1 

      B[p] c  

p = CF[c] + rankc(B, p)   (CF[c] c Ṗ 

 



}  
ƁB פּ T קּ    

} ︡  c.f. bzip2   ךּ︣

Ɓ ︢ צּ  ךּ︣

Ɓ k ṇ   [H. Kaplan+ TCS 07] 

} נּ  
ƁB ךּ צּ  

Ɓ T   ךּ

¶self-index : ּפ  



}F[i] := T[SA[i]] נּ  
Ɓ  

ƁT ךּאל  
F 

$ 

a$ 

abra $ 

abracadabra$  

acadabra $ 

adabra $ 

bra$  

bracadabra $ 

cadabra $ 

dabra $ 

r a$ 

r acadabra $ 

 

 

 

B 

a 

r  

d 

$ 

r  

c 

a 

a 

a 

a 

b 

b 

 

 



}B ︡ ךּ F  
כֿ ︡ ךּ  Ḵפּ

F 

$ 

a$ 

abra $ 

abracadabra$  

acadabra $ 

adabra $ 

bra$  

bracadabra $ 

cadabra $ 

dabra $ 

r a$ 

r acadabra $ 

 

 

 

B 

a1 

r  

d 

$ 

r  

c 

a2 

a3 

a4 

a5 

b 

b 

 

 



}B F  

 

} ︢ ךּ  
ƁB לּ  

F לּ ︢ 

ƁF 1 צּ ︢  
2  

} ︢ B F ︢ 
︣  

 

F 

$ 

a1$ 

a2bra$  

a3bracadabra$  

a4cadabra$  

a5dabra$  

bra$  

bracadabra $ 

cadabra $ 

dabra $ 

ra $ 

racadabra $ 

 

 

 

B 

a1 

r  

d 

$ 

r  

c 

a2 

a3 

a4 

a5 

b 

b 

 

 



} cҽА ךּ F B ︢  

 
F 

$ 

a$ 

abra $ 

abracadabra$  

acadabra $ 

adabra $ 

bra$  

bracadabra $ 

dabra $ 

cadabra $ 

r a$ 

r acadabra $ 

 

 

 

B 

a 

r  

d 

$ 

r  

c 

a 

a 

a 

a 

b 

b 

 

 



} cҽА ךּ F B ︢  

F 

$ 

a$ 

abra $ 

abracadabra$  

acadabra $ 

adabra $ 

bra$  

bracadabra $ 

dabra $ 

cadabra $ 

r a$ 

r acadabra $ 

 

 

 

B 

a 

r  

d 

$ 

r  

c 

a 

a 

a 

a 

b 

b 

 

 



} cҽА ךּ F B ︢  

F 

$ 

a$ 

abra $ 

abracadabra$  

acadabra $ 

adabra $ 

bra$  

bracadabra $ 

dabra $ 

cadabra $ 

r a$ 

r acadabra $ 

 

 

 

B 

a 

r  

d 

$ 

r  

c 

a 

a 

a 

a 

b 

b 

 

 



}B F לּ ︡  Ḵפּ

}LF(i) := CF[c] + rankc(B, i)  
}B[i]=c ḭ ︣ F  
} CF[c]  = F c  

}LF ךּ ︣ 
ƁLF(i) = SA-1[SA[i]- 1]    SA-1 SA  

Ɓ T נּ ḭ1 ︣ 

 

F 

$ 

a$ 

abra $ 

abracadabra$  

acadabra $ 

adabra $ 

bra$  

bracadabra $ 

dabra $ 

cadabra $ 

r a$ 

r acadabra $ 

 

 

 

B 

a 

r  

d 

$ 

r  

c 

a 

a 

a 

a 

b 

b 

 

 



}LF(i) T 1 ︣ 

Ɓ פּ 1 ￼ ︣  

1. Input: B  

2. p = 1  

3. for i = 1 to n  

  T[n - i] = B[p ]  

4.   p      = LF(i)  

5. end for  

6. Output: T 

F 

$ 

a 

a 

a 

a 

a 

b 

b 

c 

d 

r  

r  

 

 

B 

a 

r  

d 

$ 

r  

c 

a 

a 

a 

a 

b 

b 

 

 

        T = éabra $ 



}BWT ךּ צּ  
ƁLF-mapping ︢ צּנּ נּ  

} q[1, m] פּ ￼  שּךּ
Ɓi  [sp, ep] ɻϾÑɍÍ-i, m] SA  

Ɓ c = q[m-1-i] צּ Ãɻ (spȭȟ epȭɊḴ 

Ɓspô = CF[c] + rank c(B, sp - 1)+ 1 

Ɓepô = CF[c] + rank c(B, ep)  

}O(mlog  ͺ)  nlog 2  ͅbit  
ƁBWT ︣ Wavelet Tree טּצּ  ךּ



at צּ פּ ךּ ḭ
eat Ḵ 

 
[sp,ep] טּ  
e ḭ

 
    e413  e414 

 
 
כֿ  

ranke(B, sp) , ranke(B, ep) 
 

 

e412  arn  many money é 

c   at  is very cute.  

e413  at  many apples las  

n   at  is the process é 

e414  at s two hamburgersé 

e415  conomy is not goodé 

sp 

ep 



e412  arn  many money é 

c   at  is very cute.  

e413  at  many apples las  

n   at  is the process é 

e414  at s two hamburgersé 

e415  conomy is not goodé 

sp 

ep 

  e412arn many money é 

  e413at  many apples las  

  e414at s two hamburgersé 

  e415conomy is not goodé 

spȭ 

epȭ 

F [e413 e414] 
 

 



input  q[1, m]  

i=m sp =1 ep=n 

while ( sp  ֔ ep) & (i >= 0) do  

    c  = q[i]  

    sp  = CF[c] + rank c(B, sp - 1)+1  

      ep = CF[c] + rank c(B, ep)  

end while  

 

output [ sp , ep] // ep- sp+1  



} T פּ  
trie ︡ צּ  

ךּ  
Ɓ ṕSAṖ 

} O(m)  
Ɓ פּ  

Ɓ כֿ צּ  

}  : Ṅn-1 
Ɓ ￼ ︡  

ḭ  
Ṅ פּ︡ נּ  ךּ

 

12 

$ 

a 

11 

$ bra  8 

1 

0 

c 

4 

6 

d 

1 

bra  

9 

2 

2 

5 

7 

3 

4 

10 

3 

c 

d 

ra  

$ 

c 

$ 

c 

$ 

c 

T = abracadabra$ 



} צּ ךּקּ צּ  
Ɓ  20NṌ40N  

Ɓ ḭ ︣ צּ  ךּקּ

} נּאל קּ  ךּ

}SA פּ קּ  [Kasai+ CPM 01] 

ƁO(n) , 3nlog2n byte 

Ɓcode.google.com/p/esaxx ṕ ṇ Ṗ 

}BWT פּ קּ ṕ Ṗ 
ƁO(n ÌÏÇʎ)   n log2ʎ byte  

 

 

 



}FM-index ︡ ST אל  לּ

}T ︡ TR ︣ BWT  B ︣  
funciton  enumTree(sp, ep)      // [sp,ep] טּ  

ƁB[sp, ep] ︣ * 1 

Ɓ ︡  c ּך  

¶spô := CF[c] + rank c(B, sp - 1)+ 1 

¶epô := CF[c] + rank c(B, ep)  

¶enumTree ( spô, epô) 

end function  

} * 1 wavelet tree ךּ ︣ vצּ  
/ɉÖ ÌÏÇ ʎɊ  

} לּ ︡ ︣ ḭ O(nlogů)  

 
 


