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Abstract: A new encoder implementation is proposed for the lossless universal code of Compression by

Substring Enumeration. Compared to the existing methods utilizing tree structures, the proposed encoder

is much simpler and faster in that it relies only on array structures that appear in relation to the Burrows–

Wheeler transform.
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ε Cε = n D

Cw = Cw0 + Cw1

= C0w + C1w for any w ∈ {0, 1}∗. (1)

C0w0

[9]

max{0, C0w − Cw1} ≤ C0w0 ≤ min{C0w, Cw0}. (2)

(2) C0w0

C0w0

min{C0w, Cw0} −max{0, C0w − Cw1}+ 1

= min{C0w, C1w, Cw0, Cw1}+ 1 (3)

1 D = 00110101 BWT M ( )

D BWT

LCP[n] = −1, R[−1] = 0.

Fig. 1 BWT matrix M for D = 00110101, and its related

arrays.
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U(D) = {w ∈ {0, 1}∗ | Cw0 ≥ 1 and Cw1 ≥ 1},
V (D) = {w ∈ {0, 1}∗ | C0w ≥ 1 and C1w ≥ 1},
I(D) = U(D) ∩ V (D)

CSE

CSE (D ∈ {0, 1}n )

1. Encode n; Encode C0;

2. for l := 0 to n− 2 do

for every w ∈ {0, 1}l ∩ I(D) do Encode C0w0;

( ) D = 00110101

I(D) = {ε, 0, 1, 01, 10, 1010}

w − − ε 0 1 01 10 1010

n,C0, n C0 C00 C000 C010 C0010 C0100 C010100

C0w0 8 4 1 0 2 0 1 1

2.2 CSE

CSE [9]

( 1 ) x〈2〉 = x · x
( 2 ) n Cw

( 3 ) Compacted Substring Tree (CST)

( 4 ) n C0 {C0w0}
(1) x〈2〉

x (suffix

tree)

CST CSE

[9] [10]

w

Cw CSE

[9]

[24] CSE

C0010 = 0

D C0100, C010100

{C0w0}
‘0w0’ h(D) h(x)

2 CST

( 1 ) h(x)

( 2 ) 2 x ·x[0..h(x)− 2] h(x)

(suffix trie)

h(x) ( )

( 3 ) 0 h(x)−1 Cw (

)

( 4 ) n C0 {C0w0} ( CSE

2 for � = h(x)− 2

.)
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3. BWT CSE

3.1 BWT

CSE

BWT

D n

2

lcp (longest common prefix) BWT M
= M[0..n − 1][0..n − 1] lcp

LCP

LCP[0] = −1,
LCP[i] = max{� | M[i− 1][0..�− 1] =M[i][0..�− 1]}

for i = 1, 2, . . . , n− 1, (4)

LCP[n] = −1.

D i

‘0w0’ h(x) [24]

1. Compute LCP from x;

LCP MAX := 0; No of sus[n+ 1] := 0;

2. for i := 0 to n do

No of lcp[i] := 0; No of sus[i] := 0;

3. for i := 0 to n− 1 do

if LCP[i] ≥ 0 then No of lcp[LCP[i]] + +;

No of sus[1 + max{LCP[i], LCP[i+ 1]}] + +;

LCP MAX := max{LCP MAX, LCP[i]};
4. for � := 0 to LCP MAX+ 1 do

if (No of lcp[�] = 1 and No of sus[�+ 1] ≥ 1)

or No of lcp[�] = 0

then return (�+ 1);

2 (‘0w0’ )

Fig. 2 Algorithm for computing the height h(x) of suffix trie

used in CSE.
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LCP[i] ≤ n− 1 (i = 0, 1, . . . , n)

w[i] =M[i][0..LCP[i]− 1] for i = 1, 2, . . . , n− 1

{w[i] | i = 1, 2, . . . , n− 1} = U(D) (5)

|U(D)| = n− 1 U(D) w[i] 1

1 n− 1 S

E i = 1, 2, . . . , n− 1

S[i] = min{s | M[s][0..LCP[i]− 1] = w[i]}, (6)

E[i] = max{e | M[e][0..LCP[i]− 1] = w[i]} (7)

M[S[i]] M[E[i]]

w[i] prefix

w[i]

Cw[i] = E[i]− S[i] + 1 (8)

LCP (4) i = 1, 2, . . . , n−1

M[i − 1][LCP[i]] = 0, M[i][LCP[i]] = 1

Cw[i]0 = (i− 1)− S[i] + 1 = i− S[i]. (9)

D BWT BWT

B = B[0..n− 1] =M[0..n− 1][n− 1] B[0..i]

‘0’ R[i] R[−1] = 0

i = 1, 2, . . . , n− 1

C0w[i] = R[E[i]]−R[S[i]− 1], (10)

C0w[i]0 = R[i− 1]−R[S[i]− 1] (11)

C0w0

w = w[i]

(i = 1, 2, . . . , n− 1)

C0w0 (11) Cw,

Cw0, C0w (8), (9), (10)

Cw1 = Cw − Cw0, (12)

C1w = Cw − C0w (13)

3.2

( 1 ) x BWT LCP

( 2 ) S[1..n− 1], E[1..n− 1], R[−1..n− 1]

( 3 ) h(x)

( 4 ) 0 ≤ LCP[i] ≤ h(x) − 2 i ∈ {1, 2, . . . , n − 1}
LCP

0 = LCP[i1] < LCP[i2] ≤ · · · ≤ LCP[iM ] ≤ h(x)− 2

( 5 ) j = 1, 2, . . . ,M w = w[ij ] (11)

C0w0 (2)

3.3

(1) BWT SAIS

[16] O(n)

LCP O(n)

([3],[14] )

(2) S, E [1]

O(n)

3 R O(n)

(3) h(x) 2

LCP

(1) 2

O(n)

(4) 4 j =

0, 1, . . . , h(x)− 2

j {i | LCP[i] = j}
i

O(n)

(5) (5)

w = w[ij ] w ∈ U(D) w ∈ V (D)

S[1..n− 1]

1. Q := ∅; //
2. for i := 1 to n− 1 do

while Q �= ∅ and LCP[i] ≤ LCP[top(Q)] do

pop(Q);

if Q = ∅ then S[i] := 0 else S[i] := top(Q);

push i onto Q;

E[1..n− 1]

1. Q := ∅; //
2. for i := n− 1 to 1 do

while Q �= ∅ and LCP[i] ≤ LCP[top(Q)] do

pop(Q);

if Q = ∅ then E[i] := n− 1 else E[i] := top(Q)− 1;

push i onto Q;

3 S E push n− 1 pop

push

O(n)

Fig. 3 An example of the computation of arrays S and E,

which can be performed in O(n) time.
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C0w0

|U(D)| < n (5)

O(n)

O(n)
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E, R BWT BWT
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(SA−1) [0, n)
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O(n log n) S,

E LCP

O(n log n)
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[20] rank

n+ o(n)
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4.

4.1

C++

gcc 4.5.3 Windows 7, In-

tel(R), Core(TM) i5-2450M CPU@2.50GHz 4GB

Calgary Corpus [27] “bib.txt”

4 (1)

Fig. 4 Comparison of encoding time.

2

2

4, 5 4 2.2

2.2

2

9KB

109KB, n = 890, 088

[24]

1 2

Canterbury Corpus (Calgary Corpus

Large Corpus ) [27] Cal-

gary Corpus Dubé–Beaudoin [9]

(Btf, Btf, BTF) 1 Btf

32KB

Btf

BTF

1MB Btf

1 byte (= 8

bit) ( )

C0w0 (2)

5 (2)

Fig. 5 Encoding time for File “bib.txt.”
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1 1 byte [bit] Calgary Corpus [27] [9]

Table 1 Compression comparisons in bits per byte.

File [KB] n gzip-b bzip2-9 ppmD5 Btf Btf BTF

bib [109] 890,088 2.51 1.97 1.89 2.54 2.56 1.98 1.97

book1 [751] 6,150,168 3.25 2.42 2.34 3.14 3.06 2.27 2.41

book2 [597] 4,886,848 2.70 2.06 1.98 2.74 2.72 1.98 2.03

geo [100] 819,200 5.34 4.45 4.96 6.03 5.52 5.35 5.80

news [368] 3,016,872 3.06 2.52 2.42 3.33 3.32 2.52 2.54

obj1 [21] 172,032 3.84 4.01 3.70 5.10 4.46 4.46 4.91

obj2 [241] 1,974,512 2.63 2.48 2.35 3.03 3.02 2.71 2.71

paper1 [52] 425,288 2.79 2.49 2.36 2.79 2.80 2.54 2.54

paper2 [80] 657,592 2.89 2.44 2.34 2.77 2.77 2.41 2.53

pic [501] 4,105,728 0.82 0.78 0.95 2.05 0.79 0.77 1.78

progc [39] 316,888 2.68 2.53 2.40 2.76 2.77 2.60 2.59

progl [70] 573,168 1.80 1.74 1.69 1.90 1.89 1.71 1.71

progp [48] 395,032 1.81 1.74 1.72 1.99 1.96 1.78 1.79

trans [91] 749,560 1.61 1.53 1.50 2.16 2.07 1.60 1.67

2 1 byte [bit] Canterbury Corpus Large

Corpus [27]

Table 2 Compression comparisons in bits per byte.

File [KB] n gzip-b bzip2-9 ppmD5

alice29 [149] 1,216,712 2.85 2.27 2.20 2.24

asyoulik [122] 1,001,432 3.12 2.53 2.49 2.56

cp.html [24] 196,824 2.59 2.48 2.32 2.53

File [KB] n gzip-b bzip2-9 ppmD5

E.coli [4530] 37,109,520 2.24 2.16 1.99 2.31

bible [3953] 32,379,136 2.33 1.67 1.58 1.52

world [2415] 19,787,200 2.33 1.58 1.52 1.33

(3)

8

n

∑
w∈I(D),

|w|<h(D)−1

log2(min{C0w, C1w, Cw0, Cw1}+ 1) (14)

w 0 1

(2)

[23]

Dubé–Beaudoin [9] Btf

Btf

32KB

Btf, BTF

[10]

4.2

CSE

CSE

BWT

[26]

CSE BWT

[24]

6 [24]

CST

D �� Suffix

{
Trie

Tree

}
�� CST �� (n,C0, C00, . . .)

Proposed encoder

BWT matrix (with LCP, S,E,R)

(Encoder proposed by Yamazaki et al. [24])

→

↓↓ ↓

(Decoder proposed by Yamazaki et al. [24])

↑ ↑

6

Fig. 6 Relation among encoder, decoder, and data structures.
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[17] Öktem, L. and Astola, J.: Hierarchical enumerative cod-
ing of first-order Markovian binary sources, Electron.
Lett., vol. 35, pp. 2003–2005, 1999.

[18] Ota, T. and Morita, H.: On antidictionary coding
based on compacted substring automaton, 2013 IEEE
Int. Symp. Inform. Theory, ISIT 2013, pp. 1754–1758,
Istanbul, Turkey, July 2013.

[19]
2 36

7ⓒ 2014 Information Processing Society of Japan

Vol.2014-AL-148 No.7
2014/6/13



IPSJ SIG Technical Report

SITA2013, pp. 26–29, Shizuoka,
Japan, Nov. 2013.

[20] —
2012.

[21] Ruskey, F. and Sawada, J.: An efficient algorithm for
generating necklaces with fixed density, SIAM J. Com-
put., vol. 29, no. 2, pp. 671–684, 1999.

[22] Sadakane, K.: Succinct representations of lcp informa-
tion and improvements in the compressed suffix arrays,
Proc. 13th ACM-SIAM Symp. Discrete Algorithms,
SODA ’02, pp. 225–232, 2002.

[23] Lossless data compression
via substring enumeration

vol. 111, no. 51, IT2011-1, pp. 1–6,
May 2011.

[24] Compression by substring
enumeration

vol. 113, no. 411, IT2013-51, pp. 35–40,
Jan. 2014.

[25] Yokoo, H.: A comparison of methods for redundancy
reduction in recurrence time coding, IEEE Trans. In-
form. Theory, vol. 52, no. 8, pp. 3793–3799, 2006.

[26] Yokoo, H.: Asymptotic optimal lossless compression via
the CSE technique, 2011 1st Int. Conf. on Data Com-
pression, Communication and Processing, CCP 2011,
pp. 1–8, Palinuro, Italy, June 2011.

[27] The Canterbury Corpus, <http://corpus.

canterbury.ac.nz/index.html> 2014 5 8

8ⓒ 2014 Information Processing Society of Japan

Vol.2014-AL-148 No.7
2014/6/13


