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lexparse

* text factorization T= | F:

F>

* usable for lossless text compression

* uses lexicographic order of suffixes of input

text

* special kind of bidirectional parse
[Storer, Szymanski 1978]

* introduced by Navarro+ '21
(arXiv preprint: ‘18)
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bidirectional parse

* factorizes T

* represent a factor F = T[i..i+{-1] as

- a single character ({=1), or

- a pair (reference . length /)
where F = T[j..j+{-1]
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example text

text T = bananaban k‘
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bidirectional parse:
example

* replace factors by pair-representation
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bidirectional parse:
example

* replace factors by pair-representation

reference

1

!
2 3 4 5 6 7 8 9
(7.2)\nlalnlalblar

pairs (reference, length)

T =
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bidirectional parse:
example

* replace factors by pair-representation
* self-references are allowed

reference

1

!
2 3 4 5 6 [ 8 9
(.2)in| | | bjain

pairs (reference, length)

T =

5/40



bidirectional parse:
example

* replace factors by pair-representation
* self-references are allowed

reference
|

1 2 3 4 5 6 7 8 9

ol 2| o [blaln

pairs (reference, length)
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bidirectional parse:
example

* replace factors by pair-representation

* self-references are allowed

*Nno cycles are allowed reference
for decompression |

8 9

1 2 3 4 5 6 7

pairs (reference, length)
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decompressing
self-references

why are self-references allowed?
on decompression, copy characterwise
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decompressing
self-references

why are self-references allowed?
on decompression, copy characterwise

N
1 2 3 4 5
i bajnjaln

~_/
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decompressing
self-references

why are self-references allowed?
on decompression, copy characterwise

1 2 3 4 5
b anjanla

~_/
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notation

T : input text

n:lengthof T,i.e.,, n:=|T|

o : alphabet size

T1i..] : suffix of T starting at position i

7140



lexparse

* process T from left to right

* when computing factor starting at T[/]:
select suffix T[j..] directly
lexicographically preceding TII..],

- | becomes reference,

- the factor length is the longest common
prefix of T[/..] and TJj..]
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lexparse
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lexparse

«T[7..] < T[1..] and
e there is no j with
T7..1<Tl..1<T[1..]

. 1
1 2 3 4 5 6 7 8 9
b anainjalblain
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lexparse

«T[7..] < T[1..] and
e there is no j with
T7..1<Tl..1<T[1..]

8
1 2 3 4 5 6 7 8 9
Bl (7.3 Jajnalblan
— v

copy 3 characters from position 7
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lexparse

«T[7..] < T[1..] and
e there is no j with
T7..1<Tl..1<T[1..]

. B
1 2 3 4 5 6 [ 8 9
Bl (.3 anjablain
~— \ 7/

copy 3 characters from position 7
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lexparse

«T[7..] < T[1..] and
e there is no j with
T17..1<Tl..]1 < T[1..]

. B
1 2 3 4 5 6 [ 8 9
Bl (.3 anjablain
S— K"j:

copy 3 characters from position 7
copy 2 characters from position 8
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decompressible

lexparse does not produce cycles

* reference is always the starting position
of a lexicographically preceding suffix

* the lexicographic order induces a ranking
(= total order) on all suffixes

* total orders are transitive
[Dinklage+ ‘17]
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alm of this talk

question:

Within O(n) time,
in what space can we compute lexparse ?

known solution:
* O(n) time and
* O(n log n) bits of space
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]

alm of this talk

integer arrays: each n lg n bits

SYa

ISYAN

LCP

known
solution
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]

alm of this talk

integer arrays: each n lg n bits

SA ISYAN LCP
SA ISA
O
B| compressed ® + bit vector

known
solution

‘\\

this
~ talk

_/

rlg n + n + o(n) bits, where

r : ##character runs in the

Burrows-Wheeler transform
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Definition of SA



order of suffixes

1 2 3456 7 89
T =Dbananaban
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1 2
T = b a

b a

3
n

order of suffixes

4 5 6 7 8 9

a n

Q Vv v Q

-5 O O S5 O35

ab

Q v v 9 Vv QD

O T O O O T O
QO Vv Vv 9 v YV v D

a n

i N e B B B B B B |
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1 2
T = b a

b a

3
n

order of suffixes

4 5 6 7 8 9

a n

Q Vv v Q

-5 O O S5 O35

ab

Q v v 9 Vv QD

O T O O O T O
QO Vv Vv 9 v YV v D

a n

i N e B B B B B B |

© 00 N O O & W N PP

for visualization,
left-align all suffixes
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w U1 © B I N B 00O O
> 5 5 O O 9 9 9 QY

Qv o S5 O S5 T
>0 O O Q

d

O

N

order of suffixes

-—
1 bana
2 anan

a n 3 Nnana

aban 4 analb
5 naba

naban 6 aban
7 b an

n 8 an

b an 9 n

sort lexicographically

- Q9 T QO 5

a b a
b a n
an

n
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suffix array SA

store starting positions

of the suffixes suffix array SA

b an

6

w U1 © P I N B O

d

- 5 5 O O 9 9 v

N

Q U S5 O

>0 O O Q

O

>

a b an

d

N

N

W U1l O P I NN B0 O
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construction of SA

 enumerating all suffixes
takes Q(n?) time
 however, there are
O(n)-time algorithms
constructing SA with
enumeration
[Ko, Aluru ‘05]

suffix array SA

W Ul O RPN NN PB |0 O

17 /40




known solution:
compute lexparse

* iIn O(n) time
* with O(n log n) bits

18 /40



SA-based computation
of lexparse

suffix array SA

W U O KRR I JdIN | B0 O
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SA-based computation
of lexparse

suffix array SA

: 1

v 1 2 3 4 5 6 7 8 O
(7,3) lajnalbla/n
B e —

W U O KRR I JdIN | B0 O
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ISA / LCP

* to compute factor F starting at T[/], we need to
know index p with i = SA[p]

* for that use inverse suffix array ISA with
SA[ISA[/]] = i such that ISA[i]=p

= reference of F is SA[p-1] = SA[ISA[/]-1]

* length of reference given by LCP array storing,
for every p, the longest common prefix of
TISA[p] ..] and T[SA[p-1]..] in LCP[p]

=LCP[ISA[/]] = LCP[p] Is the length of F
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known algorithm

construct SA, ISA, LCP in O(n) time

compute factor starting at T[/] in constant time:
- reference: SA[ISA[/] - 1]
- length : max(LCP[/], 1)

O(n) total time

pseudo code :

I=1; whilei<n:

- If LCP[i] = O0: report T[i] ;i< i1+ 1

- else: report pair (SA[ISA[/]-1], LCP[/]); i « i + LCP[/]

[Navarro+ ‘21]
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known algorithm

* [Navarro+ ‘21]: O(n) time,
3 integer arrays: SA, ISA, LCP

concrete example
* byte alphabet (1 byte = 8 bits)
* entry of an integer array: 4 bytes (32 bits)

* for 200 MiIB of input:
2.6 GIB RAM are necessary

(1 MiB = 10242 byte)
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200 MIB
ASCIlI web pages

Construct Text DS

~ 2.6 GIB

P Construct SA

¥ Construct Phi Array
2.5- [ Construct PLCP
[l Construct LCP
2.255 B Compress LCP
2] B Construct ISA
@ 1.75 -
o Factorize
1.5-
%1.25-
=
1
0.75 -
0.5
0.25 -
0 -
10 20 50 60
additional space for SA i |
construction including exXparse 2340
space for SA computation




algorithmic flow chart

SYA

—

linput

7/Kasai LCP

each step takes
O(n) time

. Iexparse/

\

‘compressed file

Kasai+ ‘01: LCP array construction algorithm
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towards small memory

* drop LCP

* compute longest common prefix of
Tli..] and TISA[ISA[i]-1]..] naively

* given factor Fx has length |F,,
then > |Fx| = n

= 0O(n) time Is needed
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algorithmic flow chart

SYA
linput

|
. Iexparse/

\

‘compressed file|

* are SA / ISA necessary?
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® array

O[] := SA[ISA[I] - 1]
® 7 4 5 8 9 - 2 6 1

SAA. 6 8 4 2 [/ 1 9 5 3

SAA 6 4 9 3 8 1 5 2 7
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® array

O[] := SA[ISA[I] - 1]
® 7 4 5 8 9 - 2 6 1

Y 4 2 7 1 9 5 3

o1
N
\I

4 9 3 8 1

2 3 5 6 7 8

ISA

6
6
A
1
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® array

O[] := SA[ISA[I] - 1]
® 7 4 5 8 9 - 2 6 1

SAA. 6 8 4 2 [/ 1 9 5 3

SAA 6 4 9 3 8 1 5 2 7

—a
1 2 3 4 5 6 7 8 9
blalnlanialblan
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® array

O[] := SA[ISA[I] - 1]
® 7 4 5 8 9 - 2 6 1

SAA. 6 8 4 2 [/ 1 9 5 3

ISA649381527

54-6
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® array

O[] := SA[ISA[I] - 1]
® 7 4 5 8 9 - 2 6 1

SA6842f71953

ISA649381527

\546
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® array

O[/] := SA[ISA[I] - 1]

o 7 4 5 8 9 - 2 6 1
— —~~

SA6842f71953

ISA649381527

\546
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application of ®

1 2 3 4 5 6 7 8 9
blanlainialblain

* O[/]: reference

* factor length computed naively
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application of ®

(;4 —\‘261

1 2 3 8 9
blan'alnla b an

3

* O[/]: reference
* factor length computed naively
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algorithmic flow chart

SA
linput K3
l \//Iexparse/

‘compressed file
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Memory / GiB

200 MiB

ASCIlI web pages

Construct Text DS
_—-"-"-—_

1.75 4

1.5

1.25 1

=
1

e
I-“J
o

0.5 4

0.25 4

0 10 20 30 40

Time /s

39% of memory reduced

B Construct SA
[ Construct Phi Array
B Compress Phi Array
[7 Search Peaks

[ Flatten Factors
M Encode Factors

50 60
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algorithmic flow chart

[inpaut}

)/ Ieprarse /

~ compressed file |

[Goto, Bannai ‘14]:
construct @ from input text directly with

*O(n) time and
* O(o Ig n) bits of additional working space
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precomputation :
max. memory usage

0) SA+ ISA + LCP: 2.88 GIB
1) SA + ISA-> ®:1.76 GiB
2) only ©: ~1 GIB

all methods are linear time,
but 2) only needs 35% of the memory of 0)
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compressed ¢
representation

entries with ®[/] = ®[/-1] + 1 are prevalent
for highly repetitive texts

= allows for compression

+1 +1

A
4589-261

2

o

—

T

7
1
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®'. sparse O

+1 +1

A A
o 7 4 38 - 2 o6 1

1 2 3 4 5 6 7 8 9
a0l njainlablain
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compressed ¢

bit vector

B 1 1 0 1 O0 1 1 1 1

® 7 4 8 - 2 6 1+ left-align

|
7 4 8 - 2 6 1

1 2 3 4 5 6 7 8 9
a0l njainlablain
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compressed ¢

query O[],
j=4

B
¢I

o

]

if B[j] = 1, ®[j] = ®'[B.ranki(J)]
where ranki(j) counts the ‘1’s in B[1../]

1

2

3

4

5

6

36/40



compressed ¢

B[1..4] has 3 '1l’s

query O[],
j=4 |
B (1 1 0 1/ O
7 4 8 - 2
® 7 4 5 8 9
I 1 2 3 4 5

if B[j] = 1, ®[j] = ®'[B.ranki(J)]
where ranki(j) counts the ‘1’s in B[1../]

6
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compressed ¢

B[1..4] has 3 '1l’s

query O[],
j=4 |
B (1 1 O 1/ O
o 7 4 - 2
® 7 4 5 8 9
] 1 2 3 4 5

if B[j] = 1, ®[j] = ®'[B.ranki(J)]
where ranki(j) counts the ‘1’s in B[1../]

1

6

1

7

1

8

1

9
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compressed ¢

query ®[j],

Jj=3 l 4 B[1..31has 2 '1’s

B (1 1 O, 1 O 1 1 1 1

® 7 4, 8 - 2 6 1

o 7 4 5 8 9 - 2 o6 1
I 1 2 3 4 5 6 7 8 9

if B[j] = O:
O[j] = ©’'[B.ranki(j)] +
B.ranko(j) - B.ranko(B.select:(B.ranka(y)))

where B.selecti(k) gives the position of the
k-th ‘1’ in B
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compressed ¢

query ®[j],
J=3 j .1 B[1..31has 2 '1’s
B |1 1'(0 1 0 1 1 1 1
o 7 - 2 6 1
® 7 4 |58 9 - 2 6 1
i 1 2 3 4 5 6 7 8 9
if B[j]1 = 0:

®[j] = ®'[B.ranki(j)] +

B.ranko(j) - B.ranko(B.selecti(B.ranki(j)))
where B.selecti(k) gives the position of the
k-th ‘1" in B
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rank / select

construct rank/select data structure on bit
vector B[1..n]

* O(n) construction time

* constant query time for rank / select

* n + o(n) bits of space (including B)
[Jacobson ‘89, Clark ‘96]
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space analysis

s number of entries 1 with ®[/]# ®[/i-1] +1 is
bounded by r, where ris #character runs
iIn the Burrows-Wheeler transform
[Karkkainen+ '16]

= rlg n + n + o(n) bits of total space for ®
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summary

construct lexparse in O(n) time:
*only with @ array
srepresent ® inrlgn + n + o(n) bits

open problems:

can we compute compressed @ directly
from text in compressed space?

implementation: https://tudocomp.github.io

questions are welcome!
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