KIT

Karlsruhe Institute of Technology

Text Indexing

Lecture 03: Longest Common Prefix Array
Florian Kurpicz

The ¢ s are licensed under a Creative Commons Attribution-ShareAlike 4.0 International License @®®): www.creativecommons.or

>s/by-sa/4.0 | commit a82b315 compiled at 2021-12-11-14:54

KIT — The Research University in the Helmholtz Association

www.kit.edu


https://creativecommons.org/licenses/by-sa/4.0/
https://www.kit.edu

PINGO it

Karlsruhe Institute of Technology

https://pingo.scc.kit.edu/265548

2/22 2021-12-11 Florian Kurpicz | Text Indexing | 03 LCP-Array Institute for Theoretical Computer Science, Algorithmics Il


https://pingo.scc.kit.edu/265548
https://pingo.scc.kit.edu/265548

KIT

Recap: Suffix Array and LCP-Array
GBS92 MM93 1 2 3 4 5 6 8 9 10 11 12 13
Given a text T of length n, the (SA) is a T ababc a cabba$
permutation of [1..n], such that for i < j € [1..n]
SA 1312 1 9 6 3 11 2 10 7 4 8 5
T[SA[i]..n] < T[SA[j]..n] LCP O 012 25021140 3
$ a a a a a b b b b b c c
$ b b b b a ab cc a a
a b c c $ b a a a b b
b a a a c $ b b b c
c $ b b a b ¢ a a
a b ¢ b a a $ b
b a a C $ b b
c $ b a b a
a b b a $
b a b $
b $ a
a $
$
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Recap: Suffix Array and LCP-Array
GBS92 MM93 1 2 3 4 5 6 7 8 9 10 11 12 13
Given a text T of length n, the (SA) is a T ababocabocabba
permutation of [1..n], such that for i < j € [1..n]
SA 13121 9 6 3 11 2 10 7 4 8 5
T[SA[]]..n] < T[SA[]..n] ICPO O 12250211 40
$ a a a a a b b b b b c c
$ b bbb aabocc a a
Given a text T of length n and its SA, the g g g g $ 2 2 2 g E 2
is defined as c $ b b a b c a a
a b c b a a $ b
0 f=1 b a a c $ b b
’ c $ b a b a
LCP[i] = { max{¢: T[SA[]]..SA[i] + ¢) = a b b a $
T[SAli — 1]..8A[i — 1] + )} i #1 b : ° $
a $
$
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Na i Ve CO m p utat i 0 n Of t h e LC P'Array Karlsruhe Institute of Technology

a given: text T of length n and its suffix array
® wanted: longest common prefix array

u for each pair (SA[i — 1], SA[]])
® compare T[SA[i — 1] + ¢] and T[SA[i] + ]
® until missmatch
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Naive Computation of the LCP-Array
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a given: text T of length n and its suffix array
® wanted: longest common prefix array

u for each pair (SA[i — 1], SA[]])
® compare T[SA[i — 1] + ¢] and T[SA[i] + ]
® until missmatch
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® naive construction requires O(n?) time

® 3ll-a texts are worst case

® here LCP[1] =0, LCP[1] = 0, and
LCP[il=i—-2

& only distinguishable character is $

Institute for Theoretical Computer Science, Algorithmics Il
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Properties of the LCP-Array

& do not compare all suffixes naively
® compare only unknown parts
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P ro pe rt i es Of t h e LC P'A rray Karlsruhe Institute of Technology

® do not compare all suffixes naively
® compare only unknown parts

Lemma: Values in LCP-array

Given a text T of length n, its suffix array SA and LCP-array LCP, then

Jie[1,n): LCP[il=4¢>0=3j€[1,n): LCP[j]=¢—1
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Properties of the LCP-Array ﬂ(IT
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& do not compare all suffixes naively
® compare only unknown parts

Given a text T of length n, its suffix array SA and LCP-array LCP, then

Jie[1,n): LCP[]=¢>0= 3je[1,n): LCP[j] = ¢ —1

® et LCP[]=k >0

® T[SA[/]..SA[i] + k) = T[SA[i — 1]..SA[i — 1] + k)

@ T[SA[{]|+1..SA[i] + k) = T[SA[i — 1] + 1..SA[i — 1] + k)
® not necessarily next to each other in SA
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The Inverse Suffix Array

Given a suffix array SA of length n, the
(ISA=SA ")is

ISA[SA[]] = i

forne [1..n|

® inverse permutation
® where is a suffix in the suffix array

6/22 2021-12-11 Florian Kurpicz | Text Indexing | 03 LCP-Array

KIT

Karlsruhe Institute of Technology

1 2 3 4 5 7 8 9 10 11 12 13

T a b a b c b ¢c a b b a $

6
a

SA 1312 1 9 6 3 11 2 10 7 4 8 5
5

ISA 3 8 6 11 13 1012 4 9 7 2 1
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Function LinearTimeLCP(T, SA[1..n]): ® compute suffixes in text order

1 | fori=1,...,ndo ISA[SA[]]] = i ® use /SAto find lex. smaller suffix

2 | £{=0,LCP[1]=0

3 fori=1,...,ndo 1 2 3 4 5 6 7 8 9 10 11 12 13
4 if ISA[i] # 1 then

. j = SA[ISA[i] - 1] T a b a c abcabbay$
6 while T[i + ¢] = T[j + ¢] do SA 13121 9 6 3 11 2 107 4 8 5
7 £:€+1 ISA 3 8 6 1113 5 1012 4 9 7 2 1
8 LCP[ISA[]] = ¢

9 ¢ =max{0,¢ —1} rcp o L L 1L 1L L L+ 1 L L 1 1 L
10 return LCP
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Linear Time Construction [Kas+01] ﬂ(IT

Karlsruhe Institute of Technology

Function LinearTimeLCP(T, SA[1..n]): ® compute suffixes in text order

1 | fori=1,...,ndo ISA[SA[]]] = i ® use /SAto find lex. smaller suffix
2 | £=0,LCP[1]=0
3 fori=1,...,ndo 1 2 3 4 5 6 7 8 9 10 11 12 13
4 if ISA[i] # 1 then - 5 "

5 j = SA[ISA[]] — 1] z a §
6 while T[i + ¢] = T[j + ¢] do SA 13121 9 6 3 11 2 107 4 8 5
7 EZET” ISA 3 8 6 11135 1012 4 9 7 2 1
8 LCP[ISA[i]] = ¢

0 ¢ = max{0,£ — 1} LlcPo L 1 L2111 11111
10 return LCP
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Linear Time Construction [Kas+01] ﬂ(IT

Karlsruhe Institute of Technology

Function LinearTimeLCP(T, SA[1..n]): ® compute suffixes in text order

1 | fori=1,...,ndo ISA[SA[]]] = i ® use /SAto find lex. smaller suffix
2 | £=0,LCP[1]=0
3 fori=1,...,ndo 1 2 3 4 5 6 7 8 9 10 11 12 13
4 if ISA[i] # 1 then - 5 "

5 j = SA[ISA[]] — 1] z a §
6 while T[i + ¢] = T[j + ¢] do SA 13121 9 6 3 11 2 107 4 8 5
7 EZET” ISA 3 8 6 11135 1012 4 9 7 2 1
8 LCP[ISA[i]] = ¢

0 ¢ = max{0,£ — 1} LlcPo L1 L2511 11111
10 return LCP
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Linear Time Construction [Kas+01] ﬂ(IT

Function LinearTimeLCP(T, SA[1..n]): ® compute suffixes in text order

1 | fori=1,...,ndo ISA[SA[]]] = i ® use /SAto find lex. smaller suffix

2 | £{=0,LCP[1]=0

3 fori=1,...,ndo 1 2 3 5 6 7 8 9 10 11 12 13
4 if ISA[i] # 1 then

. j = SA[ISA[i] - 1] T a b abcabocabbat$
6 while T[i + ¢] = T[j + ¢] do SA 13121 9 6 3 11 2 107 4 8 5
7 £:€+1 ISA 3 8 6 1113 5 1012 4 9 7 2 1
8 LCP[ISA[]] = ¢

0 ¢ =max{0,¢— 1} Ltcpo L1 L 25 101 1 1 1 1 1
10 return LCP

7122 2021-12-11 Florian Kurpicz | Text Indexing | 03 LCP-Array Institute for Theoretical Computer Science, Algorithmics Il



Linear Time Construction [Kas+01]

Function LinearTimeLCP(T, SA[1..n]):

1 | fori=1,...,ndo ISA[SA[]]] =i
2 {=0,LCP[1]=0

3 fori=1,...,ndo

4 if ISA[i] # 1 then

5 j = SA[ISA[i] — 1]

6 while T[i + ¢] = T[j + ¢] do
7 {=0+1

8 LCP[ISA[l]] = ¢

9 £ = max{0,¢ — 1}
10 return LCP

7/22 2021-12-11 Florian Kurpicz | Text Indexing | 03 LCP-Array

KIT

Karlsruhe Institute of Technology

@ compute suffixes in text order
@ use /SA to find lex. smaller suffix

7 8 9 10 11

-
N

13

b c a

O Ww|o |o

b
SA 1312 1 9 6 11 2 10 7
ISA 3 8 6 11 13 10 12 4 9

AN|a]|oT

LCP 0 0 1 2 2 5 0 2 1 1
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Linear Time Construction [Kas+01]

Function LinearTimeLCP(T, SA[1..n]):

1 | fori=1,...,ndo ISA[SA[]]] =i
2 {=0,LCP[1]=0

3 fori=1,...,ndo

4 if ISA[i] # 1 then

5 j = SA[ISA[i] — 1]

6 while T[i + ¢] = T[j + ¢] do
7 {=0+1

8 LCP[ISA[l]] = ¢

9 £ = max{0,¢ — 1}
10 return LCP

7/22 2021-12-11 Florian Kurpicz | Text Indexing | 03 LCP-Array

KIT

Karlsruhe Institute of Technology

@ compute suffixes in text order
@ use /SA to find lex. smaller suffix

1 2 3 4 5 6 7 8 9 10 11 12 13
T a b a c abcabba$
SA 183121 9 6 3 11 2 10 7 4 8 5
ISA 3 8 6 1113 5 1012 4 9 7 2 1
LCP O O 1 2 2 5 0 2 1 1 4 0 3

® correctness and running time

Institute for Theoretical Computer Science, Algorithmics Il



The ®-Array

Given a text T of length n and its suffix array SA, the
®-array is defined (for i > 1) as

S[SA[i]] = SA[i — 1]

a dJi] gives suffix that is needed for comparison
® not a permutation of SA

8/22 2021-12-11 Florian Kurpicz | Text Indexing | 03 LCP-Array

KIT

Karlsruhe Institute of Technology

1 2 3 4 5 6 8 9 10 11 12 13
T a b a b c a c a b b a$
SA1312 1 9 6 3 11 2 10 7 4 8 5
® 1211 6 7 8 9 10 4 1 2 3 13 -

Institute for Theoretical Computer Science, Algorithmics Il



Better Linear Time Construction [KMP09] ﬂ(IT

Function ®-Algorithm(T, SA[1..n]):
o[n] = SA[n]
fori=2,...,ndo ®[SA[i]] = SA[i — 1]
£=0
fori=1,...,ndo

j = ®l[i]

while T[i + ¢] = T[j + ¢] do

| £=(+1

D[ =¢

¢ = max{0,¢ — 1}
fori=1,...,ndo LCP[i] = ®[SA[i]]
return LCP

© 0 N O O B 0N =

-
o

-
pury

9/22 2021-12-11 Florian Kurpicz | Text Indexing | 03 LCP-Array

@ compute LCP-array in text order
@ reorder LCP-array as final step

1 2 3 4 5 6 7 8 9 10 11 12 13
T a b abcabocabbats
SA 183121 9 6 3 11 2 10 7 4 8 5
(0] 1211 6 7 8 9 10 4 1 2 3 13
e 1 1L L 1 1L L L 1 L 1 1 1 1

Institute for Theoretical Computer Science, Algorithmics Il



KIT

Better Linear Time Construction [KMP09]

Function ®-Algorithm(T, SA[1..n]): ® compute LCP-array in text order

1 | ®[n] = SA[n] ® reorder LCP-array as final step

2 | fori=2,...,ndo ®[SA[i]] = SA[i — 1]

3| =0 1 23456 7 8 9 1011 12 13
4 fori=1,...,ndo

5 j=®[i] T a b a b c a c a b b a $
6 while T[i+ ¢] = T[j + /] do SA 13121 9 6 3 11 2 10 7 4 8 5
7 | £=(+1

7 10 4 1 2 1

8 CD[i]:E (0] 12 11 6 8 9 10 3 13
9 E:max{o,f—1} LCP O O 1 2 2 5 0 2 1 1 4 0 3
10 | fori=1,...,ndo LCPi] = ®[SA[/]]
1 return LCP

& example:

@ correctness and running time similar
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KIT

Better Linear Time Construction [KMP09]

Function ®-Algorithm(T, SA[1..n]): ® compute LCP-array in text order

1 | ®[n] = SA[n] ® reorder LCP-array as final step

2 | fori=2,...,ndo ®[SA[i]] = SA[i — 1]

3| =0 1 23456 7 8 9 1011 12 13
4 fori=1,...,ndo

5 j=®[i] T a b a b c a c a b b a $
6 while T[i+ ¢] = T[j + /] do SA 13121 9 6 3 11 2 10 7 4 8 5
7 | £=(+1

7 10 4 1 2 1

8 CD[i]:E (0] 12 11 6 8 9 10 3 13
9 E:max{o,f—1} LCP O O 1 2 2 5 0 2 1 1 4 0 3
10 | fori=1,...,ndo LCPi] = ®[SA[/]]
1 return LCP

& example:

@ correctness and running time similar
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Brief Remainder: Cache & Cache Misses

& cache is small but fast memory
@ |ocated on CPU
® cache miss is failure to retrieve data from cache

® instead data has to be loaded from main
memory

Cache Sizes (AMD Ryzen 7 PRO 4750U)
@ | 1: 256 KiB (8 instances)
@ | 2: 4 MiB (8 instances)
@ | 3: 8MiB (2 instances)

10/22 2021-12-11 Florian Kurpicz | Text Indexing | 03 LCP-Array
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Karlsruhe Institute of Technology
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Brief Remainder: Cache & Cache Misses

® cache is small but fast memory Latency Numbers

@ |ocated on CPU ® L1 cache reference ~ 1ns

® cache miss is failure to retrieve data from cache ® |2 cache reference ~ 4 ns

® instead data has to be loaded from main ® main memory reference =~ 100 ns
memory

Cache Sizes (AMD Ryzen 7 PRO 4750U)
a | 1: 256 KiB (8 instances)
@ | 2: 4 MiB (8 instances)
@ | 3: 8MiB (2 instances)
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Better Due to Less Cache Misses

© ® N O O A W N =

-
o

11/22

Function LinearTimeLCP(T, SA[1..n]):

fori=1,...,ndo ISA[SA[]] =i
¢=0,LCP[1] =0
fori=1,...,ndo
if ISA[i] # 1 then

j = SA[ISA[i] — 1]

while T[i + ¢] = T[j + ¢] do

L=0+1

LCP[ISA[i]] = ¢

£ = max{0,¢ — 1}
return LCP

2021-12-11 Florian Kurpicz | Text Indexing | 03 LCP-Array
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Karlsruhe Institute of Technology

Function ®-Algorithm(T, SA[1..n]):

®[n] = SA[n]
fori=2,...,ndo ®[SA[i]] = SA[i — 1]
=0
fori=1,...,ndo

j= o[

while T[i + ¢] = T[j + ¢] do

{=10+1

O[] =¢

£ = max{0,¢ — 1}
fori=1,...,ndo LCP[i] = ®[SAIl]]
return LCP

Institute for Theoretical Computer Science, Algorithmics Il



Better Due to Less Cache Misses

Function LinearTimeLCP(T, SA[1..n]):

1 | fori=1,...,ndo ISA[SA[i]] =i
2 {=0,LCP[1]=0

3 fori=1,...,ndo

4 if ISA[i] # 1 then

5 j = SA[ISA[i] — 1]

6 while T[i + ¢] = T[j + /] do
7 {=0+1

8 LCP[ISA[I]] = ¢

9 ¢ = max{0,¢ — 1}
10 return LCP

11/22 2021-12-11 Florian Kurpicz | Text Indexing | 03 LCP-Array

© ® N O O A W N =
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Karlsruhe Institute of Technology

Function ®-Algorithm(T, SA[1..n]):

®[n] = SA[n]
fori=2,...,ndo ®[SA[i]] = SA[i — 1]
=0
fori=1,...,ndo

j= o[

while T[i+ ¢] = T[j + /] do

{=10+1

O[] =¢

£ = max{0,¢ — 1}
fori=1,...,ndo LCP[i] = ®[SA[]]]
return LCP

Institute for Theoretical Computer Science, Algorithmics Il
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Practical Comparison of Both Algorithms (1/2)
Pizza & Chili Corpus Experimental Setup

® http://pizzachili.dcc.uchile.cl/ ® used text described above

® de facto standard text corpus @ on T14s with AMD Ryzen 7 PRO 4750U

® times are average of five runs
Used in Experiment (50 MB)
a dblp XML-Data providing bibliographic
information
@ DNA DNA reads from the Gutenberg Project
@ english English texts of the Gutenberg Project
® sources Source code from the Linux kernel
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Practical Comparison of Both Algorithms (2/2) A“(IT

Text Naive (ms) [Kas+01] (ms) [KMPO9] (ms)
dblp 9121.6 3479.0 2567.2
DNA 6763.0 6152.2 4174.6
english 99811.4 4899.8 3316.2
sources 12687.6 3486.4 2536.6
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Permuted LCP-Array [KMP09] ﬂ(IT

1 2 3 456 7 8 9 1011 12 13
® PLCP[SA[]] = LCPIi] T a acacacbaacb$
= PLCPIi] = lep(i, SA[i —1]) = lep(i, ®1]) SA 131 9 2 4106 128 3 5 11 7

LCP 00 31423010312
PLCP O 1 0 4 3 3 2 132100
® 128 7 1 2 910110 3 4 5

14/22 2021-12-11 Florian Kurpicz | Text Indexing | 03 LCP-Array Institute for Theoretical Computer Science, Algorithmics Il



Permuted LCP-Array [KMP09] ﬂ(IT

1 2 3 456 7 8 9 1011 12 13
® PLCP[SA[]] = LCPIi] T a acacacbaacb$
= PLCPIi] = lep(i, SA[i —1]) = lep(i, ®1]) SA 131 9 2 4106 128 3 5 11 7

LCP 031423010312
PLCP O 1 0 4 3 3 2 13 2 10
® 128 7 1 2 910110 3 4 5
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Permuted LCP-Array [KMP09] A“(IT

1 2 3 456 7 8 9 1011 12 13
® PLCP[SA[]] = LCPIi] T a acacacbaacb$
= PLCPIi] = lep(i, SA[i —1]) = lep(i, ®1]) SA 131 9 2 4106 128 3 5 11 7

LCP 031423010312
PLCP O 1 0 4 3 3 2 13 2 10
® 128 7 1 2 910110 3 4 5
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Permuted LCP-Array [KMP09] A“(IT

1 2 3 456 7 8 9 1011 12 13
® PLCP[SA[]] = LCPIi] T a acacacbaacb$
= PLCPIi] = lep(i, SA[i —1]) = lep(i, ®1]) SA 131 9 2 4106 128 3 5 11 7

LCP 031423010312
PLCP O 1 0 4 3 3 2 1 3 2 10
® 128 7 1 2 910110 3 4 5
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Permuted LCP-Array [KMP09] ﬂ(IT

1 2 3 456 7 8 9 1011 12 13
® PLCP[SA[]] = LCPIi] T a acacacbaacb$
= PLCPIi] = lep(i, SA[i —1]) = lep(i, ®1]) SA 131 9 2 4106 128 3 5 11 7

LCP 00 31423010312
PLCP O 1 0 4 3 3 2 132100
® 128 7 1 2 910110 3 4 5
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Permuted LCP-Array [KMP09] ﬂ(IT

1 2 3 456 7 8 9 1011 12 13
® PLCP[SA[]] = LCPIi] T a acacacbaacb$
= PLCPIi] = lep(i, SA[i —1]) = lep(i, ®1]) SA 131 9 2 4106 128 3 5 11 7

LCP 00 31423010312
PLCP O 1 0 4 3 3 2 132100
® 128 7 1 2 910110 3 4 5
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Permuted LCP-Array [KMP09] ﬂ(IT

1 23456 7 8 9 1011 12 13
= PLCP[SA[]]] = LCPIi] T a acacacbaachb$
" PLCP[]] = lep(i, SAli — 1]) = lep(i; @[i]) SA 131 9 2 4106 128 3 5 11 7

, , ICP 00 31423010312
® PLCP[i] > PLCP[i — 1] — 1
o Tl 1] = T[o[] — 1] = PLCP[iis PLCP 0 1 0 4 3 32132100
e PLCP[]s ® 128 7 1 2 910110 3 4 5

= PLCP[i]=PLCP[i — 1] — 1
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Permuted LCP-Array [KMP09] A“(IT

1 23456 7 8 9 1011 12 13
= PLCP[SA[]]] = LCPIi] T a acacacbaachb$
" PLCP[]] = lep(i, SAli — 1]) = lep(i; @[i]) SA 131 9 2 4106 128 3 5 11 7

, , ICP 00 31423010312
® PLCP[i] > PLCP[i — 1] — 1
o Tl 1] = T[o[] 1] = PLCP[i]is PLCP 0 1 0 4 3 32132100
— PLCP[i]=PLCP]i — 1] — 1 | ‘ | |

® only compute irreducible PLCP-values
@ sum of all irreducible PLCP-values is < nlgn
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Recap: Pattern Matching with the Suffix Array

Function SeachSA(T, SA[1..n], P[1..m]):

L=1,r=n+1 The SeachSA answers counting queries in O(mlg n)

while ¢ < r do time and reporting queries in O(mlg n + occ) time

i=[(¢+1)/2]

if P> T[SA[i]..SA[i] + m) then
{=1i+1

elser=

s=¢Ll=0—1,r=n

while £ < r do

i=T1l+r/2]

if P = T[SA[]]..SA[i] + m) then / = i

10 elser=ij—1

11 | return [s, r]

A W N =

® two binary searches on the SAin O(/gn) time

© 0o N o u
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Recap: Pattern Matching with the Suffix Array

Function SeachSA(T, SA[1..n], P[1..m]):

{=1,r=n+1 The SeachSA answers counting queries in O(m g n)

while ¢ < r do time and reporting queries in O(mlg n + occ) time

i=(¢+r)

if P> T[SA[]]..SA[i] + m
{=i+1

elser=i

s=¢Ll=0—1,r=n

while ¢ < r

i=T1l+r/2]

if P = T[SA[]]..SA[i] + m) then / = i

10 elser=ij—1

11 | return [s, r]

A W N =

two binary searches on the SA in O(/gn) time

© 0o N o u
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Recap: Pattern Matching with the Suffix Array

A W N =

© 0o N o u

10
1

15/22

Function SeachSA(T, SA[1..n], P[1..m]):
{=1,r=n+1
while / < r do

i=(¢+r)

if P> T[SA[i]..SA[i] + m

£=1i+1

elser=i
s=¢Ll=0—1,r=n
while ¢ < r

i=1[l+r/2]

if P = T[SA[i]..SA[i] + m) then { = i
elser=ij—1

return [s, r]

2021-12-11 Florian Kurpicz | Text Indexing | 03 LCP-Array

KIT

Karlsruhe Institute of Technology

The SeachSA answers counting queries in O(mlg n)
time and reporting queries in O(mlg n + occ) time

two binary searches on the SA in O(/gn) time
® each comparison requires O(m) time
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Recap: Pattern Matching with the Suffix Array

A W N =

© 0o N o u

10
1

15/22

Function SeachSA(T, SA[1..n], P[1..m]):
f=1,r=n+1
while ¢ < r do
i=(¢+r)
if P> T[SA[i]..SA[i] + m
{=i+1
elser=i
s=¢Ll=0—1,r=n
while ¢ < r
i=T1l+r/2]
if P = T[SA[i]..SA[i] + m)
elser=i—1
return [s, r]

2021-12-11 Florian Kurpicz | Text Indexing | 03 LCP-Array

The SeachSA answers counting queries in O(mlg n)
time and reporting queries in O(mlg n + occ) time

two binary searches on the SA in O(/gn) time
each comparison requires O(m) time
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Recap: Pattern Matching with the Suffix Array

A W N =

© 0o N o u

10
1

15/22

Function SeachSA(T, SA[1..n], P[1..m]):
f=1,r=n+1
while ¢ < r do
i=(¢+r)
if P> T[SA[i]..SA[i] + m
{=i+1
elser=i
s=¢Ll=0—1,r=n
while ¢ < r
i=T1l+r/2]
if P = T[SA[i]..SA[i] + m)
elser=i—1
return [s, r]

2021-12-11 Florian Kurpicz | Text Indexing | 03 LCP-Array

The SeachSA answers counting queries in O(mlg n)
time and reporting queries in O(mlg n + occ) time

two binary searches on the SA in O(/gn) time
each comparison requires O(m) time
® counting in O(1) additional time
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Recap: Pattern Matching with the Suffix Array

A W N =

© 0o N o u

10
1

15/22

Function SeachSA(T, SA[1..n], P[1..m]):
f=1,r=n+1
while ¢ < r do
i=(¢+r)
if P> T[SA[i]..SA[i] + m
{=i+1
elser=i
s=¢Ll=0—1,r=n
while ¢ < r
i=T1l+r/2]
if P = T[SA[i]..SA[i] + m)
elser=i—1
return [s, r]

2021-12-11 Florian Kurpicz | Text Indexing | 03 LCP-Array

The SeachSA answers counting queries in O(mlg n)
time and reporting queries in O(mlg n + occ) time

two binary searches on the SA in O(/gn) time
each comparison requires O(m) time
counting in O(1) additional time
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Recap: Pattern Matching with the Suffix Array

A W N =

© 0o N o u

10
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Function SeachSA(T, SA[1..n], P[1..m]):
f=1,r=n+1
while ¢ < r do
i=(¢+r)
if P> T[SA[i]..SA[i] + m
{=i+1
elser=i
s=¢Ll=0—1,r=n
while ¢ < r
i=T1l+r/2]
if P = T[SA[i]..SA[i] + m)
elser=i—1
return [s, r]

2021-12-11 Florian Kurpicz | Text Indexing | 03 LCP-Array

The SeachSA answers counting queries in O(mlg n)
time and reporting queries in O(mlg n + occ) time

two binary searches on the SA in O(/gn) time
each comparison requires O(m) time
counting in O(1) additional time

® reporting in O(occ) additional time
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Recap: Pattern Matching with the Suffix Array

A W N =

© 0o N o u

10
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Function SeachSA(T, SA[1..n], P[1..m]):
f=1,r=n+1
while ¢ < r do
i=(¢+r)
if P> T[SA[i]..SA[i] + m
{=i+1
elser=i
s=¢Ll=0—1,r=n
while ¢ < r
i=T1l+r/2]
if P = T[SA[i]..SA[i] + m)
elser=i—1
return [s, r]
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The SeachSA answers counting queries in O(mlg n)
time and reporting queries in O(mlg n + occ) time

two binary searches on the SA in O(/gn) time
each comparison requires O(m) time
counting in O(1) additional time

reporting in O(occ) additional time
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Recap: Pattern Matching with the Suffix Array

A W N =

© 0o N o u

10
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Function SeachSA(T, SA[1..n], P[1..m]):
f=1,r=n+1
while ¢ < r do
i=(¢+r)
if P> T[SA[i]..SA[i] + m
{=i+1
elser=i
s=¢Ll=0—1,r=n
while ¢ < r
i=T1l+r/2]
if P = T[SA[i]..SA[i] + m)
elser=i—1
return [s, r]
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The SeachSA answers counting queries in O(mlg n)
time and reporting queries in O(mlg n + occ) time

two binary searches on the SA in O(/gn) time
each comparison requires O(m) time
counting in O(1) additional time

reporting in O(occ) additional time

® comparison of pattern is expensive
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Speeding Up Pattern Matching with the LCP-Array (1/3)

® remember how many characters of the pattern
and suffix match

a identify how long the prefix of the old and next
suffix is

lep(i, j) = max{k: T[i..i + k)
lep(i,j) = T[j..j+k)} = LCPIRMQucp(i+1, )]
RMQs can be answered in O(1) time and

) require O(n) space
® do so using the LCP-array and

® range minimum queries

Given an array A[1..m), a for
arange ¢ < r € [1,n) returns

RMQu (¢, r) = argmin{A[K]: k € [¢,r]}
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Speeding Up Pattern Matching with the LCP-Array (2/3) ﬂ(IT

® during binary search matched / i r

® ) characters with left border ¢ and SA

® p characters with right border r H P[1 P[1] H

® wlog. letA>p )‘\ I’j{g K
Cl Ple] +

® middle position i L P

® decide if continue in [¢, /] or [/, r]

® let £ = Icp(SA[/], SA[i])
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Speeding Up Pattern Matching with the LCP-Array (3/3) ﬂ(IT

® let & = lop(SA[(], SA[T) . ,. .
SA
R P] T
- P2 e
>‘\ P[3 Ptp] 0
1P

18/22 2021-12-11 Florian Kurpicz | Text Indexing | 03 LCP-Array Institute for Theoretical Computer Science, Algorithmics Il



® P\ + 1] > T[SA[{] + A] = T[SA[] + A]

18/22

Speeding Up Pattern Matching with the LCP-Array (3/3)

® let & = Icp(SA[/], SA[i])

® ¢ = j without character comparison
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Speeding Up Pattern Matching with the LCP-Array (3/3) ﬂIT

® It € = lep(SA[F], SA[T]) . ; .
SA
R o]
® P[\ + 1] > T[SA[] + A] = T[SA[] + ] - P
® ¢ = j without character comparison I Plo) 1
Lk
i =
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® P\ + 1] > T[SA[{] + A] = T[SA[] + A]

18/22

Speeding Up Pattern Matching with the LCP-Array (3/3)

® let & = Icp(SA[/], SA[i])

® ¢ = j without character comparison
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Speeding Up Pattern Matching with the LCP-Array (3/3) ﬂ(IT

® let & = Icp(SA[/], SA[i])

® P[A+ 1] > T[SA[{] + A\] = T[SA[i] + A]
® ¢ = j without character comparison
£ =\

® compare as before
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Speeding Up Pattern Matching with the LCP-Array (3/3) ﬂ(IT

® let & = Icp(SA[/], SA[i])

® P[A+ 1] > T[SA[{] + A\] = T[SA[i] + A]
® ¢ = j without character comparison
£ =\

® compare as before
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Speeding Up Pattern Matching with the LCP-Array (3/3) ﬂ(IT

® let & = Icp(SA[/], SA[i])

® P[A+ 1] > T[SA[{] + A\] = T[SA[i] + A]
® ¢ = j without character comparison
£ =\

® compare as before
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Speeding Up Pattern Matching with the LCP-Array (3/3) ﬂ(IT

® let & = Icp(SA[/], SA[i])

> )\
® P[A+ 1] > T[SA[{] + A\] = T[SA[i] + A]
® ¢ = j without character comparison

£ =\

® compare as before

I

<A

® ¢ >pand P+ 1] < T[SA[] + ¢]
® r =jand p = £ without character comparison

I
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Speeding Up Pattern Matching with the LCP-Array (3/3) ﬂ(IT

® let & = Icp(SA[/], SA[i])

> )\
® P[A+ 1] > T[SA[{] + A\] = T[SA[i] + A]
® ¢ = j without character comparison

£ =\

® compare as before

I

<A

® ¢ >pand P+ 1] < T[SA[] + ¢]
® r =jand p = £ without character comparison

I
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Speeding Up Pattern Matching with the LCP-Array (4/X) ﬂ(IT

Using RMQs, SeachSA answers counting queries in
O(m + Ig n) time and reporting queries in
O(m + g n+ occ) time
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Speeding Up Pattern Matching with the LCP-Array (4/X) ﬂ(IT

Using RMQs, SeachSA answers counting queries in
O(m + Ig n) time and reporting queries in
O(m + g n+ occ) time

m either halve the range in the suffix array (£ # \)
or

® compare characters of the pattern (at most m)

19/22 2021-12-11 Florian Kurpicz | Text Indexing | 03 LCP-Array Institute for Theoretical Computer Science, Algorithmics Il



Back to the Roots: Suffix Tree Construction

20/22

naive in O(n?) time

use SAand LCP

only look at rightmost path in tree

find deepest node with string-depth < LCP][/]
total O(n) time

1 2 3 45 6 7 8 9
T a b b a a b b a $
SA 9 8 4 5 1 7 3 6 2
LCP 0 01 1 4 0 2 1 3

2021-12-11

Florian Kurpicz | Text Indexing | 03 LCP-Array

KIT

Karlsruhe Institute of Technology

Institute for Theoretical Computer Science, Algorithmics Il



KIT

Back to the Roots: Suffix Tree Construction

naive in O(n?) time —
9 %

use SAand LCP

only look at rightmost path in tree

find deepest node with string-depth < LCP][/]

total O(n) time

1 2 83 45 6 7 8 9
T a b b aabobayts
SA 9 8 4 5 1 7 3 6 2
LCP 0 01 1 4 0 2 1 3
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KIT

Back to the Roots: Suffix Tree Construction
® naive in O(n?) time o
99— /
@ use SAand LCP a$
@ only look at rightmost path in tree /
® find deepest node with string-depth < LCPJi] 8
a total O(n) time

1 2 83 45 6 7 8 9
T a b b aabobayts
SA 9 8 4 5 1 7 3 6 2
LCP 0 01 1 4 0 2 1 3
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KIT

Back to the Roots: Suffix Tree Construction

naive in O(n?) time

Q

|
\\

\

® use SAand LCP

® only look at rightmost path in tree /$/l

® find deepest node with string-depth < LCPJi] 8 é,f

® total O(n) time ‘
4

1 2 3 45 6 7 8 9
T a b b a a b b a $
SA 9 8 4 5 1 7 3 6 2
LCP 0 01 1 4 0 2 1 3
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KIT

Back to the Roots: Suffix Tree Construction

naive in O(n?) time

|
|

\

@ use SAand LCP
® only look at rightmost path in tree /$/l
® find deepest node with string-depth < LCPJi] 8 é,f
a total O(n) time \ bbas$
4
1 2 3 4 5 6 7 8 9
T a b b aabba$ 5
SA 9 8 4 5 1 7 3 6 2
LCP 0 0 1 1 4 0 2 1 3
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KIT

Back to the Roots: Suffix Tree Construction

naive in O(n?) time

|
|

\

® use SAand LCP
® only look at rightmost path in tree /$/i‘,\6
® find deepest node with string-depth < LCPJi] 8 8%
a total O(n) time \ \
4
\
1 2 83 45 6 7 8 9 $/°%
T a b b aabba$ 5/ H\;
SA 9 8 4 5 1 7 3 6 2
LCP 0 01 1 4 0 2 1 3
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KIT

Back to the Roots: Suffix Tree Construction

naive in O(n?) time

|
|

\

@ use SAand LCP
& only look at rightmost path in tree /Ji}\d bas
® find deepest node with string-depth < LCPJi] 8 8%
® total O(n) time | \
4
1 2 3 4 5 6 7 8 9 $/(\% 7

T abbaabbas 5/*’\*1

SA 9 8 4 5 1 7 3 6 2

LcP 0O O 11 40 2 1 3
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Back to the Roots: Suffix Tree Construction

naive in O(n?) time

|
y

N

\

use SAand LCP
only look at rightmost path in tree

s s 8
\-$
-
/
/

Q
find deepest node with string-depth < LCP][/] 8 é,f% ’
total O(n) time | \ $/°§;
4 / %
/% 7 3
1 2 3 4586 7 89 $ %
T abbaabba$ 5/*’\*1
SA 9 8 4 5 1 7 3 6 2
LCP O O 11 40 2 1 3
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KIT

Back to the Roots: Suffix Tree Construction

naive in O(n?) time

Q

|
\
/

@ use SAand LCP
& only look at rightmost path in tree /$/i‘,\6 /a/
® find deepest node with string-depth < LCP[i] 8 g3 A
® total O(n) time | \ $/%% \
A d e
1 2 3 4 5 6 7 8 9 $ g
T abbaabbas 5/*’\*1
SA 9 8 4 5 1 7 3 6 2
LCP 0 0 1 1 4 0 2 1 3
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KIT

Back to the Roots: Suffix Tree Construction

naive in O(n?) time

Q

\
\
/

9
® use SAand LCP ! — \/ 3
@ only look at rightmost path in tree /$ i}\d /a ba\
® find deepest node with string-depth < LCPJi] 8 8% \ \
® total O(n) time ‘ \ $/%% $/°%
AP G G g
1 2 83 45 6 7 8 9 $ g
T abbaabba$ 5/*’\*1
SA 9 8 4 5 1 7 3 6 2
LCP 0 01 1 4 0 2 1 3
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SKIT

Conclusion and Outlook

This Lecture Linear Time Construction

@ linear time LCP-array construction ST SA
m suffix tree construction based on SA and LCP — T
LCP
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SKIT

Conclusion and Outlook

This Lecture Linear Time Construction

@ linear time LCP-array construction ST SA

m suffix tree construction based on SA and LCP — T
@ engineered LCP-Array construction algorithms

® cache misses are costly —

® interesting properties of the PLCP-array
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KIT

Conclusion and Outlook

This Lecture Linear Time Construction

@ linear time LCP-array construction ST SA

m suffix tree construction based on SA and LCP — T
@ engineered LCP-Array construction algorithms

® cache misses are costly —

® interesting properties of the PLCP-array

Next Lecture
® text compression using SA and LCP
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One More Thing: The Project

® programming project including
& experimental evaluation and
@ short presentation (5 minutes)

The Task

Implement one (or more) of the text-indices
presented in this lecture to answer the following
queries:

& which pattern of length £ is the k-th frequent
one and

& which is the longest pattern of the form P = a«

® exact rules can be found on the website
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One More Thing: The Project

® programming project including
& experimental evaluation and
@ short presentation (5 minutes)

The Task

Implement one (or more) of the text-indices
presented in this lecture to answer the following
queries:

& which pattern of length £ is the k-th frequent
one and

& which is the longest pattern of the form P = a«

® exact rules can be found on the website
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KIT

One More Thing: The Project
® programming project including & small programming contest
® experimental evaluation and @ fastest text-index wins
@ short presentation (5 minutes) @ 25% construction time

® 75% query time

The Task
Implement one (or more) of the text-indices

presented in this lecture to answer the following ® documentation

queries: .
: . ® evaluation
& which pattern of length £ is the k-th frequent

® presentation
e £l presentatio

L. ® implementation
& which is the longest pattern of the form P = a«

® exact rules can be found on the website
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