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String matching problem

Input
Text T, Pattern P

Output
All positionsiin TsuchthatT[i: i+ |P|—-1] =P

Example
1 2 3 4 5 6 7 8 9 10 11 12 13
T: a b a a b a b b a b b a b
P: a b Db a

Output: 6, 9

Naive solution : O(nm) n=|T| m=|P]
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String matching algorithms

* Knuth-Morris-Pratt (KMP) algorithm [Knuth+, 1977]
e Preprocessing time : O(m)
* Searchingtime : O(n)

* Boyer-Moore algorithm [Boyer & Moore, 1977]
* Preprocessing time : O(m + o)
e Searching time : O(nm)

* Runs fast in practice 1T 'e"lgth N
m : ratern ieng

o : Alphabet size
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Our contributions

n=|T|

m= |P| ®:Wordlength
o= |2| : Alphabetsize ¢ ' g-gram

* Propose two string matching algorithms based on the distances of the g-gram occurrences
 Both algorithms work in linear time in the input string size

English text
Genome sequence

Fibonacci string

Fastest algorithm map for each dataset

16 32 64
Pattern length m

128 256 512 1024

Comparing 15 powerful algorithms announced from 1977 to 2019 with the proposed algorithms

Naive solution : O(nm)

Algorithm Preprosess| Search Algorithm Preprocess| Search
BNDMg iNavarro &Raffinot, 19981 | O(m+a) |Omm[m/w]) WFRq [Cantone+, 2017] O(m) O (nm)
SBNDMq Holub &Durian, 20051 | O(m+0) [Omm[m/w]) LWFRg [Cantone+, 2019] O(m) O(n)
FJS [Franek+, 2005] O(m+o) O(n) @® DISTgq New O (mq) O(nq)
HASHgq [Legrog, 2007] O(mq) | On(m+q)) |@ |LDISTg  New O(m) O(n)
BSDMgq [Faro & Legrog, 2012] O(m) O(nm)
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Existing algorithms



KMP algorithm [Knuth+, 1977]

Preprocessing time : O(m) Searchingtime : O(n)

n : Text length

m : Pattern length

7

\.

O Match

>< Mismatch

‘ Match without comparison

S
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T: a b a b b b

a b
O O
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KMP algorithm [Knuth+, 1977]
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KMP algorithm [Knuth+, 1977]
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n : Text length

KMP algorithm [Knuth+, 1977] i - Pattern length

T: a b a b a b b b C a a c a c
O O O O X
P: a b a b c
® @6 O O X
<« —-> a b a b C
KMP_Shift[5] =2 ) .
O Match
>< Mismatch
Strong_Bord(j) @ Match without comparison

Input : A mismatch position j in the pattern
Output : A maximum value k(0 < k < j) that satisfies P[1 : k] = P[j—k :j— 1]and P[k+ 1] # P[]
(-1 if no such k exists)

A shift amount when there is a mismatch in the j-th pattern

KMP_Shift[j] = j — Strong_Bord(j) — 1 j 1 2 3 4 5 6
P a b a b c
KMP Shift |1 1 3 3 2 5

Preprocessing time : O(m) Searchingtime : O(n)
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HASH¢ algorithm [Leqroq, 2007]| 5"

>< Mismatch

.

‘ Match without comparison

J

Taaababaabbababb

P=abaabbab

P abaabbalb X h(x) |Shift[h(x)]
aba | 681 5
baa | 683 4
aab | 680 3
abb | 682 2
bba | 685 1
bab | 684 0
Others 6

shift[h(x)] = m —max({j | W(P[j—q+1:j) =hx),g<j<m}Uiqg—1})

e Determines the equivalence of g-grams using the hash value of g-grams
h(x) = (2971 x[1] 4+ 2972 - x[2] + -+ + 2 - x[g — 1] + x[g]) mod 28

x . String

(Treat characters as the ASCII code)
n : Text length

m : Pattern length

o : Alphabet size Preprocessing time : O(mgq) Searchingtime : O(n(m + q))

b
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Proposed 1
DISTg algorithm



Idea of DISTg algorithm

Practically fast Proposed

shift (HASHg) + g-gram distance array + KMP algorithm

* g-gram distance array
distli] = min({j | hA(Pli—j—q+1:i—j) =h(Pli—qg+1:i]),g—1<j<ilUfi—qg+1})

e A hash value is used to determine the equivalence of g-grams
h(x) = (4971 x[1] + 4972 - x[2] + -+ + 4 - x[g — 1] + x[g]) mod 2'° x 1 String

When g =3 , 4
' ' T: b b a b a b b aa b b ab a a
111 2 3 4 5 6 7 8 9 |

pP: a b a a b b a a a

Pla b a a b b a a a

distf - - 1 2 3 4 5 4 7

9 /20
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Array HQO_Shift (Almost same as shift of HASH()

HQ_shiftlh(x)] = m —max({j | (P[j—q+1:j]) =hx),qg<j<m}Uiqg—1})

 Also determines the equivalence of g-grams using the hash value of g-grams
h(x) = (497" x[1] + 497 - x[2] + -+ + 4 - x[g — 1] + x[¢]) mod 2'°

P=abaabbab

- )RS T bpbbaaababaababba
aba 2041 5
baa | 2053 . P: abaabbab
aab 2038 3
abb 2042 2
bba 2057 1
bab 2054 0
Others 6

D

Use this shift to align the g-gram in the pattern and the g-gram in the text

which has the same hash value
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X

h(x)

HQ_Shift[h(x)]

J
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N O DN W PR -
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w -0 (w
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A WD |w»
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o~ M (o
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O Match

>< Mismatch

. Match without comparison

J

11720




x h(x) | HQShiftlhe] j 1 2 3 4 5 6 7 8 9 10
e aba | 2041 | 6 P 1Ta b a a b b a a a

Searchmg baa | 2053 | 1 diss | - - 1 2 3 4 5 4 7 -

aab 2038 4 KMP_Shift | 1 1 3 2 4 3 7 6 7 8

abb 2042 3

bba 2054 2 Alignment-Phase
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Align “baa” by shifting with array HQ_ Shift
until P[1] matches the corresponding text

b a a a b a a b a a b b a a a

11720




X h(x)  |HQShifthe] j 1 2 3 4 5 6 7 8 9 10
o aba 2041 6 P a b a a b b a a a
SearChlng baa 2053 1 dist - - 1 2 3 4 5 4 7 -
aab 2038 4 KMP_Shift | 1 1 3 2 4 3 7 6 7 8

Shift the pattern using the distance array dist if

the first letter do not match

p;a*aabba/aa

\ 4

" b aabbaaa

O Match

>< Mismatch

‘ Match without comparison

L J

Alignment-Phase
Align “baa” by shifting with array HQ_ Shift
until P[1] matches the corresponding text

b a a a b a a b a a b b a a a

11/20




X h(x)  |HQShifthe] j 1 2 3 4 5 6 7 8 9 10
o aba 2041 6 P a b a a b b a a a
SearChlng baa 2053 1 dist - - 1 2 3 4 5 4 7 -
aab 2038 4 KMP_Shift | 1 1 3 2 4 3 7 6 7 8

Alignment-Phase
Align “baa” by shifting with array HQ_ Shift
until P[1] matches the corresponding text

Shift the pattern using the distance array dist if

the first letter do not match

b a a a b a a b a a b b a a a

p;a*aabba/aa

\ 4

" b aabbaaa

~_ _—

O Match

>< Mismatch

‘ Match without comparison
\ J 11 /20




X h(x)  |HQShifthe] j 1 2 3 4 5 6 7 8 9 10
o aba 2041 6 P a b a a b b a a a
SearChlng baa 2053 1 dist - - 1 2 3 4 5 4 7 -
aab 2038 4 KMP_Shift | 1 1 3 2 4 3 7 6 7 8

Shift the pattern using the distance array dist if

the first letter do not match

O Match

>< Mismatch

‘ Match without comparison

L J

Alignment-Phase
Align “baa” by shifting with array HQ_ Shift
until P[1] matches the corresponding text

b b a a a

b a a a b a a b a a b b a a a

11/20




x h(x) HQ_Shift[h(x)] j 2 3 4 5 6 7 8 9 10
o aba | 2041 | 6 P b a a b b a a a

SearChlng baa 2053 1 dist - 1 2 3 4 5 4 7/ -

aab 2038 4 KMP_Shift 1 3 2 4 3 / 6 / 8

abb 2042 3

bba 2054 2

aaa 2037 0

Others - 7

T: a b b a a b b a

P: a b a a b b a a

A b a a b b a

.

O Match

>< Mismatch

. Match without comparison

J

a b a b b a b b aaabaabawabDbaa a

a b b a a a

11720




x h(x) | HQShiftth)] j 1 2 3 4 5 6 7 8 9 10
- aba | 2041 6 P a b a a b b a a a
SearChlng baa | 2053 1 dist - -1 2 3 4 5 4 7 -
aab | 2038 4 KMPShft| 1 1 3 2 4 3 7 6 7 8
abb | 2042 3
bba 2054 5 Alignment-Phase
e 2037 0 Align “bba" by shifting with array HQ_ Shift
Others ) v/ until P[1] matches the corresponding text
T:- a b baabbaababbalb/baaabawabaabDbaaa

P-a b a a b b a a

A b a a b b a

.

O Match

>< Mismatch

‘ Match without comparison

J

b b a a a

11720



x h(x) | HQShiftth)] j 1 2 3 4 5 6 7 8 9 10
- aba | 2041 6 P a b a a b b a a a
SearChlng baa | 2053 1 dist - -1 2 3 4 5 4 7 -
aab | 2038 4 KMPShft| 1 1 3 2 4 3 7 6 7 8
abb | 2042 3
bba 2054 5 Alignment-Phase
e 2037 0 Align “bba" by shifting with array HQ_ Shift
Others ) v/ until P[1] matches the corresponding text
T:- a b baabbaababbalb/baaabawabaabDbaaa

P-a b a a b b a a

A b a a b b a

.

O Match

>< Mismatch

‘ Match without comparison

J

11720



x h(x)  |HQShift[h(] j 1 2 3 4 5 6 7 8 9 10
o aba | 2041 | 6 P 1a b a a b b a a a

SearChlng baa 2053 1 dist : - 1 2 3 4 5 4 7 -

aab 2038 4 KMP_Shift | 1 1 3 2 4 3 7 6 7 8

abb 2042 3

bba 2054 5 Alignment-Phase

aaa | 2037 0 Align “bba” by shifting with array HQ_ Shift

Others ) v, until P[1] matches the corresponding text
T-a b b a a b b aab abDbab/baaabaabaabDbaaa
P: a b a a b b a a a

" b aabbaaa
a b a a b b a a
N4
a b a a b b a a a

.

O Match

>< Mismatch

‘ Match without comparison

J

11720




x h(x) | HQShiftth)] j 1 2 3 4 5 6 7 8 9 10
- aba | 2041 6 P a b a a b b a a a
SearChlng baa | 2053 1 dist - -1 2 3 4 5 4 7 -
aab | 2038 4 KMPShft| 1 1 3 2 4 3 7 6 7 8
abb | 2042 3
bba 2054 5 Alignment-Phase
e 2037 0 Align “bba" by shifting with array HQ_ Shift
Others ) v/ until P[1] matches the corresponding text
T:- a b baabbaababbalb/baaabawabaabDbaaa

P-a b a a b b a a

A b a a b b a

b

b

S

@b aabbaaa

.

O Match

>< Mismatch

‘ Match without comparison

J

11720




Searching| >

Comparison-Phase
compare P[2:m] from left to right if the first

letter match

x h(x) HQ_Shift[h(x)] j 2 3 4 5 6 7 8 9 10
2041 6 P b a a b b a a a
baa 2053 1 dist - 1 2 3 4 5 4 7/ -
KMP._Shift 1 3 2 4 3 7 6 7 8

T: a b b a a b b
P: a b a a b b a

A b a abb

()}

O Match

>< Mismatch

‘ Match without comparison

.

J

a b b a b b aaabaabaabbaaa

a b

a

a a

a b b a a
N4

11/20




Searching| >

Comparison-Phase
compare P[2:m] from left to right if the first

letter match

x h(x) HQ_Shift[h(x)] j 2 3 4 5 6 7 8 9 10
2041 6 P b a a b b a a a
baa 2053 1 dist - 1 2 3 4 5 4 7/ -
KMP._Shift 1 3 2 4 3 7 6 7 8

T: a b b a a b b
P: a b a a b b a

A b a abb

()}

a b

b 1

S

@ a a bbaaa

O Match

>< Mismatch

‘ Match without comparison

.

J

b a b b a b b aaabawabaabDbaa a

11/20




x h(x) HQ_Shift[h(x)] j 2 3 4 5 6 7 8 9 10
o aba | 2041 | 6 P b a a b b a a a

SearChlng baa 2053 1 dist - 1 2 3 4 5 4 7/ -

aab 2038 4 KMP_Shift 1 3 2 4 3 / 6 / 8

abb 2042 3

bba 2054 2

aaa 2037 0

Others - 7

T: a b b a a b b a

P: a b a a b b a a

A b a a b b a

a b a b b a b b aaabaabawabDbaa a

a b

b 1

S

@ a a bbaaa

.

O Match

>< Mismatch

. Match without comparison

J

11720




x h(x) HQ_Shift[h(x)] j 1 2 3 4 5 6 7 8 9 10
o aba | 2041 | 6 P la b a a b b a a a

SearChlng baa 2053 1 dist - - 1 2 3 4 5 4 7 :

aab 2038 4 KMP_Shift | 1 1 3 2 4 3 7 6 7 8

abb 2042 3

bba 2054 2

aaa 2037 0

Others - 7

T: a b b a a b b a

P: a b a a b b a a

A b a a b b a

a b a b b a b b aaabaabawabDbaa a

a

a a

a b b
A\

Comparison-Phase
Select the one where the resumption
position of the character comparison goes

further to the right
KMP_Shift[2] = 1

N dist[7] =5

@ a a bbaaa

.

O Match

>< Mismatch

. Match without comparison

J

11720



x h(x) HQ_Shift[h(x)] j 1 2 3 4 5 6 7 8 9 10
- aba | 2041 | 6 P la b a a b b a a a

SearChlng baa 2053 1 dist = - 1 2 3 4 5 4 7/ -

aab 2038 4 KMP_Shift | 1 1 3 2 4 3 7 6 7 8

abb 2042 3

bba 2054 2

aaa 2037 0

Others - 7

T: a b b a a b b a

P: a b a a b b a a

A b a a b b a

a b a b b a b b aaabaabawabDbaa a

a

a a

a b b
A\

Comparison-Phase
Select the one where the resumption
position of the character comparison goes

further to the right
KMP_Shift[2] = 1

N dist[7] =5

@ a a bbaaa

\/

.

O Match

>< Mismatch

. Match without comparison

J

11720



x h(x) HQ_Shift[h(x)] j 1 2 3 4 5 6 7 8 9 10
- aba | 2041 | 6 P la b a a b b a a a

SearChlng baa 2053 1 dist = - 1 2 3 4 5 4 7/ -

aab 2038 4 KMP_Shift | 1 1 3 2 4 3 7 6 7 8

abb 2042 3

bba 2054 2

aaa 2037 0

Others - 7

T-a b b a a b b a a b a b b abbaaabaabaabDbaaa

Comparison-Phase

P:a b aabbaaa Select the one where the resumption
position of the character comparison goes
" b aabbaaa further to the right
KMP_Shift[2] =1
a b aabb Ndist[7] =5

@ a a bbaaa
\/

a b a a b b a a a

.

O Match

>< Mismatch

. Match without comparison

) 11720




Searching

T: a b b a a b

P-a b a a b b

A b a ab

x h(x) HQ_Shift[h(x)] j 1 2 3 4 5 6 7 8 9 10
aba | 2041 | 6 P 1a b a a b b a a a
baa 2053 1 dist - - 1 2 3 4 5 4 7 -
aab 2038 4 KMP_Shift | 1 1 3 2 4 3 7 6 7 8
abb 2042 3
bba 2054 2

aaa 2037 0
Others _ 7

b a a b a b b ab b aaabaabaabDb a a a

a a a

b a a a

a b a a b b a a a
(:))( a ab b aa a
a b a a b b a a a

.

O Match

>< Mismatch

. Match without comparison

J

11720




Searching

x h(x) | HQShiftlhe] j 1 2 3 4 5 6 7 8 9 10
aba | 2041 | 6 P 1la b a a b b a a a
baa 2053 1 dist - - 1 2 3 4 5 4 7 :
aab 2038 4 KMP_Shift | 1 1 3 2 4 3 7 6 7 8
abb 2042 3

bba 2054 2 Alignment-Phase

aaa 2037 0 Align “aba” by shifting with array HQ _Shift until P[1]
Others i 7 matches the corresponding text character

T: a b b a a b

P: a b a a b b

A b a ab

b a a b a b b

b a a a

b a a b b a a

@ ¥ a a b b

.

O Match

>< Mismatch

‘ Match without comparison

J

a b b ajJa a b aabaabDbaa a

b a a b b a a a

11720




Searching

x h(x) | HQShiftlhe] j 1 2 3 4 5 6 7 8 9 10
aba | 2041 | 6 P 1la b a a b b a a a
baa 2053 1 dist - - 1 2 3 4 5 4 7 :
aab 2038 4 KMP_Shift | 1 1 3 2 4 3 7 6 7 8
abb 2042 3

bba 2054 2 Alignment-Phase

aaa 2037 0 Align “aba” by shifting with array HQ _Shift until P[1]
Others i 7 matches the corresponding text character

T: a b b a a b

P: a b a a b b

A b a ab

b a a b a b b ab b ajljaab aabaabDbaa a

b a a a

b a a b b a a a

@ a a bbaaa

.

O Match

>< Mismatch

‘ Match without comparison

J

a b a/a b b a a a

4

11720




Searching

x h(x) | HQShiftlhe] j 1 2 3 4 5 6 7 8 9 10
aba | 2041 | 6 P 1la b a a b b a a a
baa 2053 1 dist - - 1 2 3 4 5 4 7 :
aab 2038 4 KMP_Shift | 1 1 3 2 4 3 7 6 7 8
abb 2042 3

bba 2054 2 Alignment-Phase

aaa 2037 0 Align “aba” by shifting with array HQ _Shift until P[1]
Others i 7 matches the corresponding text character

T: a b b a a b

P: a b a a b b

A b a ab

b a a b a b b ab b ajljaab aabaabDbaa a

b a a a

b a a b b a a a

@ a a bbaaa

.

O Match

>< Mismatch

‘ Match without comparison

J

a b a/a b b a a a

4

a b a a b b a a a

11720




x h(x) | HQShiftlhe] j 1 2 3 4 5 6 7 8 9 10
. aba | 2041 | 6 P 1la b a a b b a a a

SearChlng baa 2053 1 dist - - 1 2 3 4 5 4 7 :

aab 2038 4 KMP_Shift | 1 1 3 2 4 3 7 6 7 8

abb 2042 3

bba 2054 2 Alignment-Phase

aaa 2037 0 Align “aba” by shifting with array HQ _Shift until P[1]

Others i 7 matches the corresponding text character

T-a b b a a b b aab abDbabDbajljaabaabaabDbaaa

P-a b a a b b a a a
" b aabbaaa

a b a a b b a a a

@ a a bbaaa

a b a/a b b a a a

- \ \_/
OMatCh @baabbaaa
>< Mismatch

‘ Match without comparison
L J 11720




Searching

T: a b b a a b

P-a b a a b b

A b a ab

x h(x) HQ_Shift[h(x)] j 2 3 4 5 6 7 8 9 10
aba | 2041 | 6 P b a a b b a a a
baa 2053 1 dist - 1 2 3 4 5 4 7 -
aab 2038 4 KMP_Shift 1 3 2 4 3 7 6 7 8
abb 2042 3
bba 2054 2
aaa 2037 0
Others _ 7
b a a b a b b ab b aaabaabaabDb a a a
a a a
b a a a

a b a a b b a a a

@ a a bbaaa

.

O Match

>< Mismatch

. Match without comparison

J

a b a/a b b a a a

4

C) b a a b b a a a

11720




Searching

T: a b b a a b

P-a b a a b b

A b a ab

x h(x) HQ_Shift[h(x)] j 2 3 4 5 6 7 8 9 10
aba | 2041 | 6 P b a a b b a a a
baa 2053 1 dist - 1 2 3 4 5 4 7 -
aab 2038 4 KMP_Shift 1 3 2 4 3 7 6 7 8
abb 2042 3
bba 2054 2
aaa 2037 0
Others _ 7
b a a b a b b ab b aaabaabaabDb a a a
a a a
b a a a

a b a a b b a a a

@ a a bbaaa

.

O Match

>< Mismatch

. Match without comparison

J

a b a/a b b a a a

4

(:)C) a a b b a a a

11720




Searching

T: a b b a a b

P-a b a a b b

A b a ab

x h(x) HQ_Shift[h(x)] j 2 3 4 5 6 7 8 9 10
aba | 2041 | 6 P b a a b b a a a
baa 2053 1 dist - 1 2 3 4 5 4 7 -
aab 2038 4 KMP_Shift 1 3 2 4 3 7 6 7 8
abb 2042 3
bba 2054 2
aaa 2037 0
Others _ 7
b a a b a b b ab b aaabaabaabDb a a a
a a a
b a a a

a b a a b b a a a

@ a a bbaaa

.

O Match

>< Mismatch

. Match without comparison

J

a b a/a b b a a a

4

C)(:)C) a b b a a a

11720




Searching

T: a b b a a b

P-a b a a b b

A b a ab

x h(x) HQ_Shift[h(x)] j 2 3 4 5 6 7 8 9 10
aba | 2041 | 6 P b a a b b a a a
baa 2053 1 dist - 1 2 3 4 5 4 7 -
aab 2038 4 KMP_Shift 1 3 2 4 3 7 6 7 8
abb 2042 3
bba 2054 2
aaa 2037 0
Others _ 7
b a a b a b b ab b aaabaabaabDb a a a
a a a
b a a a

a b a a b b a a a

@ a a bbaaa

.

O Match

>< Mismatch

. Match without comparison

J

a b a/a b b a a a

4

@®@@®@ b b a a a

11720




Searching

T: a b b a a b

P-a b a a b b

A b a ab

x h(x) HQ_Shift[h(x)] j 2 3 4 5 6 7 8 9 10
aba | 2041 | 6 P b a a b b a a a
baa 2053 1 dist - 1 2 3 4 5 4 7 -
aab 2038 4 KMP_Shift 1 3 2 4 3 7 6 7 8
abb 2042 3
bba 2054 2
aaa 2037 0
Others _ 7
b a a b a b b ab b aaabaabaabDb a a a
a a a
b a a a

a b a a b b a a a

@ a a bbaaa

.

O Match

>< Mismatch

. Match without comparison

J

a b a/a b b a a a

4

@®E@@® b a a a

11720




Searching

T: a b b a a b

P-a b a a b b

A b a ab

x h(x) HQ_Shift[h(x)] j 2 3 4 5 6 7 8 9 10
aba | 2041 | 6 P b a a b b a a a
baa 2053 1 dist - 1 2 3 4 5 4 7 -
aab 2038 4 KMP_Shift 1 3 2 4 3 7 6 7 8
abb 2042 3
bba 2054 2
aaa 2037 0
Others _ 7
b a a b a b b ab b aaabaabaabDb a a a
a a a
b a a a

a b a a b b a a a

@ a a bbaaa

.

O Match

>< Mismatch

. Match without comparison

J

a b a/a b b a a a

4

@OE@E@® X a a a

11720




x h(x) HQ_Shift[h(x)] j 1 2 3 4 5 6 7 8 9 10
o aba | 2041 | 6 P 1a b a a b b a a a
Searchmg baa | 2053 | 1 diss. | - - 1 2 3 4 5 4 7 -
aab 2038 4 KMP_Shift | 1 1 3 2 4 3 7 6 7 8
abb 2042 3
bba 2054 2
aaa 2037 0
Others - 7
T:- a b baabbaababDbabbaaabaabaabbaaa
P: a b a a b b a a a

A b a ab

O Match

>< Mismatch

. Match without comparison

L J

Comparison-Phase

Select the one where the resumption
position of the character comparison goes
further to the right

KMP_Shift[6] = 3
dist[3] = 1

@OE@E@® X a a a

11720




Searching

T: a b b a a b

P: a b a a b b

A b a ab

x h(x) HQ_Shift[h(x)] j 1 2 3 4 5 6 7 8 9 10
aba | 2041 | 6 P 1a b a a b b a a a
baa 2053 1 dist - -1 2 3 4 5 4 7 -
aab 2038 4 KMPShft | 1 1 3 2 4 3 7 6 7 8
abb 2042 3
bba 2054 2
aaa 2037 0
Others - 7
b aababbabDbaaabaabaabbaaa
a a a
b a a a
Comparison-Phase
Select the one where the resumption
a b aab b aa a " :
position of the character comparison goes
further to the right
@ X a a b b a a Py
dist[3] = 1
a b a

.

O Match

>< Mismatch

. Match without comparison

J

@BOE@E@® X a a a

"aabbaaa

11720




J

10

P
dist
KMP_Shift

o[~
w =@ |w
N DD |
rwh o
w Do
N P |
o AP |
N NP o

X h(x) HQ_Shift[h(x)]
s aba 2041 6
Searching| > | 2% |
aab 2038 4
abb 2042 3
bba 2054 2
aaa 2037 0
Others _ 7
T-a b b a a b b a a b a b b
P-a b a a b b a a a
" b aabbaaa
a b a a b b a a
@ ¥ a a b b
a
O Match
>< Mismatch

.

. Match without comparison

J

b b a a a b a ab aabDb a a a

a a b b a a a

@B X a a a
1.". a a b b a a a

11720




J

10

P
dist
KMP_Shift

o[~
w =@ |w
N DD |
rwh o
w Do
N P |
o AP |
N NP o

X h(x) HQ_Shift[h(x)]
s aba 2041 6
Searching| > | 2% |
aab 2038 4
abb 2042 3
bba 2054 2
aaa 2037 0
Others _ 7
T-a b b a a b b a a b a b b
P-a b a a b b a a a
" b aabbaaa
a b a a b b a a
@ ¥ a a b b
a
O Match
>< Mismatch

.

. Match without comparison

J

b b a a a b a ab aabDb a a a

a a b b a a a

@B X a a a
‘.(l}() a b b a a a

11720




J

10

P
dist
KMP_Shift

o[~
w = |w
N DD |
A WD |w»
w Do
N P |
o P |
N NP o

X h(x) HQ_Shift[h(x)]
s aba 2041 6
Searching| > | 2% |
aab 2038 4
abb 2042 3
bba 2054 2
aaa 2037 0
Others _ 7
T-a b b a a b b a a b a b b
P-a b a a b b a a a
" b aabbaaa
a b a a b b a a
@ ¥ a a b b
a
O Match
>< Mismatch

.

‘ Match without comparison

J

b b a a a b a ab aabDb a a a

a a b b a a a

@OE@E@® X a a a
OO0O@@ b b a a a

11720




J

10

P
dist
KMP_Shift

o[~
w = |w
N DD |
A WD |w»
w Do
N P |
o P |
N NP o

X h(x) HQ_Shift[h(x)]
s aba 2041 6
Searching| > | 2% |
aab 2038 4
abb 2042 3
bba 2054 2
aaa 2037 0
Others _ 7
T-a b b a a b b a a b a b b
P-a b a a b b a a a
" b aabbaaa
a b a a b b a a
@ ¥ a a b b
a
O Match
>< Mismatch

.

‘ Match without comparison

J

b b a a a b a ab aabDb a a a

a a b b a a a

@BOE@E@® X a a a
00>F@® D1 a a a

11720




J

10

P
dist
KMP_Shift

o[~
w = |w
N DD |
A WD |w»
w Do
N P |
o P |
N NP o

X h(x) HQ_Shift[h(x)]
s aba 2041 6
Searching| > | 2% |
aab 2038 4
abb 2042 3
bba 2054 2
aaa 2037 0
Others _ 7
T-a b b a a b b a a b a b b
P-a b a a b b a a a
" b aabbaaa
a b a a b b a a
@ ¥ a a b b
a
O Match
>< Mismatch

.

‘ Match without comparison

J

b b a a a b a ab aabDb a a a

a a b b a a a

@BOE@E@® X a a a
00RFR@®® 2 a a

11720




J

10

P
dist
KMP_Shift

o[~
w = |w
N DD |
A WD |w»
w Do
N P |
o P |
N NP o

X h(x) HQ_Shift[h(x)]
s aba 2041 6
Searching| > | 2% |
aab 2038 4
abb 2042 3
bba 2054 2
aaa 2037 0
Others _ 7
T-a b b a a b b a a b a b b
P-a b a a b b a a a
" b aabbaaa
a b a a b b a a
@ ¥ a a b b
a
O Match
>< Mismatch

.

‘ Match without comparison

J

b b a a a b a ab aabDb a a a

a a b b a a a

@BOE@E@® X a a a
00EFEP®®E a a

11720




J

10

P
dist
KMP_Shift

o[~
w = |w
N DD |
A WD |w»
w Do
N P |
o P |
N NP o

X h(x) HQ_Shift[h(x)]
s aba 2041 6
Searching| > | 2% |
aab 2038 4
abb 2042 3
bba 2054 2
aaa 2037 0
Others _ 7
T-a b b a a b b a a b a b b
P-a b a a b b a a a
" b aabbaaa
a b a a b b a a
@ ¥ a a b b
a
O Match
>< Mismatch

.

‘ Match without comparison

J

b b a a a b a ab aabDb a a a

a a b b a a a

@BOE@E@® X a a a
L1 JOISIOIOIOIC

11720




J

10

P
dist
KMP_Shift

o[~
w = |w
N DD |
A WD |w»
w Do
N P |
o P |
N NP o

X h(x) HQ_Shift[h(x)]
s aba 2041 6
Searching| > | 2% |
aab 2038 4
abb 2042 3
bba 2054 2
aaa 2037 0
Others _ 7
T-a b b a a b b a a b a b b
P-a b a a b b a a a
" b aabbaaa
a b a a b b a a
@ ¥ a a b b
a
O Match
>< Mismatch

.

‘ Match without comparison

J

b b a a a b a ab aabDb a a a

a a b b a a a

@BOE@E@® X a a a
00RPRPP®EE®@

11720




Time complexity of DISTg algorithm

* Preprocessing
o Array KMP_Shift : O(m)

o Array HQ_Shift : O(mq)
e Calculate hash value that takes O(g) time at m — g 4+ 1 positions O(WlQ)
o Array dist : O(mgq)
 Searching
* Number of character comparisons : O(n) O(I/ZQ)

e Calculate hash value at maximum n — m + 1 positions : O(nq)

T: § a a a a a a a a
P b a a a a a
X
b a a a a a
X
b a a a a a
X
b a a a a a
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Proposed 2
Linear-DISTg (LDISTg)

algorithm



LDISTg algorithm

« Worst-case time complexity of the search phase of DISTq algorithm is ®(ng)

T: a a a a a a a a a
X
b a a a a a
X
b a a a a
X
b a a a a a
X
b a a a a a

e Since the hash function /2 used in DISTq algorithm is a rolling hash, when A(TT[i : j]) has already
been obtained, the hash value of /(T[i + 1 : j + 1]) can be computed in O(1) time
(1<i<j<|T])

e W(Tli+1:j+1) =@ (WT[i:j])—16-T[i])+ T[j+ 1]) mod 2'°
h(x[1:3]) = (16 - x[1] + 4 - x[2] + x[3]) mod 2'°

e Searching time can be reduced to O(n)

by incrementally calculating the hash value of the g-gram using the previously calculated
value of the other g-gram

* Preprocessing time is also reduced to O(m)
14 / 20



Experiments

Datasets

* English text

« Genome sequence

 Fibonacci string

» Texts with frequent pattern occurrences

* Implemented with C language

» Compiled with GCC9.2.0
* MacBook Pro (13-inch, 2018), macOS Catalina, Intel Corei7 2.7GHz quad core, 16GB memory



English text

» Use The King James version of the Bible as text
« n=4017009

e 6 =62

 Patterns are randomly extracted from text

n=|T| m=|P| 6= |Z| : Alphabetsize
m 2 4 8 16 32 64 128 256 512 1024
BNDMgq | 140.48® 93.39?  70.84%) 5410 45.88% 4761 4764 46.88H 47.40% 45.58%
SBNDMg |108.32®) 73.50'% 64.87% 50.73® 47.85% 48.45® 48.55%) 47.56™% 47.08% 45.98%
KBNDM | 192.76  126.56 92.03  71.04  64.17  56.79  49.56  49.09  50.24  47.68
BSDMq | 117.22®  79.96Y 70.36 5772 49.91® 48.00® 44.99® 43.62® 43.06®® 42.70®
Y |FJs 192.52  158.61  106.40  89.04  78.43  68.14 64.80 61.15  60.48  55.38
* | FIs+ 196.88  155.86  101.77  77.74  67.40  60.31  54.77 5244  51.62  47.74
HASHq | 312,91 218.95? 107.382) 70.85(2) 56.90®® 49.33®) 46.63 45.27® 44.77% 42.98(7
FS-w 129.50% 104.45©  71.57¢) 61.08(Y 54.19(® 4953% 48950 47.02%) 46.96(°) 43.001)
IOM 193.37 14851 10436 8622  75.09  69.08 63.63  60.62 5883  51.76
WOM 199.23  153.81 11245 86.61 7526  62.80 60.54  62.74 5891  55.65
SKIPq 161.382 100.52®  72.33®) 55.71Y 49.06" 48.73 49.87" 48.81® 45.75(2) 45.32(2)
WFRg 137.40®  85.22(  68.882) 52.85(% 46.67°) 44.39® 42.09® 41.66"° 41.65® 40.53(%
* LWFRq | 121.08® 85.47% 70.382) 53.83* 47.89® 4449 4238 41.09® 41.23® 40.30®
) ¢ DISTq 115.61®  80.14% 65.844) 52.25* 4813" 46.26 43.32(" 42.84®) 42.98* 41.477)
) ¢ LDISTq | 229.62 102.15 69.70®) 55.34") 49.46® 4593") 44.37®) 43.15® 4221 41.117

Unit : millisecond

algorithms that run in linear time in the input string size are marked with Y

The value of g or w giving the best performance is shown in round brackets
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Genome sequence

* Genome sequence of E. coli

e n=4641652
e 0=4
* Patterns are randomly extracted from text
n=|T| m=|P| o= |X] -

m 2 4 8 16 32 64 128 256 512 1024
BNDMg | 218.34%) 17455 84.14™ 64.89¢° 60.39® 61.079 60.85©¢ 6217 61.20¢° 60.16©
SBNDMg |179.90® 154.20® 80.94® 732909 5710 61.01® 61.74¢ 6120 61.67°° 60.80©
KBNDM | 311.78  201.99  150.15  113.84 83.23 67.83 75.65 75.39 76.58 74.72
BSDMg | 195.382 118.86® 84.230°) 63.03© 61.26® 5875 57507 56.99¢®) 57.01¢®) 56.58©

Y& | FJS 407.02  353.60 311.96  279.13  308.42  297.00 266.12  317.79  317.34  296.19
Y | FIS+ 388.44  296.70  203.03  171.17  149.52  136.59 12855  130.39  122.51  112.99
HASHq | 571.442) 272.86® 126.00©® 88.1203 68.22® 5884 5509 59487 57347 57.96(7
FS-w 332.32(8) 24599 184.72) 158.72% 143.79® 125.05(% 123.52(¢) 117.90®) 108.03®) 100.72(®
IOM 377.25  275.36  215.72 22097 219.86 21812  210.61 221.31  230.15  211.69
WOM 381.54  301.46  220.34 18230 166.27 14324  136.20 133.75  127.40 114.74
SKIPq 250.89(2) 136.18® 91.51%  63.96® 56.79(7 53.09(7 52107 57127 56.97®  58.00
WFRg 219.50% 168.39(2) 88.86* 65.82Y 57.19® 5512 5177 50.04®) 55.0209 54.64®
Y |[LWFRq | 216.10?% 173.48® 8871@ 60.75® 53.849 50.48© 49.65® 4871®) 54.90©® 54977
Y |DISTqg | 186.10 125.44® 78561 60.48%) 5521 52057 51.26® 5044® 54.81 55588
Y |LDISTq | 295.55% 181.99® 86.58Y 65.2909 56.74® 5231 50.39¢®) 48707 54.33@) 55227
algorithms that run in linear time in the input string size are marked with Y
Unit : millisecond The value of g or w giving the best performance is shown in round brackets

17 /20

Alphabet size




Fibonacci string

e Definition

Flbl — b, Flb2 = a, Flbn — Flbn—l y Flbn_2 for n > 2

* Use Fib;, as text
« n=2178309, 6 =2

* Patterns are randomly extracted from text

*

n=|T| m=|P| 6= |Z| : Alphabetsize
m 2 4 8 16 32 64 128 256 512 1024
BNDMg | 343.252) 308.44%) 283.26* 257.64®) 233.94% 28563% 284.37%  293.00%  307.82¢%)  315.47W
SBNDMgq | 286.02® 292.15(%) 272.98%) 276.35()  306.42(®)  372.03(®) 432.53(®)  493.209  546.94¢®)  602.09()
KBNDM | 541.70  405.78  411.08  422.85 382.25 402.45 425.60 437.67 461.07 451.12
BSDMg | 482.47® 500.43®® 397.29® 362.52(®  330.76'® 736.89Y) 766.57Y  782.98(1)  790.261")  508.80¢%
FJS 402.44  362.23  276.97  237.87 218.38  206.07  203.86 202.94 196.49 194.01
FJS+ 456.20  396.04  335.70  319.93 295.64 300.36 296.48 295.37 288.56 289.00
HASHq | 645.482 406.70% 257.69 251.91(M 279817 344997 415.16(7  470.71(7  514.05(7  579.57("
FS-w 383.23(1) 396.23(1) 347.72(1) 289.15() 253361  246.82Y) 24873V 235.66Y  235.35()  230.61()
IOM 381.92 41442  453.54  497.84 543.93 641.13 751.42 839.92 899.19 1019.59
WOM 552.38  555.43  564.67  617.93 664.47 732.05 852.06 926.35 1036.31 1126.17
SKIPq | 470.93® 394.09® 332.66” 336.16"® 374.91® 464.23® 460.54®  450.18®  451.05®  464.13®
WFRyg 442.32(% 497953 528.453) 652.48(%) 2132.38(7 3762.19®) 6762.67® 12624.63® 24416.65®) 48596.02*)
LWFRq | 552.64% 504.77® 428.34 342807 297.07" 304.572 27447  265.28®  258.06(®)  254.92(%
DISTq | 438.96'Y 359.56(2) 293.80'% 235.61'%) 213.07'" 206.92» 201.18®  196.56®  194.86*)  193.62(
LDISTq | 565.13 412.15® 300.98 24538(" 215.89®)  208.40(" 200.45* 193.74 190.85 193.48®)
algorithms that run in linear time in the input string size are marked with Y
Unit : millisecond The value of g or w giving the best performance is shown in round brackets 18 /20




In experiment of Fibonacci string

abaababaabaababaababaabaababaabaababaababaabaababaababa

P = baaba

abaababaabaababaababaabaababaabaababaababaabaababaababa

P = aababaab

* There are many repeating structures

* The pattern is extracted from the text, so the number of pattern occurrences is
very large

Hypothesize

Efficiency of proposed algorithms do not decrease when number of pattern occurrences is large
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Texts with frequent pattern occurrences

* Generated by intentionally embedding a lot of randomly generated patterns without overlapping

e n = 4000000
 Fixed pattern length

m=28,0 =4 occ:Pattern occurrences n=|T| m=|P| o= |Z| : Alphabet size
occ 0 128 256 512 1024 2048 4096 8192 16384 32768 65536 131072
BNDMg | 73.53@ 7228 7287" 7389 74391 75754 7760 81.63% 82.67* 88.98% 108.56* 146.13(%
SBNDMg 68.58% 68.92® 7117 77.26" 81.04" 80.76"Y 78.33*Y 82.82Y 91.01Y 96.83% 111.75™ 140.21¥
KBNDM |127.73 12841 12841  126.92  128.74  131.17 129.74 13570  140.99 15246  164.59  186.32
BSDMg | 69.85"* 69.04 68.85Y 69.19Y 70.63 72.00 72.48% 76.25 79.95% 8991% 110.22® 143.91¥
* FJS 246.26  253.35  263.94  247.73  255.94  276.44  262.83  256.36  251.33  269.39  259.93  251.06
* FJS+ 174.38  173.86  180.46  173.05 178.65 18298  177.56  181.17 18248  190.71  197.69  199.60
HASHqg 121.09® 121.36® 122.64® 12250 119.49® 12398 124.31® 124.93® 126.81®® 128.94® 143.75®® 153.08¥
FS-w 154.89 155.56% 165.18" 156.67Y 159.03 166.44Y 165.62Y 160.46'Y 167.46 178.53? 185.86'% 191.38%
IOM 185.31  181.07  195.53  187.98  194.18  200.99 19598 19589  197.67 202.61  214.90  209.52
WOM 19259  192.28  207.57 189.21  196.02 203.86  196.98  199.79  203.59 21579  219.94  230.59
SKIPgq 79.324)  77.144%  79.19™  82,08%  81.82" 82.55(*) 83.83¢*" 87.08*) 89.82(*) 93.09™ 106.41 126.22(3
WFRgq 76.68  76.38¢%)  77.63 83214 80.93™ 81.42% 83.86* 88.55* 93.16' 106.07Y 123.90"Y 164.77
* LWFRg | 76.99 76.33*") 78.83W 7757™  78.74"  76.46™ 84.65% 89.87Y 96.17 108.67™ 129.35® 168.70%
* DISTq 69.67"  73.38" 74354 74314 75124 7496@ 77.21% 7756 80.09 86.25") 101.12% 120.98%)
* LDISTq | 75.82¢Y 7445 74.89® 7677 74.62® 7547 77.10% 80.18Y 83.40Y 88.86" 103.73"Y 12227

algorithms that run in linear time in the input string size are marked with Y

Unit : millisecond

The value of g or w giving the best performance is shown in round brackets

20/ 20




Conclusion

~

-

n=|T|
o= |2| : alphabetsize ¢ : g-gram

m= |P| o:wordlength

* Proposed two string matching algorithms based on the distances of the g-gram occurrences
e Both algorithms run in linear time in the input string size

English text
Genome sequence

Fibonacci string

Fastest algorithm map for each dataset

16 32 64
Pattern length m

128 256 512 1024

Comparing 15 powerful algorithms announced from 1977 to 2019 with the proposed algorithms

Naive solution : O(nm)

Algorithm Preprosess| Search Algorithm Preprocess| Search
BNDMg iNavarro &Raffinot, 19981 | O(m+a) |Omm[m/w]) WFRq [Cantone+, 2017] O(m) O (nm)
SBNDMq Holub &Durian, 20051 | O(m+0) [Omm[m/w]) LWFRg [Cantone+, 2019] O(m) O(n)
FJS [Franek+, 2005] O(m+o) O(n) @® DISTgq New O (mq) O(nq)
HASHgq [Legrog, 2007] O(mq) | On(m+q)) |@ |LDISTg  New O(m) O(n)
BSDMgq [Faro & Legrog, 2012] O(m) O(nm)
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