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Exact pattern matching problem

Input
A text T and a pattern P

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

Example
1 2 3 4 5 6 7 8 ) 10 11 12 13
T: a b a a b a b b a b b a b
P a b b a
Output: 6, 9
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Our contributions

* A new exact pattern matching algorithm

based on the Franek-Jennings-Smyth (FJS) algorithm [Franek+, 2005]
 Combine the idea of the Quite-Naive algorithm [Cantone & Faro, 2004]

Fibonacci string

Practically fast

Algorithm

Quick-Search
[Sunday, 1990]

LWFR

- [Cantone+, 2019]
.'/*\:\'\L KMP
[Knuth+, 1977]

FJS

+\+ [Franek+, 2005]

Preprocess Search

O(m+o) O(nm)
O (m2) O(n)
O(m) O(n)

O(m+o) @ O(n)

*+
(E)UFS

4 8 16 32

O(m+o) O(n))

64 128

Linear time

n=|T| :textlength m = |P]| : patternlength o = |X| : alphabet size
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If a mismatch occurs at j, we shift P by KMP_Shift| ]

-

~1 ifj =1

Strong_Boardp|j] = { Strong_Boardplk] ifj < mand Plk+ 1] = P[

k otherwise

k : length of the longest proper border of P[1 : j — 1]

KMP_Shift[j] = j — Strong_Boardp[j] — 1

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

7]
j 1 2 3 4 5 6
P a b a b c
KMP Shift |1 1 3 3 2 5
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Sunday algorithm [Sunday, 1990] [© ™

x mismatch

‘ match without comparison

1 1+m

T: a a d a

a C b
P: ??l-);-l——b/

If a mismatch occurs, we shift P by Sunday_Shift[T[i + m]]

Sunday_Shiftfc] =m+ 1 —max({j | P[j]=c} U {0})forc e X

c b ¢ d 5 4 2 1
Sunday Shift 3 2 4 1 P: a C a b d

Preprocessing time : O(m + o) Searching time : O(nm)
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FJS algorithm [Franek+, 2005]

Practically fast m

Sunday + KIMP algorithm

Sunday-Phase

Shift P by Sunday_Shift[T[i + m]]
until Plm] =T[i + m — 1]

10 11 12 13 14 1» 16 17
a ¢c a b b a8 b a

PreKMP-Phase

Execute the KMP mdtching
except for the last pgsition

KMP-Phase ¢

If some non-empty prefixes of the pattern and the text
substring match, execute the KMP matching

Preprocessing time : O(m + o) Searching time : O(n)

‘ match without comparison
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Quite-Naive algorithm [Cantone & Faro, 2004] (in part)

0 is the distance between P[m] and the same rightmost character in P[1 : m — 1]

o=min({j | Plm—jl=Plm], 1 <j<i}U{m})

P=abira'b P =1 1b a bic
N_ ~_
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Proposed algorithm



Proposed algorithm - Basic idea (1 / 2)

Sunday + KMP + Quite-Naive algorithm

i 1 2 3

4 5 6 7 8 9 10 11 12 13
a b ¢c a b a b b b c a

T a a

OX __ (@,

P a biiarb C 1a:
\/

0=73

J

1

2 3 4 5 6 7

P

KMP_Shift

a b.l:a-lb crar

1

1

v
3 3 2 6 5

Shift by max{ KMP_Shift[j], o}
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Proposed algorithm - Basic idea (2 / 2)

We use MAX_Shift instead of KMP_Shift in the PreKMP-Phase

viax_shif = 40 if 5 > KMP_Shift[j]and|6 > j — 1
—>MIIT A kMP_Shifi[j]  othewise

In the PreKMP-Phase
i i+j—1

00000000X% O
——

KMP _shift[j]

T:

lf noté>;j—1:

/e

X

Itfé6>7—1:




Proposed algorithm (Get a bigger shift)

We generalize 6 to calculate the distance of characters at all positions in the pattern
and obtain the maximum value and its position

6=min({j | Plm—jl=P[m], 1 <j<i}uU{m})
*generalize dlm] =6
dli] =min({;j | Pli —j] = P[i], | £ j <i} U {i})

RV A
We define the following two values
e Maximal Distance Example: P = acabbacb w
y e i |1 2 3 4 5 6 7 8
m _Ejzgfn /] Pl a ¢t a b b a er b
— ~—— /
* Maximal Distance Position (pivot) d | 1 2 2 4 1 3 5 3

mdp = arg max d[ ]

1<j<m




Proposed algorithm (Modify MAX_Shift)

If a mismatch occurs when P[mdp] = T[i + mdp — 1],
we can shift the pattern by md

[ i +mdp — 1

We can use MAX_Shift instead of KMP _Shift only when P{mdp| = T|i + mdp — 1]

o md if md > max{KMP_Shift[j], j — 1}
MAX Shift[j] = < — —
~Shiftlj] {KMP_Shift[ j] othewise

i 1 2 3 4 5 6 7 8 9
P[j] al_clabbalc_lb

~~— md =5, mdp =7

KMP Shififil |1 1 3 2 4 6 6 5 8
MAX_Shiftj]| 5 5 5 5 5 6 6 5 8 5 G




Proposed algorithm

md =35, mdp =7

]

1 2 3 4 5 6

8 9

7

P[j]

al_cla b b at

\_/‘

KMP Shififij|1 1 3 2 4 6 6
MAX Shiftf]| 5 5 5 5 5 6 6

b

i 1 2 3 4 5 6 7 8 9 1g
T:-a b aababarab afciabbad¢aaabaa

]
p.:-a c a b bra:s

oXx

0
If some non-empty prefixes of the pattern and the text
substring match, execute the KMP matching

KMP-Phase

Practically fast m Generalized o

Sunday + KMP + Generalized Quite-Naive

c a b

Sunday Shift | 3 1 2

Sunday-Phase

Shift P by Sunday_Shift[T[i + m]] until
Plmdp] = T[i + mdp — 1]

13 14 15 16 1w 18 19 20 21 22 23

PreKMP-Phase

e compare the characters from left to right
* When a mismatch occurs at j, shift P by MAX _Shift| ]
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Time complexity of the proposed algorithm

[Preprocessing]

« Compute KMP_Shift —_— O(m)

 Compute Sunday_Shift —p  O(m + 0) 5
 Compute md, mdp —p  O(m+ o) .+ )
« Compute MAX_Shift —_—  O(m)

[Searching]

e Justlike the FJS algorithm ———» O)

Preprocessing time : O(m + o) Searching time : O(n)

n=|T|:textlength m = |P| :patternlength o= |X]| :alphabetsize , g



Experiments (Genome sequence)

 The genome sequence of E.coli
of length n = 4641652 with 6 = 4

900

Ours

KMP [Knuth+, 1977]
Sunday [Sunday, 1990]
FJS [Franek+, 2005]

LWFR2 [Cantone+, 2019]

Algorithm Description
Knuth-Morris-Pratt
Sunday’s Quick-Search
Franek-Jennings-Smyth
Linear Weak Factor Recognization
with 2-chained loop

Proposed algorithm

800
700

600

500

Time [ms]
AN
o
o

200

@)~ Ours
- KMP
-‘ Sunday
s FJS
-3¢~ LWFR2
e«
2 4 8 16 32 64 128 256
Pattern length
implemented in C language, compiled using GCC 5.4.0 with -O3 option 15719




Experiments (English text)

* The King James version of the Bible Algorithm Description
Of |ength n = 4017009 KMP [Knuth+, 1977] Knuth-Morris-Pratt
) Sunday [Sunday, 1990] Sunday’s Quick-Search
with 6 = 62 )
FJS [Franek+, 2005] Franek-Jennings-Smyth

LWFR2 [Cantone+, 2019] Linear Weak Factor Recognization

with 2-chained loop

Ours Proposed algorithm
600
550
500 - o " -— rl——
450
400 @)~ Ours
350
Z 300 - KMP
E o -‘ Sunday
200 + FJS
-3¢~ LWFR2

150

2 - 8 16 32 64 128 256

Pattern length
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Experiments (Fibonacci string)

« Fiby, of length n = 2178309 with 6 = 2

generated by

1700
1600

1500
1400
1300
1200

1100
1000

900
2 800
2 700

600

500

400

.Iril71 =D
}TilZZ = 4
Fib, = Fib, - Fib, , for n > 2

KMP [Knuth+, 1977]
Sunday [Sunday, 1990]
FJS [Franek+, 2005]

LWFR2 [Cantone+, 2019]

Ours

Algorithm Description
Knuth-Morris-Pratt
Sunday’s Quick-Search
Franek-Jennings-Smyth
Linear Weak Factor Recognization
with 2-chained loop

Proposed algorithm

Ours
KMP

Sunday
FJS

*teme

LWFR2

;\‘&

2 - 8 16

32

Pattern length

64 128 256
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Experiments (many pattern occurrences)

 Arandom pattern is embedded 32768
times into a random text of length

n = 4000000 with 6 = 8

Algorithm
KMP [Knuth+, 1977]
Sunday [Sunday, 1990]
FJS [Franek+, 2005]

Description
Knuth-Morris-Pratt
Sunday’s Quick-Search
Franek-Jennings-Smyth

LWFR2 [Cantone+, 2019] Linear Weak Factor Recognization

with 2-chained loop

Ours Proposed algorithm
400
380
360
240 @)~ Ours
o 320
E
v 300
£
= g * Sunday
260 + FJS
240 -3¢~ LWFR2
220
2 - 8 16 32 64

Pattern length

18 /19




Conclusion

 We proposed a new pattern matching algorithm
» Based on the FJS algorithm
e Generalize the idea of the Quite-Naive algorithm
* Preprocessing and searching time are O(m + o) and O(n), respectively
* Runs faster than the FJS algorithm in general except when a pattern is
extremely short

« Effective when a pattern frequently appears in a text
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Case 1: KMP_Shift[j] <]

I
T:
X
J
p:
KMP_shift[j]
. e _—>
70 o
- md
" —
= _>
md>j—1

Case 2: KMP_Shift[j] =

l

) 4
J
p - I
KMP_shift[j]
md
‘/. .\> _
md
AN T
2y —————

md > KMP _Shift[j] 21 /19



