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Pattern matching with mismatches (Hamming distance)

Input A text string 1" (length n) and a pattern string P (length m)

|@®®©@©©®@®®@u

| n |

T alblcldlalblalaldlalclala
P albl|d|a
— m —

Goal: For all 7, output, Ham(i), the Hamming distance between P and T'[i .. .7+ m — 1]

The Hamming distance is the number of (single character) mismatches. ..
i.e. the number of distinct j such that P[j] # T'|i + j]
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Pattern matching with mismatches (Hamming distance)

Input A text string 1" (length n) and a pattern string P (length m)

|@®®©@©©®@®®@u

n
T abcdab.adacaa
P ab.a
— m —
Ham(4) =1

Goal: For all 7, output, Ham(i), the Hamming distance between P and T'[i .. .7+ m — 1]

The Hamming distance is the number of (single character) mismatches. ..
i.e. the number of distinct j such that P[j] # T'|i + j]
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Pattern matching with mismatches (Hamming distance)

Input A text string 1" (length n) and a pattern string P (length m)

© 0O 600 ®6 60O 6 OO 6

I n I
7 [alolcTa o N <[ <[a]
P [alb]d]a]
— m —
Ham(5) =4
Goal: For all 7, output, Ham(i), the Hamming distance between P and T'[i .. .7+ m — 1]

The Hamming distance is the number of (single character) mismatches. ..
i.e. the number of distinct j such that P[j] # T'|i + j]
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Pattern matching with mismatches (Hamming distance)

Input A text string 1" (length n) and a pattern string P (length m)

|@®®©@©©®@®®@u

~

a

b

C

d

a

b

v

n
a,.da, clala
@ e
— m —
Ham(6) = 1

Goal: For all 7, output, Ham(i), the Hamming distance between P and T'[i .. .7+ m — 1]

The Hamming distance is the number of (single character) mismatches. ..
i.e. the number of distinct j such that P[j] # T'|i + j]
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Pattern matching with mismatches (Hamming distance)

Input A text string 1" (length n) and a pattern string P (length m)

|@®®©@®©®@®®@|
| mn |

alplcldla|lblala ala

~

v
i

-
=
L

Ham(7) = 3

Goal: For all 7, output, Ham(i), the Hamming distance between P and T'[i .. .7+ m — 1]

The Hamming distance is the number of (single character) mismatches. ..
i.e. the number of distinct j such that P[j] # T'|i + j]



B s

Pattern matching with mismatches (Hamming distance)

Input A text string 1" (length n) and a pattern string P (length m)

|@®®©@®©®@®®@u

n

~

a

b

C

d

a

b

a

a

a

v

[d[a]c]w
[abld]«

— m —
Ham(8) = 3

Goal: For all 7, output, Ham(i), the Hamming distance between P and T'[i .. .7+ m — 1]

The Hamming distance is the number of (single character) mismatches. ..
i.e. the number of distinct j such that P[j] # T'|i + j]



Hamming distance - considering symbols seperately

Imagine that the alphabet contains only a small number of different symbols,

which we consider individually. . .
© 00606066 006060006a6

T
P

n
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d

d

a

C

a

a

B s
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Hamming distance - considering symbols seperately

Imagine that the alphabet contains only a small number of different symbols,
which we consider individually. . .

|@®®©@®©®@@®@u

| n |

T alblcld|la|blalald|a|c|a|a
P al|bld|a
— m —

Replace all a symbols with 1 and everything else with O
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Hamming distance - considering symbols seperately

Imagine that the alphabet contains only a small number of different symbols,
which we consider individually. . .

|@®®©@®©®@@®@u

| n |

T alblcldlalblalal|d|lalc|ala
P al|bld]|a
— m —

Replace all a symbols with 1 and everything else with O
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Hamming distance - considering symbols seperately

Imagine that the alphabet contains only a small number of different symbols,
which we consider individually. . .

|@®®©@®©®@@®@u

| n |

T 1Llblc|d|1l|b|l|{1l]|d|1l|c|l]|]1
P Lib|d]|1
— m —

Replace all a symbols with 1 and everything else with O
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Hamming distance - considering symbols seperately

Imagine that the alphabet contains only a small number of different symbols,
which we consider individually. . .

|@®®©@®©®@@®@u

| n |

T 110]0(0(1{O|1|1]|O|1|0O[1]1
P 110]0]1
— m —

Replace all a symbols with 1 and everything else with O



B s

Hamming distance - considering symbols seperately

Imagine that the alphabet contains only a small number of different symbols,
which we consider individually. . .

|@®®©@®©®@@®@u

| n |

1y 110{0{0(1]0{1{1(O|1{O(1]|1
Py 1(0]0]1
— m —

Replace all a symbols with 1 and everything else with O

We denote these new strings I, and P, and consider. . .
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Hamming distance - considering symbols seperately

Imagine that the alphabet contains only a small number of different symbols,
which we consider individually. . .

|@®®©@®©®@@®@u

| n |

1y 110{0{0(1]0{1{1(O|1{O(1]|1
Py 1(0]0]1
— m —

Replace all a symbols with 1 and everything else with O

We denote these new strings I, and P, and consider. . .
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Hamming distance - considering symbols seperately

Imagine that the alphabet contains only a small number of different symbols,
which we consider individually. . .

© 0 0606 ® 666 06 6 O®O 6

| n |

1 L{O[OJOJ1{O{1][L{O[1]O]1]1
Py 110[0]1
— m —

Replace all a symbols with 1 and everything else with O

We denote these new strings I, and P, and consider. . .

m—1

(Ta®Pa ZPa Ta[l—l—]]

]OL J

Liff Plj]|=T[i+j]=a
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Hamming distance - considering symbols seperately

Imagine that the alphabet contains only a small number of different symbols,
which we consider individually. . .

© 0 0606 ® 666 06 6 O®O 6

| n |

1 110{OjO[L{O[L}{T{O[T{O[T]|1
Py 110]{0]1
— m —

Replace all a symbols with 1 and everything else with O

We denote these new strings I, and P, and consider. . .

m—1

(Ta ® Pg)ld

= ) Palj]Tali + j]

J

=0«

Liff P[j]

——

=T[i+j]=a

(1 x 1)+

112]1
X+X+X
112]1

(2x2)+(1x1)

tttttt

R.ISTDL

=6



Hamming distance - considering symbols seperately

Imagine that the alphabet contains only a small number of different symbols,
which we consider individually. . .

Ta
P,

© 0 0606 ® 666 06 6 O®O 6

n

1
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0
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1
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1

0

0

1

— m —

Replace all a symbols with 1 and everything else with O

We denote these new strings I, and P, and consider. . .

(Ta ® Pg)ld

m—1

= 2 PalilTali +3]

J=0 ¢

——

Liff P[j]

=T[i+j]=a

B

(1 x 1)+

This is the number of matching as at the i-th alignment.

2
+X+

1
X
1

1
X
1

2
(

(2x2)+(1x1)

tttttt

R.ISTDL

=6



Hamming distance - considering symbols seperately

Imagine that the alphabet contains only a small number of different symbols,
which we consider individually. . .

Ta
P,

© 0 0606 ® 666 06 6 O®O 6
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1

0
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1

— m —

Replace all a symbols with 1 and everything else with O

We denote these new strings I, and P, and consider. . .

(Ta ® Pg)ld

m—1

= 2 PalilTali +3]

J=0 ¢

——

Liff P[j]

=T[i+j]=a

B

(1 x 1)+

This is the number of matching as at the i-th alignment.

2
+X+

1
X
1

1
X
1

2
(

(2x2)+(1x1)

tttttt

R.ISTDL

=6
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Hamming distance - considering symbols seperately

Imagine that the alphabet contains only a small number of different symbols,
which we consider individually. . .

© 0 0606 ® 666 06 6 O®O 6

| n |

1 110{OjO[L{O[L}{T{O[T{O[T]|1
Py 110]{0]1
— m —

Replace all a symbols with 1 and everything else with O

We denote these new strings I, and P, and consider. . .

m—1 2111211121 ]3]-
(To ® Pa)[i] = Y Palj)Tali + j] XXX
] =0 L —— J ]_ ]_

2
Lift Plj]=Tlitjl=a (Ix1D+(2x2)+(1x1)=6

This is the number of matching as at the i-th alignment.
which we can compute (for all z) in O(n log m) time via cross-correlations
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Hamming distance - considering symbols seperately

We saw how to find all matches with a single symbol in O(n log m) time

Let 3 denote the set of alphabet symbols and || be its size

Algorithm Summary

Construct 1, and P, for every symbol o in X
Compute Ty ® Py (for every symbol o in X))

For every ¢, compute,

Ham(i) =m — » (To ® Py)]i].
oEd]
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Hamming distance - considering symbols seperately

We saw how to find all matches with a single symbol in O(n log m) time

Let 3 denote the set of alphabet symbols and || be its size

Algorithm Summary

Construct 1, and P, for every symbol o in X
Compute Ty ® Py (for every symbol o in X))

For every ¢, compute,

Ham(i) =m — » (To ® Py)]i].
O'EEL Y J
matches involving o
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Hamming distance - considering symbols seperately

We saw how to find all matches with a single symbol in O(n log m) time

Let 3 denote the set of alphabet symbols and || be its size

Algorithm Summary

Construct 1, and P, for every symbol o in X
Compute Ty ® Py (for every symbol o in X))

For every ¢, compute,

Ham(i) =m — » (To ® Py)]i].
oEd]

L J

——
all matches




Hamming distance - considering symbols seperately

We saw how to find all matches with a single symbol in O(n log m) time

Let 3 denote the set of alphabet symbols and || be its size

Algorithm Summary

Construct 1, and P, for every symbol o in X
Compute Ty ® Py (for every symbol o in X))

For every ¢, compute,

Ham(i) =m — » (To ® Py)]i].
A=

mismatches = m— matches

B s
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Hamming distance - considering symbols seperately

We saw how to find all matches with a single symbol in O(n log m) time

Let 3 denote the set of alphabet symbols and || be its size

Algorithm Summary

Construct 1, and P, for every symbol o in X
Compute Ty ® Py (for every symbol o in X))

For every ¢, compute,

Ham(i) =m — » (To ® Py)]i].
oEd]



Hamming distance - considering symbols seperately

We saw how to find all matches with a single symbol in O(n log m) time

Let 3 denote the set of alphabet symbols and || be its size

Algorithm Summary

Construct T,> and P for every symbol o in 3 (O(n|X]) time)
Compute Ty ® Py (for every symbol o in X))

For every ¢, compute,

Ham(i) =m — » (To ® Py)]i].
oEd]

B s
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Hamming distance - considering symbols seperately

We saw how to find all matches with a single symbol in O(n log m) time

Let 3 denote the set of alphabet symbols and || be its size

Algorithm Summary

Construct T,> and P, for every symbol o in X (O(n|X]|) time)
Compute Tx ® Py (for every symbol o in ) (O(n|X|logm) time)

For every ¢, compute,

Ham(i) =m — » (To ® Py)]i].
oEd]
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Hamming distance - considering symbols seperately

We saw how to find all matches with a single symbol in O(n log m) time

Let 3 denote the set of alphabet symbols and || be its size

Algorithm Summary

Construct T,> and P, for every symbol o in X (O(n|X]|) time)
Compute Tx ® Py (for every symbol o in ) (O(n|X|logm) time)

For every ¢, compute,

Ham(i) =m — > (To @ Po)[il-  (o(n[s)) time)
oEY
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Hamming distance - considering symbols seperately

We saw how to find all matches with a single symbol in O(n log m) time

Let 3 denote the set of alphabet symbols and || be its size

Algorithm Summary

Construct T,> and P, for every symbol o in X (O(n|X]|) time)
Compute Tx ® Py (for every symbol o in ) (O(n|X|logm) time)

For every ¢, compute,

Ham(i) =m — > (To @ Po)[il-  (o(n[s)) time)
oEY

This takes O(n|>|log m) total time (and O(n) space)
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Hamming distance - considering symbols seperately

We saw how to find all matches with a single symbol in O(n log m) time

Let 3 denote the set of alphabet symbols and || be its size

Algorithm Summary

Construct T,> and P, for every symbol o in X (O(n|X]|) time)
Compute Tx ® Py (for every symbol o in ) (O(n|X|logm) time)

For every ¢, compute,

Ham(i) =m — > (To @ Po)[il-  (o(n[s)) time)
oEY

This takes O(n|X| log m) total time (and O(n) space)

However, || could be as big as m...
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Hamming distance - considering symbols seperately

We saw how to find all matches with a single symbol in O(n log m) time

Let 3 denote the set of alphabet symbols and || be its size

Algorithm Summary

Construct T,> and P, for every symbol o in X (O(n|X]|) time)
Compute Tx ® Py (for every symbol o in ) (O(n|X|logm) time)

For every ¢, compute,

Ham(i) =m — > (To @ Po)[il-  (o(n[s)) time)
oEY

This takes O(n|>|log m) total time (and O(n) space)

However, || could be as big as m...
what should we do instead?
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The frequent/infrequent symbols trick

Definition: A symbol is frequent if it occurs at least \/m times in P.



B s

The frequent/infrequent symbols trick

Definition: A symbol is frequent if it occurs at least \/m times in P.

®

© ®© © ® ® 6 @
m=9
blbla|c|a b

®
d

¥

P a
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The frequent/infrequent symbols trick

Definition: A symbol is frequent if it occurs at least \/m times in P.

S)@)@.
aidbld

© 0O ® © @
TTm =
blbla|c

P a

a is frequent



The frequent/infrequent symbols trick

Definition: A symbol is frequent if it occurs at least \/m times in P.

©

@@I

a
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b

®
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TTm =
alc

®
9
ald

b

d

a is frequent, b is frequent

B s



The frequent/infrequent symbols trick

Definition: A symbol is frequent if it occurs at least \/m times in P.

©

@@I

a

@
b

®
b

® ®
TTm =
alc

®
9
ald

b

d

a is frequent, b is frequent
c and d are not frequent

B s



The frequent/infrequent symbols trick

Definition: A symbol is frequent if it occurs at least \/m times in P.

©

@@I

P a

@
b

®
b

® @
T =
a|cC

®
9
a

d

b

d

a is frequent, b is frequent
c and d are not frequent

Step 1: Count all matches involving frequent symbols.

B s
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The frequent/infrequent symbols trick

Definition: A symbol is frequent if it occurs at least \/m times in P.

S)@)@.
aidibld

© 0O ® © @
TTm =
blbla|c

P a

a is frequent, b is frequent
c and d are not frequent

Step 1: Count all matches involving frequent symbols.
Consider each frequent symbol separately in O(n log m) time (per symbol).
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The frequent/infrequent symbols trick

Definition: A symbol is frequent if it occurs at least \/m times in P.

S)@)@.
aidibld

© 0O ® © @
TTm =
blbla|c

P a

a is frequent, b is frequent
c and d are not frequent

Step 1: Count all matches involving frequent symbols.
Consider each frequent symbol separately in O(n log m) time (per symbol).
using cross-correlations



The frequent/infrequent symbols trick

Definition: A symbol is frequent if it occurs at least \/m times in P.

S)@)@.
aidibld

© 0O ® © @
TTm =
bjbla|c

P a

a is frequent, b is frequent
c and d are not frequent

Step 1: Count all matches involving frequent symbols.
Consider each frequent symbol separately in O(n log m) time (per symbol).
using cross-correlations

How many frequent symbols can there be?



The frequent/infrequent symbols trick

Definition: A symbol is frequent if it occurs at least \/m times in P.

S)@)@.
aidibld

© 0O ® © @
TTm =
bjbla|c

P a

a is frequent, b is frequent
c and d are not frequent

Step 1: Count all matches involving frequent symbols.
Consider each frequent symbol separately in O(n log m) time (per symbol).
using cross-correlations

How many frequent symbols can there be?
Assume that there at least (/m + 1) freq. symbols



The frequent/infrequent symbols trick

Definition: A symbol is frequent if it occurs at least \/m times in P.

S)@)@.
aidibld

© 0O ® © @
TTm =
bjbla|c

P a

a is frequent, b is frequent
c and d are not frequent

Step 1: Count all matches involving frequent symbols.
Consider each frequent symbol separately in O(n log m) time (per symbol).
using cross-correlations

How many frequent symbols can there be?
Assume that there at least (/m + 1) freq. symbols
each occurs at least \/m times. ..



The frequent/infrequent symbols trick

Definition: A symbol is frequent if it occurs at least \/m times in P.

S)@)@.
aidibld

© 0O ® © @
TTm =
bjbla|c

P a

a is frequent, b is frequent
c and d are not frequent

Step 1: Count all matches involving frequent symbols.
Consider each frequent symbol separately in O(n log m) time (per symbol).
using cross-correlations

How many frequent symbols can there be?
Assume that there at least (/m + 1) freq. symbols
each occurs at least \/m times... (v/m 4+ 1)y/m >m



The frequent/infrequent symbols trick

Definition: A symbol is frequent if it occurs at least \/m times in P.

S)@)@.
aidibld

© 0O ® © @
TTm =
bjbla|c

P a

a is frequent, b is frequent
c and d are not frequent

Step 1: Count all matches involving frequent symbols.
Consider each frequent symbol separately in O(n log m) time (per symbol).
using cross-correlations

How many frequent symbols can there be?
Assume that there at least (/m + 1) freq. symbols
each occurs at least \/m times... (/m + 1)y/m > m  Contradiction!



The frequent/infrequent symbols trick

Definition: A symbol is frequent if it occurs at least \/m times in P.

S)@)@.
aidibld

© 0O ® © @
TTm =
blbla|c

P a

a is frequent, b is frequent
c and d are not frequent

Step 1: Count all matches involving frequent symbols.
Consider each frequent symbol separately in O(n log m) time (per symbol).
using cross-correlations

How many frequent symbols can there be?
Assume that there at least (/m + 1) freq. symbols

each occurs at least \/m times... (y/m + 1)y/m > m  Contradiction!
so there are at most \/m frequent symbols
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The frequent/infrequent symbols trick

Definition: A symbol is frequent if it occurs at least \/m times in P.

S)@)@.
aidibld

© 0O ® © @
TTm =
blbla|c

P a

a is frequent, b is frequent
c and d are not frequent

Step 1: Count all matches involving frequent symbols.
Consider each frequent symbol separately in O(n log m) time (per symbol).
using cross-correlations

How many frequent symbols can there be?
Assume that there at least (/m + 1) freq. symbols

each occurs at least \/m times... (y/m + 1)y/m > m  Contradiction!
so there are at most \/m frequent symbols

So Step 1 takes O (n+/mlogm) time.
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The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

T S

)

@)

)

Every symbol is either
frequent or infrequent

a is frequent, b is frequent
c and d are infrequent
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The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

~
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@
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@
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CI

[ a
| m

Step 2: Count all matches involving infrequent symbols.

Every symbol is either
frequent or infrequent

a is frequent, b is frequent
c and d are infrequent
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The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

Every symbol is either

T aldlplalclceleldlaldlcldlcldlalc frequent or infrequent
a is frequent, b is frequent
P la blajcla|d d c and d are infrequent

Step 2: Count all matches involving infrequent symbols.
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The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

Every symbol is either

T aldlblalcleleldlaldleldleldlalc frequent or infrequent
a is frequent, b is frequent
c and d are infrequent

v
S
S
S
@
S
Q.
Q.

A 10]j0]0joj0ojo]0]0O

Step 2: Count all matches involving infrequent symbols.

Construct an array A of length (n — m -+ 1) - which is initially all zeros
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The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

Every symbol is either

T aldlblalcleleldlaldleldleldlalc frequent or infrequent
a is frequent, b is frequent
c and d are infrequent

v
S
S
S
@
S
Q.
Q.

A 10]j0]0joj0ojo]0]0O

Step 2: Count all matches involving infrequent symbols.

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
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The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

+ """"" > Every symbol is either

T aldlblalcleleldlaldleldleldlalc frequent or infrequent
a is frequent, b is frequent
c and d are infrequent

v
S
S
S
@
S
Q.
Q.

A 10]j0]0joj0ojo]0]0O

Step 2: Count all matches involving infrequent symbols.

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
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The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

+ """"" > Every symbol is either

T aldlblalcleleldlaldleldleldlalc frequent or infrequent
a is frequent, b is frequent
c and d are infrequent

v
S
S
S
@
S
Q.
Q.

A 10]j0]0joj0ojo]0]0O

Step 2: Count all matches involving infrequent symbols.

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
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The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

+ """"" > Every symbol is either

T aldlblalcleleldlaldleldleldlalc frequent or infrequent
a is frequent, b is frequent
c and d are infrequent

v
S
S
S
@
S
Q.
Q.

A 10]j0]0joj0ojo]0]0O

Step 2: Count all matches involving infrequent symbols.

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
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The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

+ """"" > Every symbol is either

T ><d lalclceleldlaldleldlcldlalc frequent or infrequent
a is frequent, b is frequent
c and d are infrequent

v
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S
Q.
Q.

A 10]j0]0joj0ojo]0]0O

Step 2: Count all matches involving infrequent symbols.

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
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The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

+ """"" > Every symbol is either

T ><d lalclceleldlaldleldlcldlalc frequent or infrequent
a is frequent, b is frequent
c and d are infrequent
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S
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Q.

A 10]j0]0joj0ojo]0]0O

Step 2: Count all matches involving infrequent symbols.

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
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The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

+ """"" > Every symbol is either

T ><d lalclceleldlaldleldlcldlalc frequent or infrequent
a is frequent, b is frequent
c and d are infrequent

v
S
S
S
@
S
Q.
Q.

A 10]j0]0joj0ojo]0]0O

Step 2: Count all matches involving infrequent symbols.

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..



B s

The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

+ """"" > Every symbol is either

T ><d lalclceleldlaldleldlcldlalc frequent or infrequent
a is frequent, b is frequent
c and d are infrequent

v
S
S
S
@
S
Q.
Q.

A 10]j0]0joj0ojo]0]0O

Step 2: Count all matches involving infrequent symbols.

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],
Increase A[k — j] by one



B s

The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

+ """"" > Every symbol is either

T ><d lalclceleldlaldleldlcldlalc frequent or infrequent
a is frequent, b is frequent
c and d are infrequent

v
S
S
S
@
S
Q.
Q.

A 10]j0]0joj0ojo]0]0O

Step 2: Count all matches involving infrequent symbols.

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],
Increase A[k — j] by one
except when (k — j) < 0



B s

The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

_________ > Every symbol is either

a is frequent, b is frequent

(k—7) <0 c and d are infrequent

Ik ><d blal|clclcldlaldlcldlcldlalc frequent or infrequent
d]
0

A (O

Step 2: Count all matches involving infrequent symbols.

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],
Increase A[k — j] by one
except when (k — j) < 0



B s

The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

+ """"" > Every symbol is either
T Xd blalclcelcldlaldlcldlcldlalc frequent or infrequent
‘ a is frequent, b is frequent
J_b alclaldlbld| (k—7) <0 c and d are infrequent
A [0]0]0[0]0]0O[0]O

Step 2: Count all matches involving infrequent symbols.

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],
Increase A[k — j] by one
except when (k — j) < 0



B s

The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

+ """"" > Every symbol is either

T Xd blalclclcldlaldlcldlcldlalc frequent or infrequent

a is frequent, b is frequent
c and d are infrequent

v
S

S
S

@

S

Q.
Q.

A 10]j0]0joj0ojo]0]0O

Step 2: Count all matches involving infrequent symbols.

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],
Increase A[k — j] by one
except when (k — j) < 0



B s

The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

+ """"" > Every symbol is either

T Xan clclcldlaldlcldlcldlale frequent or infrequent
a is frequent, b is frequent
c and d are infrequent

v
S
S
S
@
S
Q.
Q.

A 10]j0]0joj0ojo]0]0O

Step 2: Count all matches involving infrequent symbols.

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],
Increase A[k — j] by one
except when (k — j) < 0



B s

The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

+ _________ > Every symbol is either
I Xan cleleldlaldlcldleldlalc frequent or infrequent

a is frequent, b is frequent
c and d are infrequent

v
S
S
S
@
S
Q.
Q.

A 10]j0]0joj0ojo]0]0O

Step 2: Count all matches involving infrequent symbols.

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],
Increase A[k — j] by one
except when (k — j) < 0



B s

The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

+ """"" > Every symbol is either

Ik dec cleldlaldlcldlcldlalc frequent or infrequent

a is frequent, b is frequent
c and d are infrequent

v
S
S
S
@
S
Q.
Q.

A 10]j0]0joj0ojo]0]0O

Step 2: Count all matches involving infrequent symbols.

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],
Increase A[k — j] by one
except when (k — j) < 0



B s

The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

+ """"" > Every symbol is either

Ik dec cleldlaldlcldlcldlalc frequent or infrequent

a is frequent, b is frequent
c and d are infrequent

v
S
S
S
@
S
Q.
Q.

A 10]j0]0joj0ojo]0]0O

Step 2: Count all matches involving infrequent symbols.

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],
Increase A[k — j] by one
except when (k — j) < 0



B s

The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

+ """"" > Every symbol is either

Ik dec cleldlaldlcldlcldlalc frequent or infrequent

a is frequent, b is frequent
c and d are infrequent

v
S
S
S
@
S
Q.
Q.

A 10]j0]0joj0ojo]0]0O

Step 2: Count all matches involving infrequent symbols.

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],
Increase A[k — j] by one
except when (k — j) < 0



B s

The infrequent/frequent symbols trick
Definition: A symbol is infrequent if it occurs fewer than /m times in P.

k =
+ _________ > Every symbol is either
T Xd cleleldlaldlcldlecldlalc frequent or infrequent

a is frequent, b is frequent
c and d are infrequent

gs
S
.
S
/‘&
S
SH
.
SH

A [o]olo]olo|n]o

-

Step 2: Count all matches involving infrequent symbols.

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],
Increase A[k — j] by one
except when (k — j) < 0



B BRSOl
The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

k=4
+ """"" e Every symbol is either
T Xd clclecldlaldleldlceldlale frequent or infrequent
a is frequent, b is frequent
P lalblbla CLCL dlbld c and d are infrequent
A |olojolololnfo]0
A k—j=0 \j:4

Step 2: Count all matches involving infrequent symbols.

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],
Increase A[k — j] by one
except when (k — j) < 0



B BRSOl
The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

k=4
+ """"" e Every symbol is either
T Xd clclecldlaldleldlceldlale frequent or infrequent
a is frequent, b is frequent
P lalblbla CLCL dlbld c and d are infrequent
A |1lololololnfo]0
A k—j=0 \j:4

Step 2: Count all matches involving infrequent symbols.

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],
Increase A[k — j] by one
except when (k — j) < 0



B s

The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

+ """"" > Every symbol is either

Ik dec cleldlaldlcldlcldlalc frequent or infrequent

a is frequent, b is frequent
c and d are infrequent

v
S
S
S
@
S
Q.
Q.

A |1]0]0joj0ojo]0]0

Step 2: Count all matches involving infrequent symbols.

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],
Increase A[k — j] by one
except when (k — j) < 0



B s

The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

+ """"" > Every symbol is either

Ik dec cleldlaldlcldlcldlalc frequent or infrequent

a is frequent, b is frequent
c and d are infrequent

v
S
S
S
@
S
Q.
Q.

A |1]0]0joj0ojo]0]0

Step 2: Count all matches involving infrequent symbols.

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],
Increase A[k — j] by one
except when (k — j) < 0



B s

The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

+ """"" > Every symbol is either

Ik dec cleldlaldlcldlcldlalc frequent or infrequent

a is frequent, b is frequent
c and d are infrequent

v
S
S
S
@
S
Q.
Q.

A |1]0]0joj0ojo]0]0

Step 2: Count all matches involving infrequent symbols.

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],
Increase A[k — j] by one
except when (k — j) < 0



B s

The infrequent/frequent symbols trick
Definition: A symbol is infrequent if it occurs fewer than /m times in P.

k =
+ _________ > Every symbol is either
T Xd clelcecl|dlaldlcldlcldlalc frequent or infrequent

a is frequent, b is frequent
c and d are infrequent

v
S
S
S
@
S
Q.
Q.

A |1]0]0joj0ojo]0]0

Step 2: Count all matches involving infrequent symbols.

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],
Increase A[k — j] by one
except when (k — j) < 0



B s

The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

k=5
+ _________ > Every symbol is either
T M c|C|C aldlcldleldlalc frequent or infrequent

d d

a is frequent, b is frequent

P lalblblaiclaldlbld c and d are infrequent
A 11/0/0/0/0[/0]0]0

Step 2: Count all matches involving infrequent symbols.

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],
Increase A[k — j] by one
except when (k — j) < 0



B s

The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

k=5
+ _________ > Every symbol is either
T M c|C|C aldlcldleldlalc frequent or infrequent

d d

a is frequent, b is frequent

P lalblbla CL& dlbld c and d are infrequent
A [1lololofololBlo

N
Step 2: Count all matches involving infrequent symbols.

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],
Increase A[k — j] by one
except when (k — j) < 0



B BRSOl
The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

k=5 -
+ _________ > Every symbol is either
T M c|C|C aldlcldleldlalc .frequent or |.nfrequent

a is frequent, b is frequent
d c and d are infrequent

S¥

=
S
@
=
] [~
=

A |1

-
-

b
0 0/8]0
k—91=1

N4

Step 2: Count all matches involving infrequent symbols.

- |of |

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],
Increase A[k — j] by one
except when (k — j) < 0



B BRSOl
The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

k=5 -
+ _________ > Every symbol is either
T M c|C|C aldlcldleldlalc .frequent or |.nfrequent

a is frequent, b is frequent
d c and d are infrequent

S¥

=
S
@
=
] [~
=

A |1

-
-

b
0 0/8]0
k—91=1

N4

Step 2: Count all matches involving infrequent symbols.

_>ng

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],
Increase A[k — j] by one
except when (k — j) < 0



B s

The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

+ """"" > Every symbol is either
T [dec clcldlaldlcldlcldlalc frequent or infrequent
a is frequent, b is frequent
P lalblblalclaldlbld c and d are infrequent
A [1]1/0]0]0]0]0]0

Step 2: Count all matches involving infrequent symbols.

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],
Increase A[k — j] by one
except when (k — j) < 0



B s

The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

+ """"" e Every symbol is either
T [dec clcldlaldlcldlcldlalc frequent or infrequent
a is frequent, b is frequent
P lalblblalclaldlbld c and d are infrequent
A [1]1]0]0]0]0]0]0O

Step 2: Count all matches involving infrequent symbols.

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],
Increase A[k — j] by one
except when (k — j) < 0



B s

The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

+ """"" e Every symbol is either
T [dec clcldlaldlcldlcldlalc frequent or infrequent
a is frequent, b is frequent
P lalblblalclaldlbld c and d are infrequent
A [1]1]0]0]0]0]0]0O

Step 2: Count all matches involving infrequent symbols.

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],
Increase A[k — j] by one
except when (k — j) < 0



B s

The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

k =
+ ________ > Every symbol is either
T M >O<C C|C a cldlcldlalc frequent or infrequent

d dlald
a is frequent, b is frequent
P lalblblaiclaldlbld c and d are infrequent
A 11/1/0/0/0[/0]0]0

Step 2: Count all matches involving infrequent symbols.

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],
Increase A[k — j] by one
except when (k — j) < 0



B s

The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

T DJd
P

A |1

1

Step 2: Count all matches involving infrequent symbols.

Every symbol is either
frequent or infrequent

a is frequent, b is frequent
c and d are infrequent

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],
Increase A[k — j] by one
except when (k — j) < 0



B s

The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

k =
+ ________ > Every symbol is either
Ik Mdmc clcldla cldleldlalc frequent or infrequent
P

d
a is frequent, b is frequent
alblbla CLCL dlbld c and d are infrequent

A [1]1]o]lolololo]B

Step 2: Count all matches involving infrequent symbols.

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],
Increase A[k — j] by one
except when (k — j) < 0



B s

The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

k =
+ ________ > Every symbol is either
Ik Mdmc clcldla cldleldlalc frequent or infrequent
P

d
a is frequent, b is frequent
alblbla CLCL dlbld c and d are infrequent

A [1]1]o]lolololo]B

Ai—j=2 \j:4

Step 2: Count all matches involving infrequent symbols.

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],
Increase A[k — j] by one
except when (k — j) < 0



B s

The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

k =
+ ________ > Every symbol is either
Ik Mdmc clcldla cldleldlalc frequent or infrequent
P

d
a is frequent, b is frequent
alblbla CLCL dlbld c and d are infrequent

A [1]1]1]0]olo]o]®B

Ai—j=2 \j:4

Step 2: Count all matches involving infrequent symbols.

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],
Increase A[k — j] by one
except when (k — j) < 0



B s

The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

+ """"" e Every symbol is either

T Mdmc cleldlaldlcldlcldlalc frequent or infrequent
P b

a is frequent, b is frequent
alblblalclald|bld c and d are infrequent
A 1111170101010/ 0

Step 2: Count all matches involving infrequent symbols.

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],
Increase A[k — j] by one
except when (k — j) < 0



B s

The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

+ """"" s Every symbol is either

I Mdmc cleldlaldlcldlcldlalc frequent or infrequent
P

a is frequent, b is frequent
alblblajclald|bld c and d are infrequent

A |1]1]1]0]0]0]0]0

Step 2: Count all matches involving infrequent symbols.

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],
Increase A[k — j] by one
except when (k — j) < 0



B s

The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

+ """"" s Every symbol is either

I Mdmc cleldlaldlcldlcldlalc frequent or infrequent
P

a is frequent, b is frequent
alblblajclald|bld c and d are infrequent

A |1]1]1]0]0]0]0]0

Step 2: Count all matches involving infrequent symbols.

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],
Increase A[k — j] by one
except when (k — j) < 0



B s

The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

k =

T DJd
P

|~

A |1

1

-

Step 2: Count all matches involving infrequent symbols.

Every symbol is either
frequent or infrequent

a is frequent, b is frequent
c and d are infrequent

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],
Increase A[k — j] by one
except when (k — j) < 0



B s

The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

k =
+ ______ > Every symbol is either
Ik dec clcldlaldlcldlcldlalc frequent or infrequent

a is frequent, b is frequent
alblblalcla|dl bld c and d are infrequent

Step 2: Count all matches involving infrequent symbols.

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],
Increase A[k — j] by one
except when (k — j) < 0



B s

The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.
k =

--------- > Every symbol is either

T XdXXc\cchz

frequent or infrequent

a is frequent, b is frequent

alblbla

C

a

d

d

c and d are infrequent

A [1[1]1

0

010

j =38

Step 2: Count all matches involving infrequent symbols.

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..

For all

7 such that T'[k] = P[j],
Increase A[k — j] by one
except when (k — j) < 0
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The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

k=
yoo > Every symbol is either
T dec cleldlaldlceldleldlalc frequent or infrequent

a is frequent, b is frequent
alblblalcla|dl bld c and d are infrequent

A [1/1[1]/0/0]/0[0]0
(k—j) <0 j=38

Step 2: Count all matches involving infrequent symbols.

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],
Increase A[k — j] by one
except when (k — j) < 0
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The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

k =
+ ______ > Every symbol is either
Ik dec clcldlaldlcldlcldlalc frequent or infrequent

a is frequent, b is frequent
alblblalcla|dl bld c and d are infrequent

Step 2: Count all matches involving infrequent symbols.

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],
Increase A[k — j] by one
except when (k — j) < 0
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The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

k =
+ """"" s Every symbol is either
><><C cleldlaldlceldleldlalc frequent or infrequent

a is frequent, b is frequent
blblalclald bld c and d are infrequent

110/0{0]10]0
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}—xlg

A |1

Step 2: Count all matches involving infrequent symbols.

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],
Increase A[k — j] by one
except when (k — j) < 0
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The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.
k =

(¢

S¥

dla

b

b

a

C

a

dl b

}—xlg

A |1 1

0

0

0
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Step 2: Count all matches involving infrequent symbols.

Every symbol is either
frequent or infrequent

a is frequent, b is frequent
c and d are infrequent

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],
Increase A[k — j] by one
except when (k — j) < 0
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The infrequent/frequent symbols trick
Definition: A symbol is infrequent if it occurs fewer than /m times in P.

k=
yoo > Every symbol is either
T Mdmc cleldlaldlceldleldlalc frequent or infrequent

a is frequent, b is frequent

P lalblblalclaldibld] c and d are infrequent
A [1]1]1]0]/0]0]0]0O
+k—]: 7 =206

Step 2: Count all matches involving infrequent symbols.

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],
Increase A[k — j] by one
except when (k — j) < 0
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The infrequent/frequent symbols trick
Definition: A symbol is infrequent if it occurs fewer than /m times in P.

k=
yoo > Every symbol is either
T Mdmc cleldlaldlceldleldlalc frequent or infrequent

a is frequent, b is frequent

P lalblblalclaldibld] c and d are infrequent
A [1]2]1]0]/0]0]0]0
+k—]: 7 =206

Step 2: Count all matches involving infrequent symbols.

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],
Increase A[k — j] by one
except when (k — j) < 0
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The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

T DJals ¢ d
P (alblb d
A [1]2]1]0 0

Step 2: Count all matches involving infrequent symbols.

Every symbol is either
frequent or infrequent

a is frequent, b is frequent
c and d are infrequent

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],
Increase A[k — j] by one
except when (k — j) < 0
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The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

+ --------- > Every symbol is either
T Mdmc cleldlaldleldleldlale frequent or infrequent
a is frequent, b is frequent
P lalblblaiclaldlbld c and d are infrequent
A 11/2]1/0/0/0]0]0

Step 2: Count all matches involving infrequent symbols.

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],
Increase A[k — j] by one
except when (k — j) < 0
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The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

+ --------- > Every symbol is either
frequent or infrequent

T Mdmccc

P |lalblblalcla

A |1]2[1]0]0]0]0
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a is frequent, b is frequent
c and d are infrequent
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Step 2: Count all matches involving infrequent symbols.

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],
Increase A[k — j] by one
except when (k — j) < 0
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The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

+ --------- = Every symbol is either
frequent or infrequent

r W elelela
a is frequent, b is frequent
P |alblblajclald|bld c and d are infrequent

A |1]2]1]0]0]0]0]0

Step 2: Count all matches involving infrequent symbols.

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],
Increase A[k — j] by one
except when (k — j) < 0
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The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

+ --------- = Every symbol is either

Xd cldleldlalc frequent or infrequent
a is frequent, b is frequent

bld] c and d are infrequent

T Mdmccc

P |lalblblalcla

A |1]2[1]0]0]0]0
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Step 2: Count all matches involving infrequent symbols.

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],
Increase A[k — j] by one
except when (k — j) < 0
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The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

+ --------- = Every symbol is either

Xd cldleldlalc frequent or infrequent
a is frequent, b is frequent

bld] c and d are infrequent

T Mdmccc

P |lalblblalcla

A |1]2[1]0]0]0]0

*

Step 2: Count all matches involving infrequent symbols.
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Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],
Increase A[k — j] by one
except when (k — j) < 0
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The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

+ --------- = Every symbol is either

Xd cldleldlalc frequent or infrequent
a is frequent, b is frequent

bld] c and d are infrequent
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Step 2: Count all matches involving infrequent symbols.

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],
Increase A[k — j] by one
except when (k — j) < 0
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The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

+ --------- = Every symbol is either

Xd cldleldlalc frequent or infrequent
a is frequent, b is frequent

bld] c and d are infrequent
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Step 2: Count all matches involving infrequent symbols.

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],
Increase A[k — j] by one
except when (k — j) < 0
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The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

T DJd c

P

a

b

A [1]3

0

0

Step 2: Count all matches involving infrequent symbols.

Every symbol is either
frequent or infrequent

a is frequent, b is frequent
c and d are infrequent

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],
Increase A[k — j] by one
except when (k — j) < 0
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The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

T DJd c

P

a

b

A [1]3

0

0

Step 2: Count all matches involving infrequent symbols.

*

Every symbol is either
frequent or infrequent

a is frequent, b is frequent
c and d are infrequent

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],
Increase A[k — j] by one
except when (k — j) < 0
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The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

T DJd c

P

a

b

A [1]3

1

0

Step 2: Count all matches involving infrequent symbols.

*

Every symbol is either
frequent or infrequent

a is frequent, b is frequent
c and d are infrequent

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],
Increase A[k — j] by one
except when (k — j) < 0
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The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

T DJd c

P

a

b

A [1]3

1

0

Step 2: Count all matches involving infrequent symbols.

Every symbol is either
frequent or infrequent

a is frequent, b is frequent
c and d are infrequent

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],
Increase A[k — j] by one
except when (k — j) < 0
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The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

+ Every symbol is either
Xd cldlecldlalc frequent or infrequent

blbla|cla

T Mdchc

S¥

a is frequent, b is frequent
d] c and d are infrequent

=~
.

}—xlg

A |1[3[1]2]0]2]1

Step 2: Count all matches involving infrequent symbols.

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],
Increase A[k — j] by one
except when (k — j) < 0
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The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

+ Every symbol is either
Xd cldlcldlalc frequent or infrequent
a is frequent, b is frequent

blblalclaldl bld] c and d are infrequent

T Mdchc

S¥

}—xlg

A [1]3]1[2]0]2]1
A What is A[i]?

Step 2: Count all matches involving infrequent symbols.

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],
Increase A[k — j] by one
except when (k — j) < 0
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The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

v

T DJd c

C

P alp clal|d
A 113 210 1
i

Step 2: Count all matches involving infrequent symbols.

What is A[i]?

Every symbol is either
frequent or infrequent

a is frequent, b is frequent
c and d are infrequent

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],

Increase A[k — j] by one

except when (k — j) < 0
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The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

+ Every symbol is either

T DJd c

a|cC

frequent or infrequent

P

a

b

A [1]3

2

0

Step 2: Count all matches involving infrequent symt

A

a is frequent, b is frequent
c and d are infrequent

What is A[i]?

Ali] is the number of matches
at alignment 2 involving an
infrequent symbol

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],

Increase A[k — j] by one

except when (k — j) < 0
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The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

v

T DJd c

C

P

a

b

A [1]3

2

0

Step 2: Count all matches involving infrequent symbols.

Every symbol is either
frequent or infrequent

a is frequent, b is frequent
c and d are infrequent

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],

Increase A[k — j] by one

except when (k — j) < 0
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The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

v

T DJd c

dD>x(d]cld

C

P

a

b

claldibld

A [1]3

2

0

Step 2: Count all matches involving infrequent symbols.

Every symbol is either
frequent or infrequent

a is frequent, b is frequent
c and d are infrequent

How quick is Step 27?

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...

If T'|k] is infrequent. ..

For each character T'|k], (where 0 < k < n)

For all j such that T'[k] = P[j],

Increase A[k — j] by one

except when (k — j) < 0
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The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

v

T DJd c

dD>x(d]cld

C

P

a

b

claldibld

A [1]3

2

0

Step 2: Count all matches involving infrequent symbols.

Every symbol is either
frequent or infrequent

a is frequent, b is frequent
c and d are infrequent

How quick is Step 27?

O(n) time

e

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...

If T'|k] is infrequent. ..

For each character T'|k], (where 0 < k < n)

For all j such that T'[k] = P[j],

Increase A[k — j] by one

except when (k — j) < 0
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The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

+ Every symbol is either
T MdWC C|C dxd cldlcldlalc frequent or infrequent

a is frequent, b is frequent
P lalblblalclaldlbld c and d are infrequent

A [1]3]1]2]0][2]1]1

How quick is Step 27?
O(n) time

Step 2: Count all matches involving infrequent symbols. /

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through 7T'... store a list for each
For each character T'[k], (where 0 < k < ni/infrequent symbol
If T'|k] is infrequent. . .
For all j such that T'|k] = P|j],
Increase Ak — j] by one
except when (k — j7) < 0



B s

The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

+ Every symbol is either
T MdWC C|C dxd cldlcldlalc frequent or infrequent

a is frequent, b is frequent
P lalblblalclaldlbld c and d are infrequent

A [1]3]1]2]0][2]1]1

How quick is Step 27?
O(n) time

Step 2: Count all matches involving infrequent symbols. /

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T... §tore a list for each
For each character T'[k], (where 0 < k < ni/mfrequent symbol

If T'|k] is infrequent. . . each list has length

For all j such that T'[k] = P[j], less than /m
Increase A[k — j] by one

except when (k — j) < 0
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The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

+ Every symbol is either

T DJd c

dxd cldlcldlalc frequent or infrequent

a is frequent, b is frequent

P lalb claldlbld c and d are infrequent
A [1]3]1[2]0 1
How quick is Step 27?
O(n) time
Step 2: Count all matches involving infrequent symbols. /
Construct an array A of length (n — m -+ 1) - which is initially all zeros
 Make a single pass through 7. . . §tore a list for each
O(n/) For each character T'[k], (where 0 < k < ni/mfrequent symbol
n+/m N
g % If T'|k] is infrequent. .. each list has length
For all j such that T'|k] = P|j], less than /m

Increase A[k — j] by one
except when (k — j) < 0
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The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

v

T DJd c
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P

a

b

A [1]3

2

0

Step 2: Count all matches involving infrequent symbols.

Every symbol is either
frequent or infrequent

a is frequent, b is frequent
c and d are infrequent

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],

Increase A[k — j] by one

except when (k — j) < 0
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The infrequent/frequent symbols trick

Definition: A symbol is infrequent if it occurs fewer than /m times in P.

v
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C

P

a

b

A [1]3

2

0

Step 2: Count all matches involving infrequent symbols.

Every symbol is either
frequent or infrequent

a is frequent, b is frequent
c and d are infrequent

Construct an array A of length (n — m -+ 1) - which is initially all zeros

Make a single pass through T'...
For each character T'|k], (where 0 < k < n)
If T'|k] is infrequent. ..
For all j such that T'|k] = P|j],

Increase A[k — j] by one

O(n+/m) total time

except when (k — j) < 0
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Algorithm summary

Step 0: Classify each symbol as frequent or infrequent (O (m log m) time)
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Algorithm summary
Step 0: Classify each symbol as frequent or infrequent (O (m log m) time)

Step 1: Count all matches involving frequent symbols. (O(n+/m log m) time)
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Step 1: Count all matches involving frequent symbols. (O(n+/m log m) time)

Step 2: Count all matches involving infrequent symbols. (O(n+/m) time)
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Step 0: Classify each symbol as frequent or infrequent (O (m log m) time)

Step 1: Count all matches involving frequent symbols. (O(n+/m log m) time)

Step 2: Count all matches involving infrequent symbols. (O(n+/m) time)
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Algorithm summary
Step 0: Classify each symbol as frequent or infrequent (O (m log m) time)

Step 1: Count all matches involving frequent symbols. (O(n+/m log m) time)

Step 2: Count all matches involving infrequent symbols. (O(n+/m) time)

at any alignment
the number of mismatches is just . minus the total number of matches
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Pattern matching with mismatches: putting it all together
Algorithm summary
Step 0: Classify each symbol as frequent or infrequent (O (m log m) time)

Step 1: Count all matches involving frequent symbols. (O(n+/m log m) time)

Step 2: Count all matches involving infrequent symbols. (O(n+/m) time)

at any alignment
the number of mismatches is just . minus the total number of matches

Overall, we obtain a time complexity of O(n+/mlogm).



