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Task: Find Saarbriicken in a text.
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An Example

Task: Find Saarbriicken in a text.

Or Saarbruecken.
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An Example

Task: Find Saarbriicken in a text.

Or Saarbruecken. Or Sarrebruck.
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An Example

Task: Find Saarbriicken in a text.

Or Saarbruecken. Or Sarrebruck. Or Saarbrucken, Saarbr|cken, SaarbrAVicken, ...
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The Approximate String Matching Problem

(  Approximate String Matching ) early 1980's

Given a text T, a pattern P, and an integer k, identify the (starting positions of) substrings
of T that are at edit distance of at most k to P.
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The Approximate String Matching Problem

(  Approximate String Matching ) early 1980's
Given a text T, a pattern P, and an integer k, identify the (starting positions of) substrings
of T that are at edit distance of at most k to P.

Edit distance: minimum number of insertions, deletions, or substitutions of single
characters to transform one string into another string

[*1 [s\A\R\R\E\B\R\u\c\Kl
GIATA[R[E[R[0]<[K[E]V) [s\A\A\R\B\R\u\c\K\“T“]
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Outline

Basic Tricks and Tools, Previous Work

New Algorithms via Structural Insights

Spotlight Extension: Quantum Algorithms for ASM
Spotlight Extension: String Matching with Weighted Edits

Open Problems and Future Directions
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Basic Tricks and Tools: The Standard Trick

( Approximate String Matching ) early 1980's
< Given: text T, pattern P, integer k; Find: (starting pos. of) substrings of T at edit distance < k to P.

Focus: Obtain starting positions of occurrences
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Basic Tricks and Tools: The Standard Trick

( Approximate String Matching ) early 1980's
< Given: text T, pattern P, integer k; Find: (starting pos. of) substrings of T at edit distance < k to P.

?

o

Focus: Obtain starting positions of occurrences
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Basic Tricks and Tools: The Standard Trick

( Approximate String Matching ) early 1980's
< Given: text T, pattern P, integer k; Find: (starting pos. of) substrings of T at edit distance < k to P.
?
I T )
Focus: Obtain starting positions of occurrences \\

_ » ]
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Basic Tricks and Tools: The Standard Trick

( Approximate String Matching ) early 1980's
< Given: text T, pattern P, integer k; Find: (starting pos. of) substrings of T at edit distance < k to P.

?

o

Focus: Obtain starting positions of occurrences

P P
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Basic Tricks and Tools: The Standard Trick

( Approximate String Matching ) early 1980's
< Given: text T, pattern P, integer k; Find: (starting pos. of) substrings of T at edit distance < k to P.

?

o

Focus: Obtain starting positions of occurrences

“Standard Trick™: writet := |T|, p := |P| i
Split T into overlapping fragments of len £ +p + k

~+ O(t/?) instances, [ TE..k+p+20) |
each “responsible” for its first £ positions >

T0..k+p+0) ] | T20..1)

I I s Philip Wellnitz 8
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Basic Tricks and Tools: The Standard Trick

( Approximate String Matching ) early 1980's
< Given: text T, pattern P, integer k; Find: (starting pos. of) substrings of T at edit distance < k to P.
?
[ T

Focus: Obtain starting positions of occurrences

P P
“Standard Trick™: writet := |T|, p := |P| i
Split T into overlapping fragments of len £ +p + k

~+ O(t/?) instances, [ TE..k+p+20) |
each “responsible” for its first £ positions

2
~+ Useful special cases: £=kand £=0.5p T[0..k+p+2) | [ et

P P
NIl: ;

ity Research Institute Corparation
anization of Information and Syster

Philip Wellnitz
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Basic Tricks and Tools: (Filter and) Verify

( Approximate String Matching ) early 1980's
< Given: text T, pattern P, integer k; Find: (starting pos. of) substrings of T at edit distance < k to P.

?222222222?2?

I i )

Focus: Obtain starting positions of occurrences

“Filter and Verify Paradigm”

I I s Philip Wellnitz 9
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Basic Tricks and Tools: (Filter and) Verify

( Approximate String Matching ) early 1980's
< Given: text T, pattern P, integer k; Find: (starting pos. of) substrings of T at edit distance < k to P.

???????????

Focus: Obtain starting positions of occurrences
i Filter

“Filter and Verify Paradigm”

SRV
%
o)

R ?RP2RRDR
T

Step 1, Filter:  (typically fast)
Compute (small) superset of starting positions

I I Razaaren Ot ol Ifommatian s ysms Philip Wellnitz 9
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Basic Tricks and Tools: (Filter and) Verify

( Approximate String Matching ) early 1980's
< Given: text T, pattern P, integer k; Find: (starting pos. of) substrings of T at edit distance < k to P.

???????????

Focus: Obtain starting positions of occurrences I

“Filter and Verify Paradigm” i Filter

SRV
%
o)

. . ®? x X R7R
Step 1, Filter: (typically fast)

Compute (small) superset of starting positions

. . i Verify
Step 2, Verify:  (typically slow)
Check for occ at each remaining position

)
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Basic Tricks and Tools: (Filter and) Verify

( Approximate String Matching ) early 1980's
< Given: text T, pattern P, integer k; Find: (starting pos. of) substrings of T at edit distance < k to P.

???????????

Focus: Obtain starting positions of occurrences I

“Filter and Verify Paradigm” i Filter

SRV
%
o)

. . ®? x X R7R
Step 1, Filter: (typically fast)

Compute (small) superset of starting positions

. . i Verify
Step 2, Verify:  (typically slow)
Check for occ at each remaining position
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Basic Tricks and Tools: (Filter and) Verify

early 1980’s

( Approximate String Matching )
< Given: text T, pattern P, integer k; Find: (starting pos. of) substrings of T at edit distance < k to P.

22222222222

Focus: Obtain starting positions of occurrences I = I
“Filter and Verify Paradigm” i Filter
. . 2877 DR

Step 1, Filter: (typically fast) pe
Compute (small) superset of starting positions

. . i Verify
Step 2, Verify:  (typically slow)
Check for occ at each remaining position o ® )

T I

Research orgonatonof omation S Philip Wellnitz 9.5
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Basic Tricks and Tools: (Filter and) Verify

early 1980’s

( Approximate String Matching )
< Given: text T, pattern P, integer k; Find: (starting pos. of) substrings of T at edit distance < k to P.

2?2?2222 ? 22?22
Focus: Obtain starting positions of occurrences I I

“Filter and Verify Paradigm” i Filter
2X7 %7 x %X %27 %

Step 1, Filter:  (typically fast)
Compute (small) superset of starting positions

) . i Verify
Step 2, Verify:  (typically slow)
Check for occ at each remaining position o ®

o

i I

It Unversty Rsearc nsthuteCorpr m Philip Wellnitz 9-6
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Basic Tricks and Tools: (Filter and) Verify

early 1980’s

( Approximate String Matching )
< Given: text T, pattern P, integer k; Find: (starting pos. of) substrings of T at edit distance < k to P.

2?2?2222 ? 22?22
Focus: Obtain starting positions of occurrences I I

“Filter and Verify Paradigm” i Filter
2X7 %7 x %X %27 %

Step 1, Filter:  (typically fast)
Compute (small) superset of starting positions

) . i Verify
Step 2, Verify:  (typically slow)
Check for occ at each remaining position o ®

o9

It Unversty Rsearc nsthuteCorpr m Philip Wellnitz 9_7
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Basic Tricks and Tools: (Filter and) Verify

early 1980’s

( Approximate String Matching )
< Given: text T, pattern P, integer k; Find: (starting pos. of) substrings of T at edit distance < k to P.

2?2?2222 ? 22?22
Focus: Obtain starting positions of occurrences I I

“Filter and Verify Paradigm” i Filter
2X7 %7 x %X %27 %

Step 1, Filter:  (typically fast)
Compute (small) superset of starting positions

. . i Verify
Step 2, Verify:  (typically slow)
Check for occ at each remaining position o ® ® o ®

It Unversty Rsearc nsthuteCorpr m Philip Wellnitz 9-8
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Basic Tricks and Tools: (Filter and) Verify

early 1980’s

( Approximate String Matching )
< Given: text T, pattern P, integer k; Find: (starting pos. of) substrings of T at edit distance < k to P.

Focus: Obtain starting positions of occurrences 22222222227

T
“Filter and Verify Paradigm” i Filter

SRV
%
o)
%
SV

Step 1, Filter:  (typically fast) X272 X%X?7R
Compute (small) superset of starting positions T I

Step 2', Multi-pos Verify:  (typically slow) i Multi-pos Verify
Check for occ at each remaining position,
multiple positions at once

)
ox9)
oxY)

Research orgonatonof omation S Philip Wellnitz 9-9
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Basic Tricks and Tools: (Filter and) Verify

( Approximate String Matching ) early 1980's

< Given: text T, pattern P, integer k; Find: (starting pos. of) substrings of T at edit distance < k to P.

Focus: Obtain starting positions of occurrences ?2?2222°? ? 2?2272

“Filter and Verify Paradigm” i Filter

Step 1, Filter:  (typically fast) 287828282 R

Compute (small) superset of starting positions T I

Step 2', Multi-pos Verify:  (typically slow) i Multi-pos Verify

Check for occ at each remaining position,

multiple positions at once O %X %XXXTP 4 |

T

It Unersity Rosear snt:cnpnalo o ) ) Fhlllp We}lmtz 9-1 0
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Basic Tricks and Tools: (Filter and) Verify

( Approximate String Matching ) early 1980's

< Given: text T, pattern P, integer k; Find: (starting pos. of) substrings of T at edit distance < k to P.

Focus: Obtain starting positions of occurrences ?2?2222°? ? 2?2272

“Filter and Verify Paradigm” i Filter

Step 1, Filter:  (typically fast) 287828282 R

Compute (small) superset of starting positions T I

Step 2', Multi-pos Verify:  (typically slow) i Multi-pos Verify

Check for occ at each remaining position,

multiple positions at once O XX XX XO bad |

T

It Unersity Rosear snt:cnpnalo o ) ) Fhlllp We}lmtz 9-11
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Classical Algorithms

. . . early 1980’s
(_ Approximate String Matching ) £
< Given: text T, pattern P, integer k; Find: (starting pos. of) substrings of T at edit distance < k to P.
s arr ebr
Edit dist/Verify Algorithm ASM Algorithm (t:=1|T|,p:=1|P]) s L
1701 2 3 4 5 6
Textbook DP ~ O(tp) Verify pos 1 by 1 ~~ O(t?p) substr a5 40 3 3 4 5
[Sellers, 1980] and others a 3 2 1%
oy
b
.5

e, =i(delT0..i)); e, =j(ins P[O..j))

e .. +1 (del from T)

-1,
I (insinT)

e, = min € 1
+(T[i]# P[j]) (match/

subst)

e o Phlp wellntz 4 (y
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Classical Algorithms

. . . early 1980’s
(_ Approximate String Matching ) £

< Given: text T, pattern P, integer k; Find: (starting pos. of) substrings of T at edit distance < k to P.

r b e r r a s
Edit dist/Verify Algorithm ASM Algorithm (t:=|T|,p:=1|P]) b 0 0000000
1101 1 1 11
Textbook DP ~~ O(tp) Verify pos 1 by 1 ~~ O(t?p) substr L R
[Sellers, 1980] and others Verify all pos atonce ~» O(tp)  start pos 2 3 5 5 9 9 9 1 9
2 43333322

S

5 4 4 4 4 4 3 2

€0 =0(del T[0..i)); e,; = (ins P[0..}))

e .. +1 (del from T)
-1,

ejq*1 (insinT)
e, = min € i
+(T[i1#P[j]) (match/

subst)
N I I ety Bt oot Philip Wellnitz 4 ()
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Classical Algorithms

. . . early 1980’s
( Approximate String Matching ) yi9
< Given: text T, pattern P, integer k; Find: (starting pos. of) substrings of T at edit distance < k to P.
Edit dist/Verify Algorithm ASM Algorithm (t:=1|Tl,p:=1|P])
Textbook DP ~~ O(tp) Verify pos 1 by 1 ~~ O(t?p) substr rrasraasrhasrras-
[Sellers, 1980] and others Verify allposatonce ~» O(tp)  start pos | , 0 0u 00 00 00 00 00 00 00 00 00 00 04 04 0 040
a10(]1'l()'l110’l1’l001’|
. . 2.1.1.0.1.1.0. 12,111,211 0.1
DP, diagonally compute Verify pos 1 by 1 ~» O(tkp) substr a SNININININISININININININ N NN
only entries < k Verify £ < t pos at once start pos j 201020201000 1020 200 2 0 200
= O(t+ kp) ~0(t/2- (2+ k)p) = O(tp) : NNNRNNSSNE
2 201,22 212 2
s 212 212 2
Prune whenever ;> k.

InerUniversty Researh nsttateCorporat - )
N I I Resoaeh rganzain of nformaton and Systems Philip Wellnitz 10-3
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Classical Algorithms

. . . early 1980’s
( Approximate String Matching ) y19
< Given: text T, pattern P, integer k; Find: (starting pos. of) substrings of T at edit distance < k to P.
Edit dist/Verify Algorithm ASM Algorithm (t:=|Tl,p:=|Pl) rrasraasrhasrras -
. o_0,0 0 0 0 0 O O 0 O O O O 0 O O
Textbook DP ~~ O(tp) Verify pos 1 by 1 ~~ O(t?p) substr : o 0 0
[Sellers, 1980] and others Verify all posatonce ~» O(tp)  startpos | , 0 0
DP, diagonally compute Verify pos 1 by 1 ~~ O(tkp) substr r .
only entries < k Verify £ < t pos at once start pos :
~» O(t + kp) ~+0(t/2- (2 + R)p) = O(tp) s
compute DP diagonals, skip  Verify pos 1 by 1 ~~ O(tk?) substr Comp. furthest pos on diag d
over common substrin O(1)  Verify £ < t pos at once start pos reachable w/ £ = 0, ..., k edits.
~s O(t + k2) ftandau, viskinssl,  ~ O(t/2- (£ + R)k) = O(tk) ~ Jump over equal

substrings in O(1) time

I I ystems Philip Wellnitz 1 0
National Institute of Informatics Revitalizing Research on Approximate String Matching Algorithms -4
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Classical Algorithms

. . . early 1980’s
( Approximate String Matching ) y19
< Given: text T, pattern P, integer k; Find: (starting pos. of) substrings of T at edit distance < k to P.
Edit dist/Verify Algorithm ASM Algorithm (t:=|Tl,p:=|Pl) rrasraasrhasrras -
Textbook DP ~~ O(tp) Verify pos 1 by 1 ~~ O(t?p) substr r f ?, SN 10 ! 2 ! 10 ! 2 N :)
[Sellers, 1980] and others Verify all posatonce ~» O(tp)  startpos | , T NN
1 1
DP, diagonally compute Verify pos 1 by 1 ~» O(tkp) substr r ) . !
only entries < k Verify £ < t pos at once start pos : 1
~» O(t + kp) ~+0(t/2- (2 + R)p) = O(tp) s 1 1
compute DP diagonals, skip  Verify pos 1 by 1 ~~ O(tk?) substr Comp. furthest pos on diag d
over common substrin O(1)  Verify £ < t pos at once start pos reachable w/ £ = 0, ..., k edits.
~s O(t + k2) ftandau, viskinssl,  ~ O(t/2- (£ + R)k) = O(tk) ~ Jump over equal
substrings in O(1) time

I I ystems Philip Wellnitz 1 0
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Classical Algorithms

. . . early 1980’s
( Approximate String Matching ) y19
< Given: text T, pattern P, integer k; Find: (starting pos. of) substrings of T at edit distance < k to P.
Edit dist/Verify Algorithm ASM Algorithm (t:=|Tl,p:=|Pl) rrasraasrhascrras -
Textbook DP ~~ O(tp) Verify pos 1 by 1 ~ O(t?p) substr r f ?, SR 10 ! 2 ! 10 ! 2 N :)
[sellers, 1980] and others Verify all pos atonce ~» O(tp)  start pos : NN TN R
2 1 2 1
DP, diagonally compute Verify pos 1 by 1 ~~ O(tkp) substr r ) , ;
only entries < k Verify £ < t pos at once start pos : 1 1m2 2 22
~~ Ot + kp) ~~0(t/2- (2 + K)p) = Oftp) : Nt Nl o\
compute DP diagonals, skip  Verify pos 1 by 1 ~~ O(tk?) substr Comp. furthest pos on diag d
over common substrin O(1)  Verify £ < t pos at once start pos reachable w/ £ = 0, ..., k edits.
~s O(t + k?) [Landau, Vishkin'ss]. ~ Ot/ - (2 + R)k) = O(tk) ~ Jump over equal
substrings in O(1) time

I I ystems Philip Wellnitz 1 0
National Institute of Informatics Revitalizing Research on Approximate String Matching Algorithms -6
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Classical Algorithms

. . . early 1980’s
( Approximate String Matching ) y19
< Given: text T, pattern P, integer k; Find: (starting pos. of) substrings of T at edit distance < k to P.
Edit dist/Verify Algorithm ASM Algorithm (t:=1|Tl,p:=1|P])
Textbook DP ~~ O(tp) Verify pos 1 by 1 ~~ O(t?p) substr
[Sellers, 1980] and others Verify all posatonce ~ O(tp)  start pos
DP, diagonally compute Verify pos 1 by 1 ~» O(tkp) substr
only entries < k Verify £ < t pos at once start pos
~ O(t + kp) ~~0(t/2- (£ + R)p) = O(tp)
compute DP diagonals, skip  Verify pos 1 by 1 ~ 0O(tk?) substr
over common substrin O(1)  Verify £ < t pos at once start pos
> O(t + I’(’z) [Landau, Vishkin'89]. ~ O(t/{’ . (? + k)k) = O(tk)

~> Didn’t use filter yet...

I I ystems Philip Wellnitz 1 0
National Institute of Informatics Revitalizing Research on Approximate String Matching Algorithms -7
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Classical Algorithms

( Approximate String Matching ) early 1980's
< Given: text T, pattern P, integer k; Find: (starting pos. of) substrings of T at edit distance < k to P.

Idea: Can we filter out diagonals that will never lead to an occurrence?

I I s Philip Wellnitz 11
National Institute of Informatics Revitalizing Research on Approximate String Matching Algorithms 1
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Classical Algorithms
(_ Approximate String Matching ) early 1980's
< Given: text T, pattern P, integer k; Find: (starting pos. of) substrings of T at edit distance < k to P.

Idea: Can we filter out diagonals that will never lead to an occurrence?

d a daaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa a -
0,0,0,0,0,0 0 0 0 0 0 0000000000000 0000000000
1 \
2

[N
210000000000 00O0O0O0O0OOO0O0O0O0OOGO0TO0O
N s Phlp Wellnitz 1 1
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{

<

Given: text T, pattern P, integer k;

\

Approximate String Matching )

Classical Algorithms

early 1980’s

Find: (starting pos. of) substrings of T at edit distance < k to P.

NIl

Idea: Can we filter out diagonals that will never lead to an occurrence?

Sometimes we can; and if we cannot, there might be structure to exploit!

k curbraasrrasiuolraasrhastrrasmneHkoce -

N = O
N == =O
N v O

o

n U9 9 R 0 Y VR

Inter-University Research Institute Corporation
Research Organization of Information and Systems

National Institute of Informatics

0
0
1
2

0

N =

00000000

1

0
1

N Nes =

0

0 00000O00UO0OO0O0O00O0

1

0
1

-

1
1

Ne== =2

0
1
2
2
2
2

N = O

N ===

N == =
N = O

Philip Wellnitz
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Classical Algorithms

( Approximate String Matching ) early 1980's
< Given: text T, pattern P, integer k; Find: (starting pos. of) substrings of T at edit distance < k to P.

Idea: Can we filter out diagonals that will never lead to an occurrence?
Sometimes we can; and if we cannot, there might be structure to exploit!

k curbraasrrasiuolraasrhastrrasmneHkoce -

r 0 0 0
a 0
1 1

a
S
r

0 0 1
a

1 1-2 1 1-2 2 2 2
a

2 2
S

2 1-2 2 1-2 2

Intr UnverstyResearch nsttto Coporation . .
N I I Research Organization of Information and Systems Philip Wellnitz 11-4
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Classical Algorithms

(_ Approximate String Matching ) early 1980's
< Given: text T, pattern P, integer k; Find: (starting pos. of) substrings of T at edit distance < k to P.

¢ Idea: Find parts of Pthatarerarein T
~~ Can filter out candidates for occurrences

Inter-University Research Institute Corporation I .
N I I Research Organization of Information and Systems Philip Wellnitz 1 2 1
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Classical Algorithms

( Approximate String Matching ) early 1980's
< Given: text T, pattern P, integer k; Find: (starting pos. of) substrings of T at edit distance < k to P.

¢ Idea: Find parts of Pthatarerarein T
~~ Can filter out candidates for occurrences

a aaaaaaaaaaa -

0o 0 0o00000O0O0O0O0O00O0

¢ Seen: Highly repetitive parts R are bad... 1

~» R may appear =~ t timesin T

[V PR P T 1

I I ystems Philip Wellnitz 1 2
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Classical Algorithms

early 1980’s

( Approximate String Matching )
< Given: text T, pattern P, integer k; Find: (starting pos. of) substrings of T at edit distance < k to P.

¢ Idea: Find parts of Pthatarerarein T

. abcdefabocdef -
~~ Can filter out candidates for occurrences

o 0o0000O00O0O0OO0O00O0O0

¢ Seen: Highly repetitive parts R are bad... 1 171 17171

~» R may appear =~ t timesin T

¢ Non-repetitive parts B are good!
~> B may appear only ~t/btimesinT

-h ® QO N0 T @

I I ystems Philip Wellnitz 1 2
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Classical Algorithms

< ( Approximate String Matching )

early 1980’s

Given: text T, pattern P, integer k; Find: (starting pos. of) substrings of T at edit distance < k to P.

¢ Idea: Find parts of Pthatarerarein T
~~ Can filter out candidates for occurrences
& Seen: Highly repetitive parts R are bad...
~» R may appear =~ t timesin T
¢ Non-repetitive parts B are good!
~> B may appear only ~t/btimesinT
~> Problem: B may appear approximately in T

iversi g ration
ystems
National Institute of Informatics

abcdeaabocdea--

0o 0o000O000O0OO00O00O0

g 1 17110 17110
1 1
c
d
e
. 0-1 0-1
11 1
Philip Wellnitz
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Classical Algorithms

early 1980’s

( Approximate String Matching )
< Given: text T, pattern P, integer k; Find: (starting pos. of) substrings of T at edit distance < k to P.

¢ Idea: Find parts of Pthatarerarein T

. abcdeaabcdea--
~~ Can filter out candidates for occurrences

0o 0o000O000O0OO00O00O0
1 11 0 11 0
1 1

& Seen: Highly repetitive parts R are bad...
~» R may appear =~ t timesin T

¢ Non-repetitive parts B are good!
~> B may appear only ~t/btimesinT
~+ Problem: B may appear approximately in T
~> Use > k disjoint breaks

-h ® QO N0 T @

I I ystems Philip Wellnitz 1 2
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Classical Algorithms: More on [Cole, Hariharan'98]

Suppose we have: 2k disjoint breaks B, ..., B,, in P such that

¢ |B/|=0(p/R) and e |B;]is not periodic

Pl W W O EFWE W)

Resorearansaionof iomaion s Symems Philip Wellnitz
National Institute of Informatics Revitalizing Research on Approximate String Matching Algorithms
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Classical Algorithms: More on [Cole, Hariharan'98]

Suppose we have: 2k disjoint breaks B, ..., B,, in P such that
¢ |B/|=0(p/R) and e |B;]is not periodic

# In any k-edit occ, at least 1 break is matched exactly. (budget for edits is k)

Pl W W BN W)

Inter-University Research Institute Corporation I .
N I I Research Organization of Information and Systems Philip Wellnitz 1 3 5
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Classical Algorithms: More on [Cole, Hariharan'98]
Suppose we have: 2k disjoint breaks B, ..., B,, in P such that
¢ |B/|=0(p/R) and e |B;]is not periodic

# In any k-edit occ, at least 1 break is matched exactly. (budget for edits is k)
# Algorithm idea: For each B, find exact matches of B; in T

Inter-University Research Institute Corporation T .
N I I Research Organization of Information and Systems Philip Wellnitz 1 3 3
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Classical Algorithms: More on [Cole, Hariharan'98]

Suppose we have: 2k disjoint breaks B, ..., B,, in P such that

¢ |B;| =0(p/kR) and e [B;|is not periodic

# In any k-edit occ, at least 1 break is matched exactly. (budget for edits is k)

# Algorithm idea: For each B, find exact matches of B; in T,
Try to extend each exact match into an occ using O(n + k?))-time Verify [LV'89]

_— ——

P m

II e o Inanmsion o Syt Philip Wellnitz 13
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Classical Algorithms: More on [Cole, Hariharan'98]

Suppose we have: 2k disjoint breaks B, ..., B,, in P such that

¢ |B;| =0(p/kR) and e [B;|is not periodic

# In any k-edit occ, at least 1 break is matched exactly. (budget for edits is k)

# Algorithm idea: For each B, find exact matches of B; in T,
Try to extend each exact match into an occ using O(n + k?))-time Verify [LV'89]

+ Have at most t/(|B;|/2) = ©(kt/p) exact occ’s of B;

_— ——

P @:Dﬂm
Philip Wellnitz 13
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Classical Algorithms: More on [Cole, Hariharan'98]

Suppose we have: 2k disjoint breaks B, ..., B,, in P such that

¢ |B;| =0(p/kR) and e [B;|is not periodic

# In any k-edit occ, at least 1 break is matched exactly. (budget for edits is k)

# Algorithm idea: For each B, find exact matches of B; in T,
Try to extend each exact match into an occ using O(n + k?))-time Verify [LV'89]

+ Have at most t/(|B;|/2) = ©(kt/p) exact occ’s of B;
~+ O(R*t/p) calls to [LV'89]; O(k*t/p) time in total

_— ——

CE WW W EE W

Inter-Universty Research Institute Corporation - .
N I I Research Organization of Information and Systems Philip Wellnitz .I 3 6
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Classical Algorithms: More on [Cole, Hariharan'98]

Suppose we have: 2k disjoint breaks B, ..., B,, in P such that
¢ |B;| =0(p/kR) and e [B;|is not periodic

# In any k-edit occ, at least k breaks are matched exactly. (budget for edits is k)

# Algorithm idea: For each B, find exact matches of B; in T,
Try to extend each exact match into an occ using O(n + k?))-time Verify [LV'89]

+ Have at most t/(|B;|/2) = ©(kt/p) exact occ’s of B;
~+ O(R?t/p) calls to [LV'89]; O(k*t/p) time in total

# Can even be improved to O(k3t/p); but not-enough breaks case is also O(k*t/p).

_— ——

CE WW W EE W

Inter-University Research Institute Corporation - .
N I I Research Organization of Information and Systems Philip Wellnitz .I 3 7
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Recap: State-of-the-Art Algorithms

0(n?), [sellersgo]

“slow” ®(n,k) = n?
A
N
D S
o
“fast”  O©(n,R)=n
N
P P
(S *
“few errors” » “many errors”

Existing algorithms for the casen =t = p

Inter-University Research Institute Corporation - .
N II Research Organization of Information and Systems Philip Wellnitz 1 4 1
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Recap: State-of-the-Art Algorithms

0(n?), [sellersgo]

“slow” ®(n,k) = n? /
A

®(n, k) = n*?

“fast”  O(n,R)=n
N
>

*

>

(8

“few errors” » “many errors”

Existing algorithms for the casen =t = p

Inter-University Research Institute Corporation - .
N II Research Organization of Information and Systems Philip Wellnitz 1 4 5

National Institute of Informatics Revitalizing Research on Approximate String Matching Algorithms




1222222222 2 2 2 £ 2edeiededvieiediedodvivioiododaiviododetoiviofodetoioiodoteioiolodototes

Recap: State-of-the-Art Algorithms

0(n?), [sellersgo]

“slow” ®(n,k) = n? /
A

®(n, k) = n*?

“fast”  O(n,R)=n
N

7

*

>

(8

“few errors” » “many errors”

Existing algorithms for the casen =t = p

Intr UnverstyResearch nsttto Corporation . .
N II Research Organization of Information and Systems Philip Wellnitz 143
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Recap: State-of-the-Art Algorithms

0(n?), [sellersgo]

“slow” ®(n,k) = n? /
A

O®(n, k) = n*?

®(n, k) = n*?

“fast”  O(n,R)=n
N
>

*

>

(8

“few errors” » “many errors”

Existing algorithms for the casen =t = p

Intr UnverstyResearch nsttto Corporation . .
N II Research Organization of Information and Systems Philip Wellnitz V-,
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Recap: State-of-the-Art Algorithms

2
“slow” ®(n, k) = n? 0(n?), [sellersgo]
A

O®(n, k) = n*?

O(n,k)=n’l
®©(n, k) =

“fast”  O(n,R)=n

N
7

*

“few errors”

» “many errors”

Existing algorithms for the casen =t = p

Research orgonatonof fomation nd Ssems Philip Wellnitz 145
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Recap: State-of-the-Art Algorithms

Why did a new improvement take 24 years?

it ilyResenvchIns“titmur::v::;islz:e Philip Wellnitz 1 5
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Detour: Why did a new improvement for Approximate String Matching take 24 years?

¢ Simpler problems were not fully understood!

it iy RessarchnsttateCorpraion Philip Wellnitz .I 6-1
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Detour: Why did a new improvement for Approximate String Matching take 24 years?

¢ Simpler problems were not fully understood!
¢ Example 1: The complexity of Edit Distance was settled only in 2014

( Hardness of Edit Distance

Computing the Edit Distance of to strings of length n is not possible in O(n?7) time.
(Unless there is a major breakthrough for the Satisfiability Problem.)

\ [B118] (ann. 2014)
/

b i o e philip Welinitz 4 &
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Detour: Why did a new improvement for Approximate String Matching take 24 years?

¢ Simpler problems were not fully understood!
¢ Example 1: The complexity of Edit Distance was settled only in 2014

< Hardness of Edit Distance

Computing the Edit Distance of to strings of length n is not possible in 0(n%™) time.
(Unless there is a major breakthrough for the Satisfiability Problem.)

\ [B118] (ann. 2014)
/

~+ Yields lower bound of O(t + k* - t/p) for Approximate String Matching.

II e o Inanmson o Syt Philip Wellnitz 16
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Detour: Why did a new improvement for Approximate String Matching take 24 years?

¢ Simpler problems were not fully understood!
& Example 2: String Matching with Mismatches (no insertions or deletions of chars)
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Detour: Why did a new improvement for Approximate String Matching take 24 years?

¢ Simpler problems were not fully understood!

& Example 2: String Matching with Mismatches (no insertions or deletions of chars)
~» O(tR) algorithm [Landau, Vishkin'86]
~~ O(tJ/R) algorithm [Amir, Lewenstein, Porat'os]
~ O(t + t/p - R?) algorithm [CFPSS'16]
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Detour: Why did a new improvement for Approximate String Matching take 24 years?

¢ Simpler problems were not fully understood!

& Example 2: String Matching with Mismatches (no insertions or deletions of chars)
~» O(tR) algorithm [Landau, Vishkin'86]
~~ O(tJ/R) algorithm [Amir, Lewenstein, Porat'os]
~ O(t + t/p - R?) algorithm [CFPSS'16]

<Optimal String Matching with Mismatches> [GU18] (ann. 2017)

There is a O(t + kt/,/p)-time algorithm for String Matching with Mismatches
and no significantly faster algorithm exits.
(Unless there is a major breakthrough for combinatorial Boolean Matrix Multiplication.)
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Detour: Why did a new improvement for Approximate String Matching take 24 years?

¢ Simpler problems were not fully understood!

& Example 2: String Matching with Mismatches (no insertions or deletions of chars)
~» O(tR) algorithm [Landau, Vishkin'86]
~~ O(tJ/R) algorithm [Amir, Lewenstein, Porat'os]
~ O(t + t/p - R?) algorithm [CFPSS'16]

<Optimal String Matching with Mismatches> [GU18] (ann. 2017)

Thereis a O(t + kt/,/p)-time algorithm for String Matching with Mismatches
and no significantly faster algorithm exits.
(Unless there is a major breakthrough for combinatorial Boolean Matrix Multiplication.)

~> String Matching with Mismatches was “fully” understood only in 2017.
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Beating Cole and Hariharan’s Algorithm

How do we obtain faster algorithms?

it iy Researhnsute ::'ip:;iS‘;::e Philip Wellnitz 1 8 1
National Institute of Informatics Revitalizing Research on Approximate String Matching Algorithms -




(22 X X2 2 XXX 2 XXX XL 2 X ZReReleRotoRoodooRoloRolodetoRoiodologoRotoRoolotolotolote]
Beating Cole and Hariharan’s Algorithm

How do we obtain faster algorithms?

New insights into the solution structure of
Approximate String Matching

Think: Better filter + more structure when filter fails

b i o philip Welinitz 4 @
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Structural Results for Approximate String Matching

Step o:

What is the solution structure of
Exact String Matching?

It Unersi ¢ ration Philip Wellnitz
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The Solution Structure of Exact String Matching

( (The) Period of a String )

p > 0isa period of astringSifS[i]=S[i+p]foralli=1,..,|S|-
The period of S: smallest period of S, write per(S).

Sis periodic: per(S) < |S|/2

VRV VRN

S=abcabcabcab

per(S) =3
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The Solution Structure of Exact String Matching

( (The) Period of a String )

p > 0isa period of astringSifS[i]=S[i+p]foralli=1,..,|S|-
The period of S: smallest period of S, write per(S).

Sis periodic: per(S) < |S|/2

NN

NN NN

S=abcabcabcab

W

per(S) =3

6 and 9 also periods of S
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The Solution Structure of Exact String Matching

( “Periodicity Lemma” > (Folklore)

Text T, pattern P with t < 3/, p; one of the following holds

¢ Pappears<1timesinT.

o Phip wellnitz 1 _
National Institute of Informatics Revitalizing Research on Approximate String Matching Algorithms -




(22 XX 22 XXX 2 XXX XX 2 X X T X JeTedeRotoiotoRodoRotodetoRoiodologoRotoRooloteloolote]
The Solution Structure of Exact String Matching

( “Periodicity Lemma” > (Folklore)

Text T, pattern P with t < 3/, p; one of the following holds

¢ Pappears<1timesinT.
# P (and the relevant part of T) are periodic with some period Q.

b i o philip Weliitz 7 4
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The Solution Structure of Exact String Matching

{

< “Periodicity Lemma” )

\ (Folklore)

Text T, pattern P with t < 3/, p; one of the following holds

¢ Pappears<1timesinT.

# P (and the relevant part of T) are periodic with some period Q.

Inter-Universi i vation
R Systems
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The Solution Structure of Exact String Matching

{

¢ Pappears<1timesinT.

# P (and the relevant part of T) are periodic with some period Q.

< “Periodicity Lemma”
Text T, pattern P with t < 3/, p; one of the following holds

AN

(Folklore)

/

Iner-
R
National Institute of Informatics

ity Research Institute Corporation
forma t

NNV NN

77777

722777777
177777777
722772777
7 Y

72077277%777777777
77777777%777777777)

Tl
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The Solution Structure of Exact String Matching

( “Periodicity Lemma” > (Folklore)

Text T, pattern P with t < 3/, p; one of the following holds

¢ Pappears<1timesinT.
# P (and the relevant part of T) are periodic with some period Q.

NNV NN
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The Solution Structure of Exact String Matching

( “Periodicity Lemma” > (Folklore)

Text T, pattern P with t < 3/, p; one of the following holds

¢ Pappears<1timesinT.
# P (and the relevant part of T) are periodic with some period Q.

A A A A
A A A e v
A A A A vy
777 A A A s

R R i, ey
200000000000000007
RN ey

2000007
77777777

Tl )

A

7777777787 7777777N077777777Y777777770777777777
F) AAAAAAR CAAAAAAA) AAAAAAAAA PAAAAAAA AR
77777777 4077777777
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The Solution Structure of Exact String Matching

( “Periodicity Lemma” > (Folklore)

Text T, pattern P with t < 3/, p; one of the following holds

¢ Pappears<1timesinT.
# P (and the relevant part of T) are periodic with some period Q.

NNV NN

A A A A
A A A e v
A A A A vy

R A e e
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R R i, ey
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77777777 4077777777
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77777777
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The Solution Structure of Exact String Matching

( “Periodicity Lemma” > (Folklore)

Text T, pattern P with t < 3/, p; one of the following holds

¢ Pappears<1timesinT.
# P (and the relevant part of T) are periodic with some period Q.

NN

AR CAAAAAAA AAAAAAAA VAR AAAAAAAAA AN
R A A A e e
I T o Y s
A A A A e e

Standard Trick is useful here:
For t > p consider separately O(t/p) fragments of T; then Periodicity Lemma applies

Inter-University Research Institute Corporation - .
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Structural Results for Approximate String Matching

Step 1:

What is the solution structure of
String Matching with Mismatches?

It Unersi ¢ ration Philip Wellnitz

Systems

National Institute of Informatics Revitalizing Research on Approximate String Matching Algorithms
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Structural Results for Approximate String Matching

e ol
( Periodicity Lemma > (Folklore)
< Text T, pattern Pwith t <3, p; Pappears<1timesinT or Pis periodic with some period Q.

4 Main Result (Mismatches)

Text T, pattern P with t < 3/, p; threshold k, one of the following holds

N\ [BKiiW’19; ChKoW'20]
/

P appears < O(R) times in T

a--ac--Cc appears 2k times

Resorearnsaionof iomaion s Sy Philip Wellnitz 231
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Structural Results for Approximate String Matching

e ol
( Periodicity Lemma > (Folklore)
< Text T, pattern Pwith t <3, p; Pappears<1timesinT or Pis periodic with some period Q.

4 Main Result (Mismatches)

Text T, pattern P with t < 3/, p; threshold k, one of the following holds

N\ [BKiiW’19; ChKoW'20]
/

P appears < O(R) times in T

a--ac--Cc appears 2k times

Resorearnsaionof iomaion s Sy Philip Wellnitz 23
National Institute of Informatics Revitalizing Research on Approximate String Matching Algorithms




1222222222222 22222222 2 2 2edeieiedediviodedetoioiofodetotoiododoioiododototes

Structural Results for Approximate String Matching

e ol
( Periodicity Lemma > (Folklore)
< Text T, pattern Pwith t <3, p; Pappears<1timesinT or Pis periodic with some period Q.

4 Main Result (Mismatches)

Text T, pattern P with t < 3/, p; threshold k, one of the following holds

N\ [BKiiW’19; ChKoW'20]
/

P appears < O(R) times in T

a--ac--Cc appears 2k times

Resorearnsaionof iomaion s Sy Philip Wellnitz 233
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Structural Results for Approximate String Matching

e ol
( Periodicity Lemma > (Folklore)
< Text T, pattern Pwith t <3, p; Pappears<1timesinT or Pis periodic with some period Q.

4 Main Result (Mismatches) > LR

Text T, pattern P with t < 3/, p; threshold k, one of the following holds

P appears < O(R) timesin T or Pisalmost periodic with some period Q

T [a -~ aJc]a aa - aJc]
[aa ~afc]a]
P Eralcra P ezl

aa--aca has approximate period a

2R ti ;
drac—cappears 2R times (is at HD < 2k from Q%)

Il! U evslykeseachlsnucnpnalo Ph|l|p WellnIlZ
N I I Nmmnc\l Institute of Iniormotl(s Revitalizing Research on Approximate String Matching Algorithms 2 3-4
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Structural Results for Approximate String Matching

Step 1.5:

The solution structure of
Approximate String Matching.

It Unersi ¢ ration Philip Wellnitz

Systems
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Structural Results for Approximate String Matching

< (  Main Result (Mismatches) ~ )—LBKUW19; ChioW 2o]>

T, P with t < 3/, p; threshold k, P appears O(k) times in T or P is almost periodic with some period Q

[ChKoW'20]

4 Main Result (Edits) >
Text T, pattern P with t < 3/, p; threshold k, one of the following holds

or Pisalmost periodic with some period Q

Resoreargnsaionof iomation s Sywems Philip Wellnitz 251
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Structural Results for Approximate String Matching

< ( Main Result (Mismatches) > [BKGW'19; ChKoW 2O]>

T, P with t < 3/, p; threshold k, P appears O(k) times in T or P is almost periodic with some period Q

[ChKowW'20]

4 Main Result (Edits) >
Text T, pattern P with t < 3/, p; threshold k, one of the following holds

P appears < O(k’)timesin T or Pisalmost periodic with some period Q

T [aa ~aaa~aaa~alcla ~a~|cla~alcla ~a|
p aa~aaa~alcla~a~[cla~al

aa--aaa--aca--a--ca--a appears = k? times

e iationf fomation s Sy Philip Wellnitz 252
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Structural Results for Approximate String Matching

< ( Main Result (Mismatches) > [BKGW'19; ChKoW 2O]>

T, P with t < 3/, p; threshold k, P appears O(k) times in T or P is almost periodic with some period Q

[ChKowW'20]

4 Main Result (Edits) >
Text T, pattern P with t < 3/, p; threshold k, one of the following holds

P appears < O(k’)timesin T or Pisalmost periodic with some period Q

T [aa ~aaa~aaa~alcla ~a~|cla~alcla ~a|
P [aa ~aaa~alcla~alcla ~a|

aa--aaa--aca--a--ca--a appears = k? times

e iationf fomation s Sy Philip Wellnitz 25.3
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Structural Results for Approximate String Matching

< ( Main Result (Mismatches) > [BKGW'19; ChKoW 2O]>

T, P with t < 3/, p; threshold k, P appears O(k) times in T or P is almost periodic with some period Q

[ChKowW'20]

4 Main Result (Edits) >
Text T, pattern P with t < 3/, p; threshold k, one of the following holds

P appears < O(k’)timesin T or Pisalmost periodic with some period Q

T [aa ~aaa~aaa~alcla ~a~|cla~alcla ~a|

aa--aaa--aca--a--ca--a appears = k? times

e iationf fomation s Sy Philip Wellnitz 25.4
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Structural Results for Approximate String Matching

[ChKoW'20]

< Main Result (Edits) >
< T, P with t < 3/, p; threshold k, P appears O(k?) times in T or P is almost periodic with some period Q

I I s Philip Wellnitz 26
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Structural Results for Approximate String Matching

< < Main Result (Edits) ) [ChKow'20]

T, P with t < 3/, p; threshold k, P appears O(k?) times in T or P is almost periodic with some period Q

[ChKoW'20]

(_ Key Intermediate Result (Analyze) )
Every string P satisfies at least one of

¢ Pis almost periodic. aaacaaaaaaaaacaaaaaaa

Resoreargnsaionof iomaion s Symems Philip Wellnitz 26-2
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Structural Results for Approximate String Matching

[ChKoW'20]

< Main Result (Edits) >
< T, P with t < 3/, p; threshold k, P appears O(k?) times in T or P is almost periodic with some period Q

[ChKoW'20]

(_ Key Intermediate Result (Analyze) )
Every string P satisfies at least one of

# P has 2k disjoint, long breaks CHROBRBRaPOBBEER

¢ Pis almost periodic. aaacaaaaaaaaacaaaaaaa

Il! U vevslykesuthlsnlacnpnalo Ph|l|p WellnIlZ
N I I Nmmnc\l Institute of Iniormotl(s Revitalizing Research on Approximate String Matching Algorithms 2 6-3
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Structural Results for Approximate String Matching

\ [ChKoW'20]
/

< Main Result (Edits)
< T, P with t < 3/, p; threshold k, P appears O(k?) times in T or P is almost periodic with some period Q

[ChKoW'20]

(_ Key Intermediate Result (Analyze) )
Every string P satisfies at least one of
CHROBRBRaPOBBEER

#KkaaaaaaW®ccacccH
aaacaaaaaaaaacaaaaaaa

¢ P has 2k disjoint, long breaks
# P has disjoint repetitive regions that cover 3/8 P

¢ Pis almost periodic.

ety Resarh sttt Corprston . .
tems o ) ) Fhlllp We}lmtz 26-4
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Structural Results for Approximate String Matching

( Main Result (Edits) ) LChKoW'20]

\
< T, P with t < 3/, p; threshold k, P appears O(k?) times in T or P is almost periodic with some period Q

[ChKoW'20]

(_ Key Intermediate Result (Analyze) )
Every string P satisfies at least one of
CHROBRBRaPOBBEER

#KkaaaaaaW®ccacccH
aaacaaaaaaaaacaaaaaaa

¢ P has 2k disjoint, long breaks
# P has disjoint repetitive regions that cover 3/8 P

¢ Pis almost periodic.

Analyze implies Main Result:

Almost periodicity ~~ as in Main Result
Breaks, repetitive regions ~~ good filter (as in [Cole, Hariharan'98])

It ne.stw rchnsttate Gorp ﬂslm - Philip Wellnitz 2 6 5
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Structural Results for Approximate String Matching

( Key Intermediate Result (Analyze) ) [ChKoW'20]
Every string P satisfies at least one of
® P has 2k disjoint, long breaks cEOBREERaBOBEEERa
@ P has disjoint repetitive regions that cover 3/, P #kaaaaaa®kccacccik
@ Pisalmost periodic. aaacaaaaaaaaacaaaaaaa

Inter-University Research Institute Corporation I .
N I I Research Organization of Information and Systems Philip Wellnitz 2 7 1
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Structural Results for Approximate String Matching

( Key Intermediate Result (Analyze) ) [ChKoW'20]
Every string P satisfies at least one of
® P has 2k disjoint, long breaks cROHBpRak R RRa
@ P has disjoint repetitive regions that cover 3/, P #kaaaaaa®kccacccik
@ Pisalmost periodic. aaacaaaaaaaaacaaaaaaa

P L

¢ Process P from left to right, p/8k new characters at a time.

Inter-University Research Institute Corparati - .
N I I ResearchOrgaization of nforation and Systems Philip Wellnitz 275
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Structural Results for Approximate String Matching

( Key Intermediate Result (Analyze) ) [ChKoW'20]
Every string P satisfies at least one of
® P has 2k disjoint, long breaks cROHBpRak R RRa
@ P has disjoint repetitive regions that cover 3/, P #kaaaaaa®kccacccik
@ Pisalmost periodic. aaacaaaaaaaaacaaaaaaa

A 4
Breaks B = { E }

Repetitive Regions R ={ }

¢ If afragment is a break, add it to the found breaks.

I I s Philip Wellnitz 27
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Structural Results for Approximate String Matching

( Key Intermediate Result (Analyze) ) [ChKoW'20]
Every string P satisfies at least one of
® P has 2k disjoint, long breaks cROHBpRak R RRa
@ P has disjoint repetitive regions that cover 3/, P #kaaaaaa®kccacccik
@ Pisalmost periodic. aaacaaaaaaaaacaaaaaaa

» G
Breaks B = { E }

Repetitive Regions R ={ }

¢ Otherwise, find the shortest prefix (longer than p/8R) that is a repetitive region.

Resorearnsaionof iomation s Sy Philip Wellnitz 27.4
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Structural Results for Approximate String Matching

( Key Intermediate Result (Analyze) ) [ChKoW'20]
Every string P satisfies at least one of
® P has 2k disjoint, long breaks cROHBpRak R RRa
@ P has disjoint repetitive regions that cover 3/, P #kaaaaaa®kccacccik
@ Pisalmost periodic. aaacaaaaaaaaacaaaaaaa

L
//////////////
p 77777777777777
///z//////////
77777777777777

Breaks B = { E }

Repetitive Regions R = { |/%7272:22222220 )

22277272277777

¢ Otherwise, find the shortest prefix (longer than p/8R) that is a repetitive region.

I I s Philip Wellnitz 27
National Institute of Informatics Revitalizing Research on Approximate String Matching Algorithms -5




1222222222222 2222222222222 2 2eiviviciedeteiviofedetoioiofotooiododototes

Structural Results for Approximate String Matching

( Key Intermediate Result (Analyze) ) [ChKoW'20]
Every string P satisfies at least one of
® P has 2k disjoint, long breaks cROHBpRak R RRa
@ P has disjoint repetitive regions that cover 3/, P #kaaaaaa®kccacccik
@ Pisalmost periodic. aaacaaaaaaaaacaaaaaaa

| I
77777777
WAL
25505007
75500505

777777
277777
222777
777777

NN
NN
NN

Breaks B = { E , E , E , m }

227277777
777777777
2272277777

22777277777777
27777777777777
2227772777727774 1

Repetitive Regions R = {

¢ If we found 2k breaks, return the breaks.

Inter-University Research Institute Corparati - .
N I I ResearchOrgaization of nformation and Systems Philip Wellnitz 27-6
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Structural Results for Approximate String Matching

( Key Intermediate Result (Analyze) ) [ChKoW'20]
Every string P satisfies at least one of
® P has 2k disjoint, long breaks cROHBpRak R RRa
@ P has disjoint repetitive regions that cover 3/, P #kaaaaaa®kccacccik
@ Pisalmost periodic. aaacaaaaaaaaacaaaaaaa

! !
57775777777777] TITIIIII I
p L R AL X s Rk A
Ty 0000500005005050050000
Iy 5050050500555505005057

Breaks B = { E , Q , E }

22777277777777 Ry
27777777777777 Py
2222727772727774 0 N22727777777777277777777

Repetitive Regions R = {

¢ If the total length of the repetitive regions is > 3/8 - p, return the repetitive regions.

InerUniversty Researh nsttateCorporat - )
N I I Resoaeh rganzain of formaton and Systems Philip Wellnitz 27.7
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Structural Results for Approximate String Matching

( Key Intermediate Result (Analyze) ) [ChKoW'20]
Every string P satisfies at least one of
® P has 2k disjoint, long breaks cROHBpRak R RRa
@ P has disjoint repetitive regions that cover 3/, P #kaaaaaa®kccacccik
@ Pisalmost periodic. aaacaaaaaaaaacaaaaaaa

777777
277777
222777
777777

NN
NN
NN

N
Breaks B = { E , , E }

Repetitive Regions R ={ [27777%:2777227] }

77

+ If we reach the end of P, try to find a single repetitive region starting from the end.

I I s Philip Wellnitz 27
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Structural Results for Approximate String Matching

( Key Intermediate Result (Analyze) ) [ChKoW'20]
Every string P satisfies at least one of
® P has 2k disjoint, long breaks cROHBpRak R RRa
@ P has disjoint repetitive regions that cover 3/, P #kaaaaaa®kccacccik
@ Pisalmost periodic. aaacaaaaaaaaacaaaaaaa

P

Breaks B={ }

Repetitive Regions R={ }

+ If we reach the end of P, try to find a single repetitive region starting from the end.
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Structural Results for Approximate String Matching
[ChKoW'20]

( Key Intermediate Result (Analyze) )
Every string P satisfies at least one of

® P has 2k disjoint, long breaks cEOBREERaBOBEEERa
@ P has disjoint repetitive regions that cover 3/, P #kaaaaaa®kccacccik

@ Pisalmost periodic. aaacaaaaaaaaacaaaaaaa

L
T7777777777777777777777777777777777777777777777777777777
PIII I I I I I 7 I 7 I 777777777 7777277077277 2707777
2777777777 77777777777777777777777777777777777777777727777
A

P

AN
SENNN

Breaks B={ }

) H — 7777777777777777777272727272222227227222727272727272777777772777777277277
epet|t|ve egions R = Y Y Y Y Y Yy
0 00000000000000000000000000005000500057

+ If we found a repetitive region, return it.
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Structural Results for Approximate String Matching

( Key Intermediate Result (Analyze) ) [ChKoW'20]
Every string P satisfies at least one of
® P has 2k disjoint, long breaks cROHBpRak R RRa
@ P has disjoint repetitive regions that cover 3/, P #kaaaaaa®kccacccik
@ Pisalmost periodic. aaacaaaaaaaaacaaaaaaa

P

Breaks B={ }

Repetitive Regions R={ }

¢ If we again don't obtain a repetitive region, P is almost periodic.
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Structural Results for Approximate String Matching

(Key Intermediate Result (Analyze) v ) [ChKoW'20]
Every string P satisfies at least one of
® P has 2k disjoint, long breaks cEOBREERaBOBEEERa
@ P has disjoint repetitive regions that cover 3/, P #kaaaaaa®kccacccik
@ Pisalmost periodic. aaacaaaaaaaaacaaaaaaa

Inter-University Re h Institute Cc i I .
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New Insights, Same Old Problems

How do we turn our insights
into faster algorithms?
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New Insights, Same Old Problems

How do we turn our insights into faster algorithms?
Need to tackle three cases.

¢ P contains 2k disjoint breaks;

# P contains disjoint repetitive regions R;

¢ Pis almost periodic

Inter-University Research Institute Corporation - .
N I I Research Organization of Information and Systems Philip Wellnitz 2 9 1
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New Insights, Same Old Problems

How do we turn our insights into faster algorithms?
Need to tackle three two cases.
¢ P contains 2k disjoint breaks;

* Pcontains-disjeintrepetitiveregions—R; ~ Follows from the other two cases.

¢ Pis almost periodic

Research orgonatonof fomation nd Ssems Philip Wellnitz
National Institute of Informatics Revitalizing Research on Approximate String Matching Algorithms
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New Insights, Same Old Problems

How do we turn our insights into faster algorithms?
Need to tackle th+ee one case.

¢ Pecentains2e-disjoint-breaks: ~~ Adaption of [Cole,Hariharan’98] yields

O(IT| +TI/IP| - R?).
* Peontains-disjointrepetitiveregtons—R; ~~ Follows from the other two cases.
¢ Pis almost periodic

Inter-University Research Institute Corporation . .
Resear ation of Information and Systems Philip Wellnitz
National Institute of Informatics

Revitalizing Research on Approximate String Matching Algorithms

30-1



1 2222222222222 2222222222222 22 2 siedeieiviodedeteioiofodoioiofodototed

New Insights, Same Old Problems

How do we turn our insights into faster algorithms?
Need to tackle th+ee one case.

& P-eontains2fe-disjoint-breals; ~~ Adaption of [Cole,Hariharan’98] yields
O(TI+ITI/IP| - k).

* Peontains-disjointrepetitiveregtons—R; ~~ Follows from the other two cases.
¢ Pis almost periodic

(_ Reduction to Periodic Patterns ) [Chkowr22]

Algorithm for almost periodic case in time O(|T| + k% - |T|/|P]|), fora = 3
= Algorithm for general case in time O(|T| + R*- [T|/|P])

e o e Inammsion o Syt Philip Wellnitz 30
Nc\llonc\l Institute of Informatics
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New Insights, Same Old Problems

(_ Reduction to Periodic Patterns

Algorithm for almost periodic case in time O(|T| + k% - |T|/|P]|), fora = 3
=  Algorithm for general case in time O(|T| + R*- [T|/|P])

\ [ChKoW’'22]
/

Need to tackle: P is almost periodic

Research orgonatonof fomation nd Ssems Philip Wellnitz 311
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New Insights, Same Old Problems

(_ Reduction to Periodic Patterns

Algorithm for almost periodic case in time O(|T| + k% - |T|/|P]|), fora = 3
=  Algorithm for general case in time O(|T| + R*- [T|/|P])

\ [ChKoW’'22]
/

Need to tackle: P is almost periodic

# In [ChKoW'20], use elaborate marking scheme to obtain O(|T| + |T|/|P| - k*)
algorithm
~+ Not faster than [Cole,Hariharan’98]

I I e o o oo Philip Wellnitz 31
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New Insights, Same Old Problems

(_ Reduction to Periodic Patterns

Algorithm for almost periodic case in time O(|T| + k% - |T|/|P]|), fora = 3
=  Algorithm for general case in time O(|T| + R*- [T|/|P])

\ [ChKoW’'22]
/

Need to tackle: P is almost periodic
# In[ChKoW'20], use elaborate marking scheme to obtain O(|T| + |T|/|P] - kK*)
algorithm
~ Not faster than [Cole,Hariharan’98]
¢ In [ChKoW’'22], trade-off between

¢ Refinement of algorithm from [ChKoW’'20]
¢ New algorithm based on “Seaweed Technology” of [Tiskin'10,15]

~ Yields O(|T| + |T|/|P] - k>°) algorithm

I I e o e Inanmson o Syt Philip Wellnitz 31
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New Insights, Same Old Problems
{ Reduction to Periodic Patterns
AN
Algorithm for almost periodic case in time O(|T| + R - |T|/|P]), fora =3
= Algorithm for general case in time O(|T| + R*- |T|/|P])

[ChKowW'22]

Need to tackle: P is almost periodic

# In [ChKoW'20], use elaborate marking scheme to obtain O(|T| + |T|/|P]| - kK*)
algorithm
~ Not faster than [Cole,Hariharan’98]

¢ In [ChKoW'22], trade-off between
* Reﬁnement of algorlthm from [ChKoW’zo]

u

New in [ChKoW’25] Slmpler plug in replacement for “Seaweed Technology” based on
SMAWK (efficient (min, +)-multiplication of Monge matrices)

~ Yields O(|T| + [T|/|P| - k%) algorithm

I I e o e Inammsion o Syt Philip Wellnitz 31
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Beyond Strings: The PILLAR Model

@ All of our algorithms rely on a small set of essential operations:

LCP(S, T): Compute the length of the longest common prefix of Sand T.
LCPR(S, T): Compute the length of the longest common suffix of S and T.
IPM(P, T): Compute all exact matches of PinT.

Length(S): Compute the length s of S.

Access(S, i): Retrieve the character S[i].

Extract(S, £, r): Extract the fragment (or substring) S[£..r) from S.

L 2K 2K 2R 2R 2R 4

[ChKow’22]

(_ Main Result (PTLLAR Algorithm) )
For t < 3/, p + R; ASM can be solved using O(k>°) PILLAR operations

o Philip Wellnitz
National Institute of Informatics Revitalizing Research on Approximate String Matching Algorithms
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Beyond Strings: The PILLAR Model

@ All of our algorithms rely on a small set of essential operations:

LCP(S, T): Compute the length of the longest common prefix of Sand T.
LCPR(S, T): Compute the length of the longest common suffix of Sand T.
IPM(P, T): Compute all exact matchesof PinT.

Length(S): Compute the length s of S.

Access(S, i): Retrieve the character S[i].

ExtRact(S, £, r): Extract the fragment (or substring) S[£..r) from S.

L 2K 2K 2R 2R 2R 4

[ChKow’22]

(_ Main Result (PTLLAR Algorithm) )
For t < 3/, p + R; ASM can be solved using O(k>°) PILLAR operations

o Philip Wellnitz
National Institute of Informatics Revitalizing Research on Approximate String Matching Algorithms
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Beyond Strings: The PILLAR Model

@ All of our algorithms rely on a small set of essential operations:

@ LCP(S, T): Compute the length of the longest common prefix of Sand T.
@ LCPR(S, T): Compute the length of the longest common suffix of Sand T.
@ IPM(P, T): Compute all exact matchesof Pin T.
¢ Length(S): Compute the length s of S.
@ Access(S, i): Retrieve the character S[i].
@ ExtRact(S, ?, r): Extract the fragment (or substring) S[?..r) from S.
. . ChKoW’'22
(_ Main Result (PTLLAR Algorithm) ) [chkoW'2z]
< For t < 3/, p + k; ASM can be solved using O(k*°) PILLAR operations
PILLAR Fast Algorithm
PI LLAR implementation PILLAR

meta algorithm

PILLAR

meta algorithm

I I s Philip Wellnitz
National Institute of Informatics Revitalizing Research on Approximate String Matching Algorithms
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Beyond Strings: The PILLAR Model

# All of our algorithms rely on a small set of essential operations:

LCP(S, T): Compute the length of the longest common prefix of Sand T.
LCPR(S, T): Compute the length of the longest common suffix of Sand T.
IPM(P, T): Compute all exact matchesof PinT.

Length(S): Compute the length s of S.

Access(S, i): Retrieve the character S[i].

ExtRact(S, £, r): Extract the fragment (or substring) S[£..r) from S.

L 2K 2K 2R 2R 2R 4

[ChKow’22]

(_ Main Result (PTLLAR Algorithm) )
< For t < 3/, p + R; ASM can be solved using O(k>°) PILLAR operations

@ In [ChKoW'20]: efficient PILLAR implementations for
@ Standard setting (each op O(1) after global O(t) preprocessing)
¢ Fully-compressed setting (T, P grammar-compressed to size n; each op O(1) after O(n) prep.)
(In this setting, already [ChKoW'20] obtained faster algorithms)
4 Dynamic Setting

I I s Philip Wellnitz
National Institute of Informatics Revitalizing Research on Approximate String Matching Algorithms
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Beyond Strings: The PILLAR Model

# All of our algorithms rely on a small set of essential operations:

LCP(S, T): Compute the length of the longest common prefix of Sand T.
LCPR(S, T): Compute the length of the longest common suffix of Sand T.
IPM(P, T): Compute all exact matches of Pin T.

Length(S): Compute the length s of S.

Access(S, i): Retrieve the character S[i].

ExtRact(S, £, r): Extract the fragment (or substring) S[£..r) from S.

L 2K 2K 2R 2R 2R 4

[ChKow’22]

(_ Main Result (PTLLAR Algorithm) )
< For t < 3/, p + R; ASM can be solved using O(k>°) PILLAR operations

@ In [ChKoW'20]: efficient PILLAR implementations for
@ Standard setting (each op O(1) after global O(t) preprocessing)
¢ Fully-compressed setting (T, P grammar-compressed to size n; each op O(1) after O(n) prep.)
(In this setting, already [ChKoW'20] obtained faster algorithms)
4 Dynamic Setting
@ Since then: quantum setting (more details soon!), packed setting, read-only setting, ...
PILLAR algorithms for other related problems, etc. [ChKoW'20] has > 60 citations by now

I I Inter s Philip Wellnitz
National Institute of Informatics Revitalizing Research on Approximate String Matching Algorithms
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Beyond Strings: The PILLAR Model

# All of our algorithms rely on a small set of essential operations:

LCP(S, T): Compute the length of the longest common prefix of Sand T.
LCPR(S, T): Compute the length of the longest common suffix of Sand T.
IPM(P, T): Compute all exact matchesof PinT.

Length(S): Compute the length s of S.

Access(S, i): Retrieve the character S[i].

ExtRact(S, £, r): Extract the fragment (or substring) S[£..r) from S.

L 2K 2K 2R 2R 2R 4

[ChKow’22]

(_ Main Result (PTLLAR Algorithm) )
< For t < 3/, p + R; ASM can be solved using O(k>°) PILLAR operations

@ In [ChKoW'20]: efficient PILLAR implementations for
@ Standard setting (each op O(1) after global O(t) preprocessing)
¢ Fully-compressed setting (T, P grammar-compressed to size n; each op O(1) after O(n) prep.)
(In this setting, already [ChKoW'20] obtained faster algorithms)
4 Dynamic Setting
@ Since then: quantum setting (more details soon!), packed setting, read-only setting, ...

PILLAR algorithms for other related problems, etc. [ChKoW'20] has > 60 citations by now
@ Bottom-line, useful design principle: meta algorithm (PILLAR) + simple-to-solve subproblems

Rosear Sens Philip Wellnitz
National Institute of Informatics Revitalizing Research on Approximate String Matching Algorithms
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Using Analyze + PILLAR for Obtaining New Algorithms

Spotlight Extension: Quantum Algorithms for ASM

Philip Wellnitz

ystoms
National Institute of Informatics Revitalizing Research on Approximate String Matching Algorithms
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A Gentle Introduction to Quantum Algorithms

\ early 1980’s

( Approximate String Matching )
< Given: text T, pattern P, integer k; Find: (starting pos. of) substrings of T at edit distance < k to P. >

& P/Tgiven as oracle ~ queries possible in superposition
# Query complexity Q(n): number of oracle queries
& Time complexity T(n): number of elementary gates

I I e o Inammson o Syt Philip Wellnitz 341
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A Gentle Introduction to Quantum Algorithms

\ early 1980’s

( Approximate String Matching )
< Given: text T, pattern P, integer k; Find: (starting pos. of) substrings of T at edit distance < k to P. >

& P/Tgiven as oracle ~ queries possible in superposition
# Query complexity Q(n): number of oracle queries

& Time complexity T(n): number of elementary gates

¢ Goal: algorithms with Q(n) « nand T(n) <« n

Resorearnsaionof iomaion s Sy Philip Wellnitz 349
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A Gentle Introduction to Quantum Algorithms

< ( Approximate String Matching ) early 1980 S>

Given: text T, pattern P, integer k; Find: (starting pos. of) substrings of T at edit distance < k to P.

& P/Tgiven as oracle ~ queries possible in superposition
# Query complexity Q(n): number of oracle queries

& Time complexity T(n): number of elementary gates

¢ Goal: algorithms with Q(n) « nand T(n) <« n

Toy example: “Standard Trick” for ASM decision version (3? occ) 2 ?
Split T into overlapping fragments of len £+ p + kR T
~> 0(t/?) instances, each “responsible” for its first £ positions
~+ Classically: O(t/#) time overhead (evaluate each inst. 1 by 1) P i L* ]
?
T0..k+p+t) ] [ TM26..t)
P P

I I s Philip Wellnitz 34
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A Gentle Introduction to Quantum Algorithms

< ( Approximate String Matching ) early 1980 S>

Given: text T, pattern P, integer k; Find: (starting pos. of) substrings of T at edit distance < k to P.

& P/Tgiven as oracle ~ queries possible in superposition
# Query complexity Q(n): number of oracle queries

& Time complexity T(n): number of elementary gates

¢ Goal: algorithms with Q(n) « nand T(n) <« n

Toy example: “Standard Trick” for ASM decision version (3? occ) ?
Split T into overlapping fragments of len £+ p + kR T

~> 0(t/?) instances, each “responsible” for its first £ positions

~ Classically: O(t/?) time overhead (evaluate each inst. 1 by 1) P L~ ]
Quantum setting: Use amplitude amp. / Grover's algo. i

O(/t/?) time and O(y/t/?) evaluations of single inst.

. . . [Gro96, BHMT02] 2
Amplitude Amplification ] [
Given function f : [0..n) - {0, 1}
Can (wp 2 2/3) obtain x € f'(1) in 6(/n) time + O(/n) queries to f 5 ")

Research orgonatonof fomation nd Ssems Philip Wellnitz 34y
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Plugging Together a First Algorithm
\ early 1980’s

( Approximate String Matching )
< Given: text T, pattern P, integer k; Find: (starting pos. of) substrings of T at edit distance < k to P. >

@ P/Tgiven as oracle ~ queries possible in superposition
4 Goal: algorithms with query complexity Q(n) < n and time complexity T(n) « n

Idea: Use existing quantum algorithms to implement PILLAR operations.

I I s Philip Wellnitz 35
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Plugging Together a First Algorithm
\ early 1980’s

( Approximate String Matching )
< Given: text T, pattern P, integer k; Find: (starting pos. of) substrings of T at edit distance < k to P. >

@ P/Tgiven as oracle ~ queries possible in superposition
4 Goal: algorithms with query complexity Q(n) < n and time complexity T(n) « n

Idea: Use existing quantum algorithms to implement PILLAR operations.
LCP(S,T); IPM(P,T); Length(S); Access(S,i); ExtRact(S,?,r)

[ChKow'22]

PILLAR Algorithm
Fort<3,p+k;
ASM can be solved
using O(k>°) PILLAR operations

I I e o Inammsion o Syt Philip Wellnitz 35
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Plugging Together a First Algorithm

( Approximate String Matching ) early 1980's
< Given: text T, pattern P, integer k;  Find: (starting pos. of) substrings of T at edit distance < k to P. >

@ P/Tgiven as oracle ~ queries possible in superposition
4 Goal: algorithms with query complexity Q(n) < n and time complexity T(n) « n

Idea: Use existing quantum algorithms to implement PILLAR operations.
LCP(S,T); IPM(P,T); Length(S); Access(S,i); ExtRact(S,?,r)

[ChKow'22]

implied by [HV'03]

PILLAR Algorithm
Fort<3,p+k;
ASM can be solved
using O(k>°) PILLAR operations

Quantum PILLAR Impl

For length-n strings,

can implement all PILLAR ops
in O(/n) time and queries

Yields O(t/p - k*>° - /p) quantum time algo for ASM; (O(/t/p - k** - |/p) for 3?) (algos are correct whp.)

Inter-Unh vevslykesuthlsnltcnpn-lo . .
tems o ) ) Philip Wellnitz 35_3
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Plugging Together a First Algorithm

( Approximate String Matching ) early 1980's
< Given: text T, pattern P, integer k;  Find: (starting pos. of) substrings of T at edit distance < k to P. >

@ P/Tgiven as oracle ~ queries possible in superposition
4 Goal: algorithms with query complexity Q(n) < n and time complexity T(n) « n

Idea: Use existing quantum algorithms to implement PILLAR operations.
LCP(S,T); IPM(P,T); Length(S); Access(S,i); ExtRact(S,?,r)

[ChKow'22]

implied by [HV'03]

PILLAR Algorithm
Fort<3,p+k;
ASM can be solved
using O(k>°) PILLAR operations

Quantum PILLAR Impl

For length-n strings,

can implement all PILLAR ops
in O(/n) time and queries

Yields O(t/p - k*>° - /p) quantum time algo for ASM; (O(/t/p - k** - |/p) for 3?) (algos are correct whp.)
Are these algorithms optimal? ~~ No.

Inter-Unh vevslykesuthlsnlacnpnalo . .
tems o ) ) Philip Wellnitz 35_4
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If You Want to Be Fast, Take a Detour
\ early 1980’s

( Approximate String Matching )
< Given: text T, pattern P, integer k; Find: (starting pos. of) substrings of T at edit distance < k to P. >

@ P/Tgiven as oracle ~ queries possible in superposition
4 Goal: algorithms with query complexity Q(n) < n and time complexity T(n) « n

Challenge: query as few char’s as possible, but enough to recover all k-edit occ’sof Pin T

I I s Philip Wellnitz 36
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If You Want to Be Fast, Take a Detour
\ early 1980’s

( Approximate String Matching )
< Given: text T, pattern P, integer k; Find: (starting pos. of) substrings of T at edit distance < k to P. >

@ P/Tgiven as oracle ~ queries possible in superposition
4 Goal: algorithms with query complexity Q(n) < n and time complexity T(n) « n

Challenge: query as few char’s as possible, but enough to recover all k-edit occ’sof Pin T
~~ R-edit-aware lossy compression of P and T (think: filter + discarding filtered-out parts)

I I s Philip Wellnitz
National Institute of Informatics Revitalizing Research on Approximate String Matching Algorithms
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If You Want to Be Fast, Take a Detour
\ early 1980’s

(_ Approximate String Matching )
< Given: text T, pattern P, integer k; Find: (starting pos. of) substrings of T at edit distance < k to P. >

@ P/Tgiven as oracle ~ queries possible in superposition
4 Goal: algorithms with query complexity Q(n) < n and time complexity T(n) « n

Challenge: query as few char’s as possible, but enough to recover all k-edit occ’sof Pin T
~~ R-edit-aware lossy compression of P and T (think: filter + discarding filtered-out parts)

In [KONW'24, KoNW’'25] for Tand P with t < 3/, p + k:
& Show: any k-edit-aware lossy compr. of P and T needs Q(k log(t/R)) bits

ty Research Insttute Corporation - .
anization of Information and Systems Philip Wellnitz

n
Re
N I I National Institute of Informatics Revitalizing Research on Approximate String Matching Algorithms
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If You Want to Be Fast, Take a Detour
\ early 1980’s

(_ Approximate String Matching )
< Given: text T, pattern P, integer k; Find: (starting pos. of) substrings of T at edit distance < k to P. >

@ P/Tgiven as oracle ~ queries possible in superposition
4 Goal: algorithms with query complexity Q(n) < n and time complexity T(n) « n

Challenge: query as few char’s as possible, but enough to recover all k-edit occ’sof Pin T
~~ R-edit-aware lossy compression of P and T (think: filter + discarding filtered-out parts)

In [KONW'24, KoNW’'25] for Tand P with t < 3/, p + k:
& Show: any k-edit-aware lossy compr. of P and T needs Q(k log(t/R)) bits

# Obtain k-edit-aware lossy compr. of P and T as O(k) substring equations;
computable via quantum algorithm using O(/kp) queries/time

Research orgonatonof fomation nd Ssems Philip Wellnitz 36-4
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If You Want to Be Fast, Take a Detour

(_ Approximate String Matching ) early 1980's
< Given: text T, pattern P, integer k; Find: (starting pos. of) substrings of T at edit distance < kto P. >

@ P/Tgiven as oracle ~ queries possible in superposition
4 Goal: algorithms with query complexity Q(n) < n and time complexity T(n) « n

Challenge: query as few char’s as possible, but enough to recover all k-edit occ’sof Pin T
~~ R-edit-aware lossy compression of P and T (think: filter + discarding filtered-out parts)

In [KONW'24, KoNW’'25] for Tand P with t < 3/, p + k:
& Show: any k-edit-aware lossy compr. of P and T needs Q(k log(t/R)) bits

# Obtain k-edit-aware lossy compr. of P and T as O(k) substring equations;
computable via quantum algorithm using O(/kp) queries/time

@ Give classical 6(b?)-time algo to compute sol. to b substr. eqn’s as O(b)-size grammar

b i o ot Phitip weltnitz 30 o
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If You Want to Be Fast, Take a Detour

(_ Approximate String Matching ) early 1980's
< Given: text T, pattern P, integer k; Find: (starting pos. of) substrings of T at edit distance < kto P. >

@ P/Tgiven as oracle ~ queries possible in superposition
4 Goal: algorithms with query complexity Q(n) < n and time complexity T(n) « n

Challenge: query as few char’s as possible, but enough to recover all k-edit occ’sof Pin T
~~ R-edit-aware lossy compression of P and T (think: filter + discarding filtered-out parts)

In [KONW'24, KoNW’'25] for Tand P with t < 3/, p + k:
& Show: any k-edit-aware lossy compr. of P and T needs Q(k log(t/R)) bits

# Obtain k-edit-aware lossy compr. of P and T as O(k) substring equations;
computable via quantum algorithm using O(/kp) queries/time

@ Give classical 6(b?)-time algo to compute sol. to b substr. eqn’s as O(b)-size grammar
~~ Can use PILLAR algorithm for fully-compressed setting on lossy compression!

b i o Phitip weltnitz. 30 o
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Quantum ASM: Bottom-Lines

@ P/Tgiven as oracle ~ queries possible in superposition
@ Goal: algorithms with query complexity Q(n) <« n and time complexity T(n) « n

H

PILLAR

meta algorithm

Easy Result
ASM on T, Pw/ t <3/, p + k admits qu-algo
using O(k*>y/n) queries/time

InerUniversty Researh nsttateCorporat . )
N II Research orgonatonof fomation nd Ssems Philip Wellnitz 37-1
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Quantum ASM: Bottom-Lines

@ P/Tgiven as oracle ~ queries possible in superposition
@ Goal: algorithms with query complexity Q(n) <« n and time complexity T(n) « n

Grammars

~~> | Lossy Compressor | ~~

pr 7

PILLAR
meta algorithm 06\ kQ:b Q °Q9
O & X
SO
N
\)'b & X \\Q/
O & ¥ &
Y
<
&
&

Easy Result
ASM on T, Pw/ t <3/, p + k admits qu-algo
using O(k*>y/n) queries/time

it iy Researhnsute ::'ip:;iS‘;::e Philip Wellnitz
National Institute of Informatics Revitalizing Research on Approximate String Matching Algorithms
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Quantum ASM: Bottom-Lines

@ P/Tgiven as oracle ~ queries possible in superposition
@ Goal: algorithms with query complexity Q(n) <« n and time complexity T(n) « n

Grammars
~~> | Lossy Compressor | ~~
prr O
(4 o o S
i ’gﬁ'\/ g,b’a ’,\}oﬂ\ (Q’b‘
&
PILLAR ARG
b L & & PILLAR
meta algorithm \}6\ kQ’ %QJ Q9 meta algorithm
S S
O\)’b Q}c’ (}k (\\\z Compressed
& &
o

¢ o

Easy Result
ASM on T, Pw/ t <3/, p + k admits qu-algo
using O(k*>y/n) queries/time

Research orgonatonof fomation nd Ssems Philip Wellnitz
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Quantum ASM: Bottom-Lines

@ P/Tgiven as oracle ~ queries possible in superposition
@ Goal: algorithms with query complexity Q(n) <« n and time complexity T(n) « n

Grammars
~~> | Lossy Compressor | ~~
pr 97
< 2 o N
\ﬁ,‘/ @) \0«\ (Q’b‘
&S
PILLAR AR SN PILLAR
meta algorithm <& 2 2 Q meta algorithm
’\9 ok . (\éo \_\'
A\«
O\)’b Q}c’ (}k (\\\z Compressed
& &
&
g
o i

AN

[KoNW'24,25]

Easy Result )
ASM on T, Pw/ t <3/, p + k admits qu-algo
using O(k*>y/n) queries/time

(_ Better Result
ASMon T, Pw/ t <3/, p + k admits qu-algo
using O(/kn) queries + O(/kn + k>3) time

ystems
National Institute of Informatics

Philip Wellnitz
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Quantum ASM: Bottom-Lines

@ P/Tgiven as oracle ~ queries possible in superposition
@ Goal: algorithms with query complexity Q(n) <« n and time complexity T(n) « n

Grammars
~~> | Lossy Compressor | ~~
pr 97
< 2 o N
\ﬁ,‘/ @) \0«\ (Q’b‘
&S
PILLAR AR SN PILLAR
meta algorithm <& 2 2 Q meta algorithm
’\9 ok . (\éo \_\'
A\«
O\)’b Q}c’ (}k (\\\z Compressed
& &
&
g
o i

AN

[KoNW'24,25]

Easy Result )
ASM on T, Pw/ t <3/, p + k admits qu-algo
using O(k*>y/n) queries/time

(_ Better Result
ASMon T, Pw/ t <3/, p + k admits qu-algo
using O(/kn) queries + O(/kn + k>3) time

ystems
National Institute of Informatics

~ Queries are (near) optimal [KONW’24], time

overhead from PILLAR (but future-proof)
Philip Wellnitz
Revitalizing Research on Approximate String Matching Algorithms
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Using Analyze + PILLAR for Obtaining New Algorithms 2

Spotlight Extension: String Matching with Weighted Edits

Philip Wellnitz

ystoms
National Institute of Informatics Revitalizing Research on Approximate String Matching Algorithms
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An Example

How similar are two strings X and Y?

Intr UnverstyResearch nsttto Corporation . .
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An Example

How similar are two strings X and Y?

OPINION

I

?
IS

OPIN1CIV

Intr UnverstyResearch nsttto Corporation . .
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An Example

How similar are two strings X and Y?

OPINION PICNIC

\? ?/
~

OPIN1CIV

Intr UnverstyResearch nsttto Corporation . .
N I I Research Organization of Information and Systems Philip Wellnitz 39 3
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Edit Distance, Once More

ED(X, Y)

< Edit Distance >
Min number of character insertions, deletions, and substitutions that transform Xto Y

Iner-Universty Researh nsttateCorporat - )
N I I Resoaeh rganzatin of formaton and Systems Philip Wellnitz 40-1
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2 222222 XXX 22 XXX 222X XXX X222 XXX 2L L XXX 2L 2 X TORoRoReRotoretones
Edit Distance, Once More

ED(X, Y)

( Edit Distance >
Min number of character insertions, deletions, and substitutions that transform Xto Y

lofpr[n]r]o]n]
(AEEEX:
[O‘P‘I‘N‘l‘C‘I v

ED(OPIN1ICIV,OPINION)=5

I I s Philip Wellnitz 40
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2 222222 XXX 22 XXX 222X XXX X222 XXX 2L L XXX 2L 2 X TORoRoReRotoretones
Edit Distance, Once More

ED(X, Y)

( Edit Distance >
Min number of character insertions, deletions, and substitutions that transform Xto Y

IiPIN;iNI IP\I\C\N\I\CI
leplz]n]2][c[T]Y) F“\P\I\N\l\C\ V]
ED(OPIN1CIV,0OPINION)=5 ED(OPINI1CIV,PICNIC)=5

Philip Wellnitz 40
Revitalizing Research on Approximate String Matching Algorithms
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Edit Distance, Once More

ED"(X, )

( Weighted Edit Distance >
Min cost of transforming X to Y using character edits, where:

@ inserting y costs w(g, y); ¢ deleting x costs w(x, €);
@ substituting x for y costs w(x, y).

w(0,0):=1 w(1,I):=1 w(C0):=1 w(*,*) =2 w(*€):=1 w(E*):=10
[ofP[z[n]z]o]n] IP\I\C\N\I\C]

AKX
[‘*’h f“\P\I\NMc\‘T“]

Philip Wellnitz 41
Revitalizing Research on Approximate String Matching Algorithms
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Edit Distance, Once More

ED"(X, )

( Weighted Edit Distance >
Min cost of transforming X to Y using character edits, where:

@ inserting y costs w(g, y); ¢ deleting x costs w(x, €);
@ substituting x for y costs w(x, y).

w(0,0):=1 w(1,I):=1 w(C0):=1 w(*,*) =2 w(*€):=1 w(E*):=10

CP[Z[V[]o]W) [P\I\cwx\cl
[@HN“% f“\P\I\NMc\‘T“]
EDW OPIN1CIV, OPINION) 6 ED""(OPINlCIV,PICNIC)sM

e o Inanmson o Syt Philip Wellnitz 41-2
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Edit Distance, Once More

ED"(X, )

( Weighted Edit Distance >
Min cost of transforming X to Y using character edits, where:

@ inserting y costs w(g, y); ¢ deleting x costs w(x, €);
@ substituting x for y costs w(x, y).

w(0,0):=1 w(1,I):=1 w(C0):=1 w(*,*) =2 w(*€):=1 w(E*):=10

[O‘P‘I‘N‘I‘O‘N] [PICXNXIC\]"\
%
IOPINlc"?h CrPE ey
EDW OPIN1CIV,OPINION) =6 EDW(@PIN1CIV,PICNIC)=8

Philip Wellnitz 41
Revitalizing Research on Approximate String Matching Algorithms
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Edit Distance, Once More

ED"(X, )

( Weighted Edit Distance >
Min cost of transforming X to Y using character edits, where:

@ inserting y costs w(g, y); ¢ deleting x costs w(x, €);
@ substituting x for y costs w(x, y).

w(0,0):=1 w(1,I):=1 w(C0):=1 w(*,*) =2 w(*€):=1 w(E*):=10

[O‘P‘I‘N‘I‘O‘N] [PICXNXIC\]"\
%
IOPINlc"?h CrPE ey
EDW OPIN1CIV,OPINION) =6 EDW(QPIN1CIV,PICNIC)=8

Justified Assumption:  wis normalized, w(x,y)=1forall x zy.

e o Inammson o Syt Philip Wellnitz 41-4
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Edit Distance, Once More

ED"(X, )

( Weighted Edit Distance >
Min cost of transforming X to Y using character edits, where:

@ inserting y costs w(g, y); ¢ deleting x costs w(x, €);
@ substituting x for y costs w(x, y).

w(0,0):=1 w(1,I):=1 w(C0):=1 w(*,*) =2 w(*€):=1 w(E*):=10

[O‘P‘I‘N‘I‘O‘N] [PICXNXIC\]"\
%
IOPIN“:“?h CrPE ey
EDW OPIN1CIV,OPINION) =6 EDW(QPIN1CIV,PICNIC)=8

Justified Assumption:  wis normalized, w(x,y)=1forall x zy.
Otherwise: could scale weights and condition EDZVk(X, Y) < k (e.g. in ASM) becomes meaningless.

e o Inammson o Syt Philip Wellnitz 415
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Computing String Matching with (Weighted) Edits

Recall crucial subroutine for ASM:

Verify that occurrence starts at given (interval of) position of T

It Uners g ration Philip Wellnitz

Systems

National Institute of Informatics Revitalizing Research on Approximate String Matching Algorithms
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Computing String Matching with (Weighted) Edits

Recall crucial subroutine for ASM:

Verify that occurrence starts at given (interval of) position of T

~> Need to compute Bounded Weighted Edit Distance

Research orgonatonof fomation nd Ssems Philip Wellnitz 42
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Recall: Algorithms for (Bounded) Edit Distance / Verify

“slow” @®(n,k) = n?
A

“fast”  O(n,R)=n

P

(s

“almost equal”

0(n?), [Vin68,NW70,Sel74,WF74]

o >
K SIE
& Y2
) NP/
(\\@\ x \g_\
oY N
>

N

>

~Q.

@

» “completely different”

Existing algorithms for Edit Distance ED(X, Y), where |X|,|Y| <n

Inter-University Research Institute Corporation
Research Organization of Information and Systems
National Institute of Informatics

Philip Wellnitz
Revitalizing Research on Approximate String Matching Algorithms
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Algorithms for (Bounded) Weighted Edit Distance / Weighted Verify

What about Weighted Edit Distance?

Philip Wellnitz

ystoms
National Institute of Informatics Revitalizing Research on Approximate String Matching Algorithms
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Algorithms for (Bounded) Weighted Edit Distance / Weighted Verify

“slow” @®(n,k) = n?
A

“fast”  O(n,R)=n

>

(s

“almost equal”

0(n?), [Vin68,NW70,Sel74,WF74]

)
W >

) ~

o 9
(\\@\ N
oV Qx“
>
~ R B
,,‘\ A

'

» “completely different”

Existing algorithms for Weighted Edit Distance ED"(X, Y), where |X]|,|Y| < n

Inter-University Research Institute Corporation
Research Organization of Information and Systems
National Institute of Informatics

Philip Wellnitz
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Algorithms for (Bounded) Weighted Edit Distance / Weighted Verify

§ 0(n?), [Vin68,NW70,5el74,WF74]
slow” ®(n,R) = n? ()

A

O(n, k) = n3/*

“fast”  O(n,R)=n

¢\ ’\\6> '\\\, ’\\’L @
w A O w
LSS w )
“almost equal” » “completely different”

Existing algorithms for Weighted Edit Distance ED"(X, Y), where |X]|,|Y| < n

Inter-University Research Institute Corporation - .
N I I Research Organization of Information and Systems Philip Wellnitz 4 5 5
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Algorithms for (Bounded) Weighted Edit Distance / Weighted Verify

“ 0(n?), [Vin68,NW70,Sel74,WF74]
slow” ®(n,R) = n? ()

A

O(n, k) = n3/*

“fast”  O(n,R)=n

¢\ ’\\6> '\\\, \\”} ’\\’L @
w PR O w
el ow w
“almost equal” » “completely different”

Existing algorithms for Weighted Edit Distance ED"(X, Y), where |X]|,|Y| < n

Inter-University Research Institute Corporation - .
N I I Research Organization of Information and Systems Philip Wellnitz 4 5 3
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Algorithms for (Bounded) Weighted Edit Distance / Weighted Verify

“ 0(n?), [Vin68,NW70,Sel74,WF74]
slow” ®(n,R) = n? ()

A

O(n, k) = n3/*

“fast”  O(n,R)=n

a,'\ '\\6> '\\h \\0’ W\C’ r\\'L A
w PN A w
v o w )
“almost equal” » “completely different”

Existing algorithms for Weighted Edit Distance ED"(X, Y), where |X]|,|Y| < n

Inter-University Research Institute Corporation - .
N I I Research Organization of Information and Systems Philip Wellnitz 4 5 4
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Algorithms for (Bounded) Weighted Edit Distance / Weighted Verify
(_ Main Theorem (Upper Bound) ) [CakoW'23]
Strings X, Y each of length at most n
Oracle access to (normalized) weight function w
Can compute k = EDY(X, Y) in time O(n +Vnk3 log® n)

I I e o o o, Philip Wellnitz 46-1
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Algorithms for (Bounded) Weighted Edit Distance / Weighted Verify
(_ Main Theorem (Upper Bound) ) [CakoW'23]
Strings X, Y each of length at most n
Oracle access to (normalized) weight function w
Can compute k = EDY(X, Y) in time O(n +Vnk3 log® n)

(_ Main Theorem (Lower Bound) ) [CaKow'23]

Assuming the Apsp Hypothesis and for \/n < k < n,
Main Theorem (Upper Bound) is tight (up to n°"-factors)

I I e o o o, Philip Wellnitz 46-2
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Algorithms for (Bounded) Weighted Edit Distance / Weighted Verify
(_ Main Theorem (Upper Bound) ) [CakoW'23]
Strings X, Y each of length at most n
Oracle access to (normalized) weight function w
Can compute k = EDY(X, Y) in time O(n +Vnk3 log® n)

(_ Main Theorem (Lower Bound) ) [CakoW'23]

Assuming the Apsp Hypothesis and for \/n < k < n,
Main Theorem (Upper Bound) is tight (up to n°"-factors)

Can extend UB to verify < k consecutive positions

I I e o o oo, Philip Wellnitz 46-3
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Algorithms for (Bounded) Weighted Edit Distance / Weighted Verify
(_ Main Theorem (Upper Bound) ) [CakoW'23]

Strings X, Y each of length at most n
Oracle access to (normalized) weight function w
Can compute kR = ED¥(X, Y) in time O(n + \/Wlog3 n)

(_ Main Theorem (Lower Bound) ) [CakoW'23]

Assuming the Apsp Hypothesis and for \/n < k < n,
Main Theorem (Upper Bound) is tight (up to n°"-factors)

Can extend UB to verify < k consecutive positions
~+ Good enough for O(t + t/p - k*) algo for weighted ASM (long, boring) [ChKoW’25]

e o Inanmson o Syt Philip Wellnitz 46 4
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Algorithms for (Bounded) Weighted Edit Distance / Weighted Verify

(_ Main Theorem (Upper Bound) ) [Cakow'23]
Strings X, Y each of length at most n
Oracle access to (normalized) weight function w
Can compute k = EDY(X, Y) in time O(n +Vnk3 log® n)
/ [CaKoW’23]

{  Main Theorem (Lower Bound) )

Assuming the Apsp Hypothesis and for \/n < k < n,
Main Theorem (Upper Bound) is tight (up to n°")-factors)

Can extend UB to verify < k consecutive positions
~+ Good enough for O(t + t/p - k*) algo for weighted ASM (long, boring) [ChKoW’25]

~ What about O(kt)-time for weighted ASM?

With Standard Trick, UB yields O(t/R - /pk3) = O(t/pR)
LB rules out O(kt) via better WED algo ~+ need different approach

e o Inanmson o Syt Philip Wellnitz 46 5
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Searching for O(kt)-time Algorithms for Weighted ASM

<Weighted Approximate String Matching>
< Given: T, P, k, oracle to w; Find: (starting pos. of) substr. of T at weighted ED < kto P. >

Focus: Obtain starting positions of occurrences

ox9)
)
2V
)
)
)
)
)
)
)
)

I I s Philip Wellnitz 47
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Searching for O(kt)-time Algorithms for Weighted ASM

(Weighted Approximate String Matching>
< Given: T, P, k, oracle to w; Find: (starting pos. of) substr. of T at weighted ED < kto P. >

Focus: Obtain starting positions of occurrences

Observation: ED¥(X, Y) 2 ED(X, Y) (by norm.)

ox9)
)
2V
)
)
)
)
)
)
)
)

I I s Philip Wellnitz 47
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Searching for O(kt)-time Algorithms for Weighted ASM

(Weighted Approximate String Matching>
< Given: T, P, k, oracle to w; Find: (starting pos. of) substr. of T at weighted ED < kto P. >

Focus: Obtain starting positions of occurrences

ox9)
)
2V
)
)

Observation: ED¥(X, Y) 2 ED(X, Y) (by norm.) 222227

~+ Use unweighted O(kn)-time ASM as Filter | T |

i Filter w/ unweighted ASM

)
%
)
%
L)

%32 %%XDX
T |

I I s Philip Wellnitz 47
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Searching for O(kt)-time Algorithms for Weighted ASM

(Weighted Approximate String Matching>
< Given: T, P, k, oracle to w; Find: (starting pos. of) substr. of T at weighted ED < kto P. >
Focus: Obtain starting positions of occurrences
Observation: ED¥(X, Y) 2 ED(X, Y) (by norm.) ?
~> Use unweighted O(kn)-time ASM as Filter | T ]
If ED(P,T[a..b]) < Rk, also get cheap alignment
P~ T[a..b]that matches exactly most of P
T00..4] a 76..91] [« T11..15]
P[0..4] I P[6..9] N [11..15]

I I s Philip Wellnitz 47
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Searching for O(kt)-time Algorithms for Weighted ASM

<Weighted Approximate String Matching)
< Given: T, P, k, oracle to w; Find: (starting pos. of) substr. of T at weighted ED < kto P. >
Focus: Obtain starting positions of occurrences
Observation: ED¥(X, Y) = ED(X, Y) (by norm.) o % ?
~> Use unweighted O(kn)-time ASM as Filter I T l
If ED(P,T[a..b]) < Rk, also get cheap alignment
P~ T[a..b]that matches exactly most of P
All such alignments very similar to each other M4l a T6.8] a a c Mn.ul a 1.6
But how to exploit this fact? ‘ ’\ \\ \‘// //
pol b P2.3] b P[5..9] P1.12] b At 15]]

I I s Philip Wellnitz 47
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Searching for O(kt)-time Algorithms for Weighted ASM

(Weighted Approximate String Matching>
< Given: T, P, k, oracle to w; Find: (starting pos. of) substr. of T at weighted ED < kto P. >

Focus: Obtain starting positions of occurrences

Observation: ED¥(X, Y) 2 ED(X, Y) (by norm.) BES
X,

~> Use unweighted O(kn)-time ASM as Filter

If ED(P,T[a..b]) < Rk, also get cheap alignment . \\g *
P~ T[a..b] that matches exactly most of P IR SN
P
All such alignments very similar to each other IR YA

But how to exploit this fact? SN VAN
~~ Cast as shortest path prob in alignment graphs I -i‘o\\o o
o e Mo Yo w:y

Tt]
Tt]

ﬂW(P[p]-W) => m X\w‘(;[p]-»ﬂt])
w(e - T[t])
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Searching for O(kt)-time Algorithms for Weighted ASM

< (Weighted Approximate String Matching>

Given: T, P, k, oracle to w; Find: (starting pos. of) substr. of T at weighted ED < kto P.

>

Focus: Obtain starting positions of occurrences

Observation: ED¥(X, Y) 2 ED(X, Y) (by norm.)
~> Use unweighted O(kn)-time ASM as Filter

If ED(P,T[a..b]) < Rk, also get cheap alignment
P~ T[a..b]that matches exactly most of P

All such alignments very similar to each other

But how to exploit this fact?

~~ Cast as shortest path prob in alignment graphs
~» Copy matched parts from (trivial) align. P ~$> P

iversi g ration
ystems
National Institute of Informatics

[st=11] [stz24) [sise61) [ st7..11

J

w(P[p] - T[t])

PRANE) VANRVARRN

NN Q;'>;(>&.

[st0-11] [ps=e1] [st5-61] | S[7..11] ]

Tt]
Tt
ﬂw@[p]ae) o=
p
w(e - Tt]) : 3
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Searching for O(kt)-time Algorithms for Weighted ASM

(Weighted Approximate String Matching>
< Find: (starting pos. of) substr. of T at weighted ED < kto P.

Given: T, P, k, oracle to w;

Focus: Obtain starting positions of occurrences

Observation: ED¥(X, Y) 2 ED(X, Y) (by norm.)
~> Use unweighted O(kn)-time ASM as Filter

If ED(P,T[a..b]) < Rk, also get cheap alignment
P~ T[a..b]that matches exactly most of P

All such alignments very similar to each other

But how to exploit this fact?

~~ Cast as shortest path prob in alignment graphs
~» Copy matched parts from (trivial) align. P ~$> P

Comp. bound-to-bound dist for each block [Klein'os];
then combine using fast (min, +)-product [SMAWK]

iversi g ration
ystems
National Institute of Informatics

M

o

[st=11) [szza) [sis61) [ st7m1
o0

o
o 00
o

o D
00

oﬁ*&
O0—0—0—0—0

[sw 1 ] [P[S..6]] ls[: w] [ S[7..11] ]

ﬁw@[p]ee)

Tt]
Tt]

>

= Nw‘(ﬁ[p]wu)
0
w(e - T[t)
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Searching for O(kt)-time Algorithms for Weighted ASM

< <Weighted Approximate String Matching)

Given: T, P, k, oracle to w; Find: (starting pos. of) substr. of T at weighted ED < kto P.

>

Focus: Obtain starting positions of occurrences

Observation: ED¥(X, Y) 2 ED(X, Y) (by norm.)
~> Use unweighted O(kn)-time ASM as Filter

If ED(P,T[a..b]) < Rk, also get cheap alignment
P~ T[a..b]that matches exactly most of P

All such alignments very similar to each other

But how to exploit this fact?

~~ Cast as shortest path prob in alignment graphs
~» Copy matched parts from (trivial) align. P ~$> P

Comp. bound-to-bound dist for each block [Klein'os];
then combine using fast (min, +)-product [SMAWK]
Precompute all P vs P blocks [Klein’o5];

~ Verify < k pos in O(k?) after O(kp) prep. ~+ O(kt) total

iversi g ration
ystems
Nc\llonc\l Institute of Informatics

ﬁw@[p]ea)

[st=11) [stz241) [sisz61) [ st7..11

J

N
(o]

Al h

°
-] 0o
o Cﬁ§> 00
o o&%
00 L

2

fo) @ (] ()

S[7..11]

O0—0—0—0—0
l

l

Tt]

o MP[M - T[t])
w(e - Tt]) M \
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Weighted ASM: Bottom Lines

(Weighted Approximate String Matching)
Given: T, P, k, oracle to w; Find: (starting pos. of) substr. of T at weighted ED < kto P.

< ) Main Theorem ) [ChKoW'25]
Weighted ASM is in time G(t + t/p - k*) and in O(k*) PTLLAR time for t < 3, p + k.
< Main Theorem ) ) [ChKoW'25]
< Weighted ASM is in time O(kt).
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Weighted ASM: Bottom Lines

<Weighted Approximate String Matching>
< Given: T, P, k, oracle to w; Find: (starting pos. of) substr. of T at weighted ED < kto P.

< < Main Theorem ) [ChKoW'25]

Weighted ASM is in time O(t + t/p - k*) and in O(k*) PILLAR time fort < 3, p + k.

\ [ChKoW'25]
/

( Main Theorem
< Weighted ASM is in time O(kt).

Generalization of PILLAR ASM algorithm to weighted setting “easy”.
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Weighted ASM: Bottom Lines

<Weighted Approximate String Matching>
< Given: T, P, k, oracle to w; Find: (starting pos. of) substr. of T at weighted ED < kto P.

< Main Theorem ) [ChkoW'25]
< Weighted ASM is in time O(t + t/p - kK*) and in O(k*) PILLAR time fort <3, p + k.

( Main Theorem > [ChKoW25]
< Weighted ASM is in time O(kt).

Generalization of PILLAR ASM algorithm to weighted setting “easy”.

But, also interesting non-PILLAR algorithms out there.
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Open Problems and Future Directions

& Big Question: Close gap between UB O(n + k>°) | LB Q(n + k?) for ASM.
¢ An O(k?)-time PILLAR algo would imply optimal algorithms in many other settings
(e.g. quantum, compressed, etc.)
# First step: O(k%)-time PILLAR algo
# Stronger (conditional) LB would require new techniques
¢ Similar gap in weighted setting
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Open Problems and Future Directions

& Big Question: Close gap between UB O(n + k>°) | LB Q(n + k?) for ASM.
@ An O(k?)-time PILLAR algo would imply optimal algorithms in many other settings
(e.g. quantum, compressed, etc.)
# First step: O(k%)-time PILLAR algo
# Stronger (conditional) LB would require new techniques
¢ Similar gap in weighted setting

¢ Big Question: Reporting substrings instead of starting positions

¢ Alignment graph-based methods seem to fare better
@ First step: kR*¢-time PILLAR algo for ASM
¢ First step: O(kp)-time for WASM
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Open Problems and Future Directions

& Big Question: Close gap between UB O(n + k>°) | LB Q(n + k?) for ASM.
@ An O(k?)-time PILLAR algo would imply optimal algorithms in many other settings
(e.g. quantum, compressed, etc.)
# First step: O(k%)-time PILLAR algo
# Stronger (conditional) LB would require new techniques
¢ Similar gap in weighted setting

¢ Big Question: Reporting substrings instead of starting positions

¢ Alignment graph-based methods seem to fare better
@ First step: kR*¢-time PILLAR algo for ASM
¢ First step: O(kp)-time for WASM

¢ Big Question: Simpler algorithms with similar guarantees

¢ Especially almost periodic case highly involved
¢ Structural insights currently come with impractical constants

stitute Corporation
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Open Problems and Future Directions

& Big Question: Close gap between UB O(n + k>°) | LB Q(n + k?) for ASM.
@ An O(k?)-time PILLAR algo would imply optimal algorithms in many other settings
(e.g. quantum, compressed, etc.)
# First step: O(k%)-time PILLAR algo
# Stronger (conditional) LB would require new techniques
¢ Similar gap in weighted setting
¢ Big Question: Reporting substrings instead of starting positions
¢ Alignment graph-based methods seem to fare better
@ First step: kR*¢-time PILLAR algo for ASM
# First step: O(kp)-time for WASM
¢ Big Question: Simpler algorithms with similar guarantees

¢ Especially almost periodic case highly involved
¢ Structural insights currently come with impractical constants

¢ Big Question: Generalizing idea behind PILLAR to other problem families, settings
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