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Labeled Graphs

Labeled Graph G = (V,E, L)

A directed graph with vertices labeled by characters.

V'« the set of vertices
E : the set of edges
L:V — X: alabeling function

e.g- V — { Vl’ Cz’ V3, V4, VS; V6) V7) V8) V9 }

E ={ (VlJ VZ)' (VZJ V3), (VZJ V7)' (V3, V4)' (V4' V5),
(Vs, Vo), (Ve, V7), (Ve, V), (V7, Vg), (Vg, Vo) }




Labeled Graphs 5

L(v) : the character label of vertex v.

P(v) : the set of paths that end at vertex v.

L(P(v)) : the set of strings spelled by paths in P(v) .

P(G) :thesetof pathsin G. (P(G)={P(v)|veETV})

L(7) : the set of strings spelled by paths in 7 (: the set of paths) .
subseq(L(m)) : the set of subsequences of strings in L(x) .

L(v;)=Db

P(v7) = {v3v4v5v6v7 , ViVav7, ... }

L(P(v7)) = {caabb, abb, ... }
aca € subseq(L(P(G)))




Known Algorithms on Labeled Graphs

6

problem text pattern time complexity
acyclic graph string O(n+m|E|) [Park & Kim, 1995]
Pattern Matching tree string O(n) [Akutsu, 1993]
graph string O(n+m|E|) [Amir et al, 1997]
graph WIFh edit string NP-complete [Amir et al, 1997]

Approximate operations
Matching i i i

graph string with edit |, LIE)  [Navarro, 2000]

operations

n : sum of the length of strings in the text, m : length of the pattern.

problem

Longest Common
Substring

text 1
acyclic graph

text 2
acyclic graph

graph

acyclic graph

time complexity

O(|E||E>]) [Shimohira et al., 2011]

Longest Common
Subsequence

acyclic graph

acyclic graph

O(|E||E>]) [Shimohira et al., 2011]

graph

graph

O(|E1 || Ex| V1| V2 |logl|X])
[Shimohira et al., 2011]

|E;| : the number of edges in text i, |V} : the number of vertices in text i, [X| : the alphabet size.
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Constrained LCS [Chen et al., 2011]

In the field of molecular biology,
there are cases where the same sequence appears
between different species, and there are demand to

incorporate this into similarity measurements.

In recent years,

Constrained LCS problems for string inputs

derived from the LCS problem are considered.



Constrained LCS [Chen et al., 2011]

There exist four variants of the Constrained LCS problems.

Each of them is to compute a longest string Z such that

Z includes/excludes the constraint pattern P as a
/subsequence and Z is a common

subsequence of the two target strings A and B.

Each problem is called,
-IC-LCS (substring, include)
-EC-LCS (substring, exclude)

SEQ-IC-LCS (subsequence, include)
SEQ-EC-LCS (subsequence, exclude)



Previous Work of Constrained LCS and Our Work o

problem text 1 text 2 text 3 time complexity
STR-IC-LCS string string string O([|§el|c|fé\|2/icz, 2012]
STR-EC-LCS string string string O(|§/vl,€2g| fs BI., 2013]
string string string O(|E[lc”r%1| |]e5:c3 BI., 2004]
SEQ-IC-LCS
SEQ-EC-LCS string string string [grfLEnl gﬁﬁ |c]:5r3120, 2011]

|[E| : the number of edges in text i, |V;| : the number of vertices in text 7 ,
2| : the alphabet size .



Previous Work of Constrained LCS and Our Work H

problem text 1 text 2 text 3 time complexity

STR-IC-LCS string string string O([|§el|c|fé\|2/icz 2012]
STR-EC-LCS string string string 0(|§/Ul,i2g||§:32| 2013]

. _ , O(|E||E5||E
string string string : [1(|:|hii1||et3 QI. 2004]

O(|E|||E5||E
SEQ-IC-LCS acyclic graph | acyclic graph | acyclic graph b 2||(t3h|i)s work)
O(|E, ||E,||E5|+| V|| V5| | V3 |loglX
araph sl acyclic graph ([E1[|1Eo| | B3|+ V] (2t|||1i§|\/(\)/§|rk|;
SEQ-EC-LCS string string string [(?kfﬁlgfé”fﬁgo 2011]

|[E| : the number of edges in text i, |V;| : the number of vertices in text 7 ,
2| : the alphabet size .



SEQ-IC-LCS N

SEQ-IC-LCS of strings A, B and P is a longest string Z
such that Z includes P as a subsequence

and Z is a common subsequence of A and B.




SEQ-IC-LCS

SEQ-IC-LCS of strings A, B and P is a longest string Z
such that Z includes P as a subsequence

and Z is a common subsequence of A and B.

eg. A =Db c d a b ab

— Cc b a c¢c b a a b a

oy

P = c a a

c a b a b isan SEQ-IC-LCS of string A, B and P.
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SEQ-IC-LCS

SEQ-IC-LCS of strings A, B and P is a longest string Z
such that Z includes P as a subsequence

and Z is a common subsequence of A and B.

eg. A =Db c da b ab

— Cc b a c b a a b a

oy

P = c¢c a a

c a b a b isan SEQ-IC-LCS of string A, B and P.

14
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Algorithm for SEQ-IC-LCS of strings [Chin et al., 2004]

Previous work of the SEQ-IC-LCS problem for string inputs
is based on dynamic programming.

Let C denote the three-dimensional table which stored the length
of the SEQ-IC-LCS of A[1..i],B[1..j] and P[1..k] in C(i,j,k) for
any0 <i<|A[,0<j<|B|,0<k < |P]|.

C ;j o 1 |B|
computing all C(i,j, k) i
by using the recurrence. 0
|
C(|A], |B], |P]) is the solution. X (|P]+ 1)

tables

|4




Recurrence of SEQ-IC-LCS algorithm of strings [Chin et al., 2004] 0

C(i,j, k) : the length of SEQ-IC-LCS of A[1..i], B|1..j] and P[1..k].

C(,j, k)
( 0 ifk =0and (i =0orj = 0);
— 00 ifk +0and (i =0orj = 0);
= J Ci—1,j—1,k—1) if i, j,k > 0 andA[i] = B[j] = Plk];
Ci—1,j—1,k) if i,j > 0 andA[i] = B[j] # P|k];
Kmax(C(i —1,j,k),C(i,j —1,k))  ifi,j > 0andA[i] # B[j];

This algorithm computes the solution in O(|4]||B||P]) time.
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Definition about Labeled Graphs

V, : the set of vertices which has no in-coming edges.

V, : the set of vertices which has no out-going edges.
MP(®v) : the set of paths that start at v, in V', and end at vertex v .

MP(G) : the set of paths that start at v, in V;and end at vertex v,
in V,in G (= maximal paths).

VS - {Vl ’ V4} Ve — {V3 ’ VS}

eg
1 2@_2@ MP(vs) = viVs , V45 }
4 5 L(MP(v,))={dc, cc}

MP(G) = { v{vpv3, V{Vs, VyVs |



SEQ-IC-LCS Problem for Acyclic Labeled Graphs -

- Problem 1
Input : Acyclic labeled graphs G, = (V}, E\, L), G,= (V>, E,, L,)
and Gy= (Vs, Es, Ly)
Output : Length of the longest string intheset{ z | 3q € L3(MP(63))
such that g € Subseq(z) and z € Subseq(G;) N Subseq(G,) }

MP(G) : the set of maximal paths in G.
subseq(G) : the set of subsequences of stringsin G .

c—d—@ d—b—@a e




SEQ-IC-LCS Problem for Acyclic Labeled Graphs 0

- Problem 1

Input : Acyclic labeled graphs G, = (V}, E\, L), G,= (V>, E,, L,)
and G;=(V;, Es, L3)
Output : Length of the longest string intheset{ z | 3q € L3(MP(63))
such that g € Subseq(z) and z € Subseq(G,) N Subseq(G,) }

MP(G) : the set of maximal paths in G.
subseq(G) : the set of subsequences of stringsin G .

G2 G3
Subseq(G,) = {a, b, c, d, aa, Subseq(G,) =1{a, b, c,d, aa, Lj (MP(Gg))

ab, ac, ad, ba, ca, cb, cc, cd, ab, ac, ad, ba, ca, cb, cd, = {cc, da, dc}
da, db, dc, aba, aca, acb, da, db, aba, aca, acb, acd,

ada, adb, adc, cba, cca, cda, ada, adb, cba, cda, cdb, dba,

dba, dca, acba, adba, ccba, acba, adba, cdba, acdba}
cdba, cdca, adcba, cdcba}l




SEQ-IC-LCS Problem for Acyclic Labeled Graphs “

- Problem 1
Input : Acyclic labeled graphs G, = (V}, E\, L), G,= (V>, E,, L,)
and G;=(V;, Es, L3)
Output : Length of the longest string intheset{ z | 3q € L3(MP(63))
such that g € Subseq(z) and z € Subseq(G,) N Subseq(G,) }

MP(G) : the set of maximal paths in G.
subseq(G) : the set of subsequences of stringsin G .

Subseq(G,) = {a, b, c, d, aa, Subseq(G,) ={a, b, c,d,aa, Lj (MP(Gg))
ab, ac, ad, ba, ca, cb, cc, cd, ab, ac, ad, ba, ca, cb, cd, = {cc, da, dc}
da, db, dc, aba, aca, acb, da, db, aba, aca, acb, acd,

ada, adb, adc, cba, cca, cda, ada, adb, cba, cda, cdb, dba,

dba, dca, acba, adba, ccba, acba, adba, edba, acdba}

cdba, cdca, adcba, cdcbaj The solution is 4. (cdba)



Main Idea of the Algorithm for SEQ-IC-LCS of Acyclic Labeled Graphs

1. Sort vertices of G4, G, and G5 in topological order.



Topological Sort

1. Sort vertices of G4, G, and G5 in topological order.

e.g.
G

2

23




Main Idea of the Algorithm for SEQ-IC-LCS of Acyclic Labeled Graphs “

1. Sort vertices of G4, G, and G5 in topological order.
Let C denote the three-dimensional table which stored the length of

the SEQ-IC-LCS of Ly (P(v1,)), Lz (P(v2)) and Ly (P () ) in
C(i,jk)forany 1 <i<|Vi[,1<j<|V,]|,0<k<|Vs].
(vl,i € V]_,UZ,]' € Vz,vg’k € V3)

HEREEIENORe
2. Calculate C(i, j, k) using the GC © e@@Q )
1

1 2 5 6
recurrence. e
1

. (®.

max L, ],

1<ig|Vq ], 1<j<|VL |, v3 i J »*@ 3 X(|V3| + 1)
G 4 tables

is the solution.
(v3  has no out-going edges in V3.) OF
OF




Recurrence of SEQ-IC-LCS of Acyclic Labeled Graphs

Cijk =
[ Recurrence of LCS of Acyclic Labeled Graph if £ =0;
[Shimohira et al., 2011]
( )
T i) € E ) .
E”l’ . )) o if k> 0 and
V2.4, V2. :
Il +max | § Cyy T v h U {v} Ly (v1,:) = La(va,5)
(v3,2,U3k) € E3,
= Ls(vs,k);
< \ or z=20 )

max ({1 + Cxyk

if £k > 0 and

(v1,2,v14) € B, 1 .

(09, v2.5) € s U{—oo} | Li(v1s) = La(vay)
'Y 2]

# L3(v31);
; Vig,V15) € Eh} U .
max {Cx']'k [ (V1,25 v13) 1} otherwise.
\ {Ci,y,k | (U2,y7v2,j) S E2} U {_OO}
where
( 0 if v1; does not have in-coming edges at all or v, ; does not have
Y= 4 in-coming edges at all, and vs does not have in-coming edges;
| —0o otherwise.




Main Idea of the Algorithm for SEQ-IC-LCS of Acyclic Labeled Graph

1. Sort vertices of G4, G, and G5 in topological order.
Let C denote the three-dimensional table which stored the length of

the SEQ-IC-LCS of Ly (P(v1)), Ly (P(v2)) and Ly (P(vay) ) in
C(i,jk)forany 1 <i<|Vi[,1<j<|V,]|,0<k<|Vs].
(vl,i € V]_,UZ,]' € Vz,vg’k € V3)

Gs
2. Calculate C(i, j, k) using the
recurrence. 1 2
ik (c—(c)
1<i<|Vq|, 15%‘5|V2|,v3,k (l J ) 3 4
is the solution. L3(MP(G3))

(v3  has no out-going edges in V3.) ={cc, da, dc}



Tables computed by using the recurrence Y

CFHOG DG O 0H-E

G3 Gll 111]1]1 15 16 Gl —00 |=00 | =00 | =00 |—00 |—00
@ @ 2o 1|1/0|1]1 :—oo—oo—oo—oo—oo—oo
1 2 31 12222 3_00_00 2 (2122

(o, 122|222 O ™=|2]2]2]2
3 4 t J1]2(2]2]3]3 5_°° —o212(3|3
(B 1]2]2]2]|3]4 (B °[™]2]2]3]4

k=0 k=1

G G 1
@, @, (2,

(o —00 |—00 |—00 [—00 |[—00 |—00 2—°° 11 |- 1 1 2_°° —00 |—® |—00 |—00 (—00

2

»’0 3—00 —00 |—00 |—00 |[—00 |[—00 »*0 3_°° 1122212 »*0 3—°° —00 |—00 | —00 (—00 [—00
4—00 —00 |—00 [—00 |—00 [—00 4_°° 212112122 4—°° —00 |—00 |—00 |—00 [—00
5—00 —00 |—00 |—00 |—00 |—00 5—°° 212121313 5_°° —00 |—00 (—00 |—00 |—00
6—00 —00 |—00 |—00 [—0oo | 4 6_°° 21211234 6_°° —00 | =00 |—00 |—00 [—00

k=2 k=3 k=4



Tables computed by using the recurrence *

CFHOG DG O 0H-E

G3 Gl 3 6 Gl
(@ 1|1 1]1[1]1 (@) [ |0 |0 |0 [0 |-e0
@—@ (oL[Pr (oFFFFF-
1 2 31 112121212 3_00_00 2121212
e (M (QEEEET
3 4 51 22233 5—00—002233
(3, 122|234 O Rl s 212134
k=0 k=1

G G 1

@, @, (2,

(o —00 |—00 |—00 [—00 |[—00 |—00 2—°° 11 |- 1 1 2_°° —00 |—® |—00 |—00 (—00

2

»*0 3—00 —00 |—00 |—00 |[—00 |[—00 »*@ 3_°° 1122212 »*0 3—°° —00 |—00 | —00 (—00 [—00
4—00 —00 |—00 [—00 |—00 [—00 4_°° 212112122 4—°° —00 |—00 |—00 |—00 [—00
5—00 —00 |—00 |—00 |—00 |—00 5—°° 212121313 5_°° —00 |—00 (—00 |—00 |—00
6—00 —00 |—00 |—0o [—oo | 4 6_°° 21211234 6_°° —00 | =00 |—00 |—00 [—00

k=2 k=3 k=4
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Time Complexity

1. Sort vertices of G4, G, and G5 in topological order.
Let C denote the three-dimensional t ich stored the length of
the SEQ-IC-LCS of L, (P(vl’i)) L,
C(i,jk)forany1 <i<|Vi],1<
(vu €EVi, vy EVy vz € V3)

linear time )) n

2. Calculate C(i, j, k) using the C O(|E1{||E5||E3]) time

recurrence.

C(i,j, k)

. max
1SlS|V1|! 1S]S|V2|, v3,k
is the solution.

3 X(|V3] + 1)
4 tables

(v3  has no out-going edges in V3.)




Outline

* Computing SEQ-IC-LCS of Cyclic
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SEQ-IC-

LCS Problem for Cyclic Labeled Graphs

- Problem 2

Input : Cyclic labeled graphs G, = (V}, E;, L) and G,= (V,, E,, L,),
and Acyclic labeled graphs G;= (V5, E5, L)

Output :

- oo (if some z are infinite.)

- Length of longest string inthe set{ z | 3qg € L3(MP(63))
such that g € Subseq(z) and z € Subseq(G;) N Subseq(G,) }
(otherwise)

eg. 1 Gi

31



e.

SEQ-IC-

LCS Problem for Cyclic Labeled Graphs .

- Problem 2

Input : Cyclic labeled graphs G, = (V}, E;, L) and G,= (V,, E,, L,),
and Acyclic labeled graphs G;= (V5, E5, L)

Subseq(G,) N Subseq(G,) = {a, b, d, .., aba”, ...}

Output: - oo (if some z are infinite.)
- Length of longest string in the set { z | 3q € L3(MP(G5))
such that g € Subseq(z) and z € Subseq(G1) N Subseq(G,) }
(otherwise)
g.1 Gi G

G
@—b—@ @—@>—d @—F®
1T T

@@ @ @=b Cc—c

L3(MP(G3))
= {ab, ac, cc}

The solution is oo0. (aba”)



SEQ-IC-

LCS Problem for Cyclic Labeled Graphs >

- Problem 2

Input : Cyclic labeled graphs G, = (V}, E;, L) and G,= (V,, E,, L,),
and Acyclic labeled graphs G;= (V5, E5, L)
- oo (if some z are infinite.)
- Length of longest string inthe set{ z | 3qg € L3(MP(63))
such that g € Subseq(z) and z € Subseq(G1) N Subseq(G,) }
(otherwise)

Output :

Subseq(G,) N Subseq(G,) ={a, b, d, .., aab, ...}

€ Gs

@—0—d@ @—@®
@ (@ @=b (c—c

L3(MP(G3))
= {ab, ac, cc}

The solution is 3. (aab)



Main Idea of the Algorithm for SEQ-IC-LCS of Cyclic Labeled Graphs o

1. Transform G and G, into G; and G, based on the strongly
connected components.



Strongly Connected Components

1. Transform G, and G, into G and G, based on the strongly
connected components.

G

N
N

Pa®S
y
o

Cyclic Labeled Graphs Acyclic Labeled Graphs

35



Main Idea of the Algorithm for SEQ-IC-LCS of Cyclic Labeled Graphs %

1. Transform G and G, into G; and G, based on the strongly
connected components.

2. Sort vertices of Gy, G, and G5 in topological order.



Main Idea of the Algorithm for SEQ-IC-LCS of Cyclic Labeled Graphs ¥

1. Transform G and G, into G; and G, based on the strongly
connected components.

2. Sort vertices of Gy, G, and G5 in topological order.

Let C denote the three-dimensional table which stored the length of

the SEQ-IC-LCS of Ly (P(91,)), Ly (P(92)) and Ly (P () ) in

Cijk)foranyl <i< ||, 1<j< ||, 0<k<|Vs].

(01 € V1,05 €Vovsp €V5) 6 € a-iam
1 2 3 4

>

NIAN)

—

N

X (V3] + 1)
tables

\ ’/" N ’/ ) \
O r,<— Qo <o)
\\ ‘A;/,/ \\\ S / A\

/// N
| & e
w

4

A\

)
/

e
o




Main Idea of the Algorithm for SEQ-IC-LCS of Cyclic Labeled Graphs

1. Transform G and G, into G; and G, based on the strongly
connected components.

2. Sort vertices of Gy, G, and G5 in topological order.
Let C denote the three-dimensional table which stored the length of
the SEQ-IC-LCS of Ly (P(91,)), Ly (P(92)) and Ly (P () ) in

Cijk)foranyl <i< ||, 1<j< ||, 0<k<|Vs].
(D1; €V, Dy € Vo v3y €V3)

3. Precompute the result of conditional expression of
recurrence forall 1 <i< |71 <j <[]0 <k < |75



Precompute the Result of Conditional Expressions of Recurrence

zl(ﬁl,i) N Ez(ﬁz}j) N {L3(v3’k)} * @
Zl (ﬁl,i) N ZZ (1/7\2,]) N {Lg (vglk)} == @ and Zl(ﬁl,i) N Z:Z (92,]') e = (Z)
Z‘l(ﬁl,i) N z:z (92’]) N {Lg(v&k)} = @ and zl(ﬁl’i) N Zz (1/7\2’]) = (Z)

L(v) : the character label of vertex v .
D : the vertex transformed (1 based on the strongly connected components.

L(D) : the set of characters labeled to vertex ¥ .

(P NL@)={a}

L@
)



Precompute the Result of Conditional Expressions of Recurrence

E1(91,i) N iz(ﬁz,j) N {LS(US,R)} * 0
L, (771,1') N iz(ﬁz,j) n {LS (vS,k)} =

Compute L, (¥;;) N L, (92,1') Gz
foralll1<i<|V|and1<i< |V
using balanced tree.




Precompute the Result of Conditional Expressions of Recurrence

z1(91,i) N Ez(ﬁz,j) N {LB(US,R)} * 0
L, (771,1') nL, (92,j) n {LB (vS,k)} =

Compute zl(ﬁl,i) nL, (92,j)

: @
forall1<i<|Vj|and1<i < |V e o x| x| O

using balanced tree.

(If both ¥, ; and U, ; are cyclic vertices
and z1(91,i) N iz(ﬁz’j) + @, the value 2
C; j x isincremented by . )




Precompute the Result of Conditional Expressions of Recurrence

El(ﬁl,i) N zz(ﬁzli) N {L3(U3,k)} * @
Zl (ﬁl,i) N EZ (92,]) N {Lg (US,R)} == @ and Zl(ﬁl,i) N Z‘Z (92,]') e = (Z)
Z‘l(ﬁl,l‘) N Zz (92’]) N {Lg(v&k)} = @ and Zl(ﬁl,i) N ZZ ({7\2’]) = (Z)

Gy e} ~c—d-an)

Compute Ly (D1;) N Ly(92,;) N {L3(v3x)} G, 1 2 3

foralll1 <i< |V, 1<j< |7 e O O
and 1 < k < |V3]| using balanced tree. 0
O O
G B




Main Idea of the Algorithm for SEQ-IC-LCS of Cyclic Labeled Graphs

1. Transform G and G, into G; and G, based on the strongly
connected components.

2. Sort vertices of Gy, G, and G5 in topological order.

Let C denote the three-dimensional table which stored the length of
the SEQ-IC-LCS of Ly (P(91,)), Ly (P(92)) and Ly (P () ) in
Cijk)foranyl <i< ||, 1<j< ||, 0<k<|Vs].

(D1; €V, Dy € Vo v3y €V3)

3. Precompute the result of conditional expression of

recurrenceforall 1 <i< ||, 1<j<|],0 <k <[P

4. Calculate C(i, j, k) using the recurrence.

C(i,j, k) is the solution.

1<i | | 1 .—l | h esin
<i<|\V1|, 1=j<(V5 |, v3 i inV
1 2 3, (773,k as no out-going edg S 3-)



Recurrence of SEQ-IC-LCS of Cyclic Labeled Graphs

Cijk =

where

’y:

A
0+max ({-Ci,j,k

ma,x<{Cx]k | (@1x,51z)€E1} U

0+max | { Cx,y,z

(?71,35, 171,z‘) € El;
(D2,y, D2,5) € B2

{Ciy | (D2, Ds;) € B} U {0}
(01,2, 014) € E1>
(Da,y, D2,5) € B,
(vs,z, V3 k) € B3
i orz=20 i

{Ciy k| (D2, D27) € B2} U{—00}

u{o})

> U {7}

('01 ) rbl ’L) E-E117
ax|<d+ C ’ ’ i U{—o0
({ VN (0, B0,5) € By t

e ({ Cx,j,k | (01,,014) € El} U
0

)

if £k =0 and
By (01,4) N La(D2;) # 0;
if k=0 and

Ly (D13) N Ly(a,5) = 0

if £ > 0 and
Ly (913) N La(25) N {Ls([vsx])}
# 0;

if £ >0,
Li(o15) N /§2(@
=0, and Li(?

2,5) N {L3(va k) }
1,2')022(172,3') #0;

otherwise,

oo if both Ly (?1;) and Ly(d2;) are cyclic vertices;

{

1  otherwise,

if 91 ; does not have in-coming edges at all or 95 ; does not have

in-coming edges at all, and v3j does not have in-coming edges;

—00 otherwise.
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Tables computed by using the recurrence

@B @ | 1]1/1]1 @ [ 1|1]1]1
1 2 22222 22222
32 2123 32 2123
3 4 400000000 4oooooooo
k=0 k=1
C @t |, @ cetmh % e et
® [o[==F=| @ [~~~ © -
z—oo—oo—oo—oo 22 21212 2_00_00_00_00
3—oo—oo—oo 3 32 21213 3—oo—oo—oo—oo
4—00 —00 |—00 |—00 4oo o0 |00 |00 4—00 —00 |—00 (—00
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Tables computed by using the recurrence

@4 — | [en | g
h@sl NN ]
@zl N N g
@11 N N[ ]
&' ) A
Q@%@ @
@41 ~ o
h@s — NN
@z — NN
@1 — N | N
5! ) )
QQ’@’@
Q. o,
ﬂm — N

—00

—Q0

—QC0

—00

—Q0

—QC0

—00

—Q0

—0Q0

—00

—0Q0
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Time Complexity

1. Transform G and G, into G; and G, based on the strongly
connected components.

2. Sort vertices of Gy, G, and G5 in topological order. N

Let C denote the three-dimensional table
the SEQ-IC-LCS of Ly (P(y,)), Ly (P (2, linear time

Cijk)foranyl <i< ||, 1<j<|0],0<k<V5].
(D1; €V, Dy € Vo v3y €V3)

3. Precompute the result of conditional expression of
recurrenceforall 1 <i< ||, 1<j<|],0 <k <[P

4. Calculate C(i, j, k) using the recurrence.

C(i,j, k) is the solution.

1<i<|Vq], 1=j<|V;|
Sis|\Vi), 1)<V, v3 ' inV
1 2173, (v3 x has no out-going edges in V3.)
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Time Complexity

1. Transform G and G, into G; and G, based on the strongly
connected components.

2. Sort vertices of Gy, G, and G5 in topological order.

cana ' ignal table
O(|V1||V2|IV5] log|Z]) time | (P(ﬁ | linear time
( Balanced tree can search a character 2_ A2,]
\in 0(log|X]) time. ) ] < |V2|,O <k < |V;].

(V1 EV1, 73 € 3

3. Precompute the result of conditional expression of
recurrence forall 1 <i< || 1<j< %] 0<k < |7
4. Calculate C(i, j, k) using the recurrence.

C(i,j, k) is the solution.

—.—l | <Jj |V |
<< ) <]_ , U i [
1sis|V1|, 1s)=|V2 |, va k (v3 x has no out-going edges in V5.)
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Time Complexity

1. Transform G and G, into G; and G, based on the strongly
connected components.

2. Sort vertices of Gy, G, and G5 in topological order.

dana ' ignal table
O(|V1||V2|IV5] log|Z]) time

( Balanced tree can search a character _ R
in 0(log|X|) time. ) ] < |V2|,0 <k < |V;].

N———
\V1,i €V, V) E 3
3. Precompute the result of conditional expression of

recurrenceforall 1 <i< ||, 1<j<|],0 <k <[P

linear time

4. Calculate C(i, j, k) using the recurrence.

max C(i,j, k) isthe solution. O(|E1||E2|IE5]) time

1<i<|Vy], 1<j<|Va ], va (V3 ha
3,k
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Time Complexity

1. Transform G and G, into G; and G, based on the strongly
connected components.

2. Sort vertices of Gy, G, and G5 in topological order.

dana ' ignal table
O(|V1||V2|IV5] log|Z]) time

~ " linear time
( Balanced tree can search a character _ R
\in 0(log|X]) time. ) ) ] < |V2|,0 <k < |V;].

\V1,i
3. Pri- The total time complexity is

Y O(E B ES| V1|V [ V5]loglZ]) time.
4. Ca

max C(i,j, k) isthe SOIUti°q0(|E1||E2||E3|) time

1<i<|Vy], 1<j<|Va ], va (V3 ha
3,k




Outline

* Conclusions and Future works
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Conclusions -
problem text 1 text 2 text 3 Time complexity

STR-IC-LCS string string string O([|§el|c|fé\|2/icz, 2012]
STR-EC-LCS string string string O(|§/vl,€2g| fs BI., 2013]
string string string O(|E[lc”r%1| |]e5:c3 BI., 2004]

SEQ-IC-LCS acyclic graph | acyclic graph | acyclic graph OUEIIE| |(€3h|i)s work)
araph araph acyclic graph 0(|E1||Ez||E3|+|V1||V(zt|||11i/§|£§|i|;

SEQ-EC-LCS string string string [grfLEnl !fﬁ 'fﬁ';fo, 2011]

|[E;| : the number of edges in text i, |V;| : the number of vertices in text 7,
2| : the alphabet size .
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Conclusions

problem text 1 text 2 text 3 Time complexity
STR-IC-LCS string string string O([|§el|c|f§\|2/icz, 2012]
STR-EC-LCS string string string O(f/i/'ﬁé Eﬁ |a)l., 2013]
string string string O(|E[1(|:||]15ii1| |§:c3 |a)l., 2004]
SEQ-IC-LCS acyclic graph | acyclic graph | acyclic graph OEI£| |g3h|i)s work)
araph araph acyclic graph 0(|E1||Ez||E3|+|V1||V(zt|||11i/;|£3§|i|;
SEQ-EC-LCS string string string [cOrgeEn1 !fﬂ |f|i|a)o, 2011]

|[E;| : the number of edges in text i, |V;| : the number of vertices in text 7,
2| : the alphabet size .

It is likely that these SEQ-IC-LCS algorithms are optimal as we proved O (n37%8) (¢ > 0)
time conditional lower bound based on SETH (Strongly Exponential Time Hypothesis).



Future work
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problem text 1 text 2 text 3 Time complexity
STR-IC-LCS string string string O([|§el|c|f;\|2/icz, 2012]
STR-EC-LCS string string string O(|§/Ulfé Ue% |a)l., 2013]
string string string O(|E[1(|:||]15ii1| |§:c3 |a)l., 2004]
SEQ-IC-LCS acyclic graph | acyclic graph | acyclic graph OEI£| |g3h|i)s work)
araph araph acyclic graph 0(|E1||Ez||E3|+|V1||V(zt|||11i/;|£3§|i|;
SEQ-EC-LCS string string string [cOrgeEn1 !fﬂ |f|i|a)o, 2011]

« SEQ-EC-LCS problem for labeled graphs could be solved

by similar methods.

* STR-IC/EC-LCS problems for labeled graphs are open.



