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Introduction

Process overview

1. Extract audio from video.

2. Perform voice-activity-detection on audio.
3. Extract intervals from input subtitle.

4. Align subtitle intervals to speech intervals.
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Introduction

Voice-Activity-Detection

WebRTC voice-activity-detection:

1. Calculate energies on 6 sub-bands 80Hz-250Hz, ..., 3000Hz-4000Hz for
10ms

2. Calculate probabilities of speech and non-speech using Gaussian
distributions of energies

3. Weight probabilities on sub-bands

4. Compare with threshold
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Optimal no-split alighment

Basic definitions

Given two time spans a = (a1, @) and b = [by, by):
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Optimal no-split alighment

Basic definitions

Given two time spans a = (a1, @) and b = [by, by):

start(a) = a
end(a) = a
length(a) = ap — a1

= length(a N b)
overlap(a, b)

N S N N N

a
overlap(a, b
b

iscore(a, min(length(a), length(b))
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1

a+0

01 2 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25

1.0 1 —e— iscore(ry,a; + o)
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Optimal no-split alighment

Scoring for no-split alignments

Given two sequences of spans r = (ry, r, ..., rg) and a = (ag, a, ..., an),
and a weighting function w : {1,... K} x{1,... . N} — R_g the
nosplit_score is defined as
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Optimal no-split alighment

Scoring for no-split alignments

Given two sequences of spans r = (ry, r, ..., rg) and a = (ag, a, ..., an),
and a weighting function w : {1,... K} x{1,... . N} — R_g the
nosplit_score is defined as

. N K .
nosplit_score(r,a,o,w) = P kgl iscore(rk, a, + o) - w(k, n)

Exemplary weighting function

min(length(ry), length(a,))
max(length(rk), Llength(a,))

w(k,n) =
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Optimal no-split alighment

Positions of reference span r; and input spans a; and as

1

aq (1]

01 2 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25

1.0 1
—e— nosplit_score((r1),(a1),0)
0.81 —e— nosplit_score((r1),(az),0)
06 —— nosplit_score(r,a,o)
0.44
0.2
0.0 —=

40 41 42 +3 +4 +5 46 +7 48 49 +10 +11 +12 +13 +14 +15 +16
Offset o in time units
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Optimal no-split alighment

Finding the optimal no-split offset o

K ~ 1300
N ~ 1300

T, = end(rk) — start(n) ~ 8000000
T, = end(ay) — start(a;) =~ 8'000°000
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Optimal no-split alighment

Finding the optimal no-split offset o

K ~ 1300
N ~ 1300

T, = end(rk) — start(n) ~ 8000000
T, = end(ay) — start(a;) =~ 8'000°000

e Brute-Force: O(KN(T, + T,)) Days!
e Efficient Brute-Force: O((K + N) - (T, + T,))

e Tracking slope changes: 7 Milliseconds!
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Optimal no-split alighment

Positions of reference span r; and input spans a; and as

1
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01 2 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25

1.0 1
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06 —— nosplit_score(r,a,o)
0.44
0.2
0.0 —=

40 41 42 +3 +4 +5 46 +7 48 49 +10 +11 +12 +13 +14 +15 +16
Offset o in time units

Language-Agnostic Subtitle Synchronization
Kaegi



Optimal no-split alighment
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1

ay as
0 1 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 21 25
1.0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0.8
0.6
0.4-
0.2-
—e— nosplit_score((r1),(a1),0)
40 41 42 +3 +4 +5 +6 +7 48 49 +10 +11 +12 +13 +14 +15 +16
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1

aq (1]

01 2 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25

1.0
jBnBns B pono o
0.8
0.6
0.41
0.21
—e— nosplit_score((r1),(a1),0)
0.0
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1

aq (1]

1.0

0 0 0 0 0 0 (0.14| O (-0.14] O 0 0 0 (-0.14f 0 |0.14

0.8

0.61 °

—e— nosplit_score((r)),(az), o)
0.41

0.2

+0 +1 +2 +3 +4 +5 +6 +7 +8 +9 +10 +11 +12 +13 +14 +15 +16
Offset & in time units
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Optimal no-split alighment

Positions of reference span r; and input spans a; and as

1

aq (1]

01 2 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 2

0.14.-0.14 0 0 . 0 (-0.14f 0 |0.14

—e— nosplit_score((r)),(az), o)

=7
]
—
[~
=2
o |
(WG]
2
o
]
fua B

1.0+

0.81

0.61 °

0.4-

0.2

+0 +1 +2 +3 +4 +5 +6 +7 +8 +9 +10 +11 +12 +13 +14 +15 +16
Offset & in time units
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Optimal no-split alighment

Positions of reference span r; and input spans a; and as

1

a;+ 0 as+ 0

7 8 9 10 11 12 13 14 15 16 17 18 19 2

=7
]
—
[~
=2
o |
(WG]
2
o
]
fua B

1.0
I 014 0 0 0
0.8

-0.14( 0 (0.14 |-0.14(-0.14|] O 0 (014]| 0 (-0.14f O |0.14

score += 0.00
0.6- slope += 0.00
0.4
0.27
0.0

H0 41 42 +3 +4

45 46 47 48 49 +10 +11 +12 +13 +14 +15 +16
Offset & in time units
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Positions of reference span r; and input spans a; and as

1

a;+ 1 as + 1

01 2 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 2

1.0+

=7
]
—
[~
=2
o |
(WG]
2
o
]
fua B

0 0 (-0.14] 0 |0.14 (-0.14|-0.14] O 0 (014]| 0 (-0.14f O |0.14

0.81

score += 0.00
0.6- slope +=0.14

0.4-

0.2

0.0 + ' ' ' ' - ' ' ' ' ' ' ' ' ' '
+0 +1 +2 +3 +4 +5 +6 +7 +8 +9 +10 +11 +12 +13 +14 +15 +16
Offset & in time units
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Optimal no-split alighment

Positions of reference span r; and input spans a; and as

1

a + 2 as + 2

01 2 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 2

=7
]
—
[~
=2
o |
(WG]
2
o
]
fua B

1.0
0.14 . 0 0 |-0.14f O 0.14 |-0.14|-0.14| O 0 0.14 0 [-0.14] O 0.14

0.8

score +=0.14
0.6- slope += 0.00
0.4
0.2
0.0 /

40 41 42 +3 +4 +5 46 +7 48 49 +10 +11 +12 +13 +14 +15 +16
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Optimal no-split alighment
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1

ap+ 3 ar+ 3

01 2 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 2

=7
]
—
[~
=2
o |
(WG]
2
o
]
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1.0
0.14 0 . 0 |-0.14f O 0.14 |-0.14|-0.14| O 0 0.14 0 [-0.14] O 0.14

0.8

score +=0.14
0.6- slope += 0.00
0.4
0.2
0.0

40 41 42 +3 +4 +5 46 +7 48 49 +10 +11 +12 +13 +14 +15 +16
Offset o in time units

Language-Agnostic Subtitle Synchronization
Kaegi



Optimal no-split alighment

Positions of reference span r; and input spans a; and as

1

a; + 4 as + 4

01 2 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25
1.0
0.14 0 0 0.14 1-0.14-0.14 0 0 0.14 0 |-0.14 0 0.14
0.8
score += (.14
0.6- slope += 0.00
0.4-
0.2-
40 +1 42 +3 44 45 +6 +7 +8 +9 +10 +11 +12 +13 +14 +15 =16

Offset & in time units
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Optimal no-split alighment

Positions of reference span r; and input spans a; and as

T
ap+ 9 as+ 9
01 2 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25

1.0

0.14 0 0 0.14 (-0.14|-0.14 0 0 0.14 0 (-0.14 0 0.14
0.8

score += (.14
0.6- slope += —0.14
0.4-
0.2-
40 41 42 +3 +4 +5 +6 +7 48 49 +10 +11 +12 +13 +14 +15 +16
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Optimal no-split alighment

Positions of reference span r; and input spans a; and as

1

a1+ 6 as+ 6

01 2 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 2

=7
]
—
[~
=2
o |
(WG]
2
o
]
fua B

1.0
0.14 0 0 0 |-0.14 . 0.14 |-0.14|-0.14| O 0 0.14 0 [-0.14] O 0.14

0.8

score += 0.00
0.6- slope += 0.00
0.4
0.2
0.0

40 41 42 +3 +4 +5 46 +7 48 49 +10 +11 +12 +13 +14 +15 +16
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Optimal no-split alighment

Positions of reference span r; and input spans a; and as

1

ap+ 7 as+ 7

01 2 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 2

=7
]
—
[~
=2
o |
(WG]
2
o
]
fua B

1.0
0.14 0 0 0 |-0.14f O .-0.14 -0.14] 0 0 0.14 0 [-0.14] O 0.14

0.8

score += 0.00
0.6- slope +=0.14
0.4
0.2
0.0

40 41 42 +3 +4 +5 46 +7 48 49 +10 +11 +12 +13 +14 +15 +16
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Optimal no-split alighment

Positions of reference span r; and input spans a; and as

1

ap+ 8 as+ 8

01 2 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25
1.0
0.14 0 0 0 |-0.14 0 0.14 .-0.14 0 0 0.14 0 |-0.14 0 0.14
0.8
score += (.14
0.6- slope += —0.14
0.4-
0.2-
40 +1 42 +3 44 45 +6 +7 +8 +9 +10 +11 +12 +13 +14 +15 =16

Offset & in time units
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Optimal no-split alighment

Positions of reference span r; and input spans a; and as

1

a;+9 ar+9

01 2 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 2

=7
]
—
[~
=2
o |
(WG]
2
o
]
fua B

1.0
0.14( 0 0 0 |(-0.14] 0 |0.14 -0.14. 0 0 (014]| 0 (-0.14f O |0.14

0.8

score += 0.00
0.6- slope += —0.14
0.4
0.27
0.0

40 41 42 +3 +4 +5 46 +7 48 49 +10 +11 +12 +13 +14 +15 +16
Offset o in time units
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Optimal no-split alighment

Positions of reference span r; and input spans a; and as

1

a;+ 10 as + 10

01 2 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 2

=7
]
—
[~
=2
o |
(WG]
2
o
]
fua B

1.0
0.14( 0 0 0 (-0.14 0 |[0.14 |-0.14 -0.14. 0 (014]| 0 (-0.14f O |0.14

0.8

score += —0.14
0.6- slope += 0.00

0.4-

0.2

+0 +1 +2 +3 +4 +5 +6 +7 +8 +9 +10 +11 +12 +13 +14 +15 +16
Offset & in time units
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Optimal no-split alighment

Positions of reference span r; and input spans a; and as

1

a;+ 11 as+ 11

01 2 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 2

=7
]
—
[~
=2
o |
(WG]
2
o
]
fua B

1.0
0.14 0 0 0 |-0.14f O 0.14 |-0.14|-0.14| O . 0.14 0 [-0.14] O 0.14
0.8
score += —0.14

0.6- slope += 0.00

0.4

0.2

0.0

40 41 42 +3 +4 +5 46 +7 48 49 +10 +11 +12 +13 +14 +15 +16
Offset o in time units
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Optimal no-split alighment

Positions of reference span r; and input spans a; and as

1

ay; + 12 as + 12

01 2 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 2

=7
]
—
[~
=2
o |
(WG]
2
o
]
fua B

1.0

0.14( 0 0 0 (-0.14] 0 |0.14 (-0.14|-0.14] O 0 . 0 (-0.14f 0 |0.14
0.8

score += —0.14
0.6- slope +=0.14

0.4-

0.2

+0 +1 +2 +3 +4 +5 +6 +7 +8 +9 +10 +11 +12 +13 +14 +15 +16
Offset & in time units
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Optimal no-split alighment

Positions of reference span r; and input spans a; and as

1

a;+ 13 as + 13

01 2 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25

1.0
0.14 0 0 0 |-0.14f O 0.14 |-0.14|-0.14| O 0 0.14 .-0.14 0 0.14

0.8

score += 0.00
0.6- slope += 0.00
0.4
0.2
0.0

40 41 42 +3 +4 +5 46 +7 48 49 +10 +11 +12 +13 +14 +15 +16
Offset o in time units
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Optimal no-split alighment

Positions of reference span r; and input spans a; and as

1

a;+ 14 as+ 14

01 2 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25
1.0
0.14 0 0 0 |-0.14 0 0.14 1-0.14-0.14 0 0 0.14 0 . 0 0.14
0.8
score += (.00
0.6- slope += —0.14
0.4-
0.2-
0.0

40 41 42 +3 +4 +5 46 +7 48 49 +10 +11 +12 +13 +14 +15 +16
Offset o in time units
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Optimal no-split alighment

Positions of reference span r; and input spans a; and as

1

a;+ 15 as + 15

01 2 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25

1.0
0.14 0 0 0 |-0.14f O 0.14 |-0.14|-0.14| O 0 0.14 0 [-0.14 . 0.14
0.8
score += —0.14

0.6- slope += 0.00

0.4

0.2

0.0

40 41 42 +3 +4 +5 46 +7 48 49 +10 +11 +12 +13 +14 +15 +16
Offset o in time units
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Optimal no-split alighment

Positions of reference span r; and input spans a; and as

1

a; + 16 as + 16

01 2 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25

1.0
0.14( 0 0 0 (-0.14] 0 |0.14 (-0.14|-0.14] O 0 (014 O (-0.14( O .

0.8

score += —0.14
0.6- slope +=0.14

0.4-

0.2

+0 +1 +2 +3 +4 +5 +6 +7 +8 +9 +10 +11 +12 +13 +14 +15 +16
Offset & in time units
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Optimal no-split alighment

Analysis of the slope tracking algorithm

e 4KN "insertions”
e [, + T, iterations
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Optimal no-split alighment

Analysis of the slope tracking algorithm

e 4KN "insertions”

e [, + T, iterations

e runtime complexity: O(KN + T, + T,)
e space complexity: O(T, + T,)
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Optimal no-split alighment

Analysis of the slope tracking algorithm

e 4KN "insertions”

e [, + T, iterations

e runtime complexity: O(KN + T, + T,)
e space complexity: O(T, + T,)

Variation of the algorithm which sorts 4K slope changes with merge sort:
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Optimal no-split alighment

Analysis of the slope tracking algorithm

e 4KN "insertions”

e [, + T, iterations

e runtime complexity: O(KN + T, + T,)
e space complexity: O(T, + T,)

Variation of the algorithm which sorts 4K slope changes with merge sort:

e worst-case complexity O(KN log min(K, V))
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Optimal no-split alighment

Analysis of the slope tracking algorithm

e 4KN "insertions”

e [, + T, iterations

e runtime complexity: O(KN + T, + T,)
e space complexity: O(T, + T,)

Variation of the algorithm which sorts 4K slope changes with merge sort:

e worst-case complexity O( KN log min(K, N)) —
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Optimal no-split alighment

Analysis of the slope tracking algorithm

e 4KN "insertions”

e [, + T, iterations

e runtime complexity: O(KN + T, + T,)
e space complexity: O(T, + T,)

Variation of the algorithm which sorts 4K slope changes with merge sort:

e worst-case complexity O(KN log min(K, N)) —
e space complexity O(KN)
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Optimal no-split alighment

Analysis of the slope tracking algorithm

e 4KN "insertions”

e [, + T, iterations

e runtime complexity: O(KN + T, + T,)
e space complexity: O(T, + T,)

Variation of the algorithm which sorts 4K slope changes with merge sort:

e worst-case complexity O(KN log min(K, N)) —
e space complexity O(KN) —
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Optimal no-split alighment

Analysis of the slope tracking algorithm

e 4KN "insertions”

e [, + T, iterations

e runtime complexity: O(KN + T, + T,)
e space complexity: O(T, + T,)

Variation of the algorithm which sorts 4K slope changes with merge sort:
e worst-case complexity O(KN log min(K, N)) —
e space complexity O(KN) —

Hybrid: Switch depending on the ratio ﬁ§/¥ !
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Optimal split alighment

Split alignment o

Given the input span sequence a = (a1, ..., ay), a split alignment is a
sequence of offsets o = (o3, ..., oy) which does not reorder the input
sequence:
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Optimal split alighment

Split alignment o

Given the input span sequence a = (a1, ..., ay), a split alignment is a
sequence of offsets o = (o3, ..., oy) which does not reorder the input
sequence:

end(a; + 01) < start(a; + 0y)
end(a, + 0,) < start(as + o3)

end(ay_1 + on_1) < start(ay + on)
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Optimal split alighment

Number of splits in o
The number of splits of the alignment, splits(o) is defined as
N=1(1 if o, 7é On+1

AL = n§1 0 ifo,=o0p41
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Optimal split alighment

Number of splits in o
The number of splits of the alignment, splits(o) is defined as

N-1(1 if op 7é On+1

splits(o) = S0 ifor = o

Scoring for split alignments

Given two sequences of spans r = (r1,r, ..., rg) and a = (a1, a, ..., ay), a
weighting function w and the split penalty p, the score of an alignment
o= (01,...,0y) is defined as

N K
score(r,a,o, p,w) = P iscore(ry, a, + o,) - w(k, n)—splits(o) - p
n— =
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Optimal split alighment

Finding the optimal split alignment
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Optimal split alighment

Finding the optimal split alignment

Very difficult problem!

Language-Agnostic Subtitle Synchronization
Kaegi



Optimal split alighment

Finding the optimal split alignment

Very difficult problem!

e Enumerating all alignments: O((TT,T"»
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Optimal split alighment

Finding the optimal split alignment

Very difficult problem!

e Enumerating all alignments: O((TrETa)) ~ 10°7% years
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Optimal split alighment

Finding the optimal split alignment

Very difficult problem!

e Enumerating all alignments: O((TrETa)) ~ 10°7% years
e Enumerating all splits: O(2")
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Optimal split alighment

Finding the optimal split alignment

Very difficult problem!

e Enumerating all alignments: O((TrETa)) ~ 10°7% years
e Enumerating all splits: O(2") ~ 1037° years
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Optimal split alighment

Finding the optimal split alignment

Very difficult problem!

e Enumerating all alignments: O((TrETa)) ~ 10°7% years

e Enumerating all splits: O(2") ~ 1037° years
e Can we do it in ?
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Optimal split alighment

Finding the optimal split alignment

Very difficult problem!

e Enumerating all alignments: O((TrETa)) ~ 10°7% years

e Enumerating all splits: O(2") ~ 1037° years
e Can we do it in ?
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Optimal split alighment

Recursion form

to(c)) = max score(r,(ay,...

(01,...,00n)
where o,=0,
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Optimal split alighment

Recursion form

to(oc)) = max _score(r,(ay,...,an), (01,...

(01,...,00n)
where o,=0,

so(o)) = max score(r, (a, ...

(01,...,0n—1) where
on—1+end(a,—1)<o,+start(a,)
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Optimal split alighment

Recursion form

ta(c)) = max _score(r,(ay,...,an), (01,...

(01,-.,00)
where o,=0",

sn(o]) = max score(r, (a1, ...

(01,...,0n—1) where
on-1<0,+start(a,)—end(a,_1)
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Optimal split alighment

Recursion form

to(0”) = 2 score(r, (ay,..., an), (01, ., On))
Wheré”;niaﬁ,

sp(o)) = max score(r,(a1,...,ap-1),(01,...,0n-1))
(01,...,0n—1) where
on-1<0]+extra(n)

Language-Agnostic Subtitle Synchronization
Kaegi



Optimal split alighment

Recursion form

to(0”) = 2 score(r, (ay,..., an), (01, ., On))
Wherc’a”;,,;a;,

sp(o)) = max score(r,(a1,...,ap-1),(01,...,0n-1))
(01,...,0p—1) Where
op-1<0]+extra(n)
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Optimal split alighment

Recursion form

to(0”) = 2 score(r, (ay,..., an), (01, ., On))
1yeees
wherea,,:naﬁ,

sp(o)) = max score(r,(a1,...,ap-1),(01,...,0n-1))
(01,...,0p—1) Where
op-1<0]+extra(n)

Recursion formula for t,

detach a,

to(c)) = score(r, (a,),o},) +
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Optimal split alighment

Recursion form

to(0”) = 2 score(r, (ay,..., an), (01, ., On))
1yeees
wherea,,:naﬁ,

sp(o)) = max score(r,(a1,...,ap-1),(01,...,0n-1))
(01,...,0p—1) Where
op-1<0]+extra(n)

Recursion formula for t,

detach a,

, th_1(oh) no-split...

') = score(r, (ap), o,) + max

ta(o
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Optimal split alighment

Recursion form

to(0”) = 2 score(r, (ay,..., an), (01, ., On))
wherc’a”;,,:naﬁ,

sp(o)) = max score(r,(a1,...,ap-1),(01,...,0n-1))
(01,...,0p—1) Where
op-1<0]+extra(n)

Recursion formula for t,

detach a,

, th_1(oh) no-split...

') = score(r, (ap), o,) + max

t
o sp(0,) —p ...or split?
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Optimal split alighment

Recursion form

to(0”) = 2 score(r, (ay,..., an), (01, ., On))
1yeees
wherea,,:naﬁ,

sp(o)) = max score(r,(a1,...,ap-1),(01,...,0n-1))
(01,...,0p—1) Where
op-1<0]+extra(n)

Recursion formula for s,

, op-1 = 0, + extra(n)

1) = max

(o 0n-1 < 0y, + extra(n)
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Optimal split alighment

Recursion form

to(0”) = 2 score(r, (ay,..., an), (01, ., On))
1yeees
wherea,,:naﬁ,

sp(o)) = max score(r,(a1,...,ap-1),(01,...,0n-1))
(01,...,0p—1) Where
op-1<0]+extra(n)

Recursion formula for s,

, t,_1(o, + extra(n)) o, 1= 0, + extra(n)

1) = max

(o 0p-1 < 0y, + extra(n)
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Optimal split alighment

Recursion form

to(0”) = 2 score(r, (ay,..., an), (01, ., On))
1yeees
wherea,,:naﬁ,

sp(o)) = max score(r,(a1,...,ap-1),(01,...,0n-1))
(01,...,0p—1) Where
op-1<0]+extra(n)

Recursion formula for s,

, t,_1(o, + extra(n)) o, 1= 0, + extra(n)

1) = max

(o sp(o) — 1) on-1 < 0, + extra(n)
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Optimal split alighment

Recursion formula
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Optimal split alighment

Recursion formula

to(o)) = score(r, (a,), o)) + max
N th_1(o), + extra(n))
sn(0,) = max (0" — 1)

Culmulative recursion formula

t, = score(r,(a),_) + max(t,_1, sy

—p)
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Optimal split alighment

Recursion formula

L _1(0'/)
F / _ / n n
2(0)) = score(r, (a,),0,) + max 5,(01) — p
N th_1(o), + extra(n))
sn(0,) = max (0" — 1)

Culmulative recursion formula

t, = score(r, (a,),_) + max(t,—1,s, — p)
Sp = shift(t, 1, —extra(n))
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Optimal split alighment

Recursion formula

L _1(0'/)
F / _ / n n
2(0)) = score(r, (a,),0,) + max 5,(01) — p
N th_1(o), + extra(n))
sn(0,) = max (0" — 1)

Culmulative recursion formula

t, = score(r, (a,),_) + max(t,—1,s, — p)
s, = left_to_right max(shift(t, 1, —extra(n)))
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Optimal split alighment

Positions of reference spans r and input spans a

T3

™

ay

—e— 1] = score(r, (a1),_)

rGC+

rect
reet

Offset o in time units
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Optimal split alighment

3

Positions of reference spans r and input spans a
T

aj

— - 6T ST FGz+
+ F¥e F¥e e+
FET reT regt
- + e Fge Fggt
5 F 1T F1Z F1z+
9 0T 0T Fozt
F6T F6T F6T+
9 81 8T FeT+
- WA WAS FAT+
= F91 F9T FoT+
be] Bl FST FeT+
~ -1 FPT FyT+
= -1 FEr FET+
o 4! rer FTI+
- FTT FIT FIT+
= FoT ForT FoT+
= F6+ F 6+ 6+
- -8t -8t -8+
= F2+ Mt Fi+
. Fg-+ Fo+ Fo+
- Fg+ F G+ G+
© A el v+
- Fe+ Fet Fe+
= Fzt r+ Fz+
b rIt rI+ FT+
-0+ Fo+ Fo+
= -1 T 1
= - - Fe- Fe-
. - - Fe- Fe-
= - v aa s
= - G- -G - G-
- - 9- ro- 9-
= - - FL- FL-
- - g- rg- 8-
- 6- 6" - 6"
- - OT FOT FOT-
- FTT FIT F1T-
2T FTT FTT-
- FET FET FET-
- PT F T FT-
- -GT FGT FGT-
. 9T FoT For-
- /T FLT FLT-
™ -oT FaT F81-
. 6T F6T F6T-
- 0T oz Foz-
] - 1T FTe F1z-
- 2T F T ree-
€T FeT Fez-
- T e ez
- ST G FGz-
_ 9T _ 9T _ 9z-
[ap] [ | = o [ | = o (] [am]

Offset o in time units
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Optimal split alighment

3

Positions of reference spans r and input spans a
T

aj

— -6 - S¢ FGz+
+ rve F¥e e+
FET reT regt
- + e + Fge Fggt
5 F 1T F1Z F1z+
9 0T 0T Fozt
F6T F6T F6T+
9 81 8T FeT+
- WA WAS FAT+
= F91 F9T FoT+
be] Bl FGT- FeT+
~ -1 FPT FyT+
= -1 FET FET+
o 4! 48 FTI+
- FTT FIT FIT+
= FoT ForT FoT+
= F6+ F 6+ 6+
- -8t -8t -8+
= F2+ Mt Fi+
. Fg-+ Fo+ Fo+
- Fg+ F G+ G+
© A el v+
- Fe+ Fet Fe+
= Fzt r+ Fz+
b rIt rI+ FT+
-0+ -0+ Fo+
= -1 -1 1
= - - Fe- Fe-
. - - Fe- Fe-
= - v aa s
= - G- G- - G-
- - 9- ro- 9-
= - - .- FL-
- - g- rg- 8-
- 6- 6" - 6"
- - OT FOT FOT-
- FTT FIT F1T-
2T FTT FTT-
- FET FET FET-
- PT F T FT-
- -GT FGT FGT-
. 9T FoT For-
- /T FLT FLT-
™ -oT FaT F81-
. 6T F6T F6T-
- 0T 4 Foz-
] - 1T FTe F1z-
- 2T FZeT ree-
€T FET Fez-
- T e ez
- ST G FGz-
_ 9T _ 9T _ 9z-
[ap] [ | = o [ | = o (] [am]

Offset o in time units
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Optimal split alighment

3

Positions of reference spans r and input spans a
T

aj

— F6T - 6T FGg+
b e A e e+
XA r€C regt
FreT M -Ze Fze+
5 + re B F1e FTg+
o o o 02T Fog+
= rer | F6T F6T+
P 8T S 8T F8T+
- A HAS FASs
e« r9T FoT FoT+
ol ST o rST- FGT+
- YT o FT FYT+
B €1 FET FET+
= -1 FTT FgT+
- FTT FIT FIT+
= FoT FoT FoT+
= 6+ - 6+ 6+
- -8t -8t -8+
= F2+ Mt Fi+
. Fo+ -9+ Fo+
- G+ -G+ G+
= v+ e F i+
- Fe+ Fet Fe+
— Fz+ -+ rz+
= F1+ s P+
-0+ -0+ Fo+
= -1 T 1
= 2 re FZ
. - - e Fe-
= - - ' a
= - G- - G- G-
- - 9- ro- 9-
> - - -l Lo
- - g- Fg- Fg-
- 6- 6" 6"
. -oT FoT FOT-
- F1T FIT FTT-
2T X485 FZT-
“ -eT FET FET-
T F T -
- -GT FGT FGT-
- 9T FoT FoT-
As WAS FLT-
™ - T - 8T 8T-
_ 6T F 6T F6T-
- 0T -0z -oz-
=) -1 - 1T FTe-
-z 2T ze-
4 €T eeg-
- e e Fve-
-G - G2 - G-
_ 92 _ 92 _ 9z-
[ap] [ | = o [ | = o (] [am]

Offset o in time units
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Optimal split alighment

3

Positions of reference spans r and input spans a
T

aj

— AR * -Gz - Sg+

b rve B4 e+

rec o €T rETt

+ re m rge rZct

5 1T b F1T FTe+

9 roc 02 ozt

L 6T F6T+

S 8T 81 r8T+

- AR WAS WASS

= 9T P 9T FoT+

5 K1 ST ST+

~ VT o FyT FpT+

= €T fm rET FET+

= 2T K4S reT+

- F1T B T FTT+

= ror o FoT FoT+
= 6+ F 6+ F6+
- r8t -8+ 8+
] Fi+ e Fi+ Fi+
- F9t o Fo+ Fo+
- rG+ A kR re+
= Fy+ M F ot Fy+
- et 8 ret re+
— Fz+ T -zt rz+
= 1+ B T T+
- [0+ @ . ro+ ro+
= - 1- F 1o FT-
= Fe- Fe Fz-
B S e re-
= na - as
= - G- - G- L g-
- -9- - 9- -9-
= - 1- - - -
- - g- 8- - 8-
- 6- -6 -6

- s - OT -oT-
- TT FIT FTT-
et 45 ret-

» -ET FET FET-
T T - pT-

- -GT F ST FGT-
= 9T ls r9T-
AT WAs wAS

™ - 8T - 8T -81-
~ 6T 6T 61"
- 0T - 0T - 0g-

= - 1T - T1C - 1Z-
-TT - Te %

- €T €T €T

VT e %

- 6T - ST - 6g-

_ 9T _ _ 9T _ 9z~

[ap} =™ O ot [} — o ot [} =

Offset o in time units
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Optimal split alighment

3

Positions of reference spans r and input spans a
T

aj

— . ST FGz+
+ B AN F¥e e+
FET reT regt
- + e + Fge Fggt
5 F 1T F1Z F1z+
9 0T 0T Fozt
F6T F6T F6T+
9 81 8T FeT+
- WA WAS FAT+
= F91 F9T FoT+
be] Bl FST FeT+
~ -1 FPT FyT+
= -1 FEr FET+
o 4! rer FTI+
- FTT FIT FIT+
= FoT ForT FoT+
= F6+ F 6+ 6+
- -8t -8t -8+
= F2+ Mt Fi+
. Fg-+ Fo+ Fo+
- Fg+ F G+ G+
© A el v+
- Fe+ Fet Fe+
= Fzt r+ Fz+
b rIt rI+ FT+
-0+ Fo+ Fo+
= -1 T 1
= - - Fe- Fe-
. - - - e- Fe-
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Optimal split alighment

Positions of reference spans r and input spans a
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™

a3

ay

—e— t3 for p=10.30
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Offset o in time units
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Optimal split alighment

Positions of reference spans r and input spans a

T3

a3

™

ay

nosplit_score(r,a, o)

— 13 for p = 0.00
— 13 for p = 1.20

r 6T+
rve+
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Offset o in time units
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Optimal split alighment

Extracting optimal split alignment ¢* = (o

e maximum of ty occurs for oy
e recursion formula selects o} ; depending on o
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Optimal split alighment

Analysis

e runtime complexity: O(N - (T, + T,))
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Optimal split alighment

Analysis
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e space complexity: O(N - (T, + T,)) ~ 53.6GB for o, — 0,1 table

Algorithm useless?
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Optimal split alighment

Analysis

e runtime complexity: O(N - (T, + T,))
e space complexity: O(N - (T, + T,)) ~ 53.6GB for o, — 0,1 table

Algorithm useless?

e Merge segments with maximum error € ~ 3 seconds

Language-Agnostic Subtitle Synchronization
Kaegi



Optimal split alighment

Analysis

e runtime complexity: O(N - (T, + T,))
e space complexity: O(N - (T, + T,)) ~ 53.6GB for o, — 0,1 table

Algorithm useless?

e Merge segments with maximum error € ~ 3 seconds
e save 0, — 0,_1 in linear segments: < 150MB for 118 subtitles
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Framerate correction

Assumption: Framerates can only differ by a few common fractions.
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Framerate correction

Assumption: Framerates can only differ by a few common fractions.

° 25/23.976
° 25/24
o 24/23.976 — 30/29.97 = 60/59.94 = 1001/1000
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Framerate correction

Assumption: Framerates can only differ by a few common fractions.
e 25/23.976

e 25/24

e 24/23.976 = 30/29.97 = 60/59.94 = 1001/1000

Compare no-split score of all subtitles scaled with the 7 ratios.
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Framerate correction

Assumption: Framerates can only differ by a few common fractions.

° 25/23.976
e 25/24
e 24/23.976 = 30/29.97 = 60/59.94 = 1001/1000

Compare no-split score of all subtitles scaled with the 7 ratios.

e 27 out of 118 subtitles: framerate difference All corrected!
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Framerate correction

Assumption: Framerates can only differ by a few common fractions.
e 25/23.976

e 25/24

e 24/23.976 = 30/29.97 = 60/59.94 = 1001/1000

Compare no-split score of all subtitles scaled with the 7 ratios.

e 27 out of 118 subtitles: framerate difference All corrected!
e 91 out of 118 subtitle: no framerate difference 3 wrong guesses!
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Results

Performance comparison
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Results

Test Database

e 29 movies + 29 "reference subtitles”
e 118 input subtitles
e compare alignment against reference subtitle
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Results

Alignment algorithms comparison
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Results

Split penalties

Distance to reference in milliseconds

Distance to reference in milliseconds
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Results

Alignment Classification

A "good subtitle” is defined here as

e less than 25% of lines having a distance of at most 300ms
e less than 70% of lines having a distance of at most 500ms
e less than 95% of lines having a distance of at most 1000ms
e less than 99% of lines having a distance of at most 1300ms
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Results

Alignment Classification

Raw subtitle files Aligning to audio Aligning to subtitle
Bad
0J0
Good $0. 9.1Bad
100.0

Goo
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