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Chapter 3: Music Synchronization

3.1 Audio Features

3.2 Dynamic Time Warping
3.3 Applications

3.4 Further Notes

As a first music processing task, we study in Chapter 3 the problem of music
synchronization. The objective is to temporally align compatible
representations of the same piece of music. Considering this scenario, we
explain the need for musically informed audio features. In particular, we
introduce the concept of chroma-based music features, which capture
properties that are related to harmony and melody. Furthermore, we study an
alignment technique known as dynamic time warping (DTW), a concept that is
applicable for the analysis of general time series. For its efficient computation,
we discuss an algorithm based on dynamic programming—a widely used
method for solving a complex problem by breaking it down into a collection of
simpler subproblems.
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3 Music Synchronization
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3 Music Synchronization
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3 Music Synchronization
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3 Music Synchronization

Music Extraction > Feature DTW Synchronization
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3.1 Audio Features
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3.1 Audio Features N-1
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3.1 Audio Features
P(p) :={k : Fhiten(p — 0.5) < Feoer(k) < Fpiten(p +0.5) }
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3.1 Audio Features C(n y Vie(n, p)
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3.1 Audio Features

P(p) :={k: Fhien(p — 0.5) < Feoer(k) < Fpien(p+0.5) }

Note P Fpitch(p) Fpitch(p_O-S) Fpitch(p+0-5) BW(p)
C4 60 261.63 254.18 269.29 15.11
C'4 61 277.18 269.29 285.30 16.01
D4 62 293.66 285.30 302.27 16.97
D4 63 311.13 302.27 320.24 17.97
E4 64 329.63 320.24 339.29 19.04
F4 65 349.23 339.29 359.46 20.18
F'4 66 369.99 359.46 380.84 21.37
G4 67 392.00 380.84 403.48 22.65
G4 68 415.30 403.48 427.47 23.99
A4 69  440.00 427.47 452.89 25.41
A4 70  466.16 452.89 479.82 26.93
B4 71 493.88 479.82 508.36 28.53
C5 72 523.25 508.36 538.58 30.23

Meinard Miiller: Fundamentals of Music Processing
© Springer International Publishing Switzerland, 2015

Chapter 3: Music Synchronization



3.1 Audio Features

Fig. 3.4
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3.1 Audio Features
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3.1 Audio Features
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3.1 Audio Features
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3.1 Audio Features
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3.1 Audio Features

Fig. 3.9
Beethoven’s Fifth Symphony
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3.1 Audio Features

Fig. 3.9
Beethoven’s Fifth Symphony

e [ﬁ e M e st ”T""J'j'jaa"
L4 ¥ 1 .l' | 1 1 ‘;‘I‘I‘I .; ‘I'
| - | L > . -eee P.
) === - 1 (g l
i o
& A g & ¥ [%, 3
‘,: =! m —| 1 | | | ~
Z bl 1 .I‘ 1 | | _4 ‘I‘ 1 1 I q = | + ! | } 1 1L
L L 3 éeé dl 'J.J'J u;j | I

| | \\\\\ I /S

] 04
0.2
| ! ! I __ 3 0

0.8

A

Orchestra
performance

0QumnIogrZom
° T T

-
N
©
IS
o
o
~
©
©
B

Piano
performance

06

TTET T 11

0.4

02

0Qou@rnJogrEw

0 2 4 6 8 10 12 14

Time (seconds)

Enhanced compressed and normalized chromagrams

Meinard Mdller: Fundamentals of Music Processing Chapter 3: Music Synchronization
© Springer International Publishing Switzerland, 2015 Slide 19



3.2 Dynamic Time Warping
Fig. 3.10
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3.2 Dynamic Time Warping

o Cost matrix

1

f 10.9

Local cost measure of 108
C(n,m) = c(xp, V) _ :
Cosine distance £

(ly) - H

c(x,y):=1-— Nl
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3.2 Dynamic Time Warping

Cost matrix

Local cost measure

Cn,m) :=c(xp,ym)

0.5

Cosine distance
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][ - [l

c(x,y):=1
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3.2 Dynamic Time Warping

Warping path: P = (p1-,.---,,pL)
pe = (ng,my) € [1:N]| x[1:M] for £ € [1:L]

9 *
8 ‘/g
X; A Sequence X | X1 | X2 | X3 | X4 | Xs | X6 | X7 | Xe | Xo
@
&)
S5l | e
(]8)-4
» 3
2
11é Sequence Y Yi | Yo | Vs | Ya | V5 | Yo | V7

12 3 4567
Sequence Y

Boundary condition: p; = (1,1) and p;, = (N,M).
Monotonicity condition: ny <npy < ...<np and m; <mp < ...<mjy.

Step size condition: pyy1 —py € {(1,0),(0,1),(1,1)} for £ € [1 : L—1].
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3.2 Dynamic Time Warping
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Monotonicity condition: ny <npy < ...<np and m; <mp < ...<mjy.
Step size condition: pyy1 —py € {(1,0),(0,1),(1,1)} for £ € [1 : L—1].
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3.2 Dynamic Time Warping
Fig. 3.14
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3.2 Dynamic Time Warping

ﬁ)(/\/, M) = DTW(X.Y)

n=6

DTW prefix:
D(n,m):=DTW(X(1:n),Y(1:m)).

m=10

D(n,m-1) 1 D(n,m)
<
D(n, 1)
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3.2 Dynamic Time Warping

D(n,1) = E C(k,1) for ne[l:N],
k=1
DTW prefix: m
D(1,m) = ) C(l,k) for me [1: M|,
D(n,m):=DTW(X(1:n),Y(1:m)). k=1
m =10 Dn—1,m—1)
D(n,m) = C(n,m)+min< D(n—1,m)
D(n,m—1)
|
D(n,m-1) A4 D(n,m)
<& n=6
D(n, 1)
accumulated cost
Dn-1,m-1) Dn-1,m) matrix D can be
computed recursively
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3.2 Dynamic Time Warping

cost matrix C

accumulated
cost matrix D

backtracking the
optimal path

qgi+1 = (lam_l)
qi+1 = (H-l,f’ﬂ)

q¢+1 = argmin

Algorithm: DTW

Input: Cost matrix C of size N x M
Output: Accumulated cost matrix D
Optimal warping path P*

Procedure: Initialize (N x M) matrix D by D(n,1) = ¥}_,C(k,1) for n € [1:N] and
D(1,m) =Y}, C(1,k) form € [1 : M]. Then compute in a nested loop forn=2,...,N and
m=2,....M:

D(n,m)=C(n,m)+min{D(n—1,m—1),D(n—1,m),D(n,m—1)}.
Set / =1 and g; = (N,M). Then repeat the following steps until ¢, = (1,1):

Increase ¢ by one and let (n,m) =¢q;_1.

If n =1, then qr = (1,m—1),
elseifm=1,then ¢, = (n—1,m),
else g =argmin{D(n—1,m—1),D(n—1,m),D(n,m—1)}.

(If *argmin’ is not unique, take lexicographically smallest cell.)

Set L = ¢ and return P* = (gr,qr—1,-..,q1) as well as D.

ifn=1,

ifm=1,

Dn—1,m—1),
D(n —1 3 m) y Chapter 3: Music Synchronization
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3.2 Dynamic Time Warping

Cost matrix
—||1[111]|7]|6]1
o||6]8|8|0]|1]6
»|[|1]13]|3]|5]|4]1
o||[1[313]|5(4]1
—||1[111]|7]|6]1

210108712

Meinard Miiller: Fundamentals of Music Processing
© Springer International Publishing Switzerland, 2015

Accumulated cost matrix

and optimal warping path

Resulting alingment

— | [10[10{11]14]13| 9
o9 [11[13] 7|8 (14
™||3 7 110]112{13
™|l 2 518 112(13
— |1 3 [10]16(17

2(010]|8]|7|2

iy

Chapter 3: Music Synchronization
Slide 29




3.2 Dynamic Time Warping

DTW Variants: Step Size Condition
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3.2 Dynamic Time Warping

DTW Variants: Global Constraints
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3.2 Dynamic Time Warping

DTW Variants: Multiscale DTW
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3.3 Applications

Tochter aus Elysium, 4
Wir betreten feuertrunken, .ﬁ‘
Himmlische dein Heiligtum. Dt 3
Deine Zauber binden wieder, [
Was die Mode streng geteilt;
Alle Menschen werden Brueder,
Wo dein sanfter Fliigel weilt.

Wem der grosse Wurf gelungen,
Eines Freundes Freund zu sein,
Wer ein holdes Weib errungen,

Mische seine Jubel ein!

Freude, schoener Gétterfunken, ] ~ (

-

-

e

il
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3.3 Applications

Interpretation Switcher

> MIDI Beethoven, Op. 67
B MIDI

Bernstein
Bernstein

>
I

Sawallisch
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Sawallisch
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3.3 Applications

Ludwig van Beethoven
Sonata No. 8 in ¢ minor, Op. 13
lll. Rondo: Allegro

Piece: [28))/54  Bar: /131 Page: 1590 / 186
. * Play Stop

Ludwig van Beethoven WS | H Ludwig van Beethoven
Page Sonata No. 8 in c minor, Op. 13 Interpretatlon Sonata No. 8 in c minor, Op. 13
Viewer lll. Rondo: Allegro d Switcher lll. Rondo: Allegro

Daniel Barenboim 0:07 /5:13
Lo |

Glenn Gould 0:06 /4:58

E":I

Viadimir Ashkenazy 0:07 /5:28

E':I

163 164 165

* Fes L * L E
Piece: |29/ 54 Bar: 8/ 131 Page: {4159 / 186 o . Piece: |28/ 54 Bar: 18/ 131  Page: {4159 / 186 o ‘
s 4 Rod ¥ Play Stop L 2 Eod E 2 Play Stop
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3.3 Applications

Performed version
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3.3 Applications

Time (measures)
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3.4 Further Notes

= Smoothing * Normalization
Tuning » Log-frequency STFT * Logarithmic » Quantization
estimation = Constant-Q filterbank compression * FO estimation
= Whitening = Peak picking
Audio 1 \ Time—frequency) Variants for
representationJ representation J > chroma representations

i t rm—n ]

. : - Fe— I.

Meinard Miiller: Fundamentals of Music Processing Chapter 3: Music Synchronization
© Springer International Publishing Switzerland, 2015 Slide 38



3.4 Further Notes
Fig. 3.26

o]
Score

Performance
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