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Top-Down Overview

| omemy > owsrs

Year 1 focus

Year 2 focus
How to measure

What to do
performance with measured
features from T

audio?



Top-Down Overview

| omemy > owsrs

Score Preparation

Audio Preparation Automatic Alignment | =p | Manual Correction

=

Beat Tapping




Data Entry Process

Beat Tapping

Automatic Alignment

» Tapping to beats in audio

» Alignment of taps to audio times
 Previously done with non-graphical program
« Evaluating process in Sonic Visualiser

Manual Correction

* tapping alignment to audio done automatically
* time resolution not as accurate? (maybe 10 ms instead of 5 ms)

» Tapping accuracy is about 50/60 ms away from beat on average for
mauzurkas, or 25 ms away from beat for a steady tempo.




Data Entry Process

Beat Tapping

Automatic Alignment

Manual Correction

 Refines taps by searching for score notes in neighborhood
 Estimates and locates non-beat notes
» Measures event amplitudes (loudness)

 Improves on tapping positions by 4-5x for modern recordings

» 2-3x improvement for historic (noisy) recordings




Data Entry Process

Beat Tapping

Automatic Alignment

 Fix obvious errors in automatic alignment

Manual Correction

« Verify automatic alignment by listening to clicks and music

simultaneously




Reverse Conducting

» Orange = individual taps (multiple sessions) which create
bands of time about 100 ms wide.

* Red = average time of individual taps for a particular beat

» Blue = actual beat onset times

Typically one beat delay in response
I ———

Poor localization, but Good localization, but
accurate average not accurate average



Power Measurements
(for manual corrections)




MzPowerCurve

« Sonic Visualiser plugin to do various power ,_ a5l
OISRl EET X

measurements
Plugin
http://sv.mazurka.org.uk/MzPowerCurve are: Power Carve
Tvpe: Feature Extraction Plugin

Maker: The Mazurka Project
Copyright: 2006 Craig Stuart Sapp
Version: 200605300

Plugin Parameters

e #1 raw power measurements — average and weighted

Window size »~ 10,00 ms
1 9 1 9 Window hop size .~ | |10.00ms
P'r]‘vg = 1['] logl[] F Z Tn PW'HMg = IU lﬁgl[] E Z TnWn Weighting window | Rectangular
SEE?.EETPE 2.4) ') b
Filter method .
. . (oukputs 2-41 Symmetric
 #2 smoothed power — useful for basic dynamics oot trashald £
putput 4 orly) ) |-40.00 dB
measurements (ot ety
CFJJ?;T?EZM =4 12000 &8
Channels
 #3,4 smoothed power slope — useful for manual Tis plugincry s »sngle channel
corrections of note attacks (for percussive instruments o moan of source channels

such as piano).

O ] [ Cancel




Window and Hop

timestamp | timestamp 2

analysis window 1 | analysis window 2 |

adiosignal | T e
'””Hl'HHHllllHHHl

raw power raw power
measurement | measurement 2

Overlapping
In this example



Raw and Smoothed power

Need to smooth to
remove beatings and

raw power ) :
P other quick artifacts.

"

Note attack Note attack

Y Y

« Smoothed power useful for getting basic dynamics levels.



Smoothing Filter

» Using a filter called an exponential smoother:
yln| =k xn]+ (1 —k) yn—1]

Englishish: The current output equals the current input times
the value k, plus the previous output times the value 1-k.

« All filters delay the input. Since this filter feeds back on itself,
the filter will delay some frequencies more than others:
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Symmetric Filtering

IMPULSE

NON-CAUSAL
FILTER RESPONSE




Filtering Direction

| | | | | | | | | |
20017 20013 20019 20,2 20,21 20022 20023 20024 20025 20026

10 ms Reverse smoothing

fom, Rii'%

Reverse/Forward smoothing

NEBR il

Forward smoothing



Smoothing Direction

» Avoid the funny delays by symmetric filtering

» Then slope of smoothed power aligns nicely with
percussive note attacks

reverse-smooth EL{ I'.‘l{ PWVET

symmetrically smoothed power

» symmetric filtering is forward-smoothed power

best for localizing forward slope
attacks '

* reverse filtering is
best for dynamics

estimation symmetric slope

10 ms reverse slope



Smoothed Power Slope

Attack on measurements Attack Y2 between measurements

6.15 .

015 L 0.2

' ' ol : 03

0.2 1 . 047

s o

0.3

, 04

s I 1 1 :

» smoothing factor of o700

about 0.2 gives best 0.15 | -

results over a variety E-,':_}:;-z_

of conditions « S0 ENAANM L TN Wl
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Power Slope for Correcting

Not helpful for this
beat (no peak)



Non-Synchronous Hands

Left hand Ch”’“d Right hand note
Right hand note
«>30ms 70 ms separation \ /
separation
may be
significant b;’f 2 .,5.._
ﬂ
——— ——— —

LR = e



Advantages/Disadvantages

« Time domain analysis, so localization can be better
than for frequency analysis metrics (E.g. Earis & Bello
methods)

* Ignores frequency content, so not always or accurate.

*Good for instruments with percussive attacks (i.e.
piano, drums)

* Probably not good for non-percussive instruments:
voice, violin, woodwinds, brass, etc.



Manual Correction




waveform:

scaled power SIope: """

Beats + Offbeats
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beat
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Advantage of Having the Score

| | | | | | | ]
118.5 1:19 1:18.5 1:20 nans | 12l Mo sl points o

al52 al53 al54
alsz.o ala3fFo ° If you dOﬂ’t
have a score,
you are
wasting your
time.

- P
“r

N,J\

I

meaningless peaks
(due to beating)



Large-scale View of Beats/Offbeats

M IllilIIID-hum* il II»




Probable Entry Scenario

Become familiar with the performance. (Score already entered) (15 min)
Tap to performance in Sonic Visualiser (s min)

Cursory check of beat positions with onset annotations ;4 i,

Interpolate off-beat positions based on score

View/listen to audio with beats/off-beats and automatic annotations (1o min)
Automatic adjustments of the onset times of beats/off-beats

Careful manual proof listening/reading of the automatically adjusted (30 min)
times

Extract secondary performance features such as dynamics and non-
simultaneous chord notes.

red: manual time estimates for a 5 minute piece

- about 2 hours for 5 minutes of music



Automatic Alignment Evaluation




Summary

« Automatic alignment improves accuracy about 4-5x for modern
recordings and 2-3x for historic recordings when compared to reverse
conducting accuracy.

» Earis system parameter search optimization

1. wavenumber (k)
2. low-pass filter order (LPF)
3. tuning factor

» Other evaluation/exploration for the system:

search window method
square/Gaussian window method
recursive processing

wanderer identification

removing harmonics of previous event
symmetric LPF filtering

oA WNE



k Parameter Sensitivity

k = wave number (how many cycles of a sinewave) to analyze with

Mazurka 1n A minor, Op. 7, No. 2
Chiu 1999

Mean Deviation Standard Deviation

10 Z0 20 30 50 1] Ta &0 kllZI Z0 20 30 50 60 Ta &0

remaoving deviations over 100 ma:




LPF Parameter
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Tuning parameter

*“*| Priedman 1930; Maz. Op. 7, No. 2

Chiu 1999; Mazurka in A minor, Op. 7, No. 2
Standard Deviation for tuning factor
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Windowing Methods

]“uedmjn 1930
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[-0.33 ioi
[-0.50 ioi
[-0.67 ioi
[-0.33 ioi
[-1.00 ioi

[ -200 ms :
[-1sd:
[-2 sd:
[-3sd:
[-4sd:
[-5sd:
[ -2 sd

:0.33i0i ]
:0.50i0i ]
: 0.67 i0i ]
: 0.67 ioi ]
: 0.67 i0i ]
[ -100 ms :
[ -200 ms :
[-300 ms :
[ -400 ms :
[ -500 ms :

100 ms ]
200 ms ]
300 ms ]
400 ms ]
500 ms ]
500 ms ]

1sd]
2 sd ]
3 sd]
4 sd ]
5sd]
4 sd ]

* |0l is best method
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Hybrid Window Shape

Mazurka in A minor, Op. 7, No. 2
Friedman 1930

mean deviation

standard deviation
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150

100

removing displacments > 100 ms

Search Window Shape:
[-0.33 i0i : 0.33 ioi ]

a -
b=[-0.5101:0.5ioi ]
¢=[-0.671i0i:0.67 ioi ]
d=1[-0.33 101 : 0.67 io0i ]
e=[-11i0i:11ioi]

T
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all beats good beats

Chiu 1999: 100% 60%
Friedman 1930: 75% 50%



Recursion effect on localization

Mazurka in A minor, Op. 7, No. 2
Chiu (1999)
Algorithm Feedback Analysis

::/ YA

Removing deviations > 100 ms

O




Recursion & Wandering

modern recording
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Wandering

wandering
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Wanderers

| pid9048-06 fullharmonics

(iteration wandering beats removed)

corrected plot

subbeat errors

worse
L]

. warse

=100 |-

-£00 |-

subbeat errors

red st iteration
black = 2nd iteration errors
blue = wandering beats (1st iteration shown)



Wanderers (2)

pid9048-06 wanderers Mazurka 7/2; Chiu 1999
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Wandering (3)
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Selective Harmonics

 Remove shared harmonics with previous event to improve attack
identification and remove potentially beating harmonics.

| pid9048-06 nooverlap = fullharmonics -
(iteration wandering beats removed)
zan - -
L]
= worse
[}
‘ L]
® .
L ]
o -
subbeat errors
I L ]
| " worse .
L]
. & ®
. L] Beyer ® =
M Il ? I- l‘ .
- _»
Wam,oq&h‘,p.w ﬁ‘ﬂ S ‘iewﬂ L
. i L] 3 250
° ’ 3
subbeat errors .
-1a00 | $
L
I st iteratio ors (no overlap
| gray = 2nd iteration errors (no overlap) ®
green = wandering beats (no overlap) ...
TEOD  orad = 1stiteration
- black = 2nd iteration errors
L blue = wandering beats (1st iteration shown) &

* Removing shared harmonics with previous events didn’t help: more wanderers.



Selective Harmonics (2)

I & pid5667230-09 nooverlap + fullharmonics
200 R Mazurka 7/2 (Friedman 1930)
L]
| . *
L ]
| & - o
]
r -
oo | - a b
» - .
subbeat errors 3

. subbeat errors ™ . .
Oran I st iteratio ors (no gverlap @

gray = Z2nd iteration errors (no overlap)
| green = wandering beats (no overlap)

red = 1stiteration (full harmonics)
| bBlack = 2nd iteration errors (full harmonics) L
blue = wandering beats (1st iteration shown) .'

=100




Be”O Onsets http://mazurka.org.uk/auto/onset

» Spectral measurements used to identify event onset locations
» Can give false positivies and false negatives
* Does not utilize a score LH/RH?
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File Edit Yiew Pane Layer Help
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] 1 I | ] I ] ! ] I i 1 i I I I
2 2, 3 3.5 4 4.5 s 5.6 & 6.5 7 7.5 3 8.5 2 | M3 |lug |y

Chiu 1998 — colour
Op. 7, No. 2 orapgeand | | | [Pluelines

pid9048-06 orange lines i manually
o ohsers s liines corrected Flot Type [Instants [~

E 5
i ?
overlapping
abels wi
be fixed
thopefully)
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false negative false positive




Onset Snapping

il PR ) . . » Snap earis to bello if a
.o bello onset is less than 50
ms away.

. Friedman 1930, Mazurka 7/2:
iteration 1 mean deviation: 22.0 ms
o mars e ¢ bello snapping md: 22.1 ms

n..-1\=\/l|'<\-\ 7/2: Chiu 1999 blue dots = Earls iteration 1
black Bello snaps

Chiu 1999, Mazurka 7/2:
. iteration 1 mean deviation: 10.5 ms
' bello snapping md: 13.4 ms




Stereo Differences
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deviation fTom manually correctsd data [millissconds]
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Experiments




Note Onset Time Resolution

left
channel
- zoom in
r i Eaanadianed
" |} ”ll J“ Il.;!”i;;'d;;" },J “
right rlml 1 |r|'| ,,,,,, --'m H I
channel piano note

 Play one of these clicks and
ask listener: did it come before
or after the start of the piano
note?

| H Lhbnnrts
it HHJ ’h”'”'”” hfh,!'lri'rh”lfl i a”;luﬂl |I
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Note Onset Time Resolution

PLErivirdrenrnidi bbb rbetrab bbb bbbl
®

L

T

» 75% accuracy or better outside -21.2 to +22.0 ms range around note attack.

« Symmetric about the note onset.

» Very accurate to distinguish which came first when difference is > 60 ms.



deviation [milliseconds]  deviation [milliseconds]

deviation [milliseconds]

deviation [milliseconds]

deviation [milliseconds]

Tapping Accuracy

1a . .'I:5 0
time [minutes]

1a . .'I:5 0
time [minutes]

33 20
oo b E
s0F E
0
-50 F ‘ W' ‘l 3
oo b E
o E
0 5 1o z0 25 20

15
time [minutes]

 Tap for 30 minutes to a constant tempo

* 50% of taps occur within +/- 25 ms of
actual event

» 95% of taps occur within +/- 50 ms of
actual event

~25% ~25%

faster slower

-50ms +25ms +25ms +50ms

* For Mazurkas (significant tempo
changes), accuracy is about twice as
much (50% occur within 50 ms of
actual event).



Unpredictable Tempo Changes

e Tapping to an unknown sudden change in tempo

« Suddenly faster:

MM BD MMED MM ED MMIT2 MMIT2 MMI1T2

MMITT2
stimulus: 750 ms 750 ms 750 ms 536 ms 5%6 ms 536 ml_-.l 536 ms |
I I I
I I I
I I I
Same data as a tempo plot:
160 |-
1a0 [
=
E |
alin G
E stimulus {3 ' £
o L
P oo b
a0 [ #




Unpredictable Tempo Changes (2)

e Tapping to an unknown sudden change in tempo

» Suddenly slower:

MM112 MMI112 MM112 MMBD MMBD MME0 MMBD
stimulus: 536 ms 536 ms 536 ms 750 ml_-.l ?Sll:I s | 750 ms 750 ms
| | |
| |

Same data as a tempo plot:

120 ——

stimulus # . ]




Predictable Tempo Changes

» Tapping to an known sudden change in tempo:

MMED MMED MM ED MMI112 MM112 MM112 MMI112
750 ms 750 ms 750 ms 536 ms 53|G ms 536 rn*.-.| 536 ms |
| | |
| | |
| | |
MMI112 MMI112 MMI112 MMED MMED MMBED MMED

536 ms 536 ms 536 ms 750 ms ?EP ms 750 ms 750 ms



Predictable Tempo Changes




Tempo JND

* How little can the tempo change before it is noticed?

10:

clhicks:
TR

Jaster end delfa:

slower end delfa:
Jaster end tempo.
slower end tempo.

60.0

60.0

60.0

60.0

63.3

61.05

60.67

60.28

3

(.0265
-20.5
26.5

063.3

62.1

61.33

60.55

56.9

62.0

60.83

4
0.0115
-34.4
34.6
62.1
57.0

-
0.0082
-48.9
49.5
62.0
58.0

10
(.0040
-142.7
1453
02.2

57.9

20
(.0024
-404.9
416.0
62l.9
57.3

61.10‘61.38 ‘61.65‘61.93‘ 62.2‘



Tempo JND (2)
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Performance Simulations




Performance Feature Layers

http://mazurka.org.uk/ana/midi

Tem po: Type 0 Type ]
constan{ =) Constant Tempo Performance Simulations

s Plain simulated performance -- Thege MIDI files contain = plamsd0d  plamsd
a constant tempo throughout the performance, and are MM 102 MM 102
bazically literal performances of the written score. However,

the performance tempo is set from the average tempo of the

model performance. Thus, the duration of the MIDT files will

match the duration of the original performance.

beat m——>  BeatLevel Tempo Performance Simulations

s Beat-level fempo -- These MIDI files contain a tempo corbsdd  corbsd
which changes once per beat based on the duration between FerfViz
beats in the originating performance. Sub-beat level note match file
tunes are estimated from a constant tempo throughout the

beat. Score dynamics are used.

+ Average tapped performance -- These MIDI files contain avgtapsd0 avgtapsd
a tempo which changes once per beat throughout the PerfViz
performance based on an average of several reverse saieln (il
conductions of the performance. Score dynamics are used.

eve nt — Subbeat-Level Tempo Performance Simulations

Note-Level Tempo Performance Simulations



1.

Performance Components

Tempo/Timing
Average tempo (of entire piece)

Beat-to-beat tempo

Sub-beat timings (continuous
tempo)

Non-simultaneous events
(LH/RH, arpgggios)

1.

2.

3.

4.

Dynamics
Score dynamics
Composite loudness
LH/RH loudness

Individual note loudness



PerfViz

» 3D performance worm visualiser by Martin Gasser (Vienna)

MIDI file + Match file

info(matchFileVersion,2.0).

info(scoreFileName,'STDIN').
info(midiFileName,'pid9048-06-corbsdpv.mid’).
info(midiClockUnits,480).

- info(midiClockRate,500000).

info(keySignature,[an,minor]).

info(timeSignature,3/4).

info(approximateTempo,102.4).
snote(n1,[e,n],5,0:3,0,1,0,1,[])-note(1,[e,n],5,1656,2428,2428,43).
snote(n2,[f,n],5,1:1,0,3/16,1,1.75,[])-note(2,[f,n],5,2428,2925,2925,49).
snote(n3,[e,n],5,1:1,3/16,1/16,1.75,2,[])-note(3,[e,n],5,2925,3090,3090,41).
snote(n4,[a,n],3,1:2,0,1,2,3,[])-note(4,[a,n],3,3090,3366,3366,40).
snote(n5,[d,n],4,1:2,0,1,2,3,[])-note(5,[d,n],4,3090,3366,3366,40).
snote(n6,[f,n],4,1:2,0,1,2,3,[])-note(6,[f,n],4,3090,3366,3366,40).
snote(n7,[d,n],5,1:2,0,1,2,3,[])-note(7,[d,n],5,3090,3642,3642,40).
snote(n8,[a,n],3,1:3,0,1,3,4,[])-note(8,[a,n],3,3642,3912,3912,43).
snote(n9,[d,n],4,1:3,0,1,3,4,[])-note(9,[d,n],4,3642,3912,3912,43).
snote(n10,[f,n],4,1:3,0,1,3,4,[])-note(10,[f,n],4,3642,3912,3912,43).
snote(n11,[f,n],5,1:3,0,1,3,4,[])-note(11,[f,n],5,3642,4181,4181,39).
snote(n12,[f,n],5,2:1,0,2,4,6,[])-note(12,[f,n],5,4181,5301,5301,62).
snote(n13,[a,n],3,2:2,0,1,5,6,[])-note(13,[a,n],3,4649,4975,4975,39).
snote(n14,[c,n],4,2:2,0,1,5,6,[])-note(14,[c,n],4,4649,4975,4975,39).



PertViz (2)

 ETTE

3 Axes:

1. Time

2. Tempo
3. Loudness



Initial Analysis




longer beat

Beat Durations

B Sonic Visualiser: Pt PSR Eav: GEI

| File Edit View Pane Layer Help i
(W «PEw uM e S-flle]r ¢ 0

Coow [N

Flot Type | Instants

<]

mazurka 2nd beat accent 1I".

26-2 127-2 28-2 29-2 a0-2 312

éShuwo Play @ a a

Zitfie4n [sasgizn W e [38 " as 140 41 2 W les
!

1eaq 1a10ys




Beat Durations (2)

D ikl L

A

i
W

Wbl
W L/

b
WM i




Tempo and Style

il “m by i WWMWW\ i,
l

A

?



Average tempo over time
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Mazurka in F Major, Op. 68, No. 3

300+

280 +

200 +

140

100 +

a0 +

0

—hinstein 18938 = Ruhinstein 1961 Chiu 19594

11 #4581 73 at 0 111 121 131 141 151 161 1T

Rubinstein 1938
MM134

Rubinstein 1961
MM129

Chiu 1999



Repeats

Vivo, ma non tmppu.-:;J = 160)
—_— T —
. Eq_H :. IF 1 #i 1
V4 :?'ﬁ : 2 2z _— =
£ 1 52 i
2SS =======t |

measure 1 / : measure 2

B

V

beat 3 heat 1
100
ms
i3] 2l
1-:3 2-2:1
1-3:3 p-3:1




FPower [dE]

Dynamics

blue = power every 10 ms

red = smoothed 10ms pl:ri% J J .| iﬁj m cl

first Fiote J

backgrn:md mlse

JLH.IM;

T1rre E £ cresc. 4

CTESC.



