Musical Amalysis
by Computer
from:

Audio Recordings

HANS FLGAL

PHO COMPREHENSIVE EXAM
QOMPUTER SCIENCE DEPARTMENT
New Mexiao Srate UNIvesity

What? analysis from recordings
Why? Have the computer do what we don’t want to do, or can’t easily do, or do it faster. Also, to
learn about our own perception of music.



Ceask Qovese

In Music and DSP



WHAT 16 Musie ™

QuyTHM
Piros

TIMBR¢

3 axes: time, frequency, texture
mention dynamics in passing
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Time: 003-02-00-00 (9.000s) D#4 (75) Click and drag to select; middle-click and drag to draw new note

two of the dimensions (time, pitch)
timbre: instrument/performer
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Discuss essentials of notation: rhythm (durations, time signature), pitch (notes on staff).
Discuss harmony and improvisation. Play the first two lines straight with block chords on the
keyboard if possible (even better if you can transpose it down a step to match Brubeck), then play

Brubeck clip.
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Explicit notation, but still very free-flowing.
Play Herrick clip (first 3 bars).

note timing
Demonstrate timbre by playing the synthesizer (Dorsey) version of the first 3 bars, and compare

with organ.



SOUND

VIB2ATIONS CAUSE WaAVES
SINVSOI0AL COMPOSITION

TIME OOMAIN ANO FREQUENCY OOMAIN




SOUND WaAveS




SAMPLING
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Compare with spectrogram



Disneere FOLRIEL TRANSFOLM

N-1
X(wg) = Z (L, )e IWktn
n=>0

've seen it before...
Demo Billy Joel, Movin’ Out in VLC with Spectrogram.



SPECTR062AMS
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Organ

Synthesizer

Herrick (top) and Dorsey (bottom), first few notes.
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TEMPO
Beatr TeACKING
QUANTIZATION

MeéTlieAL STRLATLRE
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BeAT ANO TeMPO

Beat: oTen0y PULSE

TEMPO: BEATS PER MINUTE




MET2I0AL STRLUATURE

..............................
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MeéTaleaL LEVELS
TIME SIGNATLRES

Bags, DowNsears, ef0.

Note the hierarchical nature
Which is the primary metrical level? Not always clear-cut
Quantization is the alignment of events to this hierarchical structure
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COMPLICATIONS

TeMPo QuBATO
FEQMATAS, ET0.
SYNQOPATION
A2TICULATION

IMPEQreQT PEQrOeMANCE




Tempo DeVIATION

(Gouyon and Dixon 2005)

a — no variation

b - timing of one note

c - offset (e.g. from a fermata)
d - ritardando
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Temporal
structure

T'empo

I'iming

(Honing 2001)

naive algorithms trip up on timing
tempo changes too (rubato)
structure can be very valuable information
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How™

Derear ONeeTs

QoNeTLeT A MOOEL

the model has hidden state, i.e. the tempo and phase
it predicts and state is adjusted to maximize agreement
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ONeETS

QUYTHMIC EVENTS
POINTS IN TIME

USLALLY ONSETS OF NOTES




ONeeT DetecTION

attack

\

onsect decay
\ | :

s transient

(Bello et al. 2005)

transients are key
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ONeeT DetecTION

Original

signal

time

[ (optional) Pre —processing ]

[pre —processed] \y
Audio
signal

time

Reduction

Detection
function

time

[ Peak—picking]

¥

* k% k% % x %k % ¥k % 0k

time

Onset
localization

(Bello et al. 2005)
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preprocessing example: high-pass filter
detection functions aka novelty functions



Oete0TON FUNCTIONS

AMPLITUDE - BEATS ARE LOVDER (02 ARE THEY?)
SPEOTRAL FEATURES
LOOK FOR PERCUSSION IN HIGH BANOS
SPeQTRAL FLUX

PeosasiLISTIC MOOELS

unfortunately many modern recordings have heavy dynamic range compression



DyNAMIC RANGE COMPRESSION
e T




PeogasiLioTic MOOELS £OQ
ONeer Derearion

MOOEL THE SIGNAL
SWITAHING BETWEEN TRANSIENT/STEADY STATE

SULPLISE-DETEATING

modeling the signal with a simplified model works ok if it’s a valid model.
surprise: “get used to” the signal then be surprised by an onset.



TeMPO TRACKING

STOCHASTIC OYNAMICAL SYSTEM
MOOELS BEAT ANO PERI00 - HIDDEN STATE
TEMPOGRAM

KALMAN FILTER

(Cemgil et al. 2001)

dynamical system: (hidden) state variables and transition rules
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TEMPOG2AM

(Cemgil et al. 2001)




TEMPOG2AM
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(Cemgil et al. 2001)




KALMAN FiLTéR

Kalman Filter :-'

Tempogram |

(Cemgil et al. 2001)
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EXPRESSIVE PEQEORMANCES

ONGET SALIENCE
ONeeT CLLSTERING

MULTIPLE AGENTS

(Dixon 2001)

imperfect onset detection considered a filter



101 QLLSTERQING
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(Dixon 2001)
Define 10l
Overlapping

Clusters C1, C2, C3, C4, C5 of similar 10l length



AGENTS

CLUSTERS BEQOME HYPOTHESES
AGENTS CREATED FOR EACH HYPOTHESIS
Pecolor

EVALUATE

(Dixon 2001)
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BeAT TRACKING WITH ANO WITHOLT
DeuMs

ONeeTs
0020 CHANGES

DeuM PaTTERNS

(Goto 2001)




O p(t+1,f) A
ONN NNO
t
° p(
PrevPow
frequency ®
I PrevPow
f-1

ONoeT DerearioN IN CONTEXT

(Goto 2001)

f are bands
t are frames

prevpow - power spectrum of previous frame in same and neighboring bands
p(t+1,f) is the same band in the next frame
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OouM PaTreeNs

Bass O2UM - LOW FREQVENCY
ONARE O2UM - 820A0BAND
FINO PATTERNS

MeéTeicAL STRUATURE

(Goto 2001)




HoLlsTie BeAt TRACKING

HoLIoTIC - METRICAL STRUATURE
SIMPLE INITIAL HYPOTHESIS
SELE-SIMILARITY MATRIX

‘ﬁLANDS OF TEHPO similar sections of music

\

initial island new island

(Dannen berg 2005)
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He implemented a basic beat tracker, then added holistic information and found improvement



SELE-SIMILARITY MATRIX

(Dannen berg 2005)
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song segments a, b
diagonal where moment x is similar to itself



PEQ0EPTLAL VS,
TRANSCRIPTIVE

ONGETS: DETEQT 02 NOT?

IMPLICIT QUYTHMIC EVENTS

scheirer’s AM noise



PegoepTuaL BeAT ANALYSIS

Sound Input - Frequency
Filterbank
111
Y — 1
Envelope e o e Envelope
Extractor Extractor
1 Y
Differentiator ¢ o o Differentiator
) Y
Half-Wave Half-Wave
Rectifier Rectifier
Resonant e o o Resonant
Filterbank Filterbank
Jit gt
¥ i 1 i
Energy e Energy e Energy eee Energy
1, A

W

Peak-Picking

Tempo Qutput

(Scheirer 1998)

The resonators are comb filters

6 bandpass filters



Pe20ePTUAL BAYESIAN

QuyraM Teacks

BavesIAN ANALYSIS 02 GRADIENT DESCENT

(Sethares et al. 2005)

Particle Filters used for approximating intractable bayesian analysis



EVALLATION

NO COMMON 002006
NO GR0UNO TRUTH

CONFOUNOING COMPARISONS, €.6. VIOLA/VIOLIN

(Temperley 2004)




Pitch




WHAT

TRANSCRIPTION
Q10209

INFOZM HOLISTIC APPROACHES

Holistic approaches like Dannenberg 2005 which we have just seen
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How™

QuLE-8ASED

ProsasaLIoTIC/LEASNING
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TRANSCR(PTION

JUOT PICK THE PREAUENCIES FROM THE SPECTRUM,
2I1GHT?




TRANSCR(PTION

COMPLICATIONS
COMPLEX AND CHANGING TIMBRE
Nolse
PoLyPHONIC QONFUSION

QuvTiM




AUTOCOR2ELATION
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(Brown and Zhang 1991)
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time-domain

Cc major scale on piano



NA220WED ALTOCO22ELATION

S O UND »

T I M E

AUTOCORELATION TIME (SAMPLES) —»

Sn(T)? = (If () + f(t =) + f(t=2T) + -+ f(t = (N = 1)7)[?)

(Brown and Zhang 1991)
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Where <|x|A2> seems to mean <x,x> (inner product)
same scale

note logarithmic nature
Neither is suitable for polyphony



TRANSCR(PTION

APPROACHES:
UNOWLEDGE-BASED BLACKBOARD
MuLTIPLE-CAVSE MOOEL

INOEPENOENT COMPONENT ANALYSIS

(Plumbley et al. 2002)
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Music
signal

BLACKROARD

3UISS01]

[eUSIS

RN P4

f\>[ Blackboard }

SA0O0

)

Knowledge sources

SISQUIUAS

:>Output

(Plumbley et al. 2002)

51



MOLTIPLE-CAVSE MODEL

data layer encoding layer

observed data . .
d,(j=1..J) ! measurements

mg, (k=1..K)
predicted data

n P ;
o

measurement

i

prediction

(Plumbley et al. 2002)

52

neural network
feeds forward to give measurements, then backward to predict
weights adjusted by minimizing prediction error



(1) Clarinet, G

SR Sy T - —

(3) Clarinet, By,

(4) Oboe, Dy

(6) Bassoon, Dy

(7) Bassoon, Ay, |

MOLTIPLE-CAVSE MODEL

Input before mixing —  Single Audio Channel

44
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(Plumbley et al. 2002)

Mapping unknown
flute/clarinet confusion, because of similarities?
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(a}

(b)

o
D Q

&
%000
A 4

(Plumbley et al. 2002)

Independent Component Analysis
a) original data

b) after whitening

c) after rotation

Often used in source separation

54
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(Plumbley et al. 2002)

Plumbley et al., each note a source
Bach Partita
Spectrum and output note activations
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(€)

ICA

Basis matrix

frequency/kHz
w IS
I |

no
1

50 55

(Plumbley et al. 2002)

Note Shapes

Ordered Manually

Clear harmonic structure below 43
above 43 probably transients
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BeNeaTIVE MODEL FO2
TRANSCL2IPTION

BeAPHICAL (DYNAMICAL) MOOEL

BavesiaN NeTwoey

MODELS SOUND GENERATION © - .~
CALMAN

(Cemgil et al. 2004)




BavesIAN NETWORY

(Cemgil et al. 2004)
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Predict from state + piano roll

M plates (j=1..M), one for each sound generator

time t

r for roll, s for state

sum sound generators together at each sample to gety

P(y|r) from the generative model (Kalman filter used to find hidden states in box)
P(r) prior can incorporate musical knowledge



GeapicaL MoOEL

FO2 SUNG MELOOIES

TOINT MOOEL OF PITCH, QHYTHM, TEMPO, SEGMENTATION
EVENT L1ST AS A MAQuOV CHAIN

OPTIMAL PARAMETERS OF MODEL VIA OYNAMIC PROGRAMMING

BoANCH ANO PRUNE

(Raphael 2005)
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Maguov CHAIN

SEAVENCE 0F RANOOM VARIABLES
GIIVEN PRESENT, FUTULE 16 INOEPENOENT OF PAST

|.E. ONLY NEED THE LAST 0BSEQVATION

(Raphael 2005)
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ALDIO THUMBNAILS

CHROMAGRAM
SIMILARITY MAaTRIX

MosT STRONGLY REPEATED SECTION

(Bartsch 2005)




(Bartsch 2005)
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PITCH CLASS
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SIMILARITY MATRIX
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3
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(Bartsch 2005)
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Kev, CHORO, ANO RHYTHM

HoLleTio: Key, CHoR0s, RUYTHM

QuLe-8ASED

(Shenoy and Wang 2005)




STEPS

Beat TRACKING ELIMINATE NON-KEY CHOR0%
ALDIO SEGMENTATION INCONSISTENT/MISSING
CHo209
CHROMA FEATURES EXTRACTED
LuyTHM/ MeTelcAL
CHo20 ANO Ke CONSIOERATIONS

(Shenoy and Wang 2005)
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Many simplifying assumptions made (4/4, replacing chords willy-nilly), but performs promisingly



CONCLUSION

MONOPHONIC 16 WORKABLE
POLYPHONIC 16 HARD

PoosasALISTIC/LEAZNING METHOOS MORE 208UST




Timbre




WHAT

INSTRUMENT |OENTIEICATION/CLASSIFICATION
INST2UMENT SEPARATION

BeNee CLASSIFICATION
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How™

OVEQWHELMINGLY 8v MACHINE LEARNING

SOME QULE-BASED SYSTEMS
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ACHINE LEAZNING

71



LEAZNING CvoLe

08SEQVATION
ACTION
EVALLATION

ADTUSTMENT




PR0BLEM FOMULATION

|MPORTANT!
SUEEICIENT ANO 2EPRESENTATIVE OATA
EVALLABLE ANO LSEFUL TASK

PR0PER EVALVATION, ENSURE GENERALIZATION




INOTRUMENT 10ENTIEICATION

MONOPHONIC 02 POLYPHONIC

SINGLE NOTE 02 WHOLE PASSAGES

Synonyms recognition and classification, though the latter implies categorization or may be



STEPS

EXTRACT PEATURES
ApPLY CLASSIFIERS

SeLECT RELEVANT Peatuees/CLASSIPIERS
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PEATURES

AMPLITLOE HAgMONICS

ENEQQY INHAZMONICS
L620-02055ING RATE QepateaL QOEFFICIENTS
FREQUENQY Bae, EQB

OPEQTRAL SHAPE C022€L062AM
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AHPL\TUQ€

Time
ArTAcK, Decay, SUSTAIN, ReELEASE

VOLUME




FREQUENCY

FUNOAMENTAL (FO)
QANGE

Vigaro




SPEATRAL SHAPE

CENTR010
SPREAD
FLATNESS
FLUX

SLEW

centroid like mean of normal, most popular



SINUSOIO ENVELOPES

— N N w w
(¢} o ()] o o

Intensity [dB]

—-
o

0.2

Bark frequency o
Time [sec]

(Eronen 2001)

80
Like Fourier, but bins calculated independently

sample-accurate

useful for examining spectral evolution

That’s a flute



Qepareal COEFEICIENTS

c=F " (log|F(x)|)

DSLALLY IN CONSUNCTION WITH THE MEL SCALE
(MFC)

m(f) = 2595log(1+ f/700)

very popular
conceptually, information on the rate of change of the spectrum



CoeeL062aM
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(Martin and Kim 1998)

“not based on the assumption that the signal is periodic”
modeled after cochlea and inner hair cells

filtered into channels and autocorrelation

that’s a violin



CLASSIFIERS

K-NN

NaIvE Baves

D1602IMINANT ANALYSIS

DecisloN Teees

SLPPORT VeaTo MACHINES

AgTiciciaL NevgaL Networks
Qovon Sers

HIO0EN MAgKov MooELS
GAVSSIAN MIXTURE MOOEL

INOEPENDENT SUBSPACE
ANALYSIS

GMM: linear combination of gaussians
SVM: combination of typical spectra and noise
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K-NeAgesT NeIGHB0LS

(University College Dublin)




NAIVE BAvES

V 16 SET OF CLASSES, A ARE FEATURES

uNg = argmax P(v; HP a;|v;)
EV




D1902IMINANT ANALYSIS




Qovan SeTs

O O Equivalence class

¢ gummmns it SRELEEEE
®.:5 : O ' Mis C Upper approximation

@ violins O 0 Non-violins

(Herrera-Boyer et al. 2003)
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HI00¢éN MAuov MOOEL

BavesiaN NeTWoY
STaTe TRANSITION PR08ABILITIES
08SEQVATION PROBABILITIES

STATES, TRANSITION PROBABILITIES, 0BSEQVATION
PROBABILITIES HIDOEN - ONLY GET 0BSEQVATIONS
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SLPPOLT VEaTO2 MACHINES

MAP OATA WITH LEZNEL FUNQTION

FINO LINEAR HYPEQPLANE TO MINIMIZE €200




SELEATION

P2INCIPAL COMPONENTS ANALYSIS
D1602IMINANT ANALYSIS
SEQUENTIAL FOQWARD/BACKWALD GENELATION

G2A0VAL Des021PT02 ELIMINATION

features and/or classifiers
SFG/SBG: add/remove most/least relevant features one at a time
GDE: choose most irrelevant feature using LDA and remove, estimate at every step
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STATLS

MucH MONOPHONIC WORK DONE
MUCH POLYPHONIC WORK TO 8 OONE

SHOTAUN APPROACH MOST SLCLESSFUL
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Understanding




SPECTRAL ANTICIPATIONS

INVERTED U: SILENCE AND NOISE ARE B0TH B02ING
STRLOTURE CARRIES INFOZMATION

ANTICIPATION AND SU2P216€

(Dubnov 2006)




SPECTRAL ANTICIPATIONS
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94
Energy doesn’t say much, anticipation profile has more information



beat spectrum (Take 5)

1.2

0.8

0.6

0.4

0.2F

BeEAT SPEATRUM

swing

10

2 3
time (secs)

(Cooper et al.2006)
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Beat SPe0TR062AM




TIMB2EG2AM

Timbre for mozart allaturca

23

Bark frequency
52 W &

n

a0 100 180 200
Cruration (sec.)

(Kuhl and Jensen 2008)
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|SLANOS 0F Musle




CLASSIFICATION VIA
VISUALIZATION

SPEQTR0G2AM ANO MFQL

TEXTURE-0F-TEXTURES




EIGENFACES

(Zhao and Chellappa 2006)
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EIGENSOUND

ABSTRACT AWAY AUDITORY EVENTS
PCA

A GENEQALIZED SPeaTeAL TeMPLATE

WHITMAN’S EIGENRADIO

(Recht and Whitman 2003)

101
Play snippet from Singular Christmas - Grand hotel pout twice



STYLE QLASSIFICATION

MIOI
LY2ICAL 02 ENEQGETIC 02 ...

1% MID\-8Ac€0 FEATURES
NAve Baves, GMM, ANN

(Dannenberg et al. 1997)




Speec/Muslie
D1602IMINATOR

FEATURES: 4 HL MODULATION ENERGY, LOW-ENERGY
FRAMES, SKEW, CENTROI0, FLUX, L0Q, Cerareal,
“RUYTHMICNESS”

G6MM

(Scheirer and Slaney 1997)




Probabalistic and Machine Learning over direct programming

Wide application of many disciplines of computer science and signal processing
Complexity and vagueness of perception

Learn more about our own perception as we find what does and doesn’t work
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