Proc. of the 6 Int. Conference on Digital Audio Effects (DAFX-03), London, UK, September 8-11, 2003

NON-LINEAR EFFECTSMODELING FOR POLYPHONIC PIANO TRANSCRIPTION

Luis|. Ortiz-Berenguer
Dept. Audiovisual and Communication Engineering
Universidad Politécnica de Madrid. Spain

lortiz@diac.upm.es

ABSTRACT

Automatic identification of chordsis being investigated and
several methods has been proved. A method using spectral
pattern recognition has been presented previously by the
authors. Inthat method, the chord isdetectediteratively, note
by note, by means of a set of patterns generated by an
acoustical model of the piano. In each iteration step, the
spectral components of the detected note are eliminated from
the signal spectrum using a mask related with the pattern of
that note. When a"staccato" chord is played on a piano, the
string is struck with a higher velocity and the excitation
becomes more non-linear. As a result, intermodulation
components appears in the spectrum. Taken into
consideration the inharmonicity of the string vibration, the
effect of those intermodulation products is a widening of
each spectral component of the chord. Thiswidening must be
considered when the patterns and masks are applied during
the identification process. We have found out that this
widening varieswith the partial and the note. It also depends
on the octave (differences in hammer felt dimensions and
stiffness) and on the force applied to the key ("piano”,
"mezzoforte” or "forte") A model for the calculation of the
widening due to non-linearity is presented in this
contribution. The results show that the application of this
model improves the recognition process.

1LINTRODUCTION

In previous work [1], a method has been presented for
identification of piano chords. The method recognizes the
chord by iterative identification of the notes. Each time a
note is detected, its spectrum is subtracted from the chord
spectrum. The notes are identified evaluating the match
between chord spectrum and a set of spectral patterns
generated by aphysical model of the piano, devel oped by the
authors. The spectral subtractionisperformed using spectral
masks also calculated by the model. The model is trained
with a few notes of the piano played. The results obtained
have been reported in the referenced work and several
improvements of the method , leading to better results, have
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been included and presented in [2][3]. In this study we
present a further improvement that solves the false
identification obtained whenthe chord are played in staccato.

Staccato produce ashort time excitation of the piano key
with a higher initial velocity of the hammer. The hammer
strikes the string with higher velocity and the hammer felt
is more compressed due to its stiffness, so the excitation of
the strings presents more non-linearity.

1.1. Effects of Non-linearity

The effects of non-linearity are the intermodulation (IM)
products, that are new spectral components that appears in
thesignal spectrum. Apparently, the spectral componentsare
wider when the piano is played in staccato, but thisis due to
insufficient spectral resolution. Actualy, severa new
componentsdueto intermodul ation appearscloseto themain
components producing the apparent widening.

The spectral analysisthat is performed is based on the
calculation of the Hanning windowed FFT of the whole
duration of the chord. As the sounds have been recorded
specifically for this study using a Steinway grand piano, the
chordsareisolated and the FFT iscal culated using 2 seconds
of signal, from before the onset to the decay of the chord.
The figure 1 shows the spectrum of chord CEG2 played
legato and staccato. In this case, only widening can be seen.
Aswill be explained below, the low value of inharmonicity
coefficient B makes that every intermodulation component
lies amost coincident with the main component. The figure
2 showsthe samefor octave 4 and the new components can
be identified. Figure 3 shows the previous for octave 6 and,
again, only widening is visible, but due to insufficient
precision of the frequency scale. In the case of octave 6, the
effect of intermodul ation islesser because only afew partials
exists.

DAFX-1



Proc. of the 6 Int. Conference on Digital Audio Effects (DAFX-03), London, UK, September 8-11, 2003

Chord 1- Octave 2 spectra
T T

0.8 [~

06 [~

04
02
It

— Legato

0.8 -
06
0.4
0.2
o \ M/{\/\ A PR M APy I
0 100 200 300 600
Freq.(Hz)
Figure 1. Octave 2 chord spectra.
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Figure 2. Octave 4 chord spectra.
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Figure 3. Octave 6 chord spectra.

As well as explaining the widening of the spectral
components, the non- linear products also explains some of
the under-fundamental components that appears in some
chords. If the signal has a lot of partids, those IM
components spreads very much in frequency, specialy if the
notes have larger values of inharmonicity.

1.2 Effect on | dentification

If we do not take into consideration this widening, the
spectral masksapplied during spectral subtraction step of the
identification algorithm, leave alot of residual components
that tend to confuse the next identification step.

Chord C,E,G,A# Octave 1

[}
[}
[}

Original
Spectrum
2

AT

50 100 15IIZI
Detected: A#1

200

1 i 0
— Spectrurn
— "Mormal" Masks

1st detection

SID 150 1én 20'0
Detected: G1

05

2nd detection

a0 100 150 200
Frec.(Hz)

Figure 4. Two steps of the iterative identification
algorithm. Can be seen that the mask of the detected note
A#1 does not subtract correctly its spectrum.

2. MODELING NON-LINEARITY EFFECTS

Non-linearity of piano vibration have been studied widely
and some references are [4][5][6]. The aim of this study is
not to develop acompl ete non-linear model of the piano, but
to obtain parameters to predict the widening of the spectral
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components due to non-linearity, in order to modify the
patterns and masks used in the recognition process.

The firs step is to evauate the frequency of the
intermodulation products. The second is to verify that they
appear in the staccato spectra. The third is to decide how
many products are present and which isthe order of the non-
linear response. The forth is to calculate the effect of the
predicted non-linearity products as a widening factor to be
applied to the generated pattern and masks pul ses.

Thismodeling has been carried out for all the octaves of
the piano. Almost every octave have differences in the
hammer felt, so the degree of non-linearity changes between
octaves. It hasbeen developed for a“forte” staccato playing.
The effect of different forces striking the key (i.e.
“mezzoforte”, “forte”, “fortisimo”) is discussed at the end.

2.1. Predicted frequencies of Non-linearity products

From the non-linearity theory we know that for every two
sinusoidal components with frequencies f, and f,, appears a
set of intermodulation products with frequencies

+ nf, £ mf,|, for every values of nand m. Thevalue “n+m”

is named the order of the product. The higher the order, the
lower the level of the product, which aso depends on the
levels of the intermodulated components. The highest order
is the order of the non-lineal polynomial that models the
response. If mor nare equal to O, then the equation givesthe
harmonics of f, or f,.

For real sounds, not only a couple of frequencies are
present, but several componentscalled partials. Every pair of
partials produces a set of non-linear products that must be
calculated

When f, and f, are harmonic, several products are
coincident in frequency with f; or f,.
f,= Kk, P [£nf,£nf,|=|tnf,+mk,|=]+n:mklf, (1)

But piano strings produces inharmonic vibrations, so
each partial is slightly above the harmonic. The equation of
the partials frequency is:

J1+ p’B
V1+ B @)

where f, is the fundamental frequency of the note, p is the
partial order and B is the inharmonicity coefficient of the
note.

The next table shows the equations of some non-linear
products that lies close to the fundamental, when
inharmonicity is present.

fp = pf,

2nd €2J/1+ 4B
Order = A * i 3
fp- 1, flg 1+ B ]UQ >f, (3
3J1+9B- 2J1+4B
f3' f2 - f1 /71_'_ B f1 (4)
3rd 63/1+ 9B U
Order | . of =fe2—"".2 (5
3 1 13 1+ B H ( )
41+ 4B - 3JV1+ 9B
2f,- f,= 1, i B <f, (6)

It can be seen that some of them are always below and
others are always above f;. This produces the widening of
the spectral components. This must be taken into
consideration for the design of the masks and patterns. The
widening depends on the value of inharmonicity coefficient
B. Asthepreviously devel oped physical model approximates
the coefficient B for every 88 notes, the widening for all the
notes can also be evaluated.

Any pair of partialsi,j with frequencies f, f;, produce
intermodul ation products near other partial k with frequency
f,, if |+ ni £ mi| = k. We have developed an agorithm (“IM
predictor”) to calculate al the IM products due to several
partials, taking into account a maximum IM order.

The figure 4 shows the spectra of the chord CEG4
(zoomed on thefundamental of note C4) playedinlegato and
staccato, and the spectrum of the C4 pattern with calculated
non-linear products (the levels are not in scale). Each
intermodulation (IM) component is displayed as an
independent pulse and has been cal culated considering only
3 partials of the pattern. It can be seen that the differences
between legato and staccato correspond mainly to this IM
products.
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Chord 1- Octave 4 spectra and calculated IM zoomed on C4 fundamental
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Figure 5. Octave 4 chord spectra and predicted I|M products
of several orders. Can be seen the coincidence of some of
these IM with components of staccato spectrum, that neither
exist in the legato spectrum nor in the original pattern.

3

2.2. Parametersand Equationsfor the Model

Using the recordings of one Steinway grand piano, the
patterns of that piano and the “IM predictor” algorithm, we
have tried to fit the “staccato” spectrum calculating the IM
products of the patterns. Actually we have only fitted some
partials, not the whole spectrum, and only acertain number
of partials of the pattern have been used in the calculation.
In the first step only the width of the partial has been fitted.
The parameters related with this step are the following:

Octave | Non-lined Used Fitted
order Partials Partials
1 Order 3 10 4
2 Order 3 6 5
3 Order 4 6 3
4 Order 5 4 3
5 Order 5 3 3
6 Order 3 3 2
7 Order 3 3 2

Using the previous parameters, in a second step, we have
tried to fit not only the width but the shape of the spectrum of
each partial, designing an approximated set of non-linear
equations. This equations can be used further so that the
widened patterns and masks can be calculated from the
original ones.

3.RESULTS
The non-linearity equations obtained are:
Octavel | 0.02x*+x
Octave2 | 0.01x*+x
Octave 3 | 0.03 x*+ 0.005 x® + 0.02 X + X
Octave4 | 0.0005 x° + 0.07 x>+ 0.9 x?+ X
Octave5 | 0.001 x®+ 0.01 x* + 0.04 x3 + 0.05 x? + X
Octave 6 | 0.02x3+ 0.05x?+ x
Octave 7 | 0.02x3+ 0.05x?+ X

The recognition of 4 piano chordsplayed in staccato for
every octaves (1to 7) hasbeen carried out with thefollowing
results, that are better than without non-linear effects
modeling .

oct Chord: C,E,G,A# Chord:C,D#,F#,A

A#1| G1| C1| AO||Al | F#1| D#1| C1

A#2| B2 | C2| C#1||A2 | D#2| C1| F#2

C3 | A#3| E3 | D3 ||C3 | D#3| F#3| A3

A#4| C4 | EA| C3||A4 |D#4| C4 | F#H4

C5| G5| E5| A#5|| A5 | F#5| C5| D#5

E6 | A#6| C6| G6 ||F#6 | C6 | A6 | D#6

N o o0 b W NP

E7 | A#7| C7 | E7 ||D#7| F#7| C7 | A7

Oct Chord: C,D#,G,A# Chord:C,E,G,B

D#2| A#l| G1| C1||B1 | C1 | A#0| AO

Gl| D#2| C1| A#2||C2 | E1 | C#1| AO

C3 | D#3| G3 | A#3||C3 | G3| E3 | B3

A#4| C4 | D#4| C3||B4| C4| G4 | E4

C5 | D#5 G5 | A#5([C5 | E5 | G5 | B5

o (o~ W N P

A#6| G6 | C6| D#6||E6 | B6| G6 | C6

7 D#7| G7 | A#7| C7 ||E7 | G7| C7| E7

The mistakes appears in bold type. The notes of each
chord are displayed in the same order they have been
identified, so amistakein 4" noteis due to wrong masking of
previous notes instead of wrong pattern detection. Mistakes
in 1% and 2™ note only occursin octaves 1 and 2 and are due
to insufficient validation criteria of the apparently detected
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note.
In order to compare, the following table shows the
results obtained without non-linear modeling.

oct Chord: C,E,G,A# Chord:C,D#,F#,A

1 A#1 G1 E1 C1 F#l1 A1 D#l C1

A#2 E2 C2 C#l || D#2 D1 C1 BO

C3 A#3 E3 C3 || C3 D#3 F#3 A3

C5 G5 E5 A#5 || A5 F#5 C5 D#5

2
3
4 A#4 C4 C3 E4 A4 D#4 C4 F#H4
5
6

E6 A#6 C6 EG6 F#6 C6 A6 D#6

7 E7 A#7 C7 E7 D#7 F#7 C7 A7

o
a

Chord: C,D#,G A# Chord:C,E,G,B

A#1 Gl D#2 Cl1|| B1 G1 Cl1 AO

D#2 A#1 G1 Cl1l ([ E1 C2 C#1 AO

C3 G3 D#3A#3 || C3 G3 E3 B3

A#4 D#4 C4 C3|| B4 C4 G4 E4

C5 D#5 G5 A#5|| C5 E5 G5 B5

A#6 G6 C6 D#6|| E6 B6 G6 C6

D#7r G7 A#r C7 E7 G7 C7 E7
can be seen that the improvements are only slight.

—~ ||~ o] (6] £~ w N =

[
3.1. Discussion

Widening the masks using non linearity modeling, improve
the recognition but not enough. The non-linearity modeling
is a good approach to improve recognition, but needs to be
improved taking into account some more parameters. The
previous non linear equations have been derived using only
one note (of every octave) played with only one force. The
results seem to show that if the chord is played with lower or
higher force, the modified mask may not fit.

Other important question is: Will different pianos have
different non linearity equations?. Different pianos, from
different manufacturers, must be analyzed to determine this
issue. If true, the non linearity model will need to be trained.

3.2. Modeling for several forces and different pianos
Besides the Steinway piano, two Schimmel and one Kawai

concert pianoshasbeen recorded. Wehaverecorded thenote
A of every octave using four different forces. The figure 5
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shows the results for octave 4 that is very representative of
what happensin the other octaves.
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Figure 6. Fundamental of note A4. Forceincreasesfrom
forcel to forced. Piano Schimmel 256.
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Figure 7. Fundamental of note A4. Piano Schimmel 116s.
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Figure 8. Piano Kawai RX2: 1.78m. Long
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Each spectrum has been normalized to its maximum
amplitude to show the relative importance of every part of it.
Differences in tunning also can be seen, but these are
irrelevant to this analysis.

It can be seen that the three pianos have different degree
of effect due to non linearity. One of them (SC1: the
Schimmel concert grand, 2.56 meters long) amost has no
differences between different forces. Also can be seen that,
for each piano, the effect is not only to make the spectral
component wider but also to increasethe lower part of it. As
theforceincreases, theeffect of higher order intermodulation
products is more important, and it seems that are specially
promoted the IM products below the partial frequency.

The pianoshave been played by apianist. Theforcesare
not exactly the same for al the pianos (we do not use a
mechanical exciter) but rather similar.

4. CONCLUSIONS

An improvement in staccato piano chord recognition is
obtained using modeling of the effects of non-linear
products, applied to the identification method previously
developed by the authors. Although it is a dlight
improvement, it can be enhanced.

At this moment the model uses equations for one piano
and one striking force. The effect of different striking forces
is being included and we are developing a method for
training the model playing one note of each octave using
three forces. The piano model will calculate non-linearly
distorted patterns and mask for several levels of force.

During recognition, it will be detected if the chord has
been played in legato or staccato, in order to decide what set
of patterns and masks are going to be used by the algorithm.
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