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Abstract

In this paper, a system for the extraction of the tablature of guitar musical pieces using only the
audio waveform is presented. The analysis of the inharmonicity relations between the fundamentals and
the partials of the notes played is the main process that allows to estimate both the notes played and
the string/fret combination that was used to produce that sound. A procedure to analyze chords will also
be described. This procedure will also make use of the inharmonicity analysis to find the simultaneous
string/fret combinations used to play each chord. The proposed method is suitable for any guitar type:
classical, acoustic and electric guitars. The system performance has been evaluated on a series of guitar

samples from the RWC instruments database [1] and our own recordings.

Index Terms
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. INTRODUCTION

The guitar is one of the most popular instruments in the world. The guitar is played by professiona
musicians but it is also well suited for people who like music and want to play music on their own
even without any knowledge of music theory. There are different guitar types but most of them have six

strings. The length of modern guitar strings is about 65¢m and they are tuned to the following notes:
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E2 = 82Hz, A2 = 110Hz, D3 = 147THz, G3 = 196H > and E4 = 330Hz [2]. Depending on the
guitar type, strings can be made of nylon or steel. In thisspape will use the term classical guitar for
guitars with nylon strings and acoustic guitar for guitarshvsteel strings that are not electric guitars.
Each string of a guitar is slightly different to the otherst only the diameter changes, but also the way
in which the strings are made is different [3].

With a guitar, the same pitch can be played using differaimgtfret and finger combinations. In this
paper, we will deal with the string/fret combinations thande used to play the different notes with
classical, acoustic and electric guitars with six strifdevertheless, the method and the ideas developed
can be extended to other guitars with any number of strings.

There are two main possibilities to write music for guitae ttlassical score can be used but also the
guitar tablature can be employed. These two choices conttigresht levels of information on timing,
fretting and fingering [4]. Figure 1 shows an example of a gustaore and two possible tablatures for
that score. The tablature for playing a certain score is nmju@n In the tablature, each line represents a
string of the guitar. The position of the number indicatesdtnang that must be plucked and the number
itself indicates the fret number in the guitar neck where dbgresponding string must be pressed with
a finger of the left hand to produce the desired note when pigcttie string with the right hand. Note
that the number increases as the length of the vibratinggddtie string is shortened. The numbering
in the tablature starts with to indicate that the string must not be press at any fret ofgthiear neck.
As it can be observed, the same notes can be played in differengs of the guitar. Even when the
played notes are the same, the sound will be slightly diffeeend also the difficulty of the performance
changes. Top guitar players seem to be able to select beiteg/Set combinations to play than average
players and their choices define a determined sonority fogthtar pieces they play and a convenient
fingering.

As it can be observed in Figure 1, the classical score doesambéio information about fretting and
fingering [5]. Therefore, in order to play a musical piece witlyuatar using a score, it is necessary to
have some knowledge on music theory to read the score anct,sfeleeach note, a correct string/fret
combination and to decide the finger of the left hand that mastroployed. On the other hand, guitar
tablature is an schematic representation of the guitar fouged, where the representation of the fretboard
positions substitute the notes and the numbers identiffréiie Although tablature does not include timing
information, it has become a widely spread music notatiomét on the Internet [6] maybe because of
its readability but also because it can be represented trfaexat, without graphics.

In this paper, a novel method to determine the tablature wseoerform a piece of guitar music
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Fig. 1. A score and two possible tablatures to play that score.

using the waveform of the sound of the musical piece is ptedeWith such a system, we can recover
information about the fretting selected by top guitar pfayie their recordings. Note that a system that is
capable of automatically generating the tablature of aagyitece is able to detect not only the pitch of
the played notes, but also the strings and the frets involvbd system we propose in this contribution
works with both single notes and chords played with any typguitar (classical, acoustic and electric
guitars). The proposed method is based on the analysis ofehavior of the inharmonicity of guitar
strings. The inharmonicity of strings refers to the amouat 8eparates the actual mode frequencies from
a harmonic series [7] and it depends on the behavior of themahathe string is made of, its radius,
its tension and its length. Due to the inharmonicity of théngt vibration, the second harmonics of the
notes in a certain octave are slightly sharper than the fmedéal of the notes in the next octave up and
a similar deviation affects to the higher harmonics.

Recall that the same note can be played in different stririga guitar. Figure 2 shows the three
possibilities (fretting positions) to play notdé3. The inharmonicity will be different in each of these
possibilities because in each of them, the length, the danshe radius and maybe the material of the
played string will be different. The difficulty stems from theeasurement of the inharmonicity of each
string and the use of this information to determine both thehpand the played strings, because the
frequency deviations are quite small and the magnitude efirtharmonicity coefficients is very small.

The method proposed in this paper achieves very good penfmenia the process of determination
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of both the pitch and the played strings by means of inharaiignanalysis. As it will be shown, the
best performance is obtained if the inharmonicity coeffideare estimated before running the tablature
generation system, although predefined sets of coefficiemsalso be used. The method is used to
analyze not only single notes but also chords. As it will beaclfrom the literature review, we have
found no references in which the tablature is obtained ugiegaudio waveform of a guitar piece. In a
previous work [8], we presented a system to detect the pitchpdayed string for single guitar notes. In
that case, the proposed system used a set of time and frggigzares extracted from the guitar sound
(frequency centroid, nontonal spectral pattern [9], exgmtial decay of harmonics, etc.), but it did not

attain good results in the determination of the played gtrin

Fig. 2. The three possibilities to play the notd with a classical guitar.

In the literature, there is a considerable amount of refererhat deal with the problem of detection
of the notes played in a certain musical piece, i.e. trapgori systems. In the paper by Klapuri [10],
the concepts of harmonicity and spectral smoothness arkfase¢he detection of multiple fundamental
frequencies on the recordings of different instrument$ {el] presents a method for the estimation of
multiple fundamental frequencies of polyphonic music aigrbased on the short-time Fourier transform.
Other authors deal with the transcription of specific instenta: drums, piano, etc. Focusing on the
guitar, in the paper by Gagnon et al. [12], the authors preppsystem based on neural-networks to
detect the number of strings that sound in a chord played avighiitar and, using this information, they
propose some hand positions to play that sound but they dsahet the ambiguity of the problem. In
the paper by O’Grady and Richard [13], a system for hexamhguitar transcription is presented but,
in this case, the guitar is modified so that they are able toratgda record the sound of each of the six
guitar strings.

Looking for references on inharmonicity analysis in stringtiuments and its application, we found
that JArvehinen et al study mainly the audibility of the inharmoniaiyd its importance for digital sound

synthesis [14], but they do not use it to determine the plasteidg in a guitar. Godsill and Davy [15]
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propose a method for modeling the inharmonicity in musiesiruments, although it is not focused for any
particular application. Other studies have also tackldwimonicity estimation. For example, Galembo
and Askenfelt [16] present different techniques for estintathe inharmonicity of piano strings and
Rauhala et al. [17] present an iterative algorithm for thinmegtion of the inharmonicity coefficient of
slightly inharmonic stringed instrument sounds.

There are also references dealing with the tablature in ryuitgsic, but they do not use the audio
waveform of the guitar. In order to obtain the tablatureythee either the guitar score [18], [19], [4],
[20], [21] or image-processing systems [22], [23] and [DAit the recorded waveform of the guitar sound
is not used, unlike the procedure that we propose in thisribomion. Also, some references can be found
in which optical tablature recognition (OTR) is used to gatera MIDI output [25]. Only Traube and
Smith [26] made an attempt to obtain the fingering point usiregdbdio waveform of a guitar piece.
They describe a method to obtain the plucking point using #eetal equation of a vibrating string of
a certain length with fixed ends. There, they explain that utttkehypothesis that the right-hand fingers
pluck the strings in a narrow area close to the tone hole, theking point can be used to determine
the fingering. Unfortunately, they don’t show any result of frerformance of the fingering estimation
procedure, although they explain that the performance efmtiethod would depend on the accuracy of
the estimation of the plucking point. In other works [27]8]2[29] only the plucking point is estimated
using a weighted least-square estimation of a comb filterydela

In this paper, a complete work flow for the extraction of thelaalye of single guitar notes or chords
using the waveform of the guitar sound is detailed. The omtbhthe paper is as follows: after a brief
description of the main features of the guitar, in Sectioriié main theoretical aspects of the work are
described in Sections lll, IV and V. The method for the estioratdf the note/string/fret combination
is detailed in Section VI. In Section VII, a procedure is depeld for the analysis of chords. Results
on the evaluation of the performance of the method proposegr@sented in Section VIII and, finally,

some conclusions are drawn in Section IX.

II. MAIN FEATURES OF THEGUITAR

The guitar is a plucked string instrument basically compadeddresonance body, a fingerboard hosting
the frets and a headstock where the tuning keys of the stangdixed. The tension of the strings is
tunable by the keys. In Fig. 3 a schematic representationeoftlitar fingerboard is presented in which
strings and frets are labeled with their corresponding rensb

The guitar needs the concurrent use of the two hands to playtea(arcept when the open strings
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Fig. 3. A schematic representation of the guitar fingerboard.

are played). Usually, the left hand presses one or sevenagston the corresponding frets and the right
hand plucks the selected strings. For each string at eatlpriessed a single note sounds and between
any fret and the next one there is a separation of a semitoote. tNat the same note can be played in
up to three different string/fret pairs.

It is well known that the ratios between the main frequengi€s) and f»(s) of two sounds played with
the same string and the corresponding lengths of the vibrating part of thagd i, andl,, respectively,

are inversely proportional:
fils) _ b
_ 2 1
fas) I @
Now, let ¢ represent the distance between the guitar nut and the fits(Figure 3). Then, the ratio

between the fundamental frequency of the sound played wiséning s is pressed at the first frgp (s, 1)
and the main frequency found with the open strifags, 0) can be written as follows:

f()(S? 1) l _ 2% (2)

fo(s,0)  1—t
where! is the length of the strings as shown in Figure 2. Therefore t) is the portion of the string
vibrating whenfy(s, 1) sounds. The terrdi: is related to the ratio of the frequencies of two subsequent
frets on the guitar fingerboard (two subsequent notes in tieévéatone equal temperament scale) and it
is due to the way in which guitars are built, regardless tménty of each of the strings [30]. Hence, in
general:

fo(s,n) = fo(s,0) - 213 3)

wheren is the fret number.

Then, (2) can be rewritten:

t:z.<1_21112) (4)

March 6, 2012 DRAFT



JOURNAL OF BTEX CLASS FILES, VOL. 6, NO. 1, JANUARY 2007 7

These relations will be used later to define inharmonicitytiats.

Il1. THE INHARMONICITY OF THE PARTIALS

The inharmonicity of the partials of string instruments isimaportant topic that is being discussed on
the basis of the human perception [31]. From an analytic pafiMiew, the partials are a crucial feature
of the spectrum of the waveform of the sound of musical imstnts.

Each note played plucking the string pressed at fret can be seen as the combination of its
corresponding fundamental frequency compongpts,n), and a series of partials whose frequencies

fr(s,n) are, ideally, multiple offy(s,n).

fk(5>n) :k"f()(S,n) (5)

A shift of the partials of the spectrum is the outcome of tHeimmonicity of the instrument [32]. Fig. 4
displays the spectrum of the note E4, played orgttie fret of the3-th string, with fundamental frequency
fo(3,9) = 329.63Hz. Observe the relative position between the partials detiefit(3,9) (marked with
black filled squares) and the theoretical expected freqeerfzi(3,9) (dashed vertical lines) shown in

the figure.
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Fig. 4. Spectrum of the note E4, witfy(3,9) = 329.63 Hz. Detected partials are marked with filled squares. Multiples of

the fundamental frequency are marked using dashed vertical lines.
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The expected frequency of the partials taking into accouharmonicity, are separated from the
multiples of fy(s,n) a quantity that depends on the so called inharmonicity coeffi¢s), as described

in the following equation:
fils,n) =k fo(s,n) - 1+ 8- k? (6)

where the expected frequency of the partigl$(s,n), are related to the correspondigth multiples

of the fundamental frequency(s,n), but a term that depends on the inharmonicity coefficient ef th
played strings is involved in the relation. This coefficiemt depends on the behavior of the material
used for the string, on the string diametgrits lengthl/ and its tensiori™

4
p=T 2L ™
where the termQ), called Young’s modulus, is a constant related to the @st&t of elastic bodies to
deformation [32]. It is important to observe that the meaduirequencies of the partials are always
higher than the corresponding multiples fif(s,n) [32]. Also, the separation between them increases

with the number of the partial involved:

IV. ESTIMATION OF THE INHARMONICITY COEFFICIENT

In order to be able to estimate the note played and the stridglse fret involved, the inharmonicity
coefficient must be accurately estimated. Taking into acceguation (7), it is easy to come to the
conclusion that there is one coefficient for each combination of stringand fretn, 8(s,n).

Using the parameter defined in equation (4) and equation (7), we can write the iolig relation:

_ mQ-dt  7-Q-d!
B(Sal) - 64_(l_t>2.T_64.l2.T.2*%

where the tensiofi” is assumed to be constant.

At the sight of equation (8), and focusing on guitar stringds found that the coefficient(s,n)
for a specific strings and fretn is the product of the inharmonicity coefficient of the preoediret,
B(s,n—1), multiplied by2s. This consideration allows to derive the inharmonicity dioint of a string

at any fret with only one know(s, n) of that string:

B(s,n) = B(s,0) - 2% (9)

where3(s, 0) is the inharmonicity coefficient of the open string
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A. Deviation of the partials

The separation between the ideal frequency of a partial (&pteubf fy (s, n)) neglecting inharmonicity
and its expected measured value using our inharmonicityeiryids, »), is defined as frequency deviation.
The expected frequency deviation of tketh partial can be obtained subtracting equation (5) from

equation (6):

dk(svn) - fl:(sun) - fk(37n) -

k- fo(s,n) - /(1 +B(s,n) k2 —k- fo(s,n) (10)

Replacing the termgy(s,n) and 5(s,n) in (10) by the relations in egs. (3) and (9), respectively, we
find an expression of the frequency deviation parameterigeitid number of the partiak] and the fret

numbern for any strings:

di(s.m) = k- fo(s,0) - 275 -/ (14 B(s,0) - 25 - k2) — 1 (11)

Equation (11) clearly reveals that the frequency deviatimrdgases with the number of partfaland
with the inharmonicity coefficienfi(s,0). Also note that if3(s,0) — 0, then the partials tend to be

located at the corresponding multiple ff(s,n).

B. Dealing with the matching error

The Fourier transform is used to extract the spectral inftionaf the signal under analysis. However,
a matching error is found in the analysis of the inharmoyicdefficient due to the error in the estimation
of any frequency value due to the effect of noise, windowind #he limited frequency resolution of
the discrete Fourier transform and the goodness of the fitdsstwhe frequencies of the fundamental
and partials and the inharmonicity model. This matching recan negatively affect the procedure of
estimation of the inharmonicity coefficient, so we develop @dal to take into account this issue to
obtain more reliable estimates.

Consider the hypothesis according to which the measurediafuental frequency of a not,é(s,n)

differs from its real valuefy(s,n) a quantityey(s,n) such that:

fO(svn) = fo(S,TL) + 60(87 TL) (12)

This means that the expected frequencies of the parfjdls ») (eq.(6)) will be affected by this error:

f]:(S,TL) :k'(fO(S’n)+€0(37n))' 1—|—,8(S,7’L)-k2 (13)
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Observe that the influence of the error fifi(s, n) increases with the number of partial.
Not only the fundamental frequency is affected by a measen¢rarror but also the measured partials

fr(s,n) are affected. As a consequence, we can consider a similaglrfmdthe measured partials:

fk(s,n) =k fo(s,n) - /1+B(s,n) k2 + ep(s,n) (14)

At this stage, we build a model for the frequency deviatiortraf partials due to the inharmonicity

(see eq.10), taking into account the measurement errors:

Ck(s’n) = fk(S,’I’L) —k- fO(S’n)
=k- fo(s,n) - ( 1+ B(s,n)-k? — 1) —k-eo(s,n) + ex(s,n) (15)

Note that eq. (15) takes into account the measurement efrtootb the fundamental frequencies and
the partials. Using eq. (15) we develop a polynomial modsditte, (s, n). Making use of the fact that
the magnitude of the parametgrno be estimated is very small, it is possible to use an appration of

\/1+ 3 - k% with the first two terms of the Taylor series [33]. Then, eq. (&¢&h be written as follows:

Ck(S,TL) =k- fo(S,TL) : <1 + % ’ 6(8777') ’ k2 - 1)
—k-eo(s,n) + ex(s,n)
= % -B(s,n) - fo(s,n) - K — k- eo(s,n) + ex(s,n) (16)

Now, a least squares method can be employed to fit a third dpghgeomial functiony = a-23+b-z+c
to the data in order to find the coefficientsand b in this model. Finally, the inharmonicity coefficient
B(s,n) can be estimated using:
2-a

s$,n) = ————"— 17
IB(’ ) fO(San)+b ( )

C. Estimating the inharmonicity coefficient in practice

The inharmonicity coefficient must be estimated from the digriaany note played in the guitar,
assuming that its fundamental frequency is known. In outesysthe inharmonicity coefficient of the open
string, (s, 0) will be calculated. Recall that taking into account eq. (8 inharmonicity coefficients
B(s,n) for each fretn are easily determined.

The algorithm to obtairns(s,n) is depicted in Fig. 5. First of all, the Fourier transform of t#uedio
waveformw(s, 0)(t) corresponding to the note played with the open stinig calculated. Then, the

partials are located using a series of windows centered- &h(s,0). The frequency deviation of each
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partial is calculated and the function= a - k* + b - k + ¢, with k the number of partial, is fitted to
estimate the parametesisandb. Afterward, 3(s,0) is estimated using equation (17) and, finallys, n)

are defined using eq. (9).

w(s,0)(t)

|

Locate partials near
expected frequencies

£i(5,0)
fk('sv 0)

Measurement of
deviations for
each partial

ci(s,0)

Fit polynomial
y=ak*+bk+c

a,b

/ _ 2a
Bs,0) = fols,n)+b

B(s,n) = B(s,0)26

B(s,n)

Fig. 5. Diagram for the estimation of the inharmonicity coefficient.

In order to improve the accuracy of the estimation incregaghe number of partials detected, the
algorithm is executed iteratively taking into account tmdarmonicity coefficient obtained at each
new iteration. At each stage, the windows are centered afrégpiencies suggested by the function
approximated at the previous step. Up5 partials are searched although this number is also limited
according to the sampling ratg,(/2).

An illustration of the evolution of the algorithm used to aiot the inharmonicity coefficient of the
note E4 is shown in Fig. 6. The first set of measured partials aidait the first iteration is used to
define the first estimation of the inharmonicity coefficient. Tegreach iteration, the windows are shifted
according to the inharmonicity coefficient estimated at thevipus step. The width of the windows is
always half the fundamental frequency.

The iterative procedure ends when the estimatédn) at a certain iteration changes less than
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Fig. 6. lllustration of the refinement of the calculus of the inharmonicityffaent for note E4, played on the-th fret of
the 3-th string. Iterations 1, 2 and 3 are shown from top to bottom, respectiVbly search windows are shown as boxes. The

measured deviations for each partial are marked with dots. The fittedgulgl at each iteration is also drawn.
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with respect to the value found at the previous iteration.

V. THE MATCHING ERROR OF THE FUNDAMENTAL FREQUENCY AND PARTIALS

The computation of the matching error between our inharnityninodel and all the possible com-
binations of the measured fundamental frequencies andhigafor each possible note will be used in
the process of detection of the string/fret combinationduseplay each note. Our model makes use of
both the matching error of the fundamental frequengys, n), and partialse, (s, n). Their relation can
be estimated comparing the measured partials (directgctl bye,(s,n)) and the expected locations
of the partials calculated using the measured fundamergguéncy (these frequencies are indirectly
affected byeg (s, n)).

To begin with, observe that using equations (13) and (14)carecompare the measured frequencies
of the partialsf}, (s, n) with their expected valueg: (s, n), under the hypothesis that the measured critical

frequencies (fundamental and partials) correspond to yeglaote:

A~

f’:(s,n) - fk(87n> =
eo(s,n) - k-/1+B(s,n) k? —ex(s,n) (18)

Recall that it is the note/string/fret combination what wanivto determine. To this end, we must
take into account different inharmonicity coefficients, erticular, the coefficiens*(s,n) related to the
expected partialg;’ (s, n). Note that it must be checked whether these partials conesip a fundamental
frequency or not. Also, the inharmonicity coefficie[ﬁ(ts, n) must be taken into account. This parameter
is related to the measurement of the partyéelss, n). In order to consider all the possibilities, we assume
that, in the general case, these two inharmonicity parasiesn be different. In this way, we take into

account that different strings can be used to play a note.,Tdwration (18) must be rewritten as follows:

~

Jr(s,n) = fr(s,n) =

k- fo(s,n) - <\/1 + B*(s,n) - k2 —\/1+ B(s,n) - k2>
+eo(s,n) - k-/1+ 0% k%2 —er(s,n) (19)
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Equation (19) can be divided b&c- V1+ B*(s,n) - kQ} to obtain:

fils,n) = fi(s,n)
k-+\/1+ B*(s,n)- k2

1+ fB(s,n) - k2
e (1 \/1+5*(S,n)-k2>

+ E0(57 7’L)

_ Ek(S, n) (20)
k-+/1+ B*(s,n) - k2
The terms\/1 + (s, n) - k2, with 5 = {[3*,3}, in equation (20) can be approximated by the first two

terms of the Taylor series fo{/1 + p, as in equation (15). Hence, the terfi — M} in
eqguation (20) can be rewritten as follows:
1+B(s,n) - k2 1 .
1 - = - *(s,n) — B(s,n . K (21
— > (8*(s.m) = B(s.m) 1)

where we have also used the following’l + 3*(s, n)k? ~ 1.

Using this expression in equation (20), we obtain:

fl;k(svn) - fk(san) ~
k-/14 6 (s,n)- k2

ex(s,n)

fo(s,n)é- (ﬁ*(s,n)fﬁ(s,nD -k2+eo(s,n)f (22)

Now, we assume that the influenceepf s, n) becomes negligible for partials higher th&nThen, the
following approximation is found:

fi(s,n) = fuls,n)
k-+\/1+ B*(s,n)- k2

fo(s,n) % -(B*(s,n)—ﬁ(s,n)) k2 +eo(s,n), with E>10 (23)

Observe that this is a quadratic function in which the coeffitiof the quadratic term depends on the
difference between the two inharmonicity coefficietss, n) and 3(s,n). In particular, this function
becomes a constarg (s, n), when the two coefficients are the same, that is to say, th&|sameasured
and the partials calculated on the basis of the measuredifoeidtal frequency are affected by the same
inharmonicity coefficient. When this condition is fulfilled, means that we have found a coherent set
of measured critical frequencies (fundamental and pajtidlat correspond to a note played plucking a
certain string. We say that eq. (23) represents an approximaf the matching error of the fundamental
frequency related to the measured partials. This expressiginmain importance in the detection process

that will be explained in the next section.
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VI. DETECTION OF NOTESTRING/FRET COMBINATIONS

In this section, the formulas derived previously will be dige determine the note played, the string
plucked and the fret where the string was pressed to playnibiat using solely the audio waveform.

Since the played note is unknown, the fundamental frequengst fme found. To this end, a set of
candidate fundamental frequencies of the note played iefoging a normalized version of the magnitude
of the spectrum of the signal. The spectrum is normalized abith maximum amplitude ig. Then,
all the components in this normalized spectrum with amgétunder 0.011% of the highest peak) are
zeroed and the frequency range of the fundamental freqeerffriom80Hz to 660Hz) of all the notes
that can be played with a guitar (from the note E2 on the djibrstring to the note E5 on thi2th fret
on thelst string) is analyzed. In this range, all the local maximalacated and the ones that are closer
to any of the possible fundamental frequencies are selaotdéfine the candidate notes.

Then, all the possible string/fret combinations for all tlendidate notes are considered. Also, their
corresponding inharmonicity coefficients (see Section I\)emnployed in the following analysis to make
use of all the sets of candidate partials that can be defined.

Recall that for each candidate note (fundamental freqUem®gries of up to three possible string/fret
combinations can be defined, ie. the number of strings indoinghe analysis of each note can be three
at most (Section I1). For each string/fret combination, wkwdate the inharmonicity coefficiert(s, n)
as explained in Section IV-C. Then, a series of windows (fraquebands) is defined on the basis of
the inharmonicity coefficient. Up t60 windows are defined. Partials are sought in these windows. The
largest peak in each of these windows is considered to bedidzda partial. The windows are centered
at the values of the calculated partigi§(s, n) (equation (13)) and their width grows with the number

of partial k. Thus, each windowy (s, n), is defined by the following frequency range:

(s,n) = k-/1+B(s,n) - (fosn :l:R) (24)

where R should be large enough to capture all the possible partiats (es|), but not too large to avoid
and excess of outliers and spikes. A valuefb¥ 10 Hz has been employed at this stage (see Fig. 7).
Using the partialsf;,(s,n) found in vs(s,n), according to eq. (24), for each possible string/fret
combination and for each partial found, we calculate thé¢ hefnd side of eq. (23). In Fig. 7, this
result is plotted versus the partial numidefor a candidate note E3.
Now, we use a voting scheme to find the first estimatipfs, n) of the errorey(s,n). Consider the
set of windows defined previouslyi (s, n), covered by a sliding container @Hz of width (see the gray

area at the top of Fig. 7). Now, we sum the number of hits at eadltipn of the container, ie.: we
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sum the number of partials for all the possible string/fretbinations for each fundamental such that
ex(s,n) lays in the container. Then, the center of the container atdtetion with the largest count is
taken as the first estimatiafj(s, n) of €y(s,n). In Fig. 7, the container that gives the first estimation of
eo(s,n) is centered ad (the right-hand side of this figure represents the sums ofihitee container
versus its position). Note that the largest count of the remdd partials in the sliding container for
candidate notes that were not actually played is usualljecgmaller than the largest count for any of

the possible string/fret combinations for the note played.

Total number of partials
0 60

10

§ A
|| \

M \ *
i \H?

-4 , ]
String 6
6 / \
T uﬂ
-10 i i i i i i i i i
0 5 10 15 20 25 30 35 40 45 50

Partial number

Fig. 7. Example of the voting procedure for the estimation of the erfofor the note E3 usingy(s,n) as defined in eq.
(24), with R = 10Hz. Sample containers are shown in gray with dashed edges. The omsaed container is displayed in
gray with its center marker with a dashed thick line.

This first estimation needs to be improved. Specifically, we megtice the width of the windows to
search for the partials in order to lower the number of orglend spikes taken as partials. To this end,
we use a voting procedure like the one described, after sajustenents. To begin with, the windows

vg(s,n) are shiftedD Hz according to the’(s,n) estimated:

vi.(s,n) = k-y/14+B(s,n) - k2 <f0(s,n)+DiR> (25)

whereD is: D = —¢((s,n). As before, the following condition should be fulfille® > |ey(s,n) + D],
in order not to loose partials that may fall out of the seardhdaws. At this stageR is defined to be
R = 2.3 Hz (see Fig. 8).
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Now, we search for candidate partialsufy(s, n) for each possible string/fret combination for the notes
under analysis. Recall that only the right combination $etmlthe approximation of the left-hand side
of eq. (23) to a constant. At this stage, a containef.6fHz of width is used. Again, the location of
the container with the largest number of hitsegfs, n) is selected. Fig. 8 illustrates this process for the

example shown in Fig. 7.

: 0 30 _ 0 30
2r String 4 ‘ |
15+
|
. 1- . / “ |
% /
Sl o5F 1 .
E Q ' |
[+
* gl (0] J
S \ I
< o5l String 5 | |
1 |
String 6 | } 1L
_15 — B N -
4 L
-2 | | | ] | i i ‘ i _| |String 4| |String 5| [String 6
0 5 10 15 20 25 30 35 40 45 50 0 30 .
Partial number Total number of partials

Fig. 8. Example of the second stage of the voting procedure for thetidetexf the note/string/fret corresponding to a note

E3 played, usingy,(s,n) as defined in eq. (25), witi® = 2.3Hz.

The string/fret combination with the largest number of @dstiin the selected container can be used
to identify the note played and the string/fret combinatimed to play that note. In our example, an E3
note was played using the string (numii@rdetected (Fig. 8)31 partials were found for the winning
combination (Fig. 10).

However, we have found that it is possible to enlarge thedkfices between the candidate note/string/fret
combinations and the correct combination in our voting sehand, at the same time, remove some sparse
errors. These improvements can be obtained by simply adpiitexmaximum number of partials to find.
Specifically, consider the winning combination found at thevus stage. Then calculate tRé% of
the cardinal of the number of partials of the count of the wigncombination,P, (25 in our example).
Afterward, find the highest partial in this selection so thHa& tount of the number of partials in the
sliding windows at the location found at the previous stag€.iand track the partials (see stribgin
Fig. 8) until a measure lays out of the sliding window. The ldsgliest) partial in the sliding window

is used to set the upper limit to the number of partials thalccbe found in the next stagk.. In our
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example, this limit is34 (see Figs. 8 and 9).

[a}

~
«2 i\ 0.5~ ar
L[+
* .2 o —
ha

= _05 String 5 B

1

_| |String 4| |String 5| |String 6

0 5 10 15 20 25 30 5 0 30
Partial number Total number of partials

Fig. 9. Example of reduction of the number of partials to search for indhaing case (E3 played note). The new maximum

number of partials i84.

Now, the voting procedure is executed again with= 10Hz and, then, withR = 2.3Hz. But in this
casek = {1,...,K.}. In Fig. 10, a schematic representation of the whole estimgirocess developed
to detect the note played and the string/fret combinatioedu® play that note is shown. The data
correspond to the running example in which the note E3 wasegdlay

Fig. 10 illustrates how the differences between the corrett/atring/fret combination and the other
candidate combinations evaluated are enlarged after thesition of an adaptive limit to the number of
partials to analyze. As shown in Fig. 10, the note/string/@mbination that achieves the largest count
of the number of partials in our scheme corresponds torttte fret pressed on thg-th string to play
an E3 note. This combination gave a count3afpartials at the end of the first round2(t of hits in
the sliding window, with a maximum df0 partials) and28 partials §2% of hits with a maximum o34

partials) at the end of the second round.

VIl. CHORD DETECTION

The system described can be applied to estimate groups of platged at the same time (chords). To
this end, two different approaches are considered, depegratdi the number of notes in the chord.
If the chord can be freely formed by any combination of nothen, the maximum number of notes

to detect is limited to four. On the other hand, fixed comboratior templates can be considered for all
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Fig. 10. Schematic representation of the whole procedure to estimate telaged and the string and fret involved. The

correct combination of note/string/fret is highlighted in bold.

the possible chords (barre chords) then, the maximum nuwifbeotes that can be detected is six. The

scenario to apply the procedure (up to four notes per choptedefined chord types) must be selected

beforehand.
The approaches are based on the estimation of the notes ahe derative deletion (removal) of the

fundamental frequency and partials from the spectrum.

In this scenario, two main problems have to be faced: theilpiigs of the presence of notes that
(approximately) share the partials (equal notes playedffateht octaves) and the interference or overlap
that may happen between partials and fundamental frecqeetidifferent notes.

We will consider first the problem of detection of free chordghwour notes or less and, later, the

problem of detection of predefined chords.
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A. Free chords - up to four notes

The detection process described previously can be used hoatvall the possible combinations of
fundamental frequencies and partials that can appear spietrum of the waveform of a chord. However,
this can be an enormous task from the computational pointief.vThis fact drives us to develop a
procedure to reduce the computational burden.

To begin with, a threshold defined on the basis of the relatimgmitude of the peaks detected in the
lower part of the spectrum is used. The magnitude of the tbidsh defined ad7% of the largest peak
found in the ranger5 Hz < f < 250 Hz, 7% of the largest peak in the ran@s0 Hz < f < 400 Hz
and 2.5% of the largest peak in the rang®0 Hz < f < 1000 Hz. In this range (75 Hz f < 1000
Hz) all the peaks, and frequency bins, with magnitude uniderthreshold, are zeroed.

Fig. 11 shows an example of the application of this procesdy @we peaks tagged with a square
symbol are considered to possibly correspond to a fundah&etjuency or partial in the next step. We
have not found this process to perform undesired deletibfignolamentals or partials.

Now, it must be checked if the remaining peaks correspondutadmental frequencies or partials.
To this end, we assume that the partials related to each ofutidlamental frequencies are separated
a distance that is approximately equal to the fundamen&uigncy. So, the separation in frequency
between all the peaks is calculated. If the separation ltwwo peaks is approximately a fundamental
frequency, then the highest peak will be considered to berapastead of a fundamental frequency
and it will be used accordingly, in the next estimation step.

At the following stage, we consider all the possible fundatakfrequencies. All the possible partials
of all the possible fundamental frequencies are sought hadhe with the largest number of partials
is selected to be the first note detected (see previous sgchifterwards, the magnitude of the bins
that correspond to these frequencies are zeroed to refdegprtitess iteratively until all the possible
fundamental frequencies are considered.

This first estimation (note/string/fret) is considered tadkaonly if the difference in the number of
partials of this estimation and the number of partials of ahthe other estimations is larger th&aa%.
Otherwise, the first estimation is not be considered relidhl¢his case, the two most probable string/fret
combinations that can be employed to play the first two notekenprevious count are compared and
the combination with the largest sum of partials is congdeas the most reliable.

Once the first estimation is considered reliable, then theckefor the remaining pitch/string/fret
estimations is done according to the following rules: 1) $kieng used to play the first note is removed

from the bunch of possible strings for the remaining estiomet (two different notes cannot be played
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Fig. 11. Example of the application of a threshold to the magnitude of therapeof the audio waveform of a guitar chord.

on the same string simultaneously) and 2) the frets of theviimg estimations are restricted to be in
an area around the fret estimated for the first note. This areaniered in the most reliable position.
In Fig. 12 an example of the process and the idea of area dafiaritare shown.
The first noteF'#4 (light gray) has been detected as played on sttiddret 2 (20 partials found) or

on string2 / fret 7 (19 partials found). The second nofe4 (in black) has been detected as played on
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String Fret 0 1 2 3 4 5 6 7 8 9 10 | 11| 12
1 20
2 9 19
;
4
5
6

E F#4: f= 369.99 Hz - D4: f=293.66 Hz 1* position area @2"“ position area

Fig. 12. Example of area delimitation for chord detection. Two possiblesnétg-4 and D4 are detected at the first stage.
All the possible positions of the first two notes are defined with respecteofithount of partials sought. A limiting area is
defined around the two possible combinations of positions. Two limiting aeaefined, for the notes played on frésand

3 (dots filled area) and for the notes played on fresquares filled area). Note that the open string positions are included in
both areas showing a partial overlap for the stridg$ and 6.

string 2 / fret 3 (19 partials found) or on string / fret 7 (15 partials found). The first note is not readily
considered reliable because the difference between thdewai partials found for the first string/fret
combination and the number of partials found for the firsingtifret combination of the second note is
smaller thar80%.

Hence, the two first notes positions have to be taken into atc@ur procedure determines that the
most reliable detection i§'#4, since it accounts for a total amount 8§ partials (in this example34
partials are found for the notB4).

The search area is located around the first position (filled witdlotéed pattern). In the example, the
third note will be correctly detected as A4 & 220 Hz), to form the first position of the D major chord.

This procedure requires a set of conditions to stop. The firstliton refers to maximum number of
simultaneous notes allowed, which is four. The second ciomdis an adaptive threshold on the number
of partials detected for a possible note. If this quantitymsler 50% of the number of partials found
for the first (the best) detection, then the algorithm enddeNloat a rather similar behavior is expected
in the detection of the different notes of a chord, so we hatdlss conservative limit to the minimun

number of partials to consider played notes so as not to toastually played notes.

March 6, 2012 DRAFT



JOURNAL OF BTEX CLASS FILES, VOL. 6, NO. 1, JANUARY 2007 23

B. Predetermined chords - up to six notes

If the number of played notes in a chord is larger than foug,gbrformance of the procedure described
in the previous section decays quickly. So, a different pdace based on the definition of a number of
chord templates has been developed.

Four different templates have been defined: two templatesn&jor chords and two more for minor
chords (see Fig. 13).

Major Minor

Fig. 13. The four chord templates defined for the two major and mindtiqos.

For each chord played, all the possible string/fret comtimna for all the possible played notes are
considered and the template that accounts for the largesbeuof partials is considered the played

chord. In the next lines, a complete example for the chord gma described in detail.

Index 1 2 3 4 5 6 7 8
Pitch(Hz) 96.9 2459 1465 1941 2929 4916 5858 391.1

TABLE |

EXAMPLE OF DETECTION OF THE CHORDG MAJOR. POSSIBLE FUNDAMENTAL FREQUENCIES

In Table I, all the peaks in the spectrum of the audio waveftrat may correspond to fundamental
frequencies of possibly played notes are shown. Now, foh edfichese notes, all the possible string/fret
combinations are evaluated (see Fig. 14).

Each of the templates is evaluated on the whole fingerboardreclamd the total amount of partials

is summed for each position. In our example, the chord dedecbrresponds to the chord G Major with
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String Fretl 0 1 2 3 4 5 6 7 8 9 10 11 | 12
1 8 % 67 73
2 |27 >4 8 7 €%
3 (4% _%- 36 8%
4 [ 26 2% >3
5 3 8 47
6 1.7 34
i i = pitch index
P| p =# of partials

Fig. 14. lllustration of template matching. Evaluation of all the possible templasiions for the estimated pitches, for the
detection of the chord G major.

the bass note played on the third fret of the sixth string.eDles in Fig. 14, that a total amount 6t
partials are accounted for, by the corresponding templatbeaposition indicated (the grayed area in
Fig. 14).

VIIl. SYSTEM EVALUATION

A number of tests have been done to evaluate the performdribe procedure developed. Two main
groups of guitars have been employed in these tests: ninargubdels taken from the RWC database
[1] and other four guitar models used for our own recordingsluding classical (nylon string), acoustic
and electric types. For each guitar, the inharmonicity foiciehts have been estimated for each string. In
Table Il, the average inharmonicity coefficients obtainedtfe whole set of guitars tested, are shown.

These values are obtained analyzing the tuned guitars.

Average inharmonicity coefficients

Guitar - - - - - -
type String 1 String 2 String 3  String 4  String 5  String 6

Classical 4.07e-05 6.64e-05 1.29e-04 1.62e-05 1.37e-05 1.83e-05
Acoustic  1.48e-05 4.97e-05 2.77e-05 4.31e-05 6.87e-05 9.92e-05
Electric 1.50e-05 5.02e-05 8.27e-05 5.30e-05 9.04e-05 1.56e-04

TABLE Il

AVERAGE INHARMONICITY COEFFICIENTS OF THE SET OF GUITARS USEIN THE EXPERIMENTS

For a complete evaluation of the developments, both singtesnand chords have been recorded and
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analyzed. Note that a comparison with a reference methodnoame included since the authors are
not aware of other methods published for the joint deteatibthe note, string and fret for guitar using
solely the audio waveform.

The system analyzes audio waveforms sampletldt)0 kHz. The signal is windowed using a Hann
window of 100 ms of duration. When the onset of a note or chord is foundgetismsecutive windows
of length 100 ms are concatenated to apply the procedure described. A FE ghints is done to the

zero-padded signal to calculate the spectrum.

A. Detection performance on single notes

The evaluation of the performance of the system for the detedf the tablature on single notes is
based on the analysis of the whole setr8fnotes of the guitar: from the open string note of théh
string to thel2-th fret on the first string. All the notes are played with ak thine guitars of the RWC
database [1] and the four models used for our own recordings.

The error rates are defined as the probability of wrong detectidhe combination of string/fret/note.
Also, string/fret detection error and note detection earerreported separately. Note that the the string/fret
probability error is defined only for correctly detected rsote

Both the estimated inharmonicity coefficients and the aver@ates (see Table II) have been used with
each guitar, as shown in Table Ill (note that the recordirgseled EG1 are rather noisy due to the
recording conditions; however, the system performs ctyeas it can be observed).

Observe that the error rates are larger for our own recosdnginly because of the quality of the
recordings. On the other hand, the error rates are greaten wWie average coefficients are used instead
of the specific coefficients of each guitar, as expected.

The worst results are found for the highest notes of the étegtiitar EG132 of the RWC instruments
database [1] because, in this case, few partials are défeatd in our own recordings. This latter fact
is likely due to the presence of noise and the lower qualitthefrecordings.

The degradation of the performance of the system is due toitfezeshce between the inharmonicity
coefficients used. Note that larger differences can be foumdng different models of electric guitars
than among the other types. Accordingly, as shown in TalbJemdrst results are found for the electric
guitar EG1; the discrepancy between the inharmonicity coeffis of this guitar and the average ones

are the greatest.
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Error probability

Guit Estimated inharm. coef. Average inharm. coef.
uitar
string/fret  note overall  string/fret  note

RWC Instruments Database

Classical CG091 0.04 0 0.11 0.09 0.03
Classical CG092 0 0 0.01 0.01 0
Classical CG093 0.01 0 0 0 0
Acoustic AG111 0 0 0.06 0.06 0
Acoustic AG112 0 0 0.22 0.22 0
Acoustic AG113 0 0 0.04 0.04 0
Electric EG131 0 0 0.20 0.20 0
Electric EG132 0.01 0 0.26 0.23 0.03
Electric EG133 0 0 0.32 0.32 0
Our own Recordings
Classical CG1 0.08 0 0.16 0.14 0.03
Classical CG2 0.03 0 0.08 0.05 0.03
Acoustic AG1 0.01 0 0.13 0.13 0
Electric EG1 0.11 0 0.43 0.35 0.09
TABLE Il

ERROR PROBABILITY MEASURED FOR STRINGFRET DETECTION(THE MISLEADING DETECTION OF STRINGFRET IN CASE
OF CORRECTLY DETECTED NOTEAND FOR NOTE DETECTION BOTH ESTIMATED AND AVERAGE INHARMONICITY
COEFFICIENTS ARE USED

B. Detection performance on free chords

The performance on the detection of free chords is evaluaied) whords of two, three and four notes,
played with our own guitars. Note that the number of notegaaasimultaneously in each chord is also
detected by the system.

To begin with,64 two-note chords are considered. These chords range frontesgapond to compound
fifth. Three types of errors are taken into account, namely:sthag/fret is wrongly detected, a played
note is not detected and a detected note was not actuallgagléty Table 1V, the results of the evaluation
of the performance for the two-note chords are shown.

The performance of the system on the analysis of three-naielslis done using a series »f chords,
with major and minor examples (with and without inversiof)e results obtained are shown in Table V.
Note the rise of the error rate of undetected notes with dpethe previous case due to the increase
of the complexity of the task.

Finally, four-note chords are considered. four-note chords have been analyzed. As shown in Table

VI, the largest error rate corresponds to the undetectegeglaotes, following the trend observed on
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Guitar Model CGl CGl1 AGl EG1

Mislead string/fret 31% 23% 16% 2.3%

Unplayed note detected 0% 6.2% 1.6% 8.6%

Undetected note 55% 3.1% 7.8% 10%
TABLE IV

RESULTS OF THE EVALUATION OF THE PERFORMANCE OF THE TWANOTE CHORDS DETECTION ALGORITHM(ERROR RATE).

THE PERCENTAGES OF UNDETECTED NOTES ARE REFERRED TO THE TOTAUMBER NOTES PLAYED(128).

Guitar Model CGl CGl1 AG1 EG1

Mislead string/fret 1.4% 0% 0% 5.6%

Unplayed note detected 1.4% 0% 0% 6.9%

Undetected note 25% 22% 28% 21%
TABLE V

RESULTS OF THE EVALUATION OF THE PERFORMANCE OF THE THREEOTE CHORDS DETECTION ALGORITHM(ERROR

RATE). THE PERCENTAGES OF UNDETECTED NOTES ARE REFERRED TO THE TOTNUMBER OF NOTES PLAYED(72).

three-note chords.

Guitar Model CGl CGl1 AGc1 EG1

Mislead string/fret 1.7% 1.7% 0% 1.2%

Unplayed note detected 1.7% 0% 0.6% 0.6%

Undetected note 33% 24% 46% 30%
TABLE VI

RESULTS OF THE EVALUATION OF THE PERFORMANCE OF THE FOURIOTE CHORDS DETECTION ALGORITHM(ERROR

RATE). THE PERCENTAGES OF UNDETECTED NOTES ARE REFERRED TO THE TOTNUMBER OF NOTES PLAYED(172).

As a conclusion, observe that, the performance of the aisabjsall the notes detected is good in all

cases, with an increasing error rate regarding undeteattss ras the number of notes simultaneously

played in the chords increases.

C. Detection performance on predetermined chords

Now the performance of the algorithm is evaluated on a sefié$ four-note chords recorded at our

laboratory using each of the available guitars. The resudissaown in Table VII.

Note that in this case, due to the different behavior of tlgo@thm, we obtain only a global error

rate of chord detection. Also, as it was expected for thiga&in approach, the error rates obtained are
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Guitar Model CGl CGl1 AGl1 EG1
Mislead chords 8.3% 8.3% 2.8% 0%

TABLE VII
RESULTS OF THE EVALUATION OF THE PERFORMANCE OF THE PREDETERNED CHORDS DETECTION ALGORITHM(ERROR

RATE). THE PERCENTAGES OF MISLEAD CHORDS ARE REFERRED TO THE TOTAL IMBER OF CHORDS(36).

quite lower than the measure that can be found for the deteofi four-note chords using the free chord
detection algorithm.

Note that some related measures on the detection perfoentdrguitar notes and chords can be found
in other works like the ones described in [34] or [35] that foom the good behavior of our system
although all these results can not be readily compared tooties obtained by our system since we
use different datasets for the evaluation of a rather diffetarget: the identification on note/string/fret
combination, instead of the conventional target: the ifieation of notes and chords played along a

guitar piece.

IX. CONCLUSIONS

A model and schemes for the extraction of the guitar taldatiging the audio waveform of guitar
notes and chords have been presented in this work.

The model developed is based on the analysis of the inharithon@efficient and its influence on the
spectrum of the waveform of the notes played with each swimglifferent guitar types.

The inharmonicity coefficients of the guitar to analyze mustebBmated beforehand, although pre-
defined sets of coefficients can be used. However, in the ladisr, che system will attain a degraded
performance.

The detection of the note/string/fret combinations is dorithout any previous knowledge of the
played notes, making use of the analysis of the relation &etwthe fundamental frequency and the
partials according the inharmonicity model developed.

The main parameter used in the detection of note/stringtfretbinations related to the tablature is the
count of the number of partials that follow our model for epdssible fundamental frequency detected
in the range of the notes that can be played with a guitar.

The procedure developed can also be used iteratively fordhection of chords. In this scenario, the
performance of the system decays as the complexity of thedshander analysis grows, as expected.

This is the reason why we have developed a template baseddprect® analyze chords with more than

March 6, 2012 DRAFT



JOURNAL OF BTEX CLASS FILES, VOL. 6, NO. 1, JANUARY 2007 29

four notes. A number of tests for the evaluation of the procesl developed for the analysis of notes

and chords on the basis of the behavior of the inharmoniadgfficient have been done.
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