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This paper proposes a technique that estimates the locations along the string of the plucking event
and the magnetic pickup of an electric guitar based on the autocorrelation of the spectral peaks.
To improve accuracy, a method is introduced to flatten the spectrum before applying the autocor-
relation function to the spectral peaks. The minimum mean squared error between the autocorre-
lation of the observed data and the electric guitar model is found in order to estimate the model
parameters. The accuracy of the algorithm is tested on various plucking positions on all open
strings for each pickup configuration. The accuracy of the proposed method for various plucking
dynamics and fret positions is also evaluated. The method yields accurate results: the average
absolute errors of the pickup position and plucking point estimates for single pickups are 3.53
and 5.11 mm, respectively, and for mixed pickups are 8.47 and 9.95 mm, respectively. The model
can reliably distinguish which pickup configuration is selected using the pickup position
estimates. Moreover, the method is robust to changes in plucking dynamics and fret positions.
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I. INTRODUCTION

Several papers in the literature have dealt with analysing
and synthesising plucked string instruments, particularly
acoustic' and electric guitars.®* In this paper, we focus on
the analysis of electric guitar sounds. The motivation for this
work is to understand the factors that influence the sound of
popular guitarists, in order to be able to replicate their sound
by extracting the relevant parameters from their recordings.

A number of parameters determine the timbre of the
electric guitar. For instance, an electric guitar sound can be
altered immensely by selecting different combinations of
amplifier, loudspeaker cabinet, and effects. Case et al’
describe how the combination of the electric guitar, ampli-
fier, and recording techniques enables musicians and record-
ing engineers to define and refine their tone, and to explore
new sounds as desired. The tone can be further varied by
adjusting the parameters of the various elements in the chain.
Moreover, the way the musician plays, for example, the
strength and the location of the pluck, also influences the
sound.

It is well known that the plucking point and pickup posi-
tion produce a comb-filtering effect on the spectrum of the
electric guitar.*®’” To synthesise a realistic electric guitar
sound requires careful choice of these parameters. For
modelling realistic playing in acoustic guitar synthesis,
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Laurson ef al.” incorporate the comb-filtering effect caused
by the plucking point into the excitation signal, in order to
provide better control over the timbre. Recent papers intro-
duce techniques to model the physical interactions of the
player with the guitar to produce a more realistic guitar
sound, such as modelling the interactions of the guitar
pick® or fingers’ with the string, and the fingers with the
fretboard.”'”

When the pickup selector of an electric guitar is
switched, the difference in the sound is recognisable.
Furthermore, the positioning of pickups on particular electric
guitar models contributes to their unique sound. Thus, esti-
mating the precise location of the magnetic pickup of an
electric guitar could possibly help distinguish which pickup
configuration is selected for a known guitar, or which elec-
tric guitar model is played for an unknown guitar (e.g.,
Fender Stratocaster or Gibson Les Paul, etc.). Popular elec-
tric guitars have different pickup locations, thus, estimating
the locations could help musicologists in determining which
guitar is used in a recording where there is little information
about the original instrument and/or its pickup selection.

To date, there are few papers on extracting information
from electric guitar recordings, such as classifying the types
of effects used'' and estimating the decay time of electric
guitar tones.'” Other research involved extracting informa-
tion from related string instruments, such as extracting
plucking styles and dynamics for classical guitar'® and
electric bass guitar.'* Papers that dealt with estimating the
plucking point of a classical guitar have used both
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FIG. 1. Distances of plucking points, p, and pickup locations, d, on the electric guitar measured from the bridge. The string of length L is plucked at 8 positions
(p1 to pg). The subscript of d denotes the pickup, where d, represents the neck pickup location, d,,, the middle pickup, and d,,, the bridge pickup distance for
string ¥ (dye shown in figure). Note that the bridge saddle offsets are not shown in the figure. This figure is reproduced from Mohamad ez al. (Ref. 18).

. 15 . . .
frequency-domain'>'® and time-domain'’ approaches. This

paper extends recent research on estimating the pickup posi-
tion and plucking point of electric guitar tones.'® The param-
eters are estimated using a frequency-domain approach,
where the parameters of the electric guitar model that best fit
the observed data are chosen. In this paper, we propose an
improved method to estimate the locations of the pickup and
plucking events based on the autocorrelation of the spectral
peaks.

The paper is organised as follows: Sec. II explains the
datasets that are used in this paper. The derivation of an ideal
string model that includes a pickup model is explained in
Sec. III and we extend the existing models in Sec. IV. In
Sec. V, we introduce a method to estimate the plucking point
and pickup position given a direct input audio recording of
individual tones played on the electric guitar. We evaluate
our method on two datasets: (1) we evaluate the accuracy of
the estimates for tones played mezzo-forte on open strings
using either single or mixed pickups in Sec. VI and (2) we
evaluate the effects on the accuracy when different plucking
dynamics and frets are played in Sec. VII. Finally, the con-
clusions are presented in Sec. VIII.

Il. DATASETS

In this paper, we use two datasets, which are designed to
(1) test the accuracy of our algorithms on single and mixed
pickups; and (2) test the effects of different plucking dynam-
ics and fret positions.

For the first dataset, we record (one instance for each
combination) moderately loud isolated tones played at eight
plucking points, on each of the six open strings, using five
different pickup selections (three single and two mixed) on a
Stratocaster model guitar manufactured by Squier. The
Squier Stratocaster is modified so that the electric guitar can
be recorded from three single pickups simultaneously.'
Note that the mixed pickup selections are recorded on a sep-
arate occasion. The plucking points range from 30 to
170 mm from the bridge with 20 mm intervals and the strings
are plucked using a 0.88 mm thick plastic plectrum. Figure 1
shows where the plucking events occur. The pickup selector
allows us to select single pickups or mixed pickups. The sin-
gle pickups consist of neck pickup, middle pickup, and
bridge pickup. The two mixed pickups are a mix between
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neck and middle pickup and a mix between middle and
bridge pickup, where all pickups are in-phase.

The second dataset is taken from Mohamad et al.,19
which consists of isolated tones played at three plucking
points (above each pickup) with three single pickup configu-
rations and three plucking dynamics, played on open and
fretted strings (fifth fret and twelfth fret), with three repeti-
tions of each condition.

All samples (first and second dataset) were recorded at
44 100 Hz sampling rate with the same electric guitar, string
gauges, plectrum and recording equipment. The lengths of
each string differ slightly due to the different positions of
each bridge saddle. The measurements of the length of string
and pickup locations are shown in Table I. The pickup loca-
tions are measured from each bridge saddle to the middle of
the pickup, where the string is most strongly sensed.

lll. ELECTRIC GUITAR MODEL BASED ON IDEAL
STRING EQUATION

In this section, we discuss the theoretical background of
an electric guitar model based on an ideal plucked string
equation.

A. ldeal string model

From the point a guitar string is plucked, waves travel in
two opposite directions along the string propagating away
from the plucking point. The waves are then reflected from
the end supports of the string producing a standing wave in
the string.

The amplitude spectrum of the ideal string model can be
derived by integrating the initial geometrical form of the

TABLE I. Measurements of string length L and pickup distances from the
bridge for each string.

Pickup distances from the bridge

String L (mm) dj, (mm) d,, (mm) d, (mm)
First, E4 649 38 99 157
Second, B3 650 41 100 158
Third, G3 652 45 102 160
Fourth, D3 651 46 101 159
Fifth, A2 652 49 102 160
Sixth, E2 650 49 100 158
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plucked string (the initial form of the string is assumed to
have a triangular shape). The Fourier series coefficients, Cr
of a string of length L plucked at a point p from the bridge
with a vertical displacement a are given by®

A 2a

sin(kan)
7[2R (1 - R )
p p

o (1

where a is the amplitude of the pluck, & is the harmonic num-
ber and R, = p/L. For example, plucking one-third of the dis-
tance along the string results in every third harmonic having
zero amplitude. Note that in the ideal string model, the end
supports are assumed to be rigid and no energy is lost.

B. Velocity of ideal string

A typical electric guitar uses magnetic pickups to sense
the vibration of its strings and convert it into electrical sig-
nals in order to produce sound. The magnetic pickup senses
the velocity of the string,zo’21 therefore, modelling the elec-
tric guitar string requires a time derivative of the ideal string
model. The velocity of an ideal string that is sensed at a sin-
gle point d is given by'?

U(l) — A, f: Sde siz(ankt) 7 )

where A, = (—2ac)/[nLR,(1 —R,)], ¢ = \/o/M (where o
and M are the string’s tension and mass per unit length,
respectively), S, = sin(knR,), Sq = sin(knRy), Ry=d/L, and
fr = ck/2L are the modal frequencies.

The effect on the timbre due to the pickup placement
and plucking point can be understood via its spectrum. The
Fourier series coefficients of the velocity of the ideal string
sensed at a single point, V can be computed as

, S,S4

Vie=Ay—— 3

For example, Fig. 2 shows the spectrum of the electric guitar
model plucked at one-third of the string length with the
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FIG. 2. The spectrum of an ideal electric guitar model plucked at one-third
of the string length with pickup location at one-fifth of the string length.
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pickup placed at one-fifth of the string length. Notice that in
Fig. 2 for multiples of k; =L/d and k, =L/p harmonics are
suppressed. This effect is what makes a neck pickup sound
warmer than a bridge pickup, as more of the harmonics are
not sensed or weakly sensed.

C. Pickup mixing effect

An electric guitar commonly has an option to mix two
pickups together. Tillman®? and Paiva er al.” studied the
effect of mixed pickups. The electric guitar model in Eq. (3)
can be extended to include mixing two pickups of distance
dy and d, along the string of length L, assuming that both
pickups sense at a single point:'®

. S,St
Vi=A4, pk#

“4)

where S = Sy, + S, is the sum of two sine functions and
can be further derived using trigonometric equation:

S; = 2sin(knR;) cos(knR;), )

where = (di+dr)/2,j=(di —dr)/2,Ri =i/L, and
R;=j/L. Note that a mixed pickup signal produces a sine
function that relates to the average of the two pickup loca-
tions i and a cosine function that relates to half of the dis-
tance between the two pickup locations j. If the mixed
pickups have opposite phases, this can be modelled as

. SpSy,

V= A, (6)
k

S, = 2sin(knR;) cos(knR;), @

where S, =S4, — Sq4, represents two mixed out-of-phase
pickups. The in-phase connection of the two pickups is more
typically used than the out-of-phase connection.’

D. Plucking mechanism width effect on single pickup

An electric guitar string is usually plucked with a finger
or plectrum of a finite width . Previously, the electric guitar
model in Eq. (3) assumed that the string is plucked with a
plectrum of infinitesimally small width. The effect of the
width of the plucking mechanism ¢ on the velocity of an
ideal string sensed at a single point is given by®

S,S4Ss
e

where S5 = sin(knR;s/2), As = 2/(nR;), and Rs=0/L. The
plucking width affects the level of high harmonics causing a
low pass filtering effect by introducing a 6 dB/octave rolloff
above a mode number k =2L/(nd), where harmonics above
mode number ks=2L/0 are not excited.”® Hence, this will
limit the spectrum to k < ks harmonics.

Vi=AAs

®)

IV. EXTENDING THE EXISTING ELECTRIC GUITAR
MODEL

In this section, we extend the ideal electric guitar string
model to include the pickup width effect for single and
mixed pickups.
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FIG. 3. Spectral output of the complete electric guitar model where an open
string of length 648 mm is plucked 170 mm from the bridge and outputs a
mixed pickup signal from two pickups (middle and bridge) situated 101 and
40 mm from the bridge, respectively. The string is plucked with a plectrum
of width 0.88 mm. A comparison is shown between pickups with 20 mm
width (solid line, e.g., a typical Stratocaster single coil) and 40 mm (dashed
line, e.g., a wider single coil such as a Gibson P90).

A. Pickup width effect for a single pickup

The pickup senses the velocity of a string around an area
(with a finite width w) rather than at a single point. Hence, the
electric guitar model in Eq. (8) can be further extended as

. Sp55 1 Jd+(W/2)

Vi = AA;s FER sin (knR)dd'. 9)

d—(w/2)

Evaluating the integral gives
1[0 g 1 L (kna\]"?
—J sin< )dd’:—[——cos< ﬂ
W la—(w2) L wl kn L) Ja—wp)

_ 2L - knd - knw
o\ )M 2L )

(10)
and substituting into Eq. (9) yields
Vi = A, 000 an

where A,,=2/(nR,,), R,,=w/L, and S,, = sin(knR,,/2). This
effect adds a 6dB/octave rolloff above the mode number
k=2L/(nw), where harmonics above mode number k,, = 2L/
w exhibit very little excitation. The area sensed is assumed
to have a rectangular shape, whereas in practice, the string is
more strongly sensed around the middle of the pickup than
at the ends. Paiva et al. models the pickup width effect with
a Hamming window.” Note that the pickup width effect is
similar to the plucking width effect where a wider pickup

sensitivity lowers the level of high harmonics. Combining
both width effects, the limit of the spectrum is reduced to
k < min(ks, k).

B. Final electric guitar model

The final electric guitar model can be computed by
introducing the pickup width and plucking width effects into
the mixed pickup model by substituting Eq. (10) into Eq. (4)
and adding the plucking width factor from Eq. (8), where w;
and w, are the widths of the two pickups:

8,85 (254w 2805w,
. 12
k3 < TRy, * TRy, (12)

Vi=AAs

Typically, a mixed pickup such as a humbucker has two
pickups with the same width. If both widths are equal such
that w; = wy, the model can be simplified to

S,S5S ;S

Vi=Adohy =3

(13)

Figure 3 shows two spectra of the final electric guitar
model with different pickup widths, illustrating how a greater
pickup width lowers the amplitude of higher harmonics.

V. ESTIMATING PLUCKING POINT AND PICKUP
POSITION

This section explains the methods to estimate the loca-
tions along the string of the selected guitar pickup(s) and
where it is plucked. An overview of the whole system is
shown in Fig. 4.

A. Onset time estimation

The onset time of the recorded tone is estimated using
spectral flux. The spectral flux is the sum of positive changes
in the magnitude of each frequency bin across all frequency
bins for a frame.?* The peaks in spectral flux are interpreted
as possible onset times. Since we are dealing with single
tones, we select the highest peak as the estimated onset time.
We use a frame size of 11.6 ms with overlapping windows of
50%. A window of 46 ms starting from the onset time is then
taken to determine the fundamental frequency f;, of the
recorded tone using autocorrelation.?

The initial estimate of the onset time is typically just
before the plucking noise, thus we refine the onset estimate
to be closer to the end of the plucking event. Starting from
the initial onset estimate, we take a time-domain window of
size 4T samples, where T = 1/fy, and perform peak detec-
tion. We discard peaks which are less than 20% of the maxi-
mum value in the window in order to avoid unwanted small

d— Electric guitar Spectral .
model ] flattening —— Autocorrelation
P —
FIG. 4. Block diagram for the pro-
posed method of estimating pickup
position and plucking point.
Signal Onset Identification Spectral . Comparison and [—d
SN . —| . | . ——{ Autocorrelation — . ~
Detection of partials flattening model selection [—p
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FIG. 5. An excerpt of an electric guitar tone which starts from the initial
estimate of the onset time (1.3355s). The first dashed line indicates the end
of the plucking event extracted using zero crossing detection. The region
between the two dashed lines represents the window of size 3T taken for
STFT analysis. The electric guitar is played on the open fifth string
(fo=110Hz) and plucked at 110 mm from the bridge; the pickup is 160 mm
from the bridge.

peaks at the beginning of the tone due to the plucking noise.
To determine the start of the plucking event, we find the last
zero crossing of the signal before the first peak by working
backwards from the peak to the initial onset estimated ear-
lier. Figure 5 shows an example of onset estimation.

B. Computing the amplitudes of spectral peaks

Once the time of the plucking event is found, we per-
form short-time Fourier transform (STFT) analysis on the
signal using a Hamming window with support size of 3T
samples and zero padding factor of 4. The window size is
chosen to be as small as possible, in order to capture the ini-
tial conditions of the pluck before information is lost due to
the uneven decay of harmonics. Figure 5 shows an example
of such a window of three cycles for an electric guitar tone
at pitch A2.

We then search for spectral peaks in windows of *30
cents around expected partial frequencies f; = kfov/1 + BkZ,
where B is the inharmoncity coefficient for each strinng”27
(using empirical measurements of B provided by Barbancho
et al*®). The magnitudes of the spectral peaks are further
refined using quadratic interpolation.”® Figure 6 shows the
spectrum of the electric guitar tone from Fig. 5 with the
detected spectral peaks represented by crosses.

The total number of harmonics K that we consider
depends on a number of factors. If the number of harmonics

Magnitude (dB)

0 500 1000 1500 2000 2500
Frequency

FIG. 6. The spectrum of an electric guitar tone that is played on the open
fifth string (fo=110Hz) and plucked at 110 mm from the bridge, where the
pickup is located at 160 mm from the bridge (solid line) and the magnitudes
of each of its partials in decibels (crosses). The slope of the spectrum is rep-
resented by the dashed line.
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is too low, we cannot properly estimate pluck or pickup posi-
tions that are close to the bridge. For instance, if we set
K =20 harmonics and the string length L is 648 mm, we
cannot estimate any pluck or pickup positions below
L/K =32.4mm. Also, the number of harmonics should not
be higher than the Nyquist rate. For example if 7 is 66 sam-
ples, then we cannot set K to be more than 33 harmonics.
The number of harmonics also depends on the fret at which
the string is stopped. The number of harmonics available on
an open string is double the number for the same string
played at the twelfth fret. Also, when the string is fretted, the
string length is shortened but the pickup width remains con-
stant, hence, the number of harmonics available decreases
[see Egs. (11) and (13)]. Thus, we set the total number of
harmonics for open string, fifth fret, and twelfth fret to be
25, 20, and 15, respectively.

C. Estimating spectral slope

In order to compensate the low-pass filtering effect due
to pickup width, plectrum width, and plucking dynamics and
compensate for the energy losses due to nonrigid end sup-
ports (e.g., bridge and fingers), the spectrum of the analysed
signal needs to be flattened. The slope of the spectrum of an
observed data X is estimated by fitting a line in the log-
frequency domain. The best fitting line can be written as

log(Xy) = ¢ log(k), (14)

where the spectral peak X for harmonic k is normalised to a
maximum of 0 dB and ¢ is the slope of the spectrum. Hence,
the variable power of the harmonics determines the slope
of the spectrum where k™ has a —6¢ dB/octave slope [see
Eq. (3)]. Once the parameter ¢ is determined, we can adjust
this accordingly to obtain a flatter spectrum.

Once the slope of the spectrum is estimated, we use this
value to obtain a better fit to the model. Ideally we want to
flatten the spectrum to 0dB/octave but this would produce
unwanted troughs in the autocorrelation. We will further dis-
cuss the use of this technique and the problems of over-
flattening the spectrum in Sec. V D.

D. Estimating the pickup and pluck locations

The magnitudes of the first K harmonics are used to cal-
culate the autocorrelation: '

K
() = ZX,} cos<2?nkr>, (15)
=1

where X is the flattened spectrum. The autocorrelation of an
electric guitar signal should produce two dominant troughs:
the lag 7, of one trough indicates the location of the pluck
and the lag t; of the other indicates the location of the
pickup. Note that the plucking and pickup positions have
similar effects and produce similar troughs but at different
locations. Distinguishing between the two troughs could be
determined using post-processing techniques as discussed
later in Sec. VIIL. Once the time lag estimates 7 are found,
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the estimated locations of the pluck and pickup are calcu-
lated as

T
= 16

p==L (16)

L2y

d=—1L. 17
T (17)

Figure 7 shows the autocorrelation of the electric guitar tone
from Fig. 5, and the two dominant troughs can be seen,
where 7, is at 69 samples and 1, is at 100 samples. The auto-
correlation is calculated from the spectrum that is flattened
to —3 dB/octave. Also, note that we are only interested in the
troughs that are located in the first half of the autocorrelation
period. We estimate the plucking point and pickup position
with Egs. (16) and (17) where L = 652 mm and 7 =408 sam-
ples. This yields an estimated plucking point at 110.26 mm
and pickup position at 159.80 mm from the bridge, giving
less than 0.3 mm error for both estimates.

If the plucking position is at or near the pickup, the
troughs merge into one, making it impossible to estimate the
two locations independently from the time lags of the
troughs. Finding the plucking point of an acoustic guitar is
therefore easier, because the autocorrelation of an acoustic
guitar signal only produces one trough.'®

Troughs that are closer to zero lag represent pluck or
pickup locations nearer to the bridge. Flattening the spec-
trum emphasises the higher harmonics, enhancing detection
of troughs that correspond to positions near the bridge.
Over-flattening the spectrum would create unwanted troughs
near the zero lag. Figure 8 shows three autocorrelations of
the same electric guitar tone where the slope of its spectrum
is adjusted differently each time. We can observe that there
is an unwanted trough near the zero lag if the spectrum is
over-flattened. Moreover, we can also see that by not flatten-
ing the spectrum, the two troughs are merged into a single
trough.

To solve the problem of merged troughs, where the
pluck and pickup locations are close to each other, we
employ a grid search to estimate the values. We calculate the
mean square error between the autocorrelations of the

Distance from the bridge (mm)
0 320 639 959 127.8 159.8 191.8 223.7 255.7 287.7 319.6

1 \ T T T | T | T T T T T
06} | | |
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o | |
(0]
§ of | |
--'.l‘:. Al.
N S G R

0 20 40 60 80 100 120 140 160
Time lag (samples)

180 200

FIG. 7. The autocorrelation of the observed electric guitar tone (solid line)
and that predicted by the electric guitar model (dotted line) played on the
fifth open string (fy = 110 Hz) plucked at 110 mm from the bridge where the
pickup is 160 mm from the bridge. Horizontal dashed lines represent the
pickup and plucking positions. Both autocorrelations are scaled to have a
maximum value of 1.
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FIG. 8. The autocorrelations of the electric guitar tone calculated from the
original spectrum (solid line), the spectrum flattened to —3 dB/octave
(dashed line) and the spectrum flattened to 0 dB/octave (dotted line). The
electric guitar tone is played on the fifth open string (fy=110Hz) and
plucked at 110 mm from the bridge; the pickup is 160 mm from the bridge.
Horizontal dashed lines represent the pickup and plucking positions.

observed data and our model for plucking points and pickup
positions ranging from 25 mm to 180 mm with a spatial reso-
lution of 1 mm. The electric guitar model is calculated using
Eq. (3) to avoid using more parameters such as the plectrum
and pickup width. Both the spectra of the observed data and
the electric guitar model are flattened to —3 dB/octave
beforehand. The minimum mean square error gives the esti-
mated pluck and pickup locations. We refer to this method
below as ASP1.

Estimates that are located near the bridge can be further
improved. While flattening the spectrum to —3 dB/octave
might suppress unwanted troughs near zero lag, any correct
estimates near the bridge will have a less sharp trough near
zero lag in the autocorrelation. To compensate for this prob-
lem, we flatten the spectrum to 0 dB/octave for any pluck or
pickup estimates that are less than 60 mm from the bridge.
Then we repeat the grid search procedure described above,
where the range of the search is from 25 mm to the estimated
value. This method will be referred to as ASP2.

E. Parameter estimation for mixed pickups

The electric guitar model with in-phase mixed pickup
signal, given in Eq. (4), predicts two troughs in the autocor-
relation, with time lags corresponding to the locations of the
pluck 7, and the average of the two pickup locations t;, plus
one peak at lag 7; corresponding to one half of the distance
between the two pickups j. To estimate mixed pickup sig-
nals, first we estimate the locations of the pluck p and the
average of the two pickups ¢ using the method described in
Secs. V A-V D. Although a humbucker pickup could be con-
sidered as a mixed pickup, for our purposes, it will be useful
to treat it as a wide single pickup and the lag t; will corre-
spond to the middle of the humbucker. In the case of a
known guitar, if the estimates i are located in between two
single pickups, we can assume that a mixed pickup configu-
ration is selected (further details of how pickup configura-
tions are identified using the estimates are discussed in Sec.
VID). Then, we search for ; to estimate the two locations of
the mixed pickups (d and d») and the plucking point p. The
steps of estimating d 1 622, and p are shown in Fig. 9.
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FIG. 9. Block diagram for estimating two mixed pickup locations and the
plucking point.

The lag 7; is estimated using peak and trough detections
instead of grid search. We search for peaks and troughs from
zero lag until the lag that corresponds to 65 mm (t =65 T/L).
We chose the limit by finding the largest distance j amongst
popular electric guitars. A Fender Telecaster has the largest
distance between its two pickups which is around 120 mm
(i.e., j= 60 mm). We flatten the spectral slope to 0 dB/octave
and calculate the log-correlation of the signal as described
by Traube and Depalle:'®

K
I(t) = Z log (X:?)cos (2—;kr>. (18)
=1

Since the lag 7; is near zero lag, we chose to flatten the spec-
trum to O0dB/octave instead of —3dB/octave to further
emphasise the peaks and troughs in the search range.
Furthermore, we take the log magnitude of the spectral peaks
to calculate the autocorrelation which emphasises the low
amplitude harmonics so that the peaks and troughs will
become more apparent.

Distance from the bridge (mm)

l0 424 848 1272  169.6 212.1 2545 296.9 328.7

=]
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(=}
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Log-correlation

05 F
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Log-correlation
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FIG. 10. The log-correlations of an electric guitar tone played on the open
fourth string (fy =147 Hz) plucked at (a) 30 mm and (b) 110 mm from the
bridge. A mixed pickup configuration is selected where the neck and middle
pickup are mixed (j =29 mm and / = 130 mm). Horizontal dashed lines rep-
resent the locations of j, p, and i.
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There are two cases to consider for finding the lag ;:
one is when the plucking point distance from the bridge is
near the distance j and the other is when the plucking point
distance is not close to j. Figure 10 illustrates two log-
correlations with the same mixed pickup configuration where
the string is plucked at 30 and 110 mm from the bridge (lags
7, are 14.15 and 51.87 samples, respectively). Note that the
distance j for this example is 29mm (t;=13.66 samples)
and the time lag limit for finding the peaks and troughs is 31
samples.

Figure 10(a) shows the log-correlation of the electric
guitar plucked at a distance from the bridge p ~ j. To find
the estimated lag 7;, we select the trough or peak that is clos-
est to zero lag. In this example, the trough that corresponds
to the plucking point 7, seems to be more dominant than the
expected peak at 7; even though theoretically the peak and
trough should cancel each other out. Here, we can assume
that the plucking point p is at distance j. Thus, both the esti-
mated lags 7; and 7, are at the first trough which is at 13.01
samples (j and p are 27.41 mm). Note that quadratic interpo-
lation is used to refine the location of the trough.”’

Figure 10(b) shows the log-correlation of the electric
guitar plucked at a distance p #j from the bridge. The peak
that corresponds to the distance j is apparent. Similarly to
the previous case, we are only interested in the trough or
peak that is nearest to the zero lag. However, the log-
correlation always starts with a trough. The trough is
removed if the absolute amplitude of the trough is less than
the amplitude of the peak. Note that this method is also
applied to the previous example. Hence, the peak is selected
because it is now located closest to zero lag. The lag of the
peak is at 14.71 samples which gives the estimated distance
j =31.08 mm. The peak location is also refined using qua-
dratic interpolation.

Once the distance j is estimated, the estimated locations
of the two pickups can be calculated as dy =i+ f and
dy=1—].

VI. RESULTS: OPEN STRINGS, MEZZOFORTE,
SINGLE, AND MIXED PICKUPS

A. Single pickup data

We first present the results for estimating the pickup and
plucking position of the electric guitar from tones recorded
from each single pickup. We used the single pickup subset
of the dataset described in Sec. II, comprising data from
three single pickup configurations: bridge, middle, and neck
pickup. The electric guitar is played at eight plucking points
on each open string and recorded from all three pickups
simultaneously giving a total of 144 audio samples for this
experiment.

Using the procedure described in Sec. V, we estimate
the plucking point and pickup position for each audio sample
independently. Our approach cannot distinguish between
estimates belonging to the plucking point and the plucking
position. To disambiguate, more information would be
required, such as the expected pickup position (i.e., the
known physical locations of the pickups on the electric gui-
tar under test). We take the estimated value that is closest to
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TABLE II. Average absolute error of pickup position ¢; and plucking point estimation ¢, for single pickups (mm). The two methods ASP1 and ASP2 (Sec.
VD) are compared, to test the effect of the second grid search. The mean absolute error for each pickup position is calculated across six open strings and eight
plucking points and the mean absolute error for each plucking point is calculated across six open strings and three pickups.

Pickup position error

Plucking point error

&d, &d, &d, ép, €p, Epy Ep, Eps ps &p, Epy
Method (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
ASP1 6.65 2.88 2.40 15.5 8.28 3.78 3.94 6.11 4.61 2.22 2.72
ASP2 5.33 2.88 2.40 9.17 8.33 3.78 3.94 6.11 4.61 2.22 2.72

the expected pickup position as the pickup position and the
other value as the plucking point.

To assess the accuracy of the estimates we calculate the
error, ¢ between the estimated and ground truth values.
Table II shows the average absolute errors of the plucking
and pickup location estimates, comparing results with and
without the second stage process described in Sec. V D. The
errors for ASP1 range from 2 to 13mm for plucking point
estimation ¢, and 2—7 mm for pickup position estimation &,.
The errors for ASP2 range from 2 to 9 mm for plucking point
estimation ¢, and 2-5 mm for pickup position estimation &g.

The average absolute errors of ¢, and ¢, reduced by 41%
and 20%, respectively, when we include the second stage pro-
cess of ASP2. Overall, by applying the second stage process, the
average absolute error of the pickup position estimates is
reduced from 3.97 to 3.53 mm and the average absolute error of
the plucking point estimates is reduced from 5.90 to 5.11 mm.

Figure 11 provides an illustration of the pickup location
estimations on the electric guitar using method ASP2, where
the real pickup locations are drawn as thick vertical lines
and the estimates of the bridge, middle, and neck pickup
locations are shown by triangles, circles, and crosses, respec-
tively. Pickups further from the bridge are estimated more
accurately, with almost all neck pickup estimates being con-
fined inside a =1 cm error.

B. Mixed pickup data

The electric guitar has two in-phase mixed pickup con-
figurations: a mix of middle pickup and neck pickup (m + n)
and a mix of bridge pickup and middle pickup (b + m). The
method for estimating the locations of the pluck and the two
pickups are described in Sec. V E where the distances i and
p are estimated using the ASP2 method.

The distributions of absolute errors of the estimated pickup
positions ¢, and plucking point ¢, are shown in Fig. 12. The
thick line inside each box is the median, the bounds of the box
represent the interquartile range, and the outliers are repre-
sented by the cross symbols (+4). For mixed pickup (b + m),
the median absolute errors of pickup position and plucking
point estimates are less than 7 mm. For mixed pickup (m + n),
the median absolute errors of pickup position and plucking
point estimates are less than 11 mm. The main source of error
for mixed pickup (m+n) is that the initial estimates of the
average pickup position i and plucking point p have large
errors in some cases. This is caused by some unexpected
troughs in the autocorrelation which are more dominant than
the troughs corresponding to the ground truth locations. This
might be due to the nonlinear interactions between two mixed
pickups, then enhanced by the spectral flattening.

C. Comparison with previous method

In this section, we compare the absolute errors for the
current method (ASP2) with our previous method (MFS).'®
Our previous method also uses a frequency domain approach
where a period of the tone is selected and its Fourier series is
calculated. Then, we calculate the electric guitar models for
single pickup in Eq. (3) and mixed pickup Eq. (4) for pluck-
ing points and pickup positions from 27 to 180 mm. Last, we
search for the model that is closest to the observed data by
minimising the difference between the magnitude spectrum
of the model and observed data.

Table III shows the comparisons between the current
method and the previous method. For single pickups, the
average absolute errors of the estimated pickup position &,
and plucking point ¢, are improved by 55% and 53%,
respectively. For mixed pickups, the average absolute error

FIG. 11. (Color online) Pickup posi-

tion estimates. The estimates of bridge,
middle, and neck pickup locations are

represented by triangles, circles, and
crosses, respectively. The thick lines

represent the ground truth pickup
locations.
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FIG. 12. Box plot showing pickup position and plucking point estimation
errors (&g and &, respectively) for two mixed pickup configurations: a mix
of bridge and middle pickups (b + m) and a mix of middle and neck pickups
(m + n). Note that the y-axis is in log scale.

of the estimated pickup position &, and plucking point ¢, are
improved by 10% and 5%, respectively.

D. Identification of pickup selection

The pickup position estimates can be used to identify
which pickup configuration is selected. The electric guitar in
this experiment has five pickup configurations, thus five
regions can be allocated to distinguish between each other.
Note that the mixed pickup signals yield estimates [ in between
its two pickups, hence their regions are defined between the
single pickup regions. For simplicity, we define the five
regions to each have a width of 30 mm. The regions for bridge
pickup ranges from 25 to 54 mm, middle pickup ranges from
85 to 114 mm, and neck pickup ranges from 145 to 174 mm.
The regions for mixed pickup b + m ranges from 55 to 84 mm
and mixed pickup m + n ranges from 115 to 144 mm.

The method can accurately identify which pickup con-
figuration is selected. The neck and middle pickups are iden-
tified correctly in 97.92% of cases, the bridge pickup and
mixed pickup b+ m estimates both have 91.67% correct,
while the mixed pickup m + n is correctly identified for
89.58% of the examples.

Vil. RESULTS: VARYING DYNAMICS AND FRET
POSITION

In this section, we examine the effects of plucking
dynamics and fret positions on the estimates. Because the

TABLE III. Comparison of the average absolute errors of pickup position
and plucking point for our current method (ASP2) and previous method
(MFS).

Single pickup Mixed pickup
Method &, (mm) &, (mm) &4 (mm) &, (mm)
ASP2 3.53 5.11 8.47 9.95
MFS 7.75 10.97 9.44 10.45
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first dataset does not include multiple plucking dynamics or
fret positions, we use the second dataset. We use the ASP2
method to estimate the pickup and plucking locations.

A. The effects of plucking dynamics

The strength with which a string is plucked not only
determines the dynamic level of the produced tone, but also
has an effect on its timbre. The relative level of high har-
monics reduces when the string is plucked softly. Figure 13
shows three magnitude spectra of electric guitar tones played
forte (loud), mezzo-forte (moderately loud), and piano (soft)
on the open second string. We can see that the level resulting
from mezzo-forte and piano plucks at the eighth harmonic
are 3 and 8 dB lower, respectively, than for a forte pluck.

In this section, we examine the effects of different pluck-
ing dynamics on the estimates when the electric guitar is played
on the open strings which in total is 486 audio samples (6
strings x 3 pickups x 3 plucking points x 3 plucking dynamics
x 3 instances). Figure 14 shows the absolute errors of plucking
point ¢, and pickup position ¢, estimates for each plucking
dynamic. For each plucking dynamic, the median absolute
errors of pickup estimates are less than 4 mm. The median
plucking point estimation error is up to 9mm and is largest
when the electric guitar is played loudly. Also, the number of
outliers for both pickup position and plucking point estimation
errors increased for louder tones, and to a lesser extent for
softer tones, compared with the very robust results for mezzo-
forte tones. This might be due to the nonlinear behaviour of the
string when plucked at a higher force. For softer tones, the out-
liers are due to the grid search failing to find the troughs of the
autocorrelation even though the troughs are around the
expected time lag. Nevertheless, 94% and 98% of forte and
piano results, respectively, have less than 30 mm absolute error.

B. The effects of fret position

The experiments thus far have estimated pickup posi-
tions and plucking points on open strings. In this section, we
investigate how well the system estimates pickup positions

Magnitude (dB)

0 2 4 6 8 10 12
Harmonic

FIG. 13. Spectral envelopes of three electric guitar tones played forte (solid
line), mezzo-forte (dashed line), and piano (dotted line) on the open second
string, plucked at 110 mm from the bridge where the pickup is at 41 mm
from the bridge. Each magnitude response is normalised to OdB for the
fundamental.
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FIG. 14. Pickup position and plucking point estimation errors (¢; and &,
respectively) for different plucking dynamics: forte (f), mezzo-forte (mf),
and piano (p), from left to right. Note that the y-axis is in log scale.

and plucking points if different fret positions are played. We
test using the electric guitar played moderately loud which
totals to 486 audio samples (6 strings x 3 pickups x 3 pluck-
ing points x 3 fret positions x 3 instances). If the electric
guitar is fretted, the length of the string is shortened by a fac-
tor of 27712, where F is the fret number. The length of the
string when fretted, Ly can be computed from the scale
length, L as

Lp

= S (19)

Therefore, a pickup at a fixed location suppresses differ-
ent harmonics when the string is fretted than when it is open.
Figure 15 compares the absolute error of the estimates when
the electric guitar is played on open strings, at the fifth fret
and the twelfth fret. The median errors for all cases are less
than 4 mm. The twelfth fret has the highest number of outliers
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FIG. 15. Pickup position and plucking point estimation errors (g, and &,
respectively) for different fret positions: open string (F=0), fifth fret
(F =5), and twelfth fret (F = 12). Note that the y-axis is in log scale.
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compared to others, nonetheless, 95% of the results are less
than 30 mm. The outliers for the fifth fret are due to unwanted
troughs near zero lag. For the twelfth fret, the length of the
string is halved (L, =L/2), which causes problems for the
detection of pickup and pluck positions. Due to symmetry, it
is not possible to distinguish a distance x from distance Ly — x
from the bridge. For open strings and low fret positions, the
pickup and pluck can safely be assumed to be located in the
half of the vibrating string nearest the bridge, but for higher
fret positions, it is possible that the pickup or pluck are nearer
to the stopped end of the string than the bridge. Thus any
pickup or pluck more than L;/2 from the bridge will not be
estimated correctly, which explains most of the outliers
observed for the twelfth fret data.

VIIl. CONCLUSIONS

We describe a technique to estimate the plucking point and
pickup position of an electric guitar based on the autocorrelation
of the spectral peaks. Furthermore, we introduce a method to
flatten the spectrum that reveals the troughs in the autocorrela-
tion in order to estimate the pickup and plucking locations more
accurately. The system is tested on single and mixed pickup
configurations. For single pickups, the system is able to accu-
rately estimate the locations of the pickup and the pluck, giving
average absolute errors of 3.53 and 5.11 mm, respectively. For
mixed pickups, the average absolute errors of the estimated
pickup position and plucking point are 8.47 and 9.95mm,
respectively. The pickup position estimates are sufficiently accu-
rate to distinguish which pickup configuration is selected. Also,
this method could be used to distinguish between typical guitar
models based on the pickup positions. Moreover, we compare
our technique with a previous method and show that our current
method improves on the accuracy of the estimates.

Last, we examine the effect on the estimates when the
electric guitar is played at various fret positions or with vari-
ous dynamic levels, in order to move closer to real-world sit-
uations where any musicians have control over these
parameters. Our model works well across a range of dynam-
ics, showing median absolute errors of less than 9 mm in all
cases, although the number of outliers increases at both
extremes of the dynamic range. The notches in the comb filter
produced by the plucking point effect are less sharp due to the
nonlinear coupling between vibrating modes,® where this
effect can be more prominent when the string is plucked very
hard.*' This will depress the expected troughs in the autocor-
relation which makes the grid search fail to recognise the
troughs. The outliers caused by softer tones are due to the grid
search not finding the expected troughs in the autocorrelation.

Likewise, the median error for different fret positions is
less than 4 mm in each case, with an increasing number of
outliers appearing as the fret number increases. For the fifth
fret, the outliers are caused by an unwanted trough near zero
lag which is falsely detected by the grid search. The outliers
for the twelfth fret are due to the limitation of the procedure
for finding the trough in the autocorrelation. Any pickup or
pluck outside of this limit cannot be estimated correctly.

Further work can be done to test other techniques to flat-
ten the spectrum, which could help avoid unwanted troughs
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near zero lag. These experiments use direct input recordings,
so another direction of future work is to look into real-world
signals (i.e., electric guitar tones recorded through a full pro-
duction chain, including effects, amplification, mixing, and
mastering). The method only finds the pickup positions of
in-phase mixed pickups, so further investigation will be
done on out-of-phase pickups. For out-of-phase pickups, the
trough at lag 7; and the peak at lag t; are swapped. Thus,
identifying in or out-of-phase mixed pickups might be possi-
ble by searching for peaks at a certain range. Finally, our
current model is not able to distinguish pluck from pickup
estimates; mathematically their effects are identical, but the
pluck position varies continuously while the pickup selection
is discrete and rarely changes, so combining estimates over
sequences of tones could facilitate the separation of these
two effects.

Our plucking point and pickup position estimation could
lead to several possible applications. The pickup positions and
angles of popular guitars are distinct. Thus, accurate pickup
position estimates could help musicologists and guitar enthu-
siasts to determine which guitar model and pickup selection
are used in historical recordings where there is limited infor-
mation about the original instrument. Conversely, the knowl-
edge of musicologists can be used to distinguish pluck from
pickup position estimates, e.g., it is known that a player has a
tendency of playing near the bridge, thus, the other estimate
could be the pickup position. Moreover, the pluck and pickup
position estimates could be used as parameters for electric
guitar sound synthesis (to use in MIDI guitars or guitar syn-
thesisers with hexaphonic pickups), which opens the possibil-
ity of replicating the sound of popular guitarists by extracting
relevant parameters from their recordings.

ACKNOWLEDGMENTS

The first author, Z.M., would like to acknowledge the
Malaysian government agency, Majlis Amanah Rakyat
(MARA) for the financial support.

'M. Karjalainen, V. Vilimiki, and Z. Janosy, “Towards high-quality sound
synthesis of the guitar and string instruments,” in Proceedings of the
International Computer Music Conference (1993), p. 56.

M. Laurson, C. Erkut, V. Valimaki, and M. Kuuskankare, “Methods for
modeling realistic playing in acoustic guitar synthesis,” Comput. Music J.
25(3), 38-49 (2001).

3C. R. Sullivan, “Extending the karplus-strong algorithm to synthesize elec-
tric guitar timbres with distortion and feedback,” Comput. Music J. 14(3),
26-37 (1990).

N. Lindroos, H. Penttinen, and V. Valimaki, “Parametric electric guitar
synthesis,” Comput. Music J. 35(3), 18-27 (2011).

SA. Case, A. Roginska, J. Matthew, and J. Anderson, “Electric guitar—A
blank canvas for timbre and tone,” J. Acoust. Soc. Am. 133(5), 3308
(2013).

°N. H. Fletcher, “Plucked strings—A review,” Catgut Acoust. Soc.
Newslett. 26, 13—17 (1976).

"R. C. Paiva, J. Pakarinen, and V. Vilimiki, “Acoustics and modeling of
pickups,” J. Audio Eng. Soc. 60(10), 768-782 (2012).

8F. Germain and G. Evangelista, “Synthesis of guitar by digital wave-
guides: Modeling the plectrum in the physical interaction of the player

3540  J. Acoust. Soc. Am. 142 (6), December 2017

with the instrument,” in IEEE Workshop on Applications of Signal
Processing to Audio and Acoustics (WASPAA’09) (2009), pp. 25-28.

°G. Evangelista and F. Eckerholm, “Player—instrument interaction models
for digital waveguide synthesis of guitar: Touch and collisions,” IEEE
Trans. Audio, Speech, Lang. Process. 18(4), 822-832 (2010).

19S. Bilbao and A. Torin, “Numerical modeling and sound synthesis for
articulated string/fretboard interactions,” J. Audio Eng. Soc. 63(5),
336-347 (2015).

113, AbeBer, H. Lukashevich, and G. Schuller, “Feature-based extraction of
plucking and expression styles of the electric bass guitar,” in IEEE
International Conference on Acoustics Speech and Signal Processing
(ICASSP10) (2010), pp. 2290-2293.

27, Paté, J.-L. Le Carrou, and B. Fabre, “Predicting the decay time of solid
body electric guitar tones,” J. Acoust. Soc. Am. 135(5), 3045-3055
(2014).

13C. Erkut, V. Vilimiki, M. Karjalainen, and M. Laurson, “Extraction of
physical and expressive parameters for model-based sound synthesis of
the classical guitar,” in /08th Audio Engineering Society Convention
(2000), p. 17.

14]. AbeBer, “Automatic string detection for bass guitar and electric guitar,”
in International Symposium on Computer Music Modeling and Retrieval
(2012), pp. 333-352.

5C. Traube and J. O. Smith, “Estimating the plucking point on a guitar
string,” in Proceedings of the COST G-6 Conference on Digital Audio
Effects (2000), pp. 153-158.

1C. Traube and P. Depalle, “Extraction of the excitation point location on a
string using weighted least-square estimation of a comb filter delay,” in
Proceedings of the Conference on Digital Audio Effects (DAFx) (2003),
pp. 188-191.

'7H. Penttinen and V. Vilimiki, “A time-domain approach to estimating the
plucking point of guitar tones obtained with an under-saddle pickup,”
Appl. Acoust. 65(12), 1207-1220 (2004).

187. Mohamad, S. Dixon, and C. Harte, “Pickup position and plucking point
estimation on an electric guitar,” in /[EEE International Conference on
Acoustics, Speech and Signal Processing (ICASSP17) (2017), pp.
651-655.

197. Mohamad, S. Dixon, and C. Harte, “Digitally moving an electric guitar
pickup,” in Proc. of the 18th Int. Conf. on Digital Audio Effects (DAFx-
15) (2015), pp. 284-291.

2ON. G. Horton and T. R. Moore, “Modeling the magnetic pickup of an elec-
tric guitar,” Am. J. Phys. 77(2), 144—150 (2009).

2T, D. Rossing and G. Caldersmith, “Guitars and lutes,” in The Science of
String Instruments, edited by T. D. Rossing (Springer, New York, 2010),
pp. 19-45.

2J. D. Tillman, “Response effects of guitar pickup position and width”
(2002), available at http://www.till.com/articles/PickupMixing/index.html
(Last viewed August 14, 2017).

2D, E. Hall and A. Askenfelt, “Piano string excitation v: Spectra for real
hammers and strings,” J. Acoust. Soc. Am. 83(4), 1627-1638 (1988).

24P, Masri, “Computer modelling of sound for transformation and synthesis
of musical signals,” Ph.D. thesis, University of Bristol, 1996, pp. 137-141.

5L, Rabiner, “On the use of autocorrelation analysis for pitch detection,”
IEEE Trans. Acoust., Speech, Signal Process. 25(1), 24-33 (1977).

2SH. Fletcher, “Normal vibration frequencies of a stiff piano string,”
J. Acoust. Soc. Am. 36(1), 203-209 (1964).

27s. Dixon, M. Mauch, and D. Tidhar, “Estimation of harpsichord inharmo-
nicity and temperament from musical recordings,” J. Acoust. Soc. Am.
131(1), 878-887 (2012).

281, Barbancho, L. J. Tardon, S. Sammartino, and A. M. Barbancho,
“Inharmonicity-based method for the automatic generation of guitar
tablature,” IEEE Trans. Audio, Speech, Lang. Process. 20(6), 1857-1868
(2012).

293, O. Smith, “Spectral audio signal processing” (2011), available at https://
ccrma.stanford.edu/~jos/sasp/ (Last viewed August 14, 2017).

K. A. Legge and N. H. Fletcher, “Nonlinear generation of missing modes
on a vibrating string,” J. Acoust. Soc. Am. 76(1), 5-12 (1984).

3IH. Penttinen, “Acoustic timbre enhancement of guitar pickup signals with
digital filters,” Master’s thesis, Helsinki University of Technology, 1996, p. 8.

Mohamad et al.


https://doi.org/10.1162/014892601753189529
https://doi.org/10.2307/3679957
https://doi.org/10.1162/COMJ_a_00066
https://doi.org/10.1121/1.4805491
https://doi.org/10.1109/TASL.2009.2038822
https://doi.org/10.1109/TASL.2009.2038822
https://doi.org/10.17743/jaes.2015.0023
https://doi.org/10.1121/1.4871360
https://doi.org/10.1016/j.apacoust.2004.04.008
https://doi.org/10.1119/1.2990663
http://www.till.com/articles/PickupMixing/index.html
https://doi.org/10.1121/1.395917
https://doi.org/10.1109/TASSP.1977.1162905
https://doi.org/10.1121/1.1918933
https://doi.org/10.1121/1.3651238
https://doi.org/10.1109/TASL.2012.2191281
https://ccrma.stanford.edu/~jos/sasp/
https://ccrma.stanford.edu/~jos/sasp/
https://ccrma.stanford.edu/~jos/sasp/
https://doi.org/10.1121/1.391007

	s1
	l
	n1
	s2
	s3
	s3A
	f1
	t1
	d1
	s3B
	d2
	d3
	s3C
	d4
	d5
	d6
	d7
	s3D
	d8
	s4
	f2
	s4A
	d9
	d10
	d11
	s4B
	d12
	d13
	s5
	s5A
	f3
	f4
	s5B
	s5C
	d14
	s5D
	d15
	f5
	f6
	d16
	d17
	s5E
	f7
	f8
	d18
	s6
	s6A
	f9
	f10
	s6B
	s6C
	f11
	t2
	s6D
	s7
	s7A
	s7B
	f12
	t3
	f13
	d19
	s8
	f14
	f15
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29
	c30
	c31

