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ABSTRACT

The guitar is an instrument that gives the player great control over
timbre. Different plucking techniques involve varying the finger
position along the string, the inclination between the finger and the
string, the inclination between the hand and the string and the de-
gree of relaxation of the plucking finger. Guitarists perceive subtle
variations of these parameters and they have developed a very rich
vocabulary to describe the brightness, the colour, the shape and
the texture of the sounds they produce on their instrument. Dark,
bright, chocolatey, transparent, muddy, wooly, glassy, buttery, and
metallic are just a few of those adjectives. The aim of this research
is to conceive a computer tool producing the synthesis of the vocal
imitation as well as the graphical representation of phonetic ges-
tures underlying the description of the timbre of the classical gui-
tar, as a function of the instrumental gesture parameters (mainly
the plucking angle and distance from the bridge) and based on per-
ceptual analogies between guitar and speech sounds. Similarly to
the traditional teaching of tabla which uses onomatopeia to desig-
nate the different strokes, vocal imitation of guitar timbres could
provide a common language to guitar performers, complementary
to the mental imagery they commonly use to communicate about
timbre, in a pedagogical context for example.

1. BACKGROUND

1.1. Guitar timbre semantics

The guitar is an instrument allowing the production of a vast palette
of timbres. The performer can interact in complex ways with the
sound production mechanism. The location of the plucking point
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Figure 1: Plucking point at a distance p from the bridge and fin-
gering point at distance | from the bridge on a guitar neck.

has a major influence on timbre. Plucking a string close to the
bridge produces a tone that is brighter and sharper, generally richer
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in high-frequency components. When playing near or over the fin-
gerboard, that is closer to the midpoint of the string, the tone is
rounder, mellower, less rich in high-frequency components. This
correlation between plucking position and brightness, acknowl-
edged by most guitarists, coarsely describes the timbral palette of
the instrument. In addition to brightness, guitarists seem to be sen-
sitive to a vocal quality of guitar tones.

Guitarists use a large vocabulary to qualify timbres they pro-
duce on their instrument. These adjectives refer to the different
sensory domains. Figure 2 presents about 60 of these adjectives,
organized into clusters of synonyms [1]. In the lower left-hand
corner of the map, sounds are usually obtained by plucking the
string closer to its middle. In the upper right-hand corner, sounds
are usually obtained by plucking the string closer to the bridge.
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Figure 2: Guitar timbre qualifying adjectives organized into clus-
ters of synonyms [1].

1.2. Vocal imitation of guitar tones

In a study (reported in [2]) aiming to investigate perceptual analo-
gies between guitar tones and speech sounds, nine French-speaking
musicians from Montreal were asked to vocally imitate guitar tones.
The stimuli were recordings of a professional guitarist playing the
same melody with four different timbres which were described by
the guitarist as ponticello, brassy, round and tasto (Figure 3).

The main instrumental gesture parameter that was varied to
obtain the different timbres was the plucking position p (from very
close to the bridge to over the finger board). The angle of the
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Figure 3: Time-domain representation of the 14 tones of a melody
played with four different timbres. The melody is an excerpt from
the piece L encouragement for two guitars by Fernando Sor (1778-
1839).

| [ Ponticello [ Brassy [ Round [ Tasto ‘

#1 | t€ tee ta to
#2 | te-ti d[&-a] bad bwd
#3 | k& pa do bd
#4 | k& te-t3 %) da
#5 | [k-t]ai [d-plaw | da-do da
#6 | k& gce t dg
#7 | dé-ké t[d-3] d3-t3 gu-du
#8 | k& tsd-pd do-to 05
#9 | k& te ta bu

Table 1: IPA Phonetic transcription of the vocal imitation by 9
participants of guitar tones corresponding to different timbres [2].

plucking finger also differed, positioned closer to a perpendicular
to the strings for brighter timbres. This correlation between the
two gesture parameters was necessary to preserve the naturalness
of the plucking techniques. The ponticello timbre was played 5 cm
from the bridge with fingers perpendicular to the strings (thus a
90° angle between the fingers and the string). The brassy timbre
was obtained by plucking the string 8 cm from the bridge with a
60° angle. The round timbre was obtained by plucking the string
13 cm (close to the tone-hole) from the bridge with a 45° angle.
The tasto timbre was obtained by plucking the string 20 cm for the
bridge with a 30° angle.

Table 1 presents the phonetic transcription of vocal imitations
of these four timbres by the nine participants in the study. Gen-
erally, guitar tones were vocally imitated by a syllable made of a
consonant for the attack, followed by a vowel for the resonating
part of the sound.

1.2.1. Plosive consonant as attack

As illustrated on Figure 4, the angle between the finger and the
string seems to modify the nature of the perceived attack, which
will be harder if the string is plucked perpendicularly, evoking the
velar plosive consonant [k], and softer if the finger is inclined on
the string, evoking the dental plosive consonant [d]. The voice

Plucking angle

ot cavity ) ) 90°
/"~ Oral cavity ,,,,w'" 450

» String

Figure 4: Articulation point of the consonant evoked by the attack
of the guitar tone as a function of plucking angle.
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Figure 5: Voice onset time (VOT) is a parameter of speech that
designates the time interval between consonant onset and the onset
of periodical vocal folds vibration.

onset time (VOT - see Figure 5) of plosive consonants depends
on the place of articulation and is shorter for bilabial plosive [p]
and longer for velar plosive [k]. The greater relative strength of
the attack for tones plucked close to the bridge might be respon-
sible for a backward masking effect, evoking a consonant with a
longer VOT. Also, VOT of unvoiced plosives [p, t, k] is longer
than that of voiced plosives [b, d, g]]‘ Hence, articulation (legato
or staccato) determines if the consonant is respectively voiced (ex:
[da-ga-da]) or unvoiced (ex: [ta-ka-ta].). A staccato articulation
evokes unvoiced stops, such as [k], which are characterized by a
prolonged VOT clearly interrupting the harmonic glottal source,
whereas a legato articulation (where a note resonates until a new
note is played) evokes voiced stops, such as [g], which have smaller
VOT.

1.2.2. Vowel as resonance

Figure 6 illustrates the overall trend in the choice of vowels for the
resonant portion of the guitar tone. For plucking positions rang-
ing from near the bridge to closer to the midpoint of the string,
we obtain the sequence [£], [¢], [a], [0], [0]. [u]. The approximate
shape of the mouth forming these vowels is also shown on Fig-

'As the VOT is increased in incremental steps, perception rapidly
changes from a voiced plosive consonant to an unvoiced plosive consonant
at an interval of 20-40 ms in American English.
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Figure 6: Phonetic gestures underlying guitar timbre description
and vowels corresponding to the vocal imitation of guitar sounds
played at different distances from the bridge along the string [1].

ure 6. When plucked close to the bridge, the string produces a
sound that is associated with a thin-shaped mouth. Moving closer
to the tone-hole, the mouth seems to open up to a round shape.
Then, from the tone-hole to the midpoint of the string, the mouth
closes progressively while keeping a more or less round shape. At
midpoint, the guitar sound lacks all even harmonics. In fact, per-
ceptually, this sound is generally described as hollow and some
guitarists will call it a bassoon sound or a pipe sound.

1.3. Phonetic gestures underlying guitar timbre description

The results of the experiment reported in Table 1 support the idea
that perceptual dimensions of the guitar timbre space can be bor-
rowed from phonetics. It was suggested that a subset of adjec-
tives qualifying the timbre of guitar tones actually refer to phonetic
gestures: open, closed, open, oval, thin, hollow, nasal, etc. [2].
In fact, phonetics qualifies vowels in similar terms. The distinc-
tive features of French vowels for example include /abiality (lips
are more spread apart for [i] and more rounded for [0]), aperture
(mouth is more open for [a] and more closed for [u]) and nasality
[3]. Hence, qualifying a guitar sound as round would mean that it
sounds like a round-shaped-mouth vowel such as [0].

1.4. Analogies at the spectral level

Analogies between guitar tones and vowels can be found in the
spectral domain. In the case of voice, the frequency-content of the
glottal harmonic source is either enhanced (formants) or attenuated
(anti-formants) by the resonances and anti-resonances of the oral
and nasal cavities. In the case of the guitar, as shown on Figure 7,
the spectral envelope of a ideal plucked-string tone is comb-filter-
shaped with its first local maximum F¢, located at half the ratio of
the fundamental frequency f, over the relative plucking position
along the string R.

_fo _lfo
2R 2p
The other local maxima in the magnitude spectrum are odd integer
multiples of F¢,. Hence, Fc, = 3F¢,, Fc, = 5F¢,, etc. Fig-
ure 7 illustrates the case of a string tuned to 100 Hz fundamental
frequency and plucked at one fifth of its length. Harmonics whose
order is an integer multiple of 5 are cancelled. The first maximum

Fo, (€]
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appears at Fo, = fo/2R = 5f,/2 = 250 Hz. The other maxima
appear at 750 Hz, 1250 Hz, etc.
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Figure 7: Theoretical magnitude spectrum of an ideal string tuned
to 100 Hz and plucked at one fifth of its length (relative plucking
position R =1/5).

It was proposed to consider the frequencies F¢,, of the max-
ima of this comb-filter envelope as the central frequencies of comb
filter formants [4], taking the literal definition of a formant, that
is a frequency range in which amplitudes of spectral components
are enhanced. In fact, when the string is plucked closer to the
bridge, these comb filter formants are further apart, evoking vow-
els such as [i]. When the string is plucked closer to the middle of
the string, the comb filter formants are narrower and closer to each
other, evoking rounder and closer vowels such as [0].

1.5. Applying distinctive features of speech to guitar tones

The distinctive feature theory, proposed by Jakobson, Fant and
Halle in 1951 and then later revised and refined by Chomsky and
Halle in 1968 [5], codifies certain long-standing observations of
phoneticians by hypothesizing that many sounds of speech can be
placed in categories based on the presence or absence of certain
distinctive features: whether the mouth is open, whether there is a
narrowing of the vocal tract at a particular place, whether a con-
sonant is aspirated. Jakobson, Fant and Halle detected twelve in-
herent distinctive features in the languages of the world. In his
book Sound Color, Slawson selected three of the features related
to vowels (compactness, acuteness and laxness) as candidates from
which to derive dimensions of sound colour. Figure 8 displays the
equal-value contours for these features in a (F1, F3) plane, repre-
senting the second formant frequency F> as a function of the first
formant frequency F for various English vowels.

According to Slawson, OPENNESS (replacing the term COM-
PACTNESS given in [5]) is named for the tube shape with which it is
correlated. The approximate acoustic correlate of OPENNESS is the
frequency of the first resonance. ACUTENESS reflects its connota-
tion of high or bright sound. It increases with increasing frequency
of the second resonance. Finally, LAXNESS is said to correspond
to a relatively relaxed state of the articulatory musculature. The
equal LAXNESS contours are closed curves on the (Fi, F») plane
centered on the maximally LAX point (or minimally tense point)
point, corresponding to the neutral vowel [3] (ne) 2. This central

2Instead of using the International Phonetic Alphabet, Slawson decided
to adopt a two-letter convention that he believes to be more evocative of
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Figure 8: Equal-value contours for three distinctive features of
speech in the (F1, F3) plane (from [6]) with superimposed guitar
vowels trajectory (dotted line) corresponding to the relationship
F, =3 F.

point corresponds to the formant values that would arise, in theory,
from the vocal mechanism in the position to which it is automati-
cally brought just before beginning to speak [7].

The trajectories that we plotted with a dotted line on top of
Slawson’s equal-value contours for distinctive features of speech
in Figure 8 correspond to the relationship

F,=3F 2)

which is found for the first two local maxima of a comb filter *. In
that way, one can see which “vowels” may be obtained by varying
the plucking position from the middle of the string (uu region)
to the bridge (ee region or further up depending on fundamental
frequency of the string). For a given string, the absolute plucking
position p will determine the vowel colour, regardless of the note
that is played, since Fi can also be expressed as the ratio ¢/4p
(speed of sound over 4 times the plucking distance) which does not
depend on f,. As a result, vowel colour is maintained for any note
on a given string, except for relative plucking position R = 1/2
which is the case of an odd-harmonic only spectrum, perceived as
a distinct timbre.

Str. | First formant frequency for | Sound | IPA

# p=12cmand! =60cm | color symbol
6 (30 x 83)/12=207.5Hz | uu u (boot)
5 (30 x 110)/12 =275Hz | oe ¢ (bose)
4 (30 x 146)/12 =365Hz | oo o (boat)
3 (30 x 202)/12 =505Hz | ne 3 (the)
2 (30 x 248)/12 = 602 Hz | ee e (bait)
1 (30 x 330)/12=825Hz | ae & (bat)

This table gives the first formant frequency calculated with
Eq. (1) for the six strings of a guitar tuned with the standard tun-
ing (EADGBE), together with the closest sound colour and corre-
sponding IPA symbol, for a string length / = 60 cm and a plucking
position p = 12 cm from the bridge.

Applying the three selected distinctive features of speech to
guitar sounds, we could infer that the adjectives closed, round,
large, open indicate different degrees of OPENNNESS. The ad-
jectives thin and round would be opposites along the ACUTENESS
dimension. A warm or chocolatey sound would likely be associ-
ated with the maximally LAX point. In fact, a warm sound likely

most English speakers’ phonetic intuitions.
3The curve F» = 3 F} is not a straight line because the F5 axis is not
linear.
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evokes the sound that one makes while exhaling warm air, usually
with the vocal tract in a neutral position. Finally, a hollow or cav-
ernous sound would actually sound like the [u] vowel produced as
the mouth forms a hollow cavity.

2. APPLICATION

In this section, we present the computer tool we have developed
for the synthesis of the vocal imitation as well as the graphical
representation of phonetic gestures underlying the description of
the timbre of the classical guitar, as a function of the instrumen-
tal gesture parameters and based on perceptual analogies between
guitar and speech sounds.

2.1. Graphical interface

As shown on Figure 9, the graphical interface of the computer ap-
plication, developed in Max/MSP, allows the user to set instru-
mental gesture parameters such as the chosen string (by clicking
on the string on the picture) and finger, the plucking distance from
the bridge, the angle between the finger and the string and the ar-
ticulation (legato or staccato), and of musical parameters such as
the tempo, the duration of the note, as well as its pitch (by clicking
on the staff).

| ANGLE (DEB)

TTTTT

ADD 7O
SooRre

-
Bumar Tamie | O BT

[© etementior e scome [View scoRe][Loao scors |[SAve soone| [CLear soone]

RIGHT HAND

Figure 9: Graphical interface for the setting of instrumental ges-
ture and score parameters.

2.2. Text score

All the variable parameters that can be set with the graphical inter-
face can also be stored in a text score, as shown on Figure 10.

In the text score, the data corresponds successively to the note
to be played, the octave number, the duration in seconds, the cho-
sen string (from 1 to 6) and finger (i, m or a), the plucking distance
from the bridge in cm, the angle (from 0° to 90°) and the articula-
tion (0 = glissando, 1 = legato, 2 = staccato).

The plucking positions of all playing fingers (p¢, p;, pm and
Pa, related to the thumb, index, major and annular fingers respec-
tively) are computed from the plucking angle o (0° = parallel to
strings, 90° = perpendicular to strings), the spacing between fin-
gers § (1.5 to 2 cm) and a global plucking position p along the
string, which is set to be equal to the plucking position of the in-
dex finger p;.

pt =p—afdb 3)
pi =P 4
Pm=p—20 5)
Pa=p—26 (6)

107



Proc. of the 8" Int. Conference on Digital Audio Effects (DAFx’05), Madrid, Spain, September 20-22, 2005

Musical/Gestural Score:

note B 3 0.3 3 i 13 45 1

note E 3 0.6 2 m 13 45 1

note G# 3 0.3 1 a 13 45 1

note E 3 0.6 2 i 13 45 1

note G# 3 0.3 1 m 13 45 1

note B 4 0.9 1 a 13 45 1

note G# 3 0.6 1 m 13 45 1

note E 3 0.3 3 i 13 45 1

note E 3 0.6 3 m 13 45 1

note A 4 0.3 2 i 13 45 1

note C# 4 0.3 1 m 13 45 1

note E 4 0.3 1 i 13 45 1

note C# 4 0.3 1 m 13 45 1

note B 4 0.6 2 i 13 45 1

20 A e re—— i W —— o

D) = T — T
String: 3 2 12 1 1 1 3 3 2111 2
Fmger, ! m a | m a m ! m rFmrom !

Figure 10: A possible fingering for this melody and its correspond-
ing text score. The strings are numbered from the highest to the
lowest (1=E, 2=B, G=3, D=4, A=5, E=6). Index, major and an-
nular fingers are notated i, m, a respectively.

2.3. Synthesis of vocal imitation

On the basis of the instrumental gesture and musical parameters
specified with the help of the graphical interface or within a text
score, a vocal imitation of the guitar tones (corresponding to the
phonemes perceptually similar) is synthesized using the MBROLA
synthesis technique [8]. The speech synthesizer MBROLA pro-
duces the synthetic speech by concatenating elementary units of
speech, called diphones extracted from a large database. The di-
phones are obtained from the segmentation of long sequences of
speech pronounced by a person. In this application, the Max/MSP
external object MaxMBROLA* is used.

2.3.1. Choice of consonant

The continuum of right hand angles is segmented in order to de-
termine the appropriate consonant for the vocal imitation. Three
ranges of angles (0°-30°, 30°-60° and 60°-90°) are assigned to
the voiced plosives [b, d, g] (from the softest to the hardest) for the
legato articulation and unvoiced plosives [p, t, k] for the staccato
articulation.

2.3.2. Choice of vowel

Figure 11 illustrates the distribution, in a (F1, F2) plane, of the
reference vowels used in [6] (Slawson’s notation) on the left-side
figures and of vowels from the MBROLA FR1 voice (SAMPA no-
tation®) on the right-side figures with respect to the guitar timbre
F> = 3F; trajectory (top figures). The distribution of MBROLA
vowels is less homogeneous but nevertheless perceptually coher-
ent, as illustrated by the vowel triangles in both cases.

Each region of the subspace F> = 3F; will be assigned to
the phoneme (extracted from the MBROLA database) which is the
closest in the (Fi, F») plane. The first comb filter maximum is
calculated with

Fo, = — )

4MaxBROLA is an external object for Max/MSP 4.5 developed par the
TCTS Lab (FPMs, Mons, Belgium) which allows the MBROLA synthesis
engine to run in real time.

SSAMPA = Speech Assessment Method Phonetic Alphabet.

where p is the absolute plucking position, and c is the speed

of sound characterizing the chosen string, which can be derived

from the fundamental frequency of the open string f, times twice
its length :

2l

c= T, = 2l fo 8)

Then, the phoneme which is the closest to the point (Fc¢, , Fe,) =

(Fe,,3Fc,) in the (Fi1, F») plane is selected. For example, in

the case of the first note of the melody presented on Figure 10,

the fundamental of the string on which it is played is the G-string

(fo = 202 Hz). Considering a 60 cm long string, ¢ = 2If, =

2 x 0.60 x 202 = 242.4 m/s and Fc, = & = 2224 — 466.15

4p ~ 4x0.13
Hz. Then we obtain the point (F¢,,3Fc, ) = (466, 1398) on the
(F1, F») plane. The closest phoneme is ne ([3] in IPA or @ in
SAMPA).
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Figure 11: Location, in a (Fi, F2) plane, of vowels used in [6]
(left) and of vowels from the MBROLA FRI voice (right) with re-
spect to the guitar timbre F» = 3F trajectory (top figures) and
their corresponding vowel triangles (bottom figures).

2.4. Graphical representation of phonetic gestures

The graphical representation of the approximate shape of the vo-
cal tract evoking the phonetic gestures underlying the description
of guitar timbre is obtained from the parametrisation of the three
distinctive features of speech selected by Slawson [6] to character-
ize sound colour: OPENNESS, ACUTENESS, LAXNESS.

Slawson’s equal-value contours presented on Figure 8 are mod-
elled as functions of F} and F5 (derived from Eq. 1 and 2 respec-
tively). As shown in Figure 13, in these simplified models of the
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Figure 12: Mouth shapes associated with vowel colours centred
on the corresponding (F1, F») points.
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Figure 13: Simplified models of the equal-value contours in the
(F1, F») plane.

equal-value contours, the OPENNESS parameter Po is directly pro-
portional to F.

1 100
Po=—-F— — 9
o= g -~ ()
The ACUTENESS parameter P4 is mainly influenced by F5.
100 250000
Py = - 100 10
4T 20— By, 0 2500 — P, - 1o
where 4 5000
F . =-F—-— 11
2min = gF1 = =5 (1)

The LAXNESS parameter P, is a function of the distance in the
(F1, F») plane between the chosen vowel and the neutral vowel.
The (600, 1400) point is considered to be the neutral point (100%
LAX) and the (100, 300) point is considered as the most tense
vowel (0% LAX).

P = 100 (1 __d ) (12)
d'maw
with
d = +/(F1 —600)2 + (F> — 1400)2 (13)

dmaz = +/(100 — 600)2 + (300 — 1400)2 = 1200 Hz (14)

The mouth-like geometrical shape is realized with two 6th-
order cubic splines placed symetrically about a vertical axis. The
OPENNESS parameter acts on the overall size of the shape (big-
ger if OPENNESS is increased). The ACUTENESS parameter acts
on the ratio between vertical and horizontal dimensions, inducing
a flattening of the shape when this parameter is increased. The
LAXNESS parameter of the vowel and the hardness of the con-
sonant are represented by symbolic modifications of the shape.
LAXNESS being generally associated with warmth, lax vowels will
be represented with a red-coloured mouth, and tense vowels by a
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blue-coloured mouth. The type of consonant influences the con-
tour shape: rounded for soft consonant and broken for hard conso-
nant. Figure 14 illustrates mouth-like shapes for different amounts
of OPENNESS and ACUTENESS.

0O OO

Figure 14: Mouth-like shape produced by the application as a
function of OPENNESS and ACUTENESS parameters: (1) Po =
0%, Pa = 0%; (2) Po = 50%, Pa = 0%; (3) Po = 90%, Pa =
0%; (4) Po = 90%, Pa = 50%; (5) Po = 90%, P4 = 70% (hard
consonant). In all cases, Py, = 0% (blue colour).

3. CONCLUSIONS AND PERSPECTIVES

We have developed a computer tool producing the synthesis of the
vocal imitation of guitar sounds, using the MBROLA technique,
as well as the graphical representation of phonetic gestures un-
derlying the description of guitar timbre nuances, as a function of
instrumental gesture and score parameters and based on perceptual
analogies between guitar and speech sounds. Similarly to the tra-
ditional teaching of tabla which uses onomatopeia to designate the
different strokes, vocal imitation of guitar timbres could provide
a common language to guitar performers, complementary to the
mental imagery they commonly use to communicate about timbre,
in a pedagogical context for example. We plan to investigate other
phonemes (like French nasal vowels) and other MBROLA voices
that might be closer to guitar timbres.
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