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Abstract and goals, and potential application areas of the described

techniques, as well as the general use of the overall synthesis
We describe techniques for sound synthesis of the ud angl/stem.

the Renaissance lute using the physical modeling approach.
In the present model, novel methods have been used for the .
design of the loop filters, as well as for the implementation2 ~ Properties of the Ud and the Lute
of the glissando effect. With its realistic synthetic sounds,
our system can provide new tools and a test-bed platform Both the ud and the Renaissance lute are members of the
for researchers, educators and composers of both the Wesghort-necked lute family. Historically, both the lute and the
ern world and of the Eastern traditions. Turkish ud are descendants of the Arabic instrumadhtd
that has a wooden soundboard and a characteristic staved,
. wood-vaulted back design. The lute underwent continuous
1 Introduction adaptation and evolution according to the requirements of Eu-
ropean music. European lutes are now divided into three gen-
Model-based synthesis is one of the most recent paradigrégal categories; the medieval lute, the Renaissance lute, and

in sound synthesi&Smith 1992/Smith 199§. The basic prin-  the Baroque lute. The lute part of the present study focuses
ciple of the method, i.e., simulating the sound productiongn the Renaissance tenor lute.

mechanisms, can be applied to synthesize a broad range of
traditional musical instruments, as well as to create entirel .
virtual ones|Cook 1997%. The availability of the open-source )2'1 Properties of the Ud
tools, such as STK, allows the musicians and researchers to The Turkish ud has five courses tuned in unison, and a
implement and extend the basic algorithi@®6k and Scav-  single bass string used as chanterelle. The tuning used in this
one 1999. study isDy, Ay, Bi, Ey, Ay, D3. The ud is a fretless instru-
The model-based sound synthesis of plucked string inment in order to reproduce the micro tones required by the
struments has been an ongoing interest of the fiddéfé and  Turkish modal systermakam(Signell 1977. The two treble
Smith 1983 Smith 1996 Karjalainen, \alimaki, and Tolonen  courses are made of nylon and the others of metal wound with
199§. The design, implementation, and control of a recenfiine silk or nylon thread. The ud is played with a plectrum
real-time system has been reportedliadrson et al. 2001  (mizrap. The soundboard has three latticed sound holes; one
This paper documents our achievements in simulating differtarge and two small ones.
ent plucked string instruments, hamely the Turkish ud (men-
tioned as the ud in the_followmg) and the Renaissance lute. 2.2 Properties of the Renaissance Lute
The structure of this paper is as follows. In SEcwe
briefly summarize the properties of the ud and the lute. In  The Renaissance lute has seven string groups, and it is
Secl3, we introduce the common synthesis model and displayed with fingers. All the strings except the first one are
cuss the model calibration, the extraction of the most promiin pairs that are tuned in unison. Different sizes of the Re-
nent body modes, the design of second-order loop filters, andaissance lute form a consort (soprano, alto, tenor, and bass).
implementation of the glissandi. In SEE.we summarize the The most common instrument for solo playing is the tenor
control of the lute models using enriched notation softwardute. This study focuses on the tenor lute with the following
that is customized for the control of the physical models. Fi-tuning: Dy, G+, Cs, F», As, D3, G3. There are 8 frets on the
nally, SecHis devoted to a discussion about our motivationsneck, and several frets may be placed on the body, especially
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n N 3.1 Resynthesis of the Body Modes

We conducted a series of acoustic measurements on the
H(z) e F(z [ ud and lute bodies, and identified the most prominent modes

@) © H (f1 = 113 Hz for the ud, andf; = 144H: for the lute).
These prominent modes are removed from the excitation sig-
nals as described ifKarjalainen et al. 2000 i.e, using the
following notch filter

Figure 1:The basic string model.

Loorltereble courses. The soundboard has a single latticed sound (e — Alz) 1+ a12L + agz? @
' " Az)e) 14 carzm! 4 cagz?
3 Synthesis Model wherec = 1 — € is a spectrum-smoothing parameter, and

e is a very small positive number. Theparameters of the
otch filter are obtained by analyzing the frequency and the
andwidth of the body resonance in the excitation signals.
At the synthesis step, the following second-order resonator is
used to reconstruct the body modes:

The string models of the ud and the lute are based on digg
ital waveguide approacl&mith 1993. A single-polarization
string model [Karjalainen, \alimaki, and Tolonen 1998is
used for each string. The basic string modét) is shown
in Fig.[IL It consists of a delay line=%1, a loop filter H (z), b - boz 2
and a fractional delay filteF(z). The loop filter simulates H.(2)=g¢g 0 ,12 —
the frequency-dependent losses of a real string, and the frac- 1+ a1z + apz
tional delay filter is used for fine-tuning of the string model. where the denominator polynomial equals to the numerator
The inputz(n) is an excitation signal that contains the body of the notch filter in Eq.[), ¢ is a scaling parameter that
modes (except the most prominent ones, as discussed furth@sntrols the magnitude of the body resonance, ane b;.
below) in accordance with the commuted waveguide syntheNote that this form of the second-order resonator has sharp
sis approachgmith 1993 Karjalainen, \alimaki, and dnosy  notches in the DC and Nyquist frequencies, and a single tun-

)

1993. able resonance peak. The following example demonstrates
Fig.[2 depicts the common instrument model used in thisthe method.
study. It contains 11 string models (a singlez) is shown in An extracted lute excitation signal (first string, open po-

the figure), together with a coupling matrix that controls thesition, f, = 389.9 Hz) is analyzed and the notch filter coef-
sympathetic vibration of the strings. The model parametersicients are obtained. The original spectrum of the signal is
and excitation signals are obtained by analyzing the recordshown at the top-left part of Fi. The body resonance is fil-
ings of the instruments as describedliadrson et al. 2001  tered by the notch filter, and the spectrum of the filtered sig-
and stored separately for each instrument. The excitation sighal is shown at the top-right part of the figure. The plot at the
nals are further processed as described below if&&and  bottom compares the spectrum of the reconstructed resonance
the most prominent body modes are synthesized in parallelyith the original spectrum. In many cases, the reconstructed
using separate body resonators. The special effects (plectrufgsonance had a pronounced perceptual similarity with the
and finger scratches, body tappings, etc.) are stored in a segriginal one. Besides reducing the memory costs by short-
arate database and their gains are individually controlled. ening the stored excitation signals, the described approach

allowed us to experiment with cross-synthesis, i.e., using the

Database of ud excitation signal for the lute, and vice versa.

filtered excitation signals
Body
resonator

Pluck-shaping Plucking-point
filter filter

3.2 Higher-Order Loop Filters

P = D e — ¥ ou The loop filter used in this study is the second-order IIR
Databaseof % 2 rE matix g —’5“}’ filter (biquad with the following transfer function:
special effects E -

-1 -2
(D . bo+biz7" + bz
% Gain foreffct #1 A Hi(z) =g T+ a12-L + agz2 (3)

Gain for effect #2

whereg is a gain parameter that controls the DC gain of the

filter. Since the loop filter is placed inside of a feedback loop,
Figure 2:The lute instrument model.
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Figure 4:The biquad filter magnitude response (solid curve)
] compared with the desired gains of the harmonics (circles) of
o a lute tone (first string, third fretfy = 464 Hz).
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3.3 Glissandi
Figure 3: The extraction of a body mode from a lute excita-

tion signal. The body mode occursfat= 144 Hz (top-left), As mentioned in Sed, the lute is a fretted instrument,
and it is effectively removed by the notch filter of EF) ( Whereas the ud is a fretless one. This structural difference
(top-right). The resonator of EG2Y reconstructs the body Manifests itself in the measured glissandi regimes. [Big.
resonance (bottom). shows the fundamental frequency (top) and the instantaneous
energy (bottom) as a function of time during a typical lute
eglissando. The frequency trajectory has a step-like character;
i.e., [Hi(e™)| < 1 on the entire frequency range. égch time a different fret is reacheq, there is. an increase !n the

The problem of arbitrary-order recursive filter that ap- signal energy. The reason fprthe INCrease 1S that the string 1s

. . )J_e-excned as a result of the interaction between the finger, the
string and the fret. In our implementation, we simulated this
Q_ehavior by using adequately scaled excitation signals.

Fig.[@ shows the frequency (top) and the energy (bottom)
Iguring a typical ud glissando. In this case, the re-plucking is
sent since the instrument is fretless. The increased decay
energy is due to lossy termination of the string by the flesh
h%f the finger, and it is simulated by lowering the loop filter

there is a stability constraint on the filter magnitude respons

tensively studied inl$mith 1983. However, there is still

no method that guarantees both the accuracy of the appro
imation and the stability. Moreover, we experimentally ob-
served that an analysis routine exhibits large deviations i
the extracted decay characteristics of the plucked string toneasfb
(Erkut 200). This practically means that the design tech-°

nigues have to be extended to regularize the deviations in the . . S . . .
N 9 gain during the synthetic glissando. Since the glissandi are

desired transfer function. . . ;
A novel technique for the loop filter design has been de_the backbones in ud playing technique, the fundamental fre-

scribed in[Erkut 2007). As an initial step, this technique ap- quency trajec_tories and decay characte_risfcics_ of the_ recorded
proximates the extracted decay rate functigm) (inverse of sa_tmples_prowde the templates for a realistic simulation of the
the decay times;, of the harmonics) by low-order algebraic glissandi.
polynomials. The ordern of the approximation is deter-

mined using analytical model-order selection criteria, i.e, by
penalizing the high-order polynomials. The truncated poly-

nomials are converted to the target magnitude respdfigéw)|

using the following relation

Frequency [Hz]
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olw) = ¢+ csw? + ..+ comprw®™ 4)
= —folog(|Hm(w)l)

Finally, the loop filter is designed by the modified Yule-Walker
method [Friedlander_and Porat 1984ising the regularized
magnitude responsgd,,(w)|. Fig.[ shows the measured
gains of an analyzed lute tone and the designed biquad filter Figure 5:A typical example of a lute glissando.
magnitude response. In many cases, the match is satisfactory,

and the stability is achieved.
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