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ABSTRACT formance. Sec{d4 shows how the model and the score were con-

trolled by the graphic tablet. Finally, in Seffl 5, we cowelby
discussing possible applications for experimental sgjdé@und
synthesis and music pedagogy.

This paper describes the implementation of a violin physicadel

tied with the control of music scores to enable the real-tyeor-
mance of music pieces. The violin model is made of four s&ing
which allows the performance of double stops, chords and spe

cific resonant effects that can be encountered in violinipiayA 2. SYNTHESISMODEL OF THE VIOLIN
graphic tablet is used to control the bowing parameters @it ) . . . ] ]
ger automatically note events contained in a specificalipédted In this section, the numerical implementation of the steéggation

MIDI file. The automatic pitch change helps reducing theimiol ~ for simulation purposes is described. Then, the implentiemtaf
playing complexity and enables the user to focus on sourpispa @ complgte V|oI|n_W|t_h fo_ur strings is presented and impletad
and phrasing. The device can be used for pure sound synfhesis  for real-time application in Max/MSP.

poses as well as for experiments related to violinists’ soton-

trol. However, the simplified interface for sound and scarenés 2.1. Modal derivation of the string equation

is particularly suitable for non violinists wishing to erpé ex-
pressive capabilities of the instrument and to experiepeeific
features of violin playing.

The model is based on the modal decomposition of the string-eq
tion, which has already been described by several authbi.[2
The displacemeni(x, t) of the string at a positiom, with a spatial

distribution of external forces'(x, t) is written as
1. INTRODUCTION

y(x,t) . y(x,t) 9y (z,t)
This work aims at developing a simple real-time implemeatat PL=—g2  ~ T o2 +EI e
of a violin model for sound synthesis purposes and musical pe . . . . .
formance studies. Sound synthesis of sustained instrntikgt ~ Wherep. is the linear density of the string; the tensionl7 the
the violin requires a continuous control of the simulatethgtvi- Young modulus, and = Z& the second moment of area for a
bration through three main bowing parameters which are ¢iie b circular cross section of the string, withbeing the diameter of
force, the bow velocity, and the bow-bridge distance. Tha-re  the string.

= F(z,t) (1)

ism of the sound is highly dependent on a realistic controhese For the case of supported ends, the dispersion relatios give
parameters and on optimal interaction between the modelrend
T nm EI nm
user. ' . . Won = _(_)2+_(_)4
Following Serafin[[lL], we used a graphic tablet to control the pr L pr L

violin model. This interface allows the control of the thr@ain
bowing parameters in a rather similar way as in real playmmaj-
ing the control particularly easy for violinists, and nob wifficult
to approach for non-experienced users. However, whilefi@era oo 5
mainly focused on control studies and examination of boeksts, y(z,t) = Z Pn(x)an(t),  én(x) = \/;
we wanted to allow the performance of music scores in order to n=1

facilitate musical applications and music performancatesl ex-
periments.

Performing music scores required to model the four stririgs o oo
the violin in order to avoid limitations in the violin repeite and F(x,t) = Z On () fn(t) (3)
improve the realism of the performance. Secondly, a sineglifi n=1
implementation was necessary because we wanted to make it ac
cessible even for non violinists. In particular, we decitechake
pitch changes automatic so that the user can focus on bow#yg g
tures and on the gesture based shaping of the sound.

In this paper, we first present the physical model that was
used for synthesis of the violin sound, and its implemeoiain
Max/MSP environment (Secfd 2). In Sedll 3, we describe how
MIDI files were formatted in order to assign pitches to théedif - ) ) 1
ent strings, and we examine the specific question of chords pe in(t) + 2rnan(t) + wonan(t) = p—Lfn(t) 4)

whereL is the string length, and the solutiopéz, t) can be writ-
ten with the modal vectorsg,, () as

nrx
in—— (2
sin — 2)

External forces can be expressed on the same base

Note that, for the simulations, the summation oxewill be
truncated toN modes instead of infinity for obvious computing
reasons.

Inserting EqR and Ed] 3 in the string equation (Eky. 1), one
find an infinity of second order differential equations degieg on
time for the modal displacements (¢)
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Figure 1: Schematic representation of the bowed string and no-
tations. The displacemep{x, t) is given by the string equation.
External forcesFy and F; represents the action of the bow and
the finger, respectively at, and 1. The two terminations are
modelled with supported ends.

where damping coefficients, have been introduced to account
for losses.

For the bowed string, external forces are composed of tbe fri
tion force Fy (t), resulting from the drawing of the bow across the
string, and the forcé" (¢), representing the action of the finger in
order to set the effective vibrating length of the string.

Assuming that each force is applied at a single point of the
string, the force distribution can be written as

F(x,t) = d(x — xo)Fo(t) + 6(x — z1) Fi(t),

and the modal components of the force are

L

fa(t)

P (@) F (2, t)dz (6)

(6)

To summarise, the method allows to change the string equatio
depending on position and timet into an infinity of equations
(Eq.[@) depending only on time, which can be easily implement
with second order filters.

=0

n(w0) Fo(t) + dn(x1) Fi(t)

2.2. Numerical implementation

The modal equations with a friction interaction are solvsthg
the same method &g [4], which is summarised in this sectidie |
forces are assumed to be constant between successive ¢jpse st
Eqg. [@ can be directly integrated, which provides the exjwass
for the modal component at each time step Denotingt, the
previous time step andt = ¢, — ¢o, the modal components are

)
8)

an(tl) = az + Xsn fn(tl)

for the displacement and the velocity, respectively, with

1 Tn .
X = 1-— dt + — dt —7rpdt
3n PL“-’%n( (coswndt + o sin wyn dt) exp(—rndt))
2
r
Y3, = n + —) sin wydt —rpdt
3 Len. (wn + o ) sin wypdt exp(—rndt)

The parameters! anda!* are the values that the modal com-
ponents would take if no force was applied, and

_ 2
Wn = \/wi, — T2

With Eq.[3, the velocity at; = x or z1 can be written as the
velocity v} that the string would take if no force was applied, plus
the contribution of external forcgs, and F.

(i )= () o (

where the elementB;; of matrix B are

Fo(tl)
Fi(tq1)

y(zo,t1)

y(z1,t1) ©)

N
Bij =Y ¢n(w:)pn(w;)Yan
n=1

An expression for the finger forc, is deduced from the re-
quirement that the string should not move at the string josit; .
This can be obtained by requiringz1,t) or y(x1,t) to be zero
or, alternatively, by modelling the finger as a very stiffingror a
very strong damper. In our case, we choose the later alieznat
which can be formalised with

Fi(t) = —Ry(x1, 1)

Using this relation in Eq]9, we obtain for the finger force a
solution that depends on the friction forég(t:).
_—hR
1+ RB11
Cl + CroFo(t1)

Fi(t1) (v + Bo1Fo(t1))

(10)

Note that with a high number of modé§, or for a long dis-
tance between the finger and the bow (which is usually the case
in violin playing), the term infy could even be neglected, which
would make straightforward the solution of Eql 10.

Inviolin, decay times of the string vibration are normallych
longer with an open string than with a fingered one. We caneons
quently see the interest of using such a model for the fingeefo
it puts additional losses to string, reproducing the daggffect
of the finger.

A similar relation for the friction force is obtained by reging
Fy with Eq.[I0 in Eq[D

y(wo,t1) — vy — Bo1Cr1vf
Boo + Bo1Cho
Coo(§(x0,t1) — vg) + Corvy’

Fo(t1)

= (11)
The string velocity under the boy(zo, ¢1) is now unknown
and must be deduced from specific conditions introduced &y th

friction interaction. In order to compute the friction ferép, two
cases must be considered: sticking and sliding. When thmegyssr
sticking to the bow, the relative velocity between the gtand the
bow Av = y(zo,t) — vy is assumed to be zero, then [EqQ] 11 gives

Fo(t1) = Coo(vy — Ug) + Corvy

When the bow is sliding under the bow, the friction force is
related toAv with a classical hyperbolic friction modéll[5), 6] de-
pending on the bow forcé},

)n

where s and g are the static and dynamic friction parameters
andwv, describes the slope of the non linearity. gl 12 must then

Fy = Sgn(vb)(ud 4+ Hs T Hd
1+

[Av]
vo

(12)

DAFX-2



Proc. of the 1¥' Int. Conference on Digital Audio Effects (DAFx-09), Contaly, September 1-4, 2009

be solved together with Ef1L1 in order to deduce the cougje (

y(zo)) to be used in the computation. Table 1: Parameters used for each of the four violin strings. The
The transitions between the two friction states are decided data mainly come from measurements by Pickeflifig [7]. The las

as following. From sticking, the state changes into slidivigen row indicates the fundamental frequency of the string.

the friction force is more than the allowed maximal frictifamce | || Gstring | Dstring [ Astring | E string |

s Fp. From the sliding state, the state changes into stickingwhe T (N) 44.6 34.8 50 72.6

Eq.[11 and EJA2 have no solution. L (m) 0.33 0.33 0.33 0.33
Once the friction forceFy is known, the finger forcé” can d (mm) 0.8 0.8 0.56 0.31

be computed with EZ10. The modal displacements and vigscit oz (gm) 2.66 0.92 0.59 0.38

are then deduced from Eg. 7 and Eb. 8.

[ fo(Hz) | 196 | 294 | 441 | 662 |

2.3. Modelling a complete violin

) . . . could be simulated by simply setting the right parametergte
Because our goal is to perform typical violin scores with skip- corresponding strings.

thesis model, all the compass of the violin should be acokessi In order to obtain an acceptable violin sound, forces agplie

to the user, from G3 to notes as high as C8, which requires they,y he four strings at the bridge termination were computedi a
possibility of playing on one string or the other. Except foe summed up. Then, the resulting total force was convolvedi wit

lowest notes (under the D4 string), each note can be play€d-on 3 yisjin impulse response recorded when striking the edgaeof
fere.n.t stnng;, with a low posmon on the fingerboard, or ghleir bridge. With this model, some coupling effects of the stsinguld
position, which changes the timbre of the sound. be introduced as well. When one string is not played, the fric

A first and computationally economical solution is to imple-  ion, force could be replaced by a driving force given by thiede
ment only one string whose parameters will change duringéne  forces of all played strings, applied close to the stringnieation
formance when string crossings are required. Howeverwilis — anq representing the action of the bridge. This refinemestleta
drastically restrict the accessible repertoire: typicalin play- to future work.

@ng often involves more than one string .played at the same tim The bowing parameters are not independent when playing sev-
in order to perform chords or polyphonic scores (see fl.. 2a) grg| strings together. When two strings were bowed, the same
Furthermore, allowing only one string to sound would make th gy velocity and the same bow-bridge distance was used éor th
performance less realistic: even in monophonic scoresgstes- two strings. The case of bow force needs a specific treatngent b
onance _resultlng from rapld_strlng crossings are often @raxged cause, when playing double strings, players often presstoing

for musmal reasons. Consider for gxample the musical pxcer stronger than the other in order to highlight one of the viofoe

in Fig. @b where the A4 are alternatively played on the open A4 gyample the leading voice. The bow force should consegubt!
string and on the fingered D4 string in order to create a peapet  get for each individual string in order to adjust the refagivessing
resonance behind the melody. When played on the D4 string onl o each string. Similarly, the performance of chords witlehor

this example losses much of its interest. four notes usually leads to more or less smooth crossings dree
string to the other, which involves a time evolution of thegsing

on the strings (see Sell 3). A fine adjustment of the ford®ifac
was then used to set the bow force for each string.

Force factors were also used to set the current state of the
string: "played" (positive value), when the bow rubs théngtr
"free" (negative value), when the bow does not touch thegtri
and "off" (zero), when the string is not allowed to sound &t al

(b) D string which can be interesting in order to stop the resonance xfame
ple.

Figure 2: Typical musical examples requiring more than one ) .
string. (a) Polyphonic playing with one leading voice andaam 2.4. Max/M SPimplementation

companying voice (Bach, Fuga from the Sonata I). (b) Rapiligt  The model described before was implemented as a Max/MSP ex-
crossings with a repeated open A sounding behind the mamehe  torna| object in order to facilitate real-time control. &arDSP
(Bach, Preludio from the Partita 1) inlets are used to input the bowing parameters. String petens
can be set independently for each string by sending the gessa
Consequently, a model including all four strings was imple- formatted as "String (string number) (string parameteg)u®)".
mented. The main string parameters corresponding to edog st  Finger positionse; are automatically computed from desired fre-
are summarised in Tab[d 1. Typical data for the tension,tkeng quencies. Pitches can additionally be changed all togetfitér
diameter and density were provided by Pickering [7]. Other p  the message "Freqs"” followed by the four new frequenciesy Bo
rameters like the damping parameters were adjusted in ¢oder force factor can be changed similarly with the message ‘@sirc
get a decay time around 0.4 s for the fundamental and less tharfollowed by the four new values.
0.05 ms starting from the fifth partial. For all strings, them The model can normally be used with an Apple PowerPC G4,
ber N of modes was 15, which we found a good compromise using around 40 % CPU. However, using the model in combina-
between synthesis quality and computational efficiency, the tion with a graphic tablet to offer a continuous control (Seet[3)
computing frequency was set to the audio rate 44100 Hz. Note was more demanding, and interruptions in the tablet codtatas-
that other bowed string instruments (viola or cello, for rapée) tream made the resulting sound not acceptable. All thesarstr
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management troubles are actually solved when using a MacPrd3 shows the bow motion recording of two successive chords per

Eight Core with 6 Go RAM.

3. FORMATTING MIDI FILESFOR THE CONTROL OF
THE MODEL

The real-time performance of music scores is achieved 0\Ibg
files. However a specific formatting had to be carried out oreor
to manage the attribution of pitches and bow force factorthé¢o
different strings. For that purpose, one track was atteithtio each
string, starting from track 1 for the E5 string, to track 4 fbe
G3 string. This section describes this formatting and samele
rules in order to facilitate the attribution of the noteshe strings.

3.1. Monophonic phrases

When notes are played one after each other, a specific fongatt
of the MIDI files is not necessary. A minimal procedure wouéd b
to assign each string to different intervals of pitches. &@mple,
G3 to D4 would be assigned to the G3 string, Ds4 to A4, to the
D4 string, and so on. However, as discussed in $éct. 2, ord cou
sometimes look for specific effects in which it is necessargd-
sign a specific string to one note. It is the case, for examyten
damped sounds resulting from playing at a high left handtiposi
are looked for, or when successive notes are quickly plapati®
four strings to obtain resonance effects. In that caseygstnnust

be assigned manually to each note, which can be a strenwgius ta

A semi automatic procedure was used in order to facilitate
the MIDI formatting. Pitches intervals were attributed tfietent
strings in function of an offset coefficient representing trand
position on the fingerboard. For example, on the G3 strinfgeof
0 gave G3 to Db4, offset 1 gave Gs3 to D4, offset 2 gave A3 to
Eb4, etc. During a preliminary step, MIDI scores had to becann
tated in order to describe offsets for each fragment. Thibation
to adequate strings was then automatic.

This procedure made the formatting of MIDI files easier in
most cases because hand position changes are comparkdssely
frequent than string crossings, usually. In some very $ipardses
like Fig.[Ab, however, it was not possible to use the procedind
adjustments had to be made manually. Similarly, it was sionest
easier to assign directly a segment to a specific string xample
when phrases are entirely played on one string.

The procedure provided a good alternative between assignin
manually the strings and making the procedure entirelyraatic
without considering musical requirements. It seems diffitu
propose a satisfying automatic procedure because mangeshoi
require the knowledge of bowing technique, human limitaiand
musical tastes.

3.2. Chordsand double stops

When dealing with chords, two specific problems have to benexa
ined. The first, again, is to assign strings to notes in the IMiIE.
The same procedure as before was used, the offset beingdeaid
function of the highest note. Then, lower notes were suocsgs
assigned to remaining strings, in pitch decreasing order.

The second problem is that more than two strings can nor-
mally not be played all together. Chords are often execused/a
successive double stops. The transition from one doubfetsto
the other in the same chord depends on the musical context. Fi

DAFX-

formed on a real violin by a player, measured with an optical m
tion capture devicd]8]. The bow inclination allows vissalion of
the string being played and illustrates timing of the stiingssing
(grey areas). The first chord is rather long, with a stronguilsg
on the lowest double stop G3-D4, followed by a short traositd
the double stop B4-F5 which is kept during a long time befode B
disappears. The second chord has a rather similar shapthebut
highest double stop is almost not played, the bow reaching ve
quickly the E string in order to play G5 alone.

e

B
7
E string
|

C

S .

g A string

©

£

2

@
D string
G string

47 47.5 48 48.5
Time [s]

Figure 3:Examples of chords. The figure exhibits differences in the
bow inclination vs time measured during a real perfomandsvof
successive chords. Area corresponding to the four strimgsra
dicated. Grey area approximately correspond to doublestoys.

Chords can be played in many different ways and these two
examples do not provide a complete taxonomy of multiplexggi
performance. More than two strings can be played simuliasigo
for example by pressing strongly on the bow and playing close
to the fingerboard. In contrast, very soft chords are sonestim
played without making successive double stops and justmgaki
sound the individual notes in a smooth motion of the bow acros
all the strings. In our case, we did not wish to offer a subtietiol
on chord performance and we only implemented a standarcgshap
for the chords with two successive double stops whose régpec
duration can be roughly set in order to allow emphasis on e d
ferent parts of the chord. For example, for a three notesdcbior
the G, D and A strings, the message "Forces 1 1 -1 -1" was first
sent to the model, followed quickly (about 100 ms) by "Forees
11 -1" and finally "Forces -1 -1 1 -1" if the highest note had to
be played alone. More elaborate models involving smootle tim
evolution of the force factors, control of the chord perfamoe,
or specific formatting of the chords in the MIDI file, have been
experimented but not developed further for the moment.

In order to deduce the direction of the chord (from the low-
est strings to the highest, or the contrary) and the sucnessdi
messages to be sent, notes were separated into leading woide
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accompanying voices. The channel numbers 1 and 2 were adsign
to the leading voice and the accompanying notes, respbctiMee
leading voice was also the last one which was played at theend
the chord model execution, and consequently entirely otatt

by the user.

4. REAL-TIME CONTROL WITH A GRAPHIC TABLET

4.1. Principle

A graphic tablet (Intuos 3 by Wacom) was used to control the vi
olin model. The tablet gives information about the pressarge
and the position (x,y) of the pen on the surface. Adln [1], bow
bridge distance was given by the position on the shortest ane
bow velocity was computed by differentiation of the positin the
other direction (see Fifl 4). In contrast with Serdfin [1Hisidnal
information provided by the interface, like the pen anglthmtwo
directions were not used.

Sultasto % Bow force

b\

Bow position

Bow-bridge
distance

Sul ponticello

|Computes bowing parameters
Button Qm the graphic tablet

Sends out a bang when zero
p change_note| crossing or manual triggering

|p Wacom_to_f
Force; Velocity

ree_vel_pos
Bow-
bridge
distance

channel track
pitch

prepend Freqs|prepend Forces

Read midi events until the chord
is completed, then assign
pitches and forces to strings
and sends out the results

Figure 4:Top: Schematic representation of the bowing parameters
controlled by the graphic tablet. Bottom: Max/MSP patchvgimg
the implementation of the model.

All control parameters could be scaled in order to match-typi
cal ranges of parameters or facilitate the control. For @taniow
force was normally scaled between 0 and 2 N, which is the &pic
range observed in real violin playingl[9]. Bow velocity wasutl
ally the effective velocity of the pen, but could also be sdaio
a greater value in order to compensate for reduced dimension
the tablet compared to the bow. A low pass filter (cut-off trexcy
50 Hz) was applied before sending data to the violin modek Th
sampling rate for control parameters was about 100 Hz.

4.2. Interest and limitations

Control gesture on a graphic tablet is very similar to thé gea-
ture of the player. The pen is drawn across the surface astliees
bow across the string, imitating the control of the velqacjigsi-
tion and force of the bowing gesture. However, several difiees

In real playing, information about the control are transeuit
through different channels including mainly the sound dredtéac-
tile feedback (vibrations of the bow felt in the fingers, faample
[L0]). The effort necessary to move the bow is another ingwart
feedback, as well as the reaction of the bow and string whelyap
ing bow force. The tablet offers a tactile feedback thatesponds
to the friction of the pen on the surface, not directly redate the
vibration of the string.

Some features of violin control are highly dependent on the
mechanical properties of the bow. Technical gestures aften
not be obtained without the help of the bow reaction. For exam
ple, it is very difficult to perform the typical bow force lessng
encountered irstaccatoplaying without the spring-like acting of
the bow. Similarly, bouncing bow strokes likpiccatorequire the
elasticity of the bow in order to make it jump after contacthwi
the string. This bouncing can be imitated on the rigid tablet
quickly moving down and up the pen, which is a slightly modifie
gesture compared to the real gesture, as mentioned by Sfijafin
However, the user can hardly reach the typical contact times-
sured in real performance epiccato rebounds on the tablet can
hardly last less than 100 ms while typical values in violiayphg
are around 50 mg[11]. Similarly, repeated, quickly perfedn
rebounds are also difficult to obtain because they rely upen t
equilibrium between the player’s action on the stick andrioeu
mode frequencies of the bow.

Finally, we already mentioned the reduced length of thestabl
compared to the violin bow. The tablet used for performantes-
sured about 20 cm in the long direction. For comparison, lusua
lengths of the bow are around 65 cm. This difference was a limi
tation when performing long notes, for example. It was theo-n
essary to make repeated to and fro motions, or to "save bow& mo
than usual in order to match the expected duration. Alterslst
the length of the tablet could be scaled in the patch in order t
provide higher velocities with a reduced motion of the pen.

4.3. Control of note changes

Midi sequences were played event-by-event and triggerezbiay
crossings in bow velocity. Each time the velocity crosseo fiee.
at each "bow change"), the next note or chord in the score was
sent out in order to set pitches and forces parameters ofdlie v
model. This allowed the user to focus only on the controlgest
without having to control pitch changes at the same timegchwhi
reduced strongly the complexity of controlling the perfamme.

In particular, this means that only separate note coulddeepl.
We also wanted to offer the possibility of playifegatq i.e. with
several notes during the same stroke. Events could consiggue
be triggered manually as well by pushing a button. In addjtém-
other button was used to interrupt automatic pitch changesra
crossings. This was used, for example, in order to avoidtexign
gering when more than one length of the tablet was necessary t
play long notes.

5. CONCLUDING EXAMPLE AND APPLICATIONS

Fig. [ illustrates the control parameters of a musical secgie
with the implementation described in the previous secti@uv-
ing parameters are controlled with the graphic tablet atchps
are changed each time the "bow" changes direction. In tlsig,ca

were already pointed out by Serafin and can reduce the controlthe "player" was free to adjust his gesture in order to ol#aimusi-

possibilities.

DAFX-

cally acceptable performance. Bow-bridge distance islgloary-
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Figure 5:Example of real time control of the model. The figure showsitgpwarameters obtained during the performance of a musical
example (Fuga from Sonata I, by Bach). From the top: musiessimulated sound, bow force, bow velocity and bow-britigeance.

ing around 0.2, which is a bit more than usual reported vd@jes
Bow velocity reaches more than 1 m/s and the bow force shows
that notes are clearly separated, with the pen leaving ttfacgu
between notes, except for the last few notes which are playtad

the "bow" in constant contact with the "strings".

We intentionally showed an example that is both technically
and musically difficult from a violin playing point of view.Ugh a
score would usually require several years of violin practisor-
der to manage the double stops and chords with the fuga melody
With the proposed implementation of a virtual violin, thisisic
score can be easily played and controlled by anyone.

Current applications aim at evaluating the device in pedago
ical situations. The idea is that, by temporarily easindézal
difficulties related to the left hand, string crossings aod inold-
ing, a violin student can focus on building his interpretatof the
piece through the control of sound production and musicates¢
sion related to bowing gesture. Similar approaches wesadyr
experimented in[12]. This is of course not a replacementHer
practice of the real instrument and it should be seen as aleemp
mentary tool (or musical game) in order to experience som&-mu
cal issues which normally come later in the education, gkars
and years of musical frustration. . .

Another application relates to musical performance stidie
Used by an expert violinist, the interface is a practicall oo
analysing the relation between the control of the virtuallixi
and musical expressivity. For that purpose, performansaggu
the implementation could be characterised and comparéureat
recorded performances (gesture and sound) in order to ardime
expressive capabilities of the virtual instrument.
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