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Abstract
We provide an overview of a current research project on measuring, modeling, and virtually recreating the sound
radiation characteristics of real acoustic violins. Our general approach is based on measuring the directivity of
an acoustic violin, and designing a digital ﬁlter structure that mimics the observed directivity while allowing
interactive operation. The digital ﬁlter structure is fed by the electrical signal coming from a silent electric
violin as played by a musician. In a hemi-anechoic chamber, we use a microphone array to characterize the
frequency-dependent directivity transfer function of a real violin by exciting the bridge with an impact hammer
and measuring the acoustic pressure at 4320 points on a sphere surrounding the instrument. From the input
force and output pressure signals obtained from the real violin measurements, we use deconvolution to estimate
4320 impulse responses each corresponding to a radiation direction. With such impulse responses, we use State
Wave Synthesis to model the observed directivity in time-varying conditions and efﬁciently render directional
wavefronts in a virtual environment. We characterize the silent violin transfer function by exciting the bridge
with an impact hammer and measuring the electrical signal at its output, leading to an impulse response that we
use to design an inverse ﬁlter to recover the force excitation at the bridge.
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1

INTRODUCTION

This research project is focused on the accurate characterization of the acoustic properties of traditional musical
instruments and the development of digital models capable of efﬁciently reproducing such properties in interactive contexts. One application of this research is the preservation and virtual reproduction of historically valuable
musical instruments, such that they can be played and heard in real time. Our project is motivated in part by
the Stradivari Messiah violin, considered to be the most treasured masterpiece by this historic Cremonese maker
because of its “as-new” condition but which has seldom been played and remains inaccessible, on display at the
Ashmolean Museum in Oxford [1, 2]. Our objective is to develop methods for measuring, modeling, and virtually reproducing the acoustic radiation properties of real acoustic violins as a technological means for preserving
and reproducing the acoustic properties of valued musical instruments (beyond performance recordings, pictures,
or material and geometric data and analysis). This manuscript provides a brief overview of our progress so far.
There have been many reports of violin radiation pattern measurements in the past (a few of these include
[3, 4, 5, 6, 7], with a good summary by [8]). In most cases, the measurements and analyses were made
to evaluate and/or compare different instruments to one another. In [9], the authors use a frequency-domain
approach to estimate directional frequency responses for later use in a sample-based sound synthesis system:
glissandi are played on a violin in an anechoic chamber and the sounds are recorded for a discrete set of
directions, from which frequency responses are estimated using frame-by-frame deconvolution of the harmonic
tones. In our case, we capture a more comprehensive directivity frequency range by exciting the instrument with
an impact hammer, and use a time-domain digital ﬁltering method for simulating directivity. In the following,
we report our developments on two main tasks: measurement and digital modeling of the acoustic radiation
properties of a real violin, and measurement and digital modeling of the transfer function of an electric violin,
with which a virtual acoustic replica of the real violin is to be virtually performed.
∗ esteban@music.mcgill.ca
† gary@music.mcgill.ca
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Figure 1. Semi-circular microphone array, rotating base, and support rig used to measure sound pressure signals
at 4320 points on a one-meter-radius sphere around the violin. The laser Doppler vibrometer (on the tripod)
was only used not used during the sound pressure measurements.

2

MEASUREMENT

2.1 Acoustic violin
In a similar fashion as performed for violin sound synthesis by digital waveguides [10], we deﬁne the frequencydomain radiativity transfer function of an acoustic violin by relating the force exerted by the strings on the
bridge and the sound pressure radiated at a far-ﬁeld distance from the instrument. Here, instead of considering
a single external microphone position, we use a microphone array to measure the complete frequency-dependent
directivity pattern on a sphere around the instrument, assuming far-ﬁeld conditions.
In a hemi-anechoic chamber (with a carpeted ﬂoor and extremely low reﬂectivity), we carried out radiativity
measurements on a violin from the Schulich School of Music at McGill University. The instrument was held
vertically, with the neck pointing up, on a rotating base. Cushioned clamps were used in conjunction with
a purposely machined shoulder rest to naturally ﬁx the end of the body of the instrument to a vertical pole
attached to the rotating base. Rubber bands were used to damp the strings. A semi-circular, one-meter-radius
array of 60 high-precision, calibrated Sennheiser KE4-211-2 microphones was placed to cover 15/16 of elevation
angle span of a sphere around the violin position, whose center was deﬁned as the midpoint between the F-holes
at an equal distance between the back and top plates. The measurement setup is shown in Figure 1. The laser
Doppler vibrometer (Polytec LDV-100), mounted on the tripod, was used to initially measure the admittance of
the violin but not for the subsequent radiativity measurements.
The impact hammer, which has been long used in the context of vibratory analysis or modeling [11, 12],
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provides a simple and effective method to drive stringed instruments with great repeatability. For our measurements, a calibrated miniature impact hammer (PCB Piezotronics 086E80) was used to excite the corner of the
bass side of the bridge in the direction corresponding to the horizontal transverse motion of the strings, parallel
to the bow motion. The radiated sound, together with the hammer force, was measured by each of the 60
microphones for rotating base angle increments of 5 degrees, leading to 72 × 60 = 4320 signal measurement
combinations. For each combination, three distinct measurements were made and later averaged. The spherical
sector deﬁned by the microphones covered 95% of the sphere. In our modeling framework, the strings are
assumed to meet at a single point representing a common excitation position, so for practical matters, we could
also have chosen to measure on the treble side. We chose to measure on the bass-bar side because of the higher
efﬁciency of the bridge there in driving the top plate, as observed from previous experimental studies of violin
acoustics [13]. Time-domain signals of force and sound pressure were collected, delay-compensated, and stored
before using frequency-domain deconvolution to obtain directivity frequency responses. Signals were sampled
at a rate of 48 kHz, and coherence analysis revealed strong consistency up to approximately 7 kHz.
2.2 Silent electric violin
We measured the response of a high-end commercially available silent electric violin, which we assume can
be modeled as a linear, time-invariant system with a frequency response determined from input-output measurements. As with the acoustic violin, the strings were damped with rubber bands and the miniature impact
hammer was used to excite the corner of the bass side of the bridge in the direction corresponding to the
horizontal transverse motion of the strings. The electrical output signal provided by the violin was recorded
simultaneiously with the hammer force. Both signals were recorded at a sample rate of 48 kHz. By way of
frequency-domain averaging over 3 distinct measurements, the frequency response of the electric violin was
computed by deconvolution. Coherence analysis revealed strong consistency up to approximately 12 kHz.

3

ANALYSIS & MODELING

3.1 Acoustic violin directivity
We use State Wave Synthesis (SWS) [14] to model and simulate the frequency-dependent directivity of the
acoustic violin. To do so, we design a mutable state-space model of 58 state variables, one non-mutable input
(bridge excitation force) and an indeﬁnite number of mutable outputs (sound pressure), each corresponding to
an outwards direction expressed by two angles in vertical polar coordinates on a spherical coordinate system
determined by the measurement sphere center. Assuming minimum-phase, a set of 58 common eigenvalues
are estimated from the measured input admittance of the instrument. The speciﬁc number of eigenvalues was
determined somewhat arbitrarily based on the quality of the frequency-domain ﬁt. Alternatively, a similarly
representative set of common eigenvalues could be obtained by performing modal analysis on a subset of the
radiation measurements, though the input admittance tends to have a better signal to noise ratio. The output
coordinate space of the output-mutable state-space model is deﬁned as a bounded two-dimensional Euclidean
space, with dimensions being the azimuth θ and elevation ϕ angles of the microphone measurement positions.
In a ﬁrst step, the state-to-output projection coefﬁcients corresponding to the 4320 measurements are estimated
by least-squares, leading to a matrix of 4320 × 58 projection coefﬁcients. Then, estimated projection coefﬁcients
are arranged as 58 matrices of 72 × 60 entries each, to perform smoothing and re-sampling of the output coordinate space to obtain 58 matrices of 64 × 64 coefﬁcients each (again, the speciﬁc size of the matrices is
arbitrary). Finally, an output projection function is devised to perform bilinear interpolation of output projection
coefﬁcients over the space of output coordinates. Note that the mutable state-space model resulting from this
modeling procedure can be equivalently expressed in real form by combining complex-conjugate pairs of eigenvalues into real second-order parallel sections whose numerator coefﬁcients are provided by an output mapping
function by bilinear interpolation. Example models of radiation frequency responses are displayed in Figure 2
along with their corresponding measured responses.
To demonstrate the dynamic behavior of the radiation model, we synthesize the input-output frequency re-
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Figure 2. Detail of the radiation frequency response model. Input-output magnitude frequency responses of two
individual measurements and their corresponding modeled responses, as obtained from the model. Top graph
coordinates: azimuth θ = 1.97 rad, elevation ϕ = −0.21 rad; bottom graph coordinates: azimuth θ = 1.02 rad,
elevation ϕ = 0.26 rad.
sponse as obtained from exciting the model in time-varying conditions. For 512 consecutive steps, we modify
the output coordinates of an outgoing wave as captured by an ideal microphone lying on the sphere surrounding
the source object. Assuming ideal excitation of the violin bridge, we simulate a continuous linear motion of
the ideal microphone on the sphere, from initial position at (θ = 0.69 rad, ϕ = 4.71 rad) to a ﬁnal position at
(θ = −1.48 rad, ϕ = −0.52 rad). To illustrate the quality and smoothness of the achieved result, in Figure 3 we
compare the measured frequency responses (nearest-neighbor) and the model frequency responses as obtained
from bilinear interpolation of processed output projection coefﬁcient vectors.
This modeling procedure, for which more details can be found in [14], allows the interactive simulation
of the radiation properties of the acoustic violin given the time-varying position and orientation of the virtual
instrument. To do so, the mutable state-space model is used to efﬁciently render multiple outgoing wavefronts
representing the direct ﬁeld and reﬂections, and propagating them to a listener in a virtual space. The frequencydependent directivity of the listener, represented as a binaural HRTF, can be also simulated by a mutable statespace model as described in [14], with inter-aural time differences realized by fractional delay lines.
3.2 Electric violin equalization
In order to obtain an approximation of the bridge force signal F(t) of the silent electric violin, which is needed
to excite the radiation model, we “whiten” the electric violin output signal E(t). This is achived by using the
electric violin transfer function measurement to design a matched minimum-phase, recursive parallel ﬁlter. As
well, an inversion formula that preserves the parallel conﬁguration of the designed ﬁlter is derived. First, a
minimum-phase, magnitude-only speciﬁcation technique is used to design an order-30 recursive parallel ﬁlter
H(z) = c + ∑M
m=1 Hm (z) comprising a real constant c and real-single or complex-conjugate poles spread over M
parallel ﬁrst-order sections Hm (z) = rm /(1 − pm z−1 ) (the order M is arbitrarily determined based on quality of
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Figure 3. Input-output magnitude frequency response as obtained from exciting the radiation model in timevarying conditions: continuous linear motion of an ideal microphone on the sphere, from initial position at
(θ = −0.69 rad, ϕ = −0.34 rad) to ﬁnal position at (θ = 5.06 rad, ϕ = 1.39 rad). Top graph: nearest-neighbor
measurement; bottom graph: bilinear interpolation of processed output projection coefﬁcients.
the frequency-domain ﬁt). Then, we express each Hm (z) as Hm (z) = rm + z−1 Gm (z), with Gm (z) = rm pm /(1 −
pm z−1 ). With this, the parallel ﬁlter H(z) becomes H(z) = g + z−1 G(z), where g = c + ∑M
m=1 rm and G(z) =
M
G
(z).
Now
it
is
possible
to
invert
the
transfer
function
H(z)
and
obtain
the
input
force
signal F(z) from
∑m=1 m
the output electrical signal E(z) via F(z) = g−1 (E(z) − z−1 G(z)F(z)) while preserving the parallel architecture.
The resulting model and equalization are depicted in Figure 4.

4

OUTLOOK

The work reported here represents the early stages of a project intended to allow virtual acoustic rendering of
acoustic violins (characterized from measured responses) using a silent electric violin. Complete measurements
on a McGill-owned violin, as well as a Bergonzi from the Montreal area, have been performed. Subsequent use
of less complete measurements (substantially lower number of external microphone positions, more reverberant
room conditions, . . . ) of the Stradivari Messiah violin has previously been investigated [15] and is still under
development. Other aspects of the project include the virtual reality rendering, motion tracking, room response
modeling, perceptual testing with players and ultimately the staging of a performance demonstrating the resulting
technologies.
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Figure 4. Silent violin digital equalization (full-band). Top graph: magnitude frequency response of the silent
violin along with the response of a correspondingly designed order-30 recursive parallel ﬁlter. Bottom graph:
magnitude frequency response of the equalized silent violin signal, as obtained from a parallel-inverted recursive
ﬁlter.
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