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Abstract

The Persian Tar is a plucked string instrument with a
system of two membranes instead of a top soundboard: a
large one, directly actuated by the bridge, and a small one
actuated indirectly by the large one. Two methods were
used to study the function of the two membranes: First,
we recorded the instrument’s sound with an artificial head
covering no, the small, the large and both membranes and
looked for differences in the inter-aural cross-correlation
coefficients (IACC). Results indicate that the dual mem-
brane system causes low absolute IACC, relating to the
perceived spaciousness of the sound. Then, we measured
the eigenmodes of the membranes using a Laser-Doppler
vibrometer to visualize the propagation of impulses ham-
mered on the bridge. It was found that the mode of the
small membrane is a simple monopole, whereas the modes
of the large membranes are complex. These differences in
membrane radiation may also explain the perceived spa-
ciousness. The modes were also found in sound record-
ings made of the instruments, suggesting that they act as
spectral formants.

Description of the instrument

The Tar is a typical instrument in Persian Classical Mu-
sic. It is a lute with two membranes sitting on two round
bodies commonly of thick mulberry wood, which are in-
terconnected within. The strings stimulate the larger one
of the membranes through a bridge chucked in between.
The small membrane is then indirectly stimulated by the
sound reaching it through the connected bodies.

Figure 1: One of the measured instruments.

The small membrane’s tension and thus its modes are
determined by its stretch. The large membrane is only
loosely glued onto the body, it is stretched only by the
tension of the strings. Its vibration modes are therefore
determined by the intonation. There are several intona-
tion systems used for the Tar, which vary depending on
the musical repertoire and the modal system (Dastgah)
being performed. One of these intonations is C4 C4 G3
G3 C4 C3 which was also used during the experiments.
These three courses are always intonated purely, without
desiring a beating like in pianos.

Hypotheses
We pose two hypotheses regarding the acoustic function
of the dual membrane construction:

- People describe the Tar’s sound as spacious. The
two membranes may act like those of a stereo loud-
speaker by radiating differently.

- The membranes’ vibration modes may result in spec-
tral formants dying the timbre. This would be com-
parable to other lutes having a sound hole which
causes a Helmholtz formant.

To test the first hypothesis, we recorded the instrument’s
sound using an artificial head in an anechoic chamber un-
der different membrane covering conditions. We then an-
alyzed the differences in interaural cross-correlation coef-
ficient (IACC) — a psychoacoustic correlate for spacious-
ness.

A second experiment involved a laser vibrometer to learn
more about phase and mode differences between the
membranes. To test the formant hypothesis, the vibrom-
etry results were then compared to sound recordings.

Method 1: Artificial Head

Spaciousness measurement

Sound may be perceived as spacious if there are differ-
ences in the sound waves reaching the left and the right
ear. This is because the auditory system tries to ex-
tract information about early lateral reflections which
informs it about the environment [2]. Ziemer [7] dis-
cusses various parameters that quantify the differences
between the channels of a stereo signal and can be a
measure for the perceived spaciousness. Some of them,
like the “Raumeindrucksmafl” (p. 162) relate the amount
of early lateral reflections to the amount of late diffuse
sound. This can be measured with a pair of an omnidi-
rectional microphone and a figure-8-microphone. This is
a measure for the acoustic spaciousness of a room. For
studying an instrument’s sound without the influence of
the room another parameter is sensible: the inter-aural
cross-correlation coefficient (IACC). The instrument is
recorded in an anechoic chamber with a stereo pair of
microphones (for psychoacoustic interpretability it is rea-
sonable to take an artificial head). TACC is derived from
the channel correlation r between left and right channel,
given by equation (1).
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For TACC the channel correlation is computed for many
phase relations between the channels, so they are shifted
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by a 7 varying between —1 and +1 ms [5]. The TACC is
now defined as the maximum r yielded. This is because
TACC is usually not computed for the entire time series
to be analysed, but for small windows of it to get a time
curve. With constant 7 the correlation would fluctuate
too heavily to be in line with the perceived spaciousness.
An electrophysiological study by Liiddemann et al. [4]
found a EEG correlate for the IACC, speaking in favor
of its psychoacoustic interpretability.

So the Tar was recorded in an anechoic chamber with an
artificial head (head acoustics HSU III.2). The Tar was
positioned horizontally before the head and we plucked
the strings by reproducibly elongating them with a cop-
per strand loop until it breaks off, releasing the string.
This was done for all the strings, plucking them both indi-
vidually and by courses, as in normal playing. The main
manipulation was now the covering condition: everything
was recorded with no covering, with the small membrane
covered, the large membrane covered, and both covered.
In total 309 usable audio files of 2 seconds were produced,
cut to begin with the onsets.

Results

As stated, the main experiment was done with the Tar
held horizontally. This decision was based on a pre-
experiment in which we found that the covering condi-
tion’s effect on IACC was higher when the Tar was held
horizontally compared to when it was held vertically. We
explain this with the alignment of the membranes to the
head’s left and right ear respectively. In a normal playing
environment, wall reflections reduce the significance of
this (also the Tar is always played horizontally of course).
This observation supports the ’stereo’ hypothesis.
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Figure 2: Average TACC time series of all single-string mea-
surements with horizontal Tar posture. They were grouped
by the covering condition: black (nothing covered), violet
(large membrane open), yellow ( ) and blue (both
covered). The curves correspond to between 25 and 41 indi-
vidual measurements each. The number of individual mea-
surements per curve varies, since some constellations were
measured successfully more often than others. The x-axis
shows milliseconds.

Figure 2 shows the TACC differences evoked by covering
conditions. The initial decline in TACC may point to an
increasing activity of high modes, since their complex dis-
tribution on the membranes should cause more complex
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radiation. After about 400 milliseconds, a stable arrange-
ment of the curves is established. The blue and yellow
curves do not differ much over the entire time series, so it
does not seem to make much difference whether both or
only the large membrane are covered. Their IACCs are
(from 250 ms on) higher than those of the purple curve
(small membrane covered) and significantly higher than
those of the black curve (nothing covered). Without a
cover, the Tar sounds the most spacious, followed by the
condition with only the small one covered. The effects
are above 0.075 as the JND for TACC [6].

Method 2: Laser Doppler Vibrometer
During play, the vibrations of the Tar strings travel
through the bridge, causing the large membrane to vi-
brate. The smaller membrane, although not directly ac-
tuated by the strings or the larger membrane, begins to
vibrate as sound waves propagate through the air inside
the soundbox of the instrument.

To measure these vibrations, we used a Polytec Laser
Doppler Vibrometer (LDV). The LDV generates a laser
beam that is split into two paths by an interferome-
ter inside the device. One beam serves as a reference
and is directed straight to the photodetector, while the
other—the measurement beam—is directed onto the sur-
face of the object being studied (here, the membranes)
and is reflected.

The movement of the Tar membranes causes slight
changes in the frequency and phase of the reflected laser
light, depending on the velocity of the surface. Equa-
tion (2) shows the distance A between two successive
wavefronts of the reflected laser, in which:

e T'= — where vy, is the frequency of the laser wave

VL
with a narrow linewidth

¢o is the speed of light, and coT (i.e., A1) is the
distance a wavefront from the laser travels during
one period

v is the velocity of the moving membrane. The ex-
pression |v|T represents the distance the membrane
moves during this period

N =T = 2|v|T (2)

co/A', which is the

From this, we can calculate v/
Doppler-shifted frequency [1].

This reflected light, now carrying motion information,
is then redirected to the photodetector, where it inter-
feres with the reference beam. The resulting superposi-
tion creates a modulated signal that reveals the Doppler
frequency shift. Through signal processing, the system
extracts the vibrational velocity of the test object.

We applied laser Doppler vibrometry to three different
Tars. The instruments were built by different luthiers
and varied in both shape and material. For each Tar, we
used a relatively dense mesh of 245 to 699 points, cov-
ering nearly the entire surface of both membranes. This
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allowed us to observe the vibrations across the large and
small membranes and to identify the vibrational modes
that emerged.

We positioned the mechanical hammer so that it struck
the bridge at the center with enough force to generate a
clear impulse detectable by the LDV system. The strings
were damped to prevent any additional vibrations. The
hammer’s piezo sensor recorded a force time-series, while
the vibrometer recorded the velocity time series, both
for each point, with 250 kHz sampling frequency and for
250 ms. By Fourier-transforming the force and velocity
time series and then dividing the velocity spectrum by
the force spectrum, we get the impulse response function
for each measured point.

To compare the spectra to those of music played on the
Tar, we recorded 30 seconds of scale improvisation on the
three instruments and calculated the FFT .

Results
The spectra averaged over all measuring points for the
three Tars are shown in figure 3. We were especially inter-
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Figure 3: Impulse response spectra obtained by the laser
vibrometer for the membranes of three individual Tars up to
1 kHz.

ested in the peaks shared by one or more instruments. To
find out which membrane causes them, we generated con-
tour plots for their amplitude distribution across points.
Figure 4 shows the contour plots for two peaks of the
second Tar (middle diagram in figure 3). There are some

The large membrane’s monopole at 355 Hz. (yellow) The small membrane’s monopole at 450 H. (vellow)

Figure 4: Contour mode plots of two characteristic peaks
found in all instruments. The 355 Hz mode seems to belong
to the large membrane and the 450 Hz mode to the small
membrane.

consistent findings across all instruments:

e A monopole mode for the large membrane was found
in the range of 300 to 355 Hz (depending on the
instrument measured).

e A monopole mode for the small membrane was ob-
served in the range of 450 to 480 Hz.

e The delay between the vibration onsets of the mem-
branes varies only between 1.8 and 1.9 milliseconds.

e We calculated the overall correlation between the
membranes. Depending on the instrument, the cor-
relation coefficient ranges from —0.24 to —0.54.

The consistency of the results across all three Tars sup-
ports the conclusion that the observed vibrational pat-
terns are characteristic of the Tar in general, rather than
specific to a particular instrument. We also observed in-
dividual differences between the three Tars:

e While the small membranes consistently act as
monopoles, the large membranes exhibit different
additional modes.

e One Tar shows a dipole mode at 465
Hz—presumably caused by the bridge.

Comparison with the FFTs of the sound recordings (Fig-
ure b) revealed that the two described membrane modes
are also present in the sound. This was the case for the
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Figure 5: FFT of a recording of music improvised on one of
the Tars (up to 1 kHz). For this Tar, the vibrometer measured
the large membrane’s mode as 300 Hz and the small one’s as
465 Hz. These frequencies peak in the FFT plot of the sound
recording, suggesting a spectral formant role both membranes
play.

recordings of music improvised on our three instruments,
but not for the artificial head recordings of the open
strings. These only show the string’s eigenfrequencies.
This might mean that it is necessary to include many
notes in the FFT to reveal the constant eigenfrequencies
of the membranes.

Conclusions
The results support the two hypotheses regarding the
motivation of the dual membrane construction. ITACC



for this instrument is already quite low, and we could
demonstrate that it is lowest with both membranes open.
The resulting spacious timbre is likely due to the phase
and mode differences between the membranes.

The membrane modes within the ranges of 300-355 Hz
and 450-480 Hz could be attested in the recorded music,
arguing for a timbral formant role they play.
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