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Abstract. The large wooden resonator of the Sarasvati Veena amplifies and radiates the sound in
almost all directions. The directional and spatial dependence of this radiation is studied in
conjunction with the mode shapes of the top plate of the resonator. Sound radiation patterns are
simulated theoretically using the nodal displacement data obtained from the numerical modal
analysis of the resonator. The experimental analysis involves the manual plucking of the Veena
string. The radiated sound is recorded by placing microphones around the resonator in circular
arrays of different radii in the different planes. These combinations of arrays at different distances
and planes provide a thorough knowledge of sound radiating out of the resonator. The intensities
of different frequencies in the recorded spectral data as functions of direction and distance from
the approximate center of the top plate of the resonator are studied. Experimentally measured
patterns show the importance of the top plate over the body of the resonator. Theoretical and
experimental radiation patterns for different harmonics of the plucked string are compared and a
good match is observed. The behavior of the radiating sound in the different planes at different
radial distances from the assumed center is discussed.

Keywords: Sarasvati Veena, sound radiation patterns, theoretical synthesis, experimental
analysis.

1. Introduction

A Sarasvati Veena is a stringed musical instrument with an important place in Indian classical
music. It is made up of a wooden body with a resonator and a long-attached neck. An extended
bridge mounted on the resonator is subjected to the strings stretched on its surface which are
further stretched on the nut at the end of the neck as shown in Fig. 1.
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Fig. 1. (Color online) The Sarasvati Veena

The unique and rich timber of Sarasvati Veena is composed of a combination of multiple
harmonic frequencies. The resonator of Veena plays the role of an amplifier to these frequencies
generated by its plucked string. The timber of Veena is studied in conjunction with the modal
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behavior of the resonator in our earlier work [1]. Numerical and experimental modal analyses of
the resonator are conducted. The natural frequency of the resonator is found experimentally using
the hammer impact test to be 351 Hz. The 3D solid geometry of Sarasvati Veena is modeled using
SOLIDWORKS 2016 software. The resonator geometry is separated and modal analysis is
performed using ANSYS Workbench 18.1 software, a finite element analysis (FEA) tool. The
experimental modal analysis involves the measurement of frequency response functions (FRFs)
at numerous grid points on the top plate of the resonator, excited by the roving hammer method.
The experimental modal analysis could generate the mode shapes up to the frequency of 1400 Hz,
beyond this value sensors are unable to capture readable vibration response from the top plate.
The numerical mode shapes are compared with the experimental mode shapes. The modal
behavior of the top plate and the rest of the resonator body is studied separately. The vibration
responses of these two parts of the resonator are measured experimentally for an impact made on
the top plate. The vibration response from the resonator body was found negligible as compared
to the top plate [Fig. 2]. It indicates the importance of the top plate over the resonator body. The
spectrum of a plucked string tuned at f = 175 Hz is also studied and dominance of second
harmonic 2f is found over the fundamental of the string. This is attributed to the fact that
2f = 350 Hz is approximately the natural frequency of the resonator. Numerically simulated
mode shapes from this study are used to synthesize the sound radiation pattern in the current study.
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Fig. 2. Vibration response of the top plate and bottom shell
of the resonator for the hammer impact made on the top plate

Analyzing the sound radiation at the harmonics of the plucked string of Veena with respect to
direction and distance from the resonator is the basis of this study. Polar plots of these sound
radiation levels at a given distance from the Veena in a given plane are referred to as sound
radiation patterns hereafter. The intensities of the harmonic frequencies in a given direction have
a relation with the modal behavior of the resonator to a large extent. To understand this relation,
we undertake the theoretical synthesis of the sound radiation patterns with reference to
mode-shapes of the top plate of the resonator. Displacements of the nodes from the existing finite
elements analysis [1] are treated as point sources and their intensities are calculated using the
nodal displacements of a given mode shape. Fig. 3, highlights a few of the auto-scaled nodal
displacements used to simulate the radiation pattern for the fundamental frequency of the top plate,
2f. The approach is explained in section 2.1. Further sound radiation mapping of plucked string
Veena in a semi-anechoic chamber is performed. The theoretical patterns simulated from the mode
shapes at respective modal frequencies are validated by the resulting patterns of sound radiation
at the harmonic frequencies of plucked string from the sound radiation mapping.

Sound radiation studies are performed on the violin, guitar, harp, and other Western musical
instruments in the past [2]-[6]. Sound radiation patterns of plucked and bowed instruments are
generated from the acoustic signals recorded using the array of microphones. These arrays have
various shapes like icosahedron [7], spherical [8], or circular [9]. Attempts are made to find the
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acoustic center of the sound source [10, 11]. Some of these instruments like violin and guitar act
like moving sound sources during the performance and are subject to moving source radiation
analysis [12]-[14]. Directivity and the spectral content of the radiating sound are affected by the
body of the musical instrument. The effect of the body geometry and its modal behavior on the
resulting radiation is analyzed for the western musical instruments like the clarinet, trombone,
piano etc. [15]-[20]. The relation between the modal behavior and the sound radiation is also
studied for Western musical instruments like thar, si—thar and Santoor [21], [22]. Sound radiation
studies other than those of the musical instruments exist [28], [29]. To the best of our knowledge,
such studies are not conducted on the Sarasvati Veena. This is the first attempt to analyze the
sound radiation patterns of the Veena and establish their relationship with the modal behavior of
its top plate.

Nodal Displacements

Fig. 3. (Color online) Mode shape of the top plate for the fundamental mode, 2f = 351 Hz
2. Acoustic radiation analysis

The theoretical synthesis of sound radiation patterns is undertaken, followed by the
experimental sound radiation mapping of the resonator in the horizontal (xy), vertical (yz), and
transverse (xz) planes [Fig. 4]. Additionally, two planes, H, and H;[Fig. 4(d)] parallel to xz plane
are also examined experimentally for the sound radiation. Radiation mapping is performed in a
circular periphery with radius R in the xz plane while a semicircular periphery of the same radius
is employed for mapping in xy and yz planes. Semi-circular periphery is used in the xy and yz
planes as we find out the top plate is a major contributor to the sound radiation rather than the
resonator body. Here, the part of the resonator other than the top plate is termed a resonator body.

2.1. Theoretical synthesis of sound radiation patterns

The shape and geometry of the sound source are to be known for the theoretical study of sound
radiation. As mentioned, before we keep the resonator at the center of sound radiation mapping.
However, our earlier study [1] suggests the timber of the instrument is affected mainly by the top
plate of the resonator rather than its body. This phenomenon is also proved in the subsequent
section of the current study. It leads to our initial assumption that the top plate is solely considered
a sound source and we attempt to simulate the radiation patterns from the mode shapes of the
plate. This can be achieved by considering each node on the top plate as a point source and
combining [23] the resulting monopoles of different phases and amplitudes to calculate the overall
sound pressure at a point, T [Figs. 4(a), 4(b), 4(c)]. The sound radiation, P, due to an
omnidirectional point source, q at a point, T in its surroundings is calculated using Green’s
function as [14] Eq. (1):
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where, R is the radial distance of the point T from the point O [Fig. 4(a)]. Point O [Fig. 3] is a
point of maximum nodal displacement for the first mode of the top plate. We consider ¢, 8 and «
as inclinations of line OT in xz, yz and xy planes respectively. The frequency of the mth mode is
denoted by f;,. c is the velocity of the sound in the air and P is the sound pressure at the source.
The distance between the source and the point T is 7;,. The value of 7;, in the different planes can
be calculated using Fig. 4. In the horizontal plane:

T, = \/((Xh —x)?+y%+ (Z, — 2)?). 2)

0 0
90 {M;(s,)} 90 (M.}
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Fig. 4. Planes used during measurement of sound radiation: a) horizontal plane (xz), b) vertical plane
(yz), c) transverse plane (xy), and d) three horizontal planes (H;, H, and H3)

In the vertical plane:

m =2+ Y, — )%+ (Z, - 2)?). 3)

In the transverse plane:

=V (K =02 + (Y, =)? +22). (4)
On combining the monopoles in the given plane from N number of the sources we get [22]:

—i (2107 fm
PR, ¢, f,) = %Z:PSM (5)

T

The sound pressure emitted from the nodal point source, g for a modal frequency, f;, is
calculated as [23]:
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P = l'pZTL'f"le(fm)A(Xn, Ynr Zns fm)' (6)

where, A is a relative nodal displacement amplitude of a node, q. The auto-scaled nodal
displacements [Fig. 3] obtained in the numerical modal analysis of the top plate are converted on
the relative scale for a given mode, f;,. Coefficient C is a frequency-dependent scaling factor
calculated using the experimental data as a ratio of (Pmax(f))exp with P, (f), which are
maximum amplitudes of the sound pressure in the measured and the synthesized patterns

respectively for a given modal frequency. p denotes the density of the ambient air. Substituting
Eq. (6), in the Eq. (5), gives:

~i()

N
C e
P =—Zipf"21A—. (7
2 T

n=1

2.2. Experimental sound radiation measurement

Fig. 5, shows the experimental setup used for the sound radiation mapping. Sarasvati Veena is
placed on the foam of 40 kg/m? to isolate the vibrations from the floor [25] of the semi-anechoic
chamber. Microphones are installed at twelve different locations during the sound radiation
mapping in the horizontal plane as shown in Fig. 4(a). An angular distance of 30° is maintained
between the adjacent microphones. The resulting circular array has its center on the top plate, at a
point O, below the bridge. The semicircular array of seven microphones is used for sound mapping
in both vertical and transverse planes for the angular span of 180° as shown in Figs. 4(b) 4(c),
respectively.

* T\th., Reference
Microphone

4 / &7 [f;'
Fig. 5. (Color online) Experimental setup for sound radiation mapping of the resonator of Sarasvati Veena

The sound radiation mapping is performed using the scanning technique [26] which uses one
reference micro- phone fixed at a location close to the sound source. A scanning microphone is
moved to the different locations surrounding the source and sound radiation is recorded. In the
current experiment, we use multiple scanning microphones. Here we first map the radiation of the
resonator of Veena in the horizontal plane, H; passing through its top plate [Figs. 4(a), 4(d)].
Mapping is performed in the two sets for this plane, first set, S; starts by installing microphones
at six different locations starting from the 0° (M,..) to the angular distance of 150° (M5) as shown
in Fig. 4(a). Each microphone is kept at a radial distance, R = 0.25 m from the point 0, and M, ¢
is kept at the same location for a complete experiment. The first of the four main strings of Veena
close to the auxiliary bridge [Fig. 1] is tuned at f = 175 Hz, a value exactly half the natural
frequency of the resonator top plate, and appears to be optimum to generate harmonically rich
(with the presence of several harmonics) timbre [1]. The string is plucked manually with a thin
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metallic plectrum at a distance of 0.17L, standard plucking point [27] preferred by the Veena
players. The length, L = 0.845 m is the distance between the right end of the bridge, A, and the
nut, B for the Veena studied as shown in Fig. 6. Here, plucking involves a vertical displacement
of y, = 5 mm at the point of plucking, x,,.

y
L
0.17L
Xp
-x /%-
B Vp A

Fig. 6. (Color online) Details of the plucked string

The resulting acoustic signal is recorded for the duration of 5 s with the help of an 8-channel
CRYSTAL Instruments SPIDER-81 data acquisition system. The signal is fed to the Engineering
Data Management (EDM) software to generate the spectrum in the form of a Fast Fourier
Transform (FFT). The acoustic signal and the FFT spectrum from the M, are saved separately.
Standard measurement practices [25] are implemented which involve repeating the experiment
several times by maintaining the microphones at the same locations and the same plucking
condition as mentioned above. Each recording is observed qualitatively for the consistency of the
acoustic signal from M,..r. FFT data is accepted if:

|F]tlef(f) - Fref(f)|
Fref(f)

where, Fp.or(f) and Fe((f) are the FFT amplitudes of the tuning frequency, f measured by the
Mref during first and nth recordings respectively. Experiments are repeated till 8 such recordings
are accepted. These 8 recordings are averaged to minimize the experimental error. This completes
the first set, second set, S, maps the rest of the arc of the array by shifting the microphones
(M;-M;) by the angular distance of 150° and placing an additional microphone Mg at 330°. The
same radial distance as used in the set S; is maintained and an attempt is made to replicate the
plucking conditions. The same experimental procedure and data processing methods as used in
the set S; follow to complete the second set of recordings in the horizontal plane.

Mapping is also performed in two more horizontal planes H; and H, at a radial distance
R = 0.25 m. Further experiments are performed at different radial distances; R = 0.5 m,
R =0.75 mand R = 1 m in the plane H;. Then sound radiation in the vertical and transverse
planes is recorded at R = 0.25 m followed by the mappingat R =0.5m, R = 0.75 m,and R = 1
m in both planes. Experimental recordings in these two planes are restricted to the angular span
of 0°-180°, as the top plate is considered the major contributor towards radiation based on modal
analysis of the resonator [1]. This is also evident from the comparison of the sound radiations
recorded in the three horizontal planes as discussed in the section 3. So, these two planes require
only one set of recordings using the seven microphones and a M,..¢. The sensitivity values of these
microphones used for the experiment are presented in Table 1. All these radiation analyses are
subjected to the same reference acoustic signal and the FFT spectrum data, F,.; measured by
M., at the beginning of the experiment for the first recording in the horizontal plane. Also, the
same experimental practices, the plucking conditions, and the procedure are followed during these
analyses. Finally, the averaged spectrum at each microphone location is analyzed and the values
of the amplitude of harmonics are extracted to generate the sound radiation pattern for a given
frequency and a plane.

< 1%, )
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Table 1. Sensitivity values of microphones used for experimental analysis

Manufacturer | Microphone Model Sensitivity (mV/Pa)

Myes PCB 125459 2.29

M, PCB 125458 2.67

M, PCB 125208 1.87
Piezotronics M PCB 125209 2

M, PCB 125456 2.23

M PCB 125457 2.21

Mg PCB 125460 2.37

M, PCB 125210 1.71

As understood from the experiment, one can complete the recordings for a given plane in one
set using a conventional approach of placing the microphones at all the required locations.
However scanning technique provides flexibility in the number of microphones required during
the sound radiation mapping and so in the required number of sets to complete the mapping.

3. Results and discussion

The sound radiation patterns of the different harmonics of the plucked string in the three
horizontal planes are compared. The contribution of the top plate and resonator body towards the
sound radiation is analyzed to validate the earlier mentioned (Section 1) importance of the former
over the latter. Theoretically synthesized and experimentally measured patterns are compared.
Finally, the effect of the radial distance of the microphone on the patterns is analyzed.

3.1. Comparison of sound radiation patterns in the three horizontal planes

Radiation patterns in the plane, H; are compared with the patterns in the plane H, and H; at
R = 0.25 m for frequencies 2f and 3f as shown in Fig. 7. This study is carried out to prove the
importance of the top plate. We observe the radiation patterns in the planes, H, and H; have
considerably low amplitude in almost all the directions as compared to the plane H;. As plane H;
passes through the top plate, it is the major contributor to sound radiation from the resonator. This
justifies our assumption of the top plate being a major source of sound radiation and thus limiting
the study of patterns in the vertical and transverse planes to the angular span of 180° facing the
top plate. This also corroborates with our earlier study [1] mentioned in the Section 1, where we
highlight the vibroacoustic importance of the top plate over the rest of the resonator body. Hence,
a firm basis is established for the theory that the sound radiation of this instrument is largely based
on the modal behavior of its top plate.

90° 90°
120° 60° 120° 60°
150° 30° 150° 30°
1807 0 180° 0°
210° 330° 210° 330°
240° 300° 240° 300°
270° 270°
|—HL -==H Hal |—H---H, Hs|
a) b)

Fig. 7. (Color online) Sound radiation patterns in different horizontal planes
at a radial distance R = 0.25 m for frequencies: a) 2f, b) 3f
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3.2. Comparison of theoretically synthesized and experimentally measured pat- terns

Sound ration patterns are simulated theoretically at R = 0.25m in the horizontal plane, xz,
vertical plane, yz, and transverse plane, xy for frequencies 2f -8f. The same parameters are
maintained during the experimental sound radiation measurement. Experimental patterns are
plotted with the amplitudes (in dB) of the respective frequencies in the recorded FFT spectra.
Fundamental, f of the plucked string is ignored during the study as 2f, the natural frequency of
the resonator top plate which matches the second harmonic of the plucked string suppresses the f
as discussed in the Section 1. Also, 2f is the lowest mode from the modal analysis of the top plate
utilized for the simulation of the theoretical patterns. The purpose is to experimentally validate
our algorithm [Section 2.1] of predicting the sound radiation of the instrument from the modal
behavior of its top plate.

The radiation patterns are presented in Table 2. The shapes of these patterns are analyzed. The
omnidirectional second harmonic with the highest amplitude among the frequencies studied is
observed in the xz plane. The peculiar shapes of the other frequency patterns are seen. The nature
of patterns is nearly omnidirectional up to 3f for yz plane and up to 4f for xy plane thereafter
they start to lose omnidirectional nature. The comparison of theoretically synthesized and
experimentally measured patterns shows a good match for the frequencies, 2f, 5f, 6f, 7f, and 8f
in the xz plane. However measured patterns deviate slightly from the synthesized patterns for 3 f
and 4f, these modes are associated with the air cavity of the resonator [1].

In fact, 3f is close to the Helmholtz frequency of the resonator cavity, fy = 531 Hz. In the yz
plane good match is observed for 2f, 5f, and 8f Other frequencies show a slight deviation of
measured patterns from the synthesized ones. Plane xy also has small differences between the
measured and synthesized patterns at a few angular positions but the match is good at other
positions. The deviation between the measured and synthesized patterns in yz and xy planes is
mostly observed at the angular position of the 90°. This point directly faces the bridge and suffers
the possible alteration of the patterns due to the involvement of the sound directly emitted from
the plucked string of the Veena colliding with its bridge. Overall, we observe a good match
between the synthesized patterns and the measured patterns.

The match between the theoretically synthesized and experimentally measured patterns is
validated by error analysis. First, a deviation is calculated for the experimental recordings. As
eight recordings are averaged at each microphone location, all the locations are first analyzed
individually, and data are combined later. A percentage deviation from the mean is found for the
amplitude of each frequency from the spectra of the 8 recordings at a given location. The combined
analysis of all the locations gives a median error of 4.245 % and a standard deviation of 5.235 %.
Next, we observe the deviation of the experimental patterns from the theoretical patterns of a given
frequency. The data for all the frequency patterns in a plane is combined. Plane xz is subjected to
the median error of 2.489 % and the standard deviation of 1.983 %. The median error in the plane
yz is 1.523 % and the standard deviation is 2.416 %. The values of median error and standard
deviation in the plane xy are 2.599 % and 3.410 % respectively. It is observed that the median
errors and standard deviations in all the planes are lesser than the median error and standard
deviation of the experimental data. Though experimental errors are inevitable, the use of standard
experimental practices provides good results and their deviation from the theoretical results is
lesser than the experimental error itself. This validates the match between the two results. As these
patterns are synthesized from the mode shapes of the top plate, here we establish a relation
between the modal behavior of the top plate and the measured sound radiation patterns of the
plucked Veena string in the surrounding of its resonator.
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Table 2. (Color online) Comparison between synthesized and measured sound radiation patterns
at radial distance R = 0.25 m
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3.3. Effect of the radial distance on the sound radiation patterns

The effect of the radial distance of the microphone on the measured sound radiation patterns
at different values of distance R is analyzed. It is observed for 2f, radiation patterns lose their
omnidirectional nature as the distance from the resonator increases in the horizontal plane
[Figs. 8(a), 8(d)]. Radiation patterns for 3f also change their shapes with an increase in distance.
We assume, at the distances from the resonator acoustic radiation gets affected by the sound
emitted directly from the string bridge interaction as mentioned in Section 3.2. However, for
vertical and transverse planes [Figs. 8(b), 8(c), 8(e), 8(f)], a nearly omnidirectional nature of
patterns is observed irrespective of the value of the radial distance.

——R =0.25m - - -R =0.5m R =0.75m ——--R =1m
Fig. 8. (Color online) Sound radiation patterns for frequency, 2f in the: a) the horizontal plane, xz,
b) the vertical plane, yz, c) the transverse plane, xy and for frequency, 3f in the:
d) the horizontal plane, xz, e) the vertical plane, yz, f) the transverse plane, xy

4. Conclusions

The sound radiation from the resonator of the plucked string Veena is studied. The theoretical
attempt is made to simulate the sound radiation patterns followed by a detailed experimental
analysis of the radiation to generate the patterns in the different planes at different radial distances.
Based on our earlier study, the resonator top plate of Sarasvati Veena is assumed as a major
contributor to the radiating sound. So, theoretical patterns are simulated from the nodal
displacement values of the top plate modes obtained from its numerical modal analysis.
Experimental patterns are recorded using the scanning technique involving a reference
microphone, M,..r kept at the same location throughout the experiment, till scanning microphones
complete the measurements in all the desired planes and the radial distances. Standard
measurement practices are implemented to minimize experimental errors. Sound radiation patterns
for 2f and 3f are compared at a distance R = 0.25 m, in the three different planes H,, H,, and
H;. The amplitudes of these harmonics are very low in all the directions in the plane H, and Hz
compared to H;. This proves the top plate is the major contributor to the radiating sound and
justifies our initial assumption.

Shapes of these patterns are observed for different harmonics of the string. It is observed that
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2f has an omnidirectional nature and the highest amplitude almost in all the directions and planes,
among the harmonics studied. This is expected as this is the fundamental frequency of the
resonator body. Higher frequency tends to show multi-polar sound radiation patterns.

Theoretical and experimental patterns are compared at a radial distance, R = 0.25 m, and a
good match is observed between the two results. Error analysis is performed to validate the match.
A median error of 4.245 % and a standard deviation of 5.235 % are observed in the experimental
data, while the median error and standard deviation for the difference between experimental and
synthesized patterns are within 5 % and are lesser than the experimental error values. This
validates the good match between the two analyses and thus proves the relation between the mode
shapes of the top plate and the sound radiation patterns of the plucked Veena string in the
surroundings of its resonator. Our method of predicting the sound radiation pattern through the
modal analysis of the top plate is validated.

The effect of radial distance, R from the resonator on the patterns is studied. An increase in
the value of R affects the shape of radiation patterns of the harmonics in the horizontal plane.
However, radiation patterns of 2f and 3f in vertical and transverse planes have a nearly
omnidirectional nature irrespective of the radial distance. The shape of patterns at 2f and 3f,
being fundamental and Helmbholtz frequency of the resonator respectively appear to be unaffected
while for higher frequencies shapes are changed.
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