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ABSTRACT

An investigation of the contribution of structural modes, a Helmholtz
resonance, and a nonlinear harmonic to the directional
behavior of Balinese gamelan gongs

Dallin Harwood
Department of Physics and Astronomy, BYU
Bachelor of Science

Balinese gamelan gongs are percussion instruments of special interest because of their unique
geometry and sound. Unlike a Chinese tam-tam, the gongs are quite thick, with a protruding dome
in the center and long edges that sharply wrap around the circumference of the gong. When struck
in the center, the larger gongs are designed to produce a strong beating effect. Previous studies
have shown the cause of this beating phenomenon to be the proximity of the harmonic of the first
axisymmetric mode to the frequency of the second axisymmetric mode [1]. The work presented in
this thesis includes three studies that characterize the directivity of the instrument. First, scanning
laser Doppler vibrometer (SLDV) measurements were taken alongside directivity measurements to
demonstrate the connection between operating mode shapes and far-field behavior. In most cases
the antinodal regions along the circumference of the operating mode shape matches the number and
location of lobes in the directivity plots. The directional and vibrational characteristics of a large
and small gong were compared to show differences between them. Second, physical measurements
and application of a model identified a Helmholtz resonance in the cavity of a large gong. The
cavity resonance dominates far-field behavior for neighboring frequencies. And third, excitation
of the gong using the first and second axisymmetric mode frequencies provided insight into the
nonlinear harmonic that causes the beating. The harmonic behaved like the second mode of the
fundamental in both directivity and vibration, implying its vibration is not limited to the shape of
only the first axisymmetric mode but the nonlinear effects could complicate the mode behavior with
influence from higher order modes.

Keywords: beating, directivity, harmonic, Helmholtz resonator, modeling, musical acoustics, non-
linear, vibrational modes
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Chapter 1

Introduction

Balinese gongs are uncommon in western orchestras, yet they form a key part of Indonesian culture,
both musically and spiritually. This introduction details some of the characteristics of a Balinese
gamelan and speci cally comments on individual instruments. It presents several studies on topics
including musical instrument directivity and measurements of gamelan instruments. Finally, a short
introduction to the current work provides a connection between the studies presented in this thesis

and those done previously.

1.1 Cultural Background

Bali is an island province of Indonesia near Java. Its culture is full of intricacies, including many
calendars and extreme attention to detail in clothing, architecture, and music. The Balinese gamelan
is at the heart of music in Bali. The gamelan, meaning ensemble, contains anywhere from a few to
as many as over seventy percussion instruments, including metallophones, drums, and gongs [1]. In
Bali, the de nition of an octave is different from that in Western music, creating a distinctive sound.
Instruments are often made in pairs, where a brother and sister bar on a metallophone are tuned

slightly off pitch from each other, creating acoustic beating when struck in unison. This beating

1



1.1 Cultural Background 2

creates a shimmering quality to the music of the gamelan referred to as "ombak," literally meaning
"wave." In Balinese music, the metallophones typically play melodies and harmonies, while drums
play syncopated rhythms and the gongs establish strong and weak beats in the meter or are left to
ring at the end of a phrase [2].

The gongs of the gamelan are especially unique because the larger gong ageng, or "great gongs,"
produce beating independently. The gong ageng consist of the gong wadon, a "female" gong with
an 83 cm diameter, and the "male" gong lanang with an 82 cm diameter. These two gongs beat
when struck on the boss, which is the polished golden dome in the center of the gong. The gong
kempur (or kempul) and the bebende are smaller gongs and do not produce beating. The bebende is
played with a small wooden hammer, as opposed to the soft mallet used on the other gongs, and
is usually played with more syncopation. Other "pot" gongs are xed horizontally on taut strings

rather than hung, and are played with wooden mallets.

Figure 1.1 The Balinese gamelan gong ageng. The lanang and wadon are hung on the left
and right respectively with the gong kempur in the center and a smaller gong in front. The
golden boss in the center of the three large gongs is prominent, and the signi cant length
of the sides is visible. The geometry is quite different from a Chinese tam-tam with more
complications resulting from the hand crafted nature of the instruments [3].
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Unlike the Chinese tam-tam, these gongs are more tonal and have completely different ge-
ometries as seen in Figure 1.1. The golden boss is striking, protruding several centimeters on all
the gongs except the bebende which is nearly at (as seen in Figure 2.1). The gongs also have
a signi cant depth, with the edge wrapping backward nearly half the length of the radius. The
thickness of the gongs varies as they are meticulously crafted by hand (traditionally out of bronze)

with an average thickness of 5mm near the boss and 3mm on the face and rim.

1.2 Previous Studies

The directivity of a musical instrument characterizes its style and use. For example, musicians
and acousticians understand that brass instruments with bells are extremely directional at higher
frequencies, whereas woodwinds and strings are less so due to the nature of those instruments. Low
frequencies in orchestral instruments exhibit more omnidirectional behavior and Meyer concluded
that this type of radiation occurs primarily below 500 Hz, with more complex behavior above 500
Hz [4]. The study by Meyer also discusses the effect of room acoustics on how sound is perceived
from a group of musicians and how the seating arrangement of the musicians themselves can change
the overall directivity of an orchestra.

Although western instruments have been the focus of most musical acoustics studies, there
are some exceptions, notably Fletcher and Rossing [STh&nPhysics of Musical Instrumenés,
summary of different percussion instruments is given, including Balinese gongs. A study of a large
gong and a tawa tawa demonstrated the acoustic importance of the rst three modes at different
times after a strike. They explain that the rst two axisymmetric modes have a near 2:1 octave ratio,
which is a deliberate feature caused by the mass of the boss. An explanation of circular plates is
also given in the book, which is essential for understanding the basic vibration patterns of the gongs.

Fletcher and Rossing provide tables of possible mode shapes, notated with m nodal diameters and n
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radial nodes (m,n). The convention used in this thesis begins with the lowest-order mode written as
(0,1).

The nonlinear behavior of shells, tam-tams and gongs has also been researched. Chaigne et
al. studied partial shells and compared their nonlinear behavior to that of the Chinese tam-tam [6].
They con rmed the presence of harmonics in the shells with values from the sum or difference of
the rst frequencies{ = f; fy) or an integer multiple of the fundamentdl£€ n f;). They also
observed that the imperfections in the gongs cause a shift in the arrival of axisymmetric modes
and the distance between degenerate modes. Degenerate modes occur much closer together in the
symmetric manufactured shells and the axisymmetric modes happen at lower frequencies than they
do in the tam-tam.

Several other studies have focused on instruments in the Balinese gamelan. Jones et al. studied
the vibrational characteristics of the metallophones in the gamelan and contrasted them with a
glockenspiel [7]. A study by Perrin et al. investigated the normal modes of a small gamelan gong [8].
They applied nite element method (FEM) modeling, electronic speckle pattern interferometry
(ESPI), and scanning laser doppler viborometry (SLDV) to record the structural response of the gong.
They noted a xing of the nodal lines, likely due to asymmetries and imperfections in the gong.
They also observed nonlinear behavior with the presence of subharmonics and identi ed the (0,1)
and (1,1) modes as being the most important acoustically. McLachlan similarly studied small gongs
and compared the spectra of cast bronze gongs with those of spun steel gongs [9]. He found that the
intervals between modes are greatly dependent on the size of the boss and length of the rim.

Krueger et al. studied the ombak produced by a gong wadon [1]. Measurements with a
microphone and a scanning laser were used to identify the resonance frequencies. Nonlinear
behavior was observed in the presence of harmonics from the rst axisymmetric mode. They
concluded the interaction of the rst harmonic with the second axisymmetric mode was the cause

of the ombak. Driving the gong with suf cient amplitude at the rst two axisymmetric mode
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resonances produced audible beating. Figure 1.2 shows the beating phenomenon, where the beating
frequency decreases over time. As a note, the fundamental (and by extension the harmonic) rises
very slightly in frequency due to increased rigidity when displaced at high amplitudes and slowly
restores as the amplitude decays. This moves the pitch of the harmonic further and then closer to

the second mode frequency, which causes initially faster beating that slows over time [10].

Figure 1.2 Time waveform for the struck gong wadon. The beating is clearly visible and
its amplitude decays over time as the gong rings. The plot also shows a beating frequency
of about 2-3 Hz, where almost 3 peaks t within every second. It is also notable that the
beating frequency decreases slightly over time.

1.3 Current Study

Although there is some understanding of the beating and modal behavior of the gongs, little has

been done in terms of characterizing their directional behavior. This thesis will present a series of
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studies performed in order to expand understanding of the directivity of gamelan gongs, and how it
is informed by normal mode shapes, a cavity resonance, and a nonlinear harmonic.

The rst study includes a comparison of the directivity and vibration patterns of the gong
lanang with a bebende. The results of this study appear in several publications by Bellows [11,12].
Directional behavior was measured, and surface scans were taken for each instrument. The author
assisted with data processing and categorizing resonance behaviors. In most cases, the shape of the
mode can inform the number and location of the lobes in a directivity pattern. It was also notable
that the ordering of the modes was not the same for the lanang as it was for the bebende. Although
the geometries of the gongs are similar, direct comparisons do not always hold between them.

Mathematical models were developed to replicate the measured directivity patterns of the gongs.
Strong agreement was achieved between measurements and model in the low-frequency regime
using a linear combination of monopoles and dipoles, and in higher frequencies using imposed
mode shapes [11]. Another successful model applied a vibrating cap to a spherical shell with a
de ned aperture [13]. Curiously, both the measurements and shell model included a small range of
omnidirectional behavior, where the mode shapes do not obviously match the observed directivity.
An investigation of the Helmholtz resonance of the gong suggests its connection with this behavior.

Krueger et al. recognized a nonlinear harmonic as the cause of ombak and recreated the beating
effect with the gong wadon by driving it at the rst two axisymmetric resonance frequencies
simultaneously [1]. However, no vibration or directivity measurements were taken while the beating
was present. To determine the effect of beating on the acoustic radiation and to characterize the

rst harmonic, directivity and SLDV measurements were taken of the gong wadon driven at the
rst mode frequency and then driven at both resonances. This allowed for characterization of the

nonlinear harmonic while isolated, and while interacting with the second mode.



Chapter 2

From Vibration to Radiation

To obtain an initial understanding of the acoustic radiation from Balinese gamelan gongs, both
directivity and scanning laser Doppler viborometer (SLDV) data were taken for a gong lanang and

a bebende. Samuel Bellows conducted the measurement and the author assisted with processing
and analyzing the data. The results have since been published (S. D. Bellows, D. T. Harwood, K.
L. Gee, and M. R. Shepherd, “Directional characteristics of two gamelan gongs,” The Journal of
the Acoustical Society of America 154, 1921-1931 (2023)) and are crucial to the background and

motivation of the other projects discussed in this thesis.

2.1 Methods

This study includes a comparison between the acoustic and vibrational data of a large and small
gong. These data were taken with a directivity measurement system and a scanning laser Doppler

vibrometer. Each of these two methods will be explained in the following sections.
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2.1.1 Directivity Measurement System

The two gongs in this study were hung from their traditional frame and placed within a directivity
measurement system (DMS) in the large anechoic chamber at Brigham Young University. Figure
2.1 shows the gongs in the rotational array of microphones that constitute the DMS. The array holds
36 12.7mm Larson Davis 40AE microphones separated vertically by 5 degrees. The array rotates
azimuthally in 5-degree increments to create 2521 evenly spaced unique sampling positions (the top
microphone remains xed). A 37th microphone seen in the gure placed in front of the gongs serves
as a reference. Relative calibration between the reference and the array provides normalization in

post-processing.

Figure 2.1 The gong lanang (left) and the bebende (right) in the directivity measurement
system. The array of 36 microphones rotates 360 degrees around the gongs to produce
the directivity plots. A reference microphone is seen in front of each gong for relative
calibration with the other microphones. A shaker is mounted behind the gongs, not visible
here [12].
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A 5-second sine sweep input signal was sent to a shaker (LDS V203) to excite the gong over the
audible bandwidth. This was repeated three times per array position to include averaging. Multiple
measurements were taken with the shaker positioned on different locations behind the gong to
ensure that all mode shapes were excited. More detailed methods regarding the shaker are explained
in Appendix B. All measurements were taken with low-amplitude vibration; no beating from the

gong was audible.

2.1.2 Scanning Laser Doppler Vibrometer

The vibrational patterns of the gong naturally in uence its directivity, so it was essential to visualize
these mode shapes in addition to the directional behavior. Using the same shaker at its various
positions, an SLDV was used to scan the instrument. A ne grid of 977 points allowed for high
spatial resolution in the resulting modal de ection patterns.

Upon completion of the measurements, the data were processed and examined. Power spectral
density (PSD) plots allowed for the identi cation of resonances, and when the SLDV data were
studied at these resonances the mode number could be determined. Then a comparison was made
between the structural mode and the directivity pattern at the same frequency. Further comparisons
were made between directivity and SLDV plots of the lanang versus the bebende to better understand

the characteristics of each.

2.2 Results

Directivity balloon plots were made for 10 signi cant resonances for both the gong lanang and
bebende. Surface velocity plots from the SLDV dataset are also provided. The directivity and

vibration plots are taken from the recent publication by Bellows et al. [12].
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