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Time-reversal (TR) is a powerful method for the imaging and localization of sound sources. We propose the use
of TR imaging in conjunction with a field separation method (FSM) in order to study the radiating sources of a
steelpan. The TR-FSM method consists in measuring the acoustic pressure on a double-layer hemispherical time-
reversal mirror (TRM). Outgoing waves are separated from ingoing waves by using spherical-harmonic expansions.
The outgoing contribution is then time-reversed and numerically back-propagated, allowing to achieve accurate
imaging of acoustically radiating sources. This FSM also allows to separate contributions from noise sources
outside the region of interest (ROI), thus isolating the contributions from zones on the instrument. In this study,
this imaging method is used for the imaging of radiating sources on a steelpan played by a performer. The results
show that in some cases, the main contribution to the radiation comes from zones that were not mechanically

excited by the panist.

1 Introduction

The Caribbean steelpan is one of the most recent hand-
crafted idiophone, which was developed in the last century.
The modern steelpan family covers a five-octave range, and
is composed by several overlapping frequency range instru-

ments: tenor, double-tenor, double-second, guitar, cello, quadro-

phonic, and bass [1]. In this paper, the study and measure-
ments are achieved on the right drum of a double-second
steelpan composed of 19 individual notes, whose pitch ex-
tends from F3 (174 Hz) to F6 (1397 Hz) (Fig. 1).

This instrument is a tuned idiophone whose sound is pro-
duced by the physical impact of playing sticks on the notes,
whose vibrational behaviours can be modelized as thin metal-
lic shells [2]. Tuners generally tune one mode an octave
above the fundamental and a third mode a twelfth or two oc-
taves above the fundamental [1]. Its mechanical and acous-
tical behaviour have been studied over the last decades by
several authors [3, 4, 5, 6] and can be described as a system
of mode-localized oscillators.

()

Figure 1: (a) Studied double-second right drum - (b)
Localization of notes. Red zones are the notes studied in
this paper. Blue zones are the notes outside of the ROI

Besides radiating sound from the note struck with the
stick, a steelpan radiates sympathetically from neighbouring
notes and from the skirt [4]. Most of the studies on the steel-
pan radiation and vibration involve a sinusoidal excitation
using a small magnet attached to the instrument near notes,
driven by a harmonic magnetic field. Most of the authors
measured the radiated field using holography [1], or nearfield
acoustic holography (NAH) [7].

Although, the rich distinctive nature of the steelpan ra-
diated sound is characterized by sympathetic vibrations and
non-linear mode-localized oscillators [8] that interact via para-
metric internal resonances depending on the linear frequen-
cies of the higher modes [2]. This results in amplitude and
frequency modulations that are audible and constitutes a strong
acoustic signature of the steelpan radiation. This behaviour
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is enhanced by the physical impact of the playing stick on the
instrument.

Therefore, we propose an acoustic imaging method in or-
der to visualize the zones of the instrument’s bowl involved
in the acoustic radiation when played by a performer with a
stick. Recently, Woods et al. [9] proposed a conformal laser
doppler vibrometry method in order to visualize the note ar-
eas that respond when adjacent or non-adjacent musically re-
lated notes are struck. Woods et al. [9] clearly illustrate the
complex vibration of the steelpan and the mechanical cou-
pling between notes but do not demonstrate the acoustic ra-
diation induced by this complex vibration. The present paper
aims at supplying some of this missing information on the
acoustic radiation.

The present study focuses on the assessment of the bowl’s
acoustic radiation when the instrument is struck with a play-
ing stick by a confirmed panist. In this paper, on contrary to
several other published works, we do not intend to assess the
whole instrument radiation, since the TR-FSM method al-
lows to suppress the acoustic field contribution coming from
the steelpan skirt. We only studied the 11 highest pitch notes,
localized on the center of the bowl, represented by the red
coloured zones on Fig. 1. We propose an acoustical imaging
method based on time-reversal (TR) and a field separation
method (FSM) using a double-layered hemispherical time-
reversal mirror (Fig. 2) in order to assess the zones of the
steelpan’s bowl that predominantly contribute to the acoustic
radiation of the instrument.

(b)

Figure 2: (a) Double-layered hemispherical TRM placed on
the steelpan in a reverberating room - (b) Geometry of the
TRM: red dots represent the position of each
pressure-pressure (p-p) probes on the antenna

Since the TR-FSM method allows to suppress the con-
tributions coming from outside ROI located under the TRM
and “dereverberates” the measured data [10], there is no need
to achieve the acoustic pressure measurement in an anechoic
room. Details on the sonic time-reversal imaging process,
the field separation method, experimental methods, and the
acoustic imaging results are given in the following sections.
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2 Material and experimental methods

In all experiments presented in this paper, the steelpan is
struck with a playing stick by a confirmed panist (M. Mon-
teil) in a right-angled trapezium-shaped reverberating room
(surface: 20,8 m?, volume: 63 m?, reverberation duration
Tr > 4.55).

The pressure measurement array is a double-layered hemi-
spherical time-reversal mirror (Fig. 2) made-up of 36 p-p
probes (Fig. 3) manufactured by CTTM, thus giving access
to 72 acoustic pressure measurements over time. The two
hemispherical measurement layers formed by the p-p probes
are spaced by 3 cm, the internal layer having a radius a; =
14.5 cm and the external layer having a radius a, = 17.5
cm. The antenna, formed by these 36 phase and amplitude-
calibrated p-p probes (Fig. 3) is placed on the steelpan’s bowl
(Fig. 2(a)).

Microphone No.1

Microphone No.2

Figure 3: Pressure-pressure probe used in the TRM

Only the 11 highest pitch notes (ranging from A4: 440
Hz to F6: 1397 Hz) - represented in red coloured zones on
Fig. 1- are under the TRM, noted as the region of interest
(ROI). Each of these 11 notes is striked 5 times by the player
in order to test the source localization reproducibility and
the dependence of radiating sources on strike velocity level.
Since the TRM is located on the top of the instrument, the
player strikes each individual notes from the bottom of the
bowl with the playing stick, without modifying the mechan-
ical vibration and sound radiation of the instrument, though
slightly altering the classical instrumental gesture.

The 72 synchronized time-pressure measurements are ac-
quired and triggered through a National Instruments® 96 chan-
nel PXI acquisition system, sampled at 32768 Hz and driven
using Labview® software. Calculation of TR imaging and
acoustic field separation is achieved using Matlab® software.

3 Theoretical background

3.1 Sonic time-reversal imaging

Time-reversal (TR) is a powerful method for the imaging
and localization of sound sources with high accuracy both
in time and space domains [11, 12]. This imaging method
is based on time-reversal invariance of the wave equation in
weakly-dissipative media [11, 13]. This time-reversal invari-
ance ensures that if an acoustic pressure field p(7, 1) is so-
lution of the wave equation, the time-reversed acoustic field
p(7,—1) has a mathematical and physical existence. A time-
reversed pressure field prg(7, ) can be reconstructed at posi-
tion 7 € (V) using a time-reversed version of the time domain
Helmholtz-Kirchhoff equation (1) and measurements of the
acoustic pressure and its normal derivative on points § on a
surface (S') surrounding the volume (V) where the calcula-
tion is done to retrieve the pressure field:

Ip(s; - it
pralft) = f f G5 Pty » BTN _OGCRTD o ) s
ong ong
S

)
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The time-reversed field prg(7, ) has the property to back-
propagate to the acoustic sources and to reconstruct the time
evolution of the radiated field at focal point, thus allowing to
solve the inverse problem of acoustic field reconstruction and
to locate and image acoustic radiating sources. Assuming
that the measurement is achieved in free-field conditions, the
free-field Green functions are used in the calculations and the
terms in the time domain Helmholtz-Kirchhoff equation (1)

are detailed in the following system of equations (2), where

(8= P.ng

cos(ys) = —5—=—
|57

surement surface (S):

and ng is the normal vector to the mea-

-, |§)_ ’7]
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op5—1 - |5~ ?I)
cos(ys) y c
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Equation (1) shows that in order to calculate the time-
reversed field prgr(7, 1), the acoustic field must be measured
using monopolar and dipolar microphones. In our experi-
ment, the double-layered hemispherical TRM allows to mea-
sure both p(5, r) and its normal derivative using the two probes
located at s7 € (S1) of radius a; and s> € (S») of radius a,
using first order finite difference schemes:

Op(§; =) _p(si; =) = p(s3; —1)
ong } ay — a ) 3)
o p(si;—1) + p(s2; —1)
p (S st ) ~ )

Since the acoustic field is not measured on a continuous
surface (S) but rather space-sampled on this surface, the sur-
face integral involved in equation (1) is replaced by a discrete
sum in order to achieve time-reversal imaging using the mea-
sured data on the double-layered hemispherical TRM.

As stated in the previous paragraphs, TR imaging is based
on the knowledge of the Green functions, which are the prop-
agators in the measurement medium. In free-space-like envi-
ronments such as an anechoic room, the analytic free-field
Green functions are used to back-propagate the measured
acoustic field and allow to obtain accurate and satisfying re-
sults [11]. This knowledge is also assumed for other meth-
ods, such as nearfield acoustic holography and derivatives
[14]. However, when the medium is confined or reverberant,
there is no analytic knowledge of the Green functions, which
degrades the imaging process when not using the right acous-
tic propagators. This property is the great difference between
TR focusing, where the back-propagation is achieved in the
same medium than the propagation during measurements,
and TR imaging, where the back-propagation is achieved us-
ing a numerical model. Contrary to TR imaging, TR focusing
has been shown to be more efficient in revereberant environ-
ments because reverberation enhances the measurement an-
tenna aperture [13, 15]. In order to allow TR imaging in con-
fined and reverberant environements, we propose the use of
a field separation method (FSM), that separates contributions
coming from noise sources inside and outside the region of
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interest, thus suppressing the contributions from zones of the
steelpan that reside outside the ROI and “dereverberating”
the acoustical measurements in order to achieve efficient TR
imaging using free-field Green functions.

3.2 Field separation method

Previous published works show that separation methods
can be used in spherical coordinates in order to recover free-
field conditions [10, 16]. The proposed method is based on
Weinreich et al. work [16] and involves spherical harmonics
expansion. Based on the assumption that the TRM lays on a
perfectly rigid surface, the pressure fields measured with the
double-layered hemispherical antenna can be expressed us-
ing even spherical harmonics up to a maximum order N. The
maximum order of expansion N is calculated from the num-
ber of probes in the TRM. With 36 p-p probes, the maximum
order of decomposition is N = 7. In equation (4), Y'(6, ¢)
are the normalized spherical harmonic functions, and 7F '
is the inverse Fourier transform operator:

N +n
panb,,0=TF "> > awm¥, ¢e™

n=0 m=—i
(m+n)even

“
N +n
P60 =TF" |3 > B O )

n=0 n
(m+n)even

In equation (4), the &,,, and Bnm are complex coeflicients
that can be calculated from measured pressures by expan-
sion using orthonormal properties of ¥,'. As shown in equa-
tion (5), this formulation can be rewritten in terms of diverg-
ing waves (represented by spherical Hankel functions of sec-
ond kind /") and standing waves (represented by spherical
Bessel functions of first kind j,):

pab,¢,0=TF"

N +n
DD (amhD ka) + by jakan) Y0, p)e™
n=0 m=-n

7 (m+n)even

+n

D0 (@D Kkar) + bunjutkan) Y6, )™

plaz,0,6,) =TF™

N
n=0

m=-n
(m+n)even

®

The &y, and b,,, are the complex unknown quantities
of the problem, a,, being the unknown of interest in our
problem in order to achieve dereverberating and denoising
of measured pressures on the TRM. Solving this set of lin-
ear equations using systems (4) and (5) for k(a, — a;) < 1

kay . A . X
X (juka)Bn = ju(ka2)d,). The
Jjlar —ay)

knowledge of the constants a,,, allows to compute the out-
going fields p,.(ai,0,¢,1) and p,.(az, 0, ¢, t) which corre-
spond to the set of data that would have been measured in an
anechoic environment and that filter the contribution coming
from zones located outside the ROI. These outgoing fields
are then taken as entries for the time-reversal imaging pro-
cess described in the previous subsection. As a consequence,
the TR-FSM imaging method allows acoustic imaging of ra-
diating sources in the ROI delimited by the double-layered
hemispherical TRM (corresponding to red-coloured notes on
Fig.1), and allows to achieve measurements in non anechoic
environments without degrading the TR imaging process us-
ing free-field Green functions.

yields: G, =

|
|
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4 Results and Discussion

In this section, TR-FSM imaging results are first pre-
sented in order to test the notes localization reproducibil-
ity. We present afterwards the efficiency of the field sepa-
ration method in suppressing the acoustic radiation contri-
butions coming from outside the ROI and the reverberation
effects. Finally, we present and discuss the evidence of cou-
pling and sympathetic vibration that contribute to acoustic
radiation from neighbouring notes in the ROI of the steel-
pan’s bowl when a note is struck by the panist. All the figures
presented in this section are TR imaging of acoustic intensity
computed from the time-reversed RMS pressure on the 1000
points meshed bowl surface with a dynamic of 6 decibels,
superimposed onto the photography of notes of the steelpan
presented on Figure 1, with the struck note circled in gray.

4.1 Notes localization and reproducibility

Figure 4: TR FSM imaging and localization of radiating
sources when struck by panist

Each of the 11 studied notes have been successively struck
by the panist with a playing stick. Figure 4 shows the local-
ization of the radiating sources using TR-FSM imaging for 4
different struck notes in the ROI: Cf§6, B5, F6, and A4. These
4 struck notes are well localized and show the predominant
radiating sources. Each of the 11 studied struck notes have
been struck 5 different times. However, for the sake of com-
pactness of the present paper, only one figure per struck note
is shown, since the reproducibility of TR-FSM imaging and
sources localization is very satisfying with these experiments
(correlation criterion r, > 0.87 between individual images
obtained of 5 experiments on each struck notes, with a confi-
dence p-value p < 0.065).

4.2 Efficiency of field separation method

The field separation method allows to suppress the con-
tribution to acoustic radiation from sources outside the ROL
Figure 5 show the TR imaging without the use of FSM and
the TR imaging with the use of FSM for the struck note AS.

Without the use of FSM (Fig. 5(a)), the obtained maps
show that the radiatied field is not only originated from AS
which is located in the ROI, but also from the zone of A3,
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(a) AS without FSM

(b) A5 with FSM

Figure 5: TR imaging and localization of radiating sources
when A5 is struck: (a) Without Field separation method -
(b) With Field separation method

which can be interpreted in terms of reflections and/or sym-
pathetic and coupled radiating vibrational sources in this ad-
jacent zone of the struck note. When compared to the imag-
ing with the use of FSM (Fig. 5(b)), it appears that FSM ef-
ficiently suppresses the radiated field contributions coming
from A3, which is located outside the ROI, which confirms
the efficiency of this method to focus the imaging process on
the region of interest of the instrument.

4.3 Evidence of coupled and/or sympathetic vi-
brations originating acoustic radiation

The studied behaviour of the radiation of the steelpan
when A5 is struck in the previous subsection does not al-
low to determinate whether the radiation contribution com-
ing from the A3 note is originated by simple reflections on
the upper part of the bowl or sympathetic/coupled vibrations.
However, the study of the TR-FSM imaging of several other
notes of the instrument give strong evidences of sympathetic
and coupled vibrations of adjacent zones of the struck notes
on the instrument that depend on the level of velocity and
force of the stick’s impact.

(a) CH5

Figure 6: TR imaging and localization of radiating sources
when (a) C#5 and (b) B4 are individually struck at high level

Figure 6 shows the imaging obtained when C#5 and B4

are struck at high level by the panist, exhibiting a zone con-
tributing to the radiation extending to the adjacent notes, es-
pecially overlapping the adjacent notes tuned at the octave.
This phenomenon can be interpreted as sympathetic and cou-
pling between the notes, since this has only been observed at
high level of impact of the stick on the note.
In order to illustrate the fact that this phenomenon depends
on strike level, Figure 6 shows the imaging obtained when
B4 is struck at low level and high level. When the note is
struck at low level (Fig. 6(a)), the resulting TR-FSM imag-
ing only shows that the struck note is the predominant radi-
ating source, on contrary to the situation where the note is
struck at high level (Fig. 6(b)), where adjacent notes seem to
contribute to radiation.
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(a) B4 struck at low (b) B4 struck at high
level level

Figure 7: TR imaging and localization of radiating sources
when B4 is struck (a) at low level (b) B4 at high level

Interestingly, this sympathetic/coupling phenomenon has
been strongly observed when F5 was struck by the panist. In
this situation, as shown on Figure 7, the vibration transfer
and coupling between notes is so strong, that after TR-FSM
imaging, the predominant radiating source observed is not
the struck note, but rather one of its adjacent note, whose
pitch corresponds to the octave above the struck note’s pitch.

Figure 8: TR imaging and localization of radiating sources
when F5 is struck: the predominant radiating source
corresponds to F6 which is tuned at an octave above F5

This phenomenon has been observed for each of the 5
successive experiments on this struck notes, which gives con-
fidence on the observed results and corroborates previous
published studies [1] [3] [5] [9]. Its observation using acous-
tic measurement also gives experimental evidence of cou-
pling between notes using acoustic radiated field measure-
ments. On contrary to vibrational measurements previously
published by several authors, this experiment shows that the
sympathetic/coupled vibration can give rise to situations where
the predominant radiating note is not the struck note. This re-
sult gives interesting perspectives for the study of this mod-
ern instrument considering coupling and acoustic radiation,
and gives part of an explanation to the strong acoustic signa-
ture of this instrument.

The fact that the predominant radiating source in this ex-
periment is not the struck note may be explained in the fol-
lowing way: the frequency of F5’s second vibrational mode
is tuned to the frequency of the first vibrational mode of
F6. As a consequence, this situation is ideal for sympathetic
vibration, thus allowing parametric internal resonances be-
tween these two notes. As the second vibrational mode of F5
corresponds to a vibrational dipole and the first vibrational
mode of F6 corresponds to a monopole, the acoustic radia-
tion of the first vibrational mode of F6 is more efficient than
the acoustic radiation of the second vibrational mode of F5.
However, the first vibrational mode of F5 should be radiating
acoustically, but it seems that its attenuation over time is so
high that F6 radiates more than F5 when FS5 is struck.

One of the advantages of time-reversal techniques is that
it gives access to time-domain evolution of the pressure field.
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As a consequence, one can compute the pressure level imag-
ing using TR-FSM imaging for several time windows, thus
allowing to observe the evolution of the vibrational transfer
from the struck note to the adjacent notes that justify the pre-
vious assumption. This computation has been done on Fig-
ure 8, with 3 time windows, showing that F5 rapidly extin-
guish in terms of radiation and that after a time of approxi-
mately 100 ms, the predominant radiating source is F6:

(a) F5,62.5 ms window (b) F5, 93.75 ms win- (¢) F5, 125 ms window
dow

Figure 9: TR imaging and localization of radiating sources
when F5 is struck with several time windowing for acoustic
level computation: (a) 62,5 ms - (b) 93,75 ms - (¢) 125 ms

5 Conclusions

This study shows that TR-FSM is a powerful method for
the imaging and localization of sound sources on a double-
second steelpan, allowing to assess the radiation of sources
in a restricted area of the steelpan’s bowl, without being per-
turbated by other radiating sources. Furthermore, thanks to
the proposed field separation method, these measurements
have been achieved in a reverberating environment without
perturbing the results. The imaging method shows a great
precision in sources localization and reproducibility and the
obtained results allowed to observe coupling and sympathetic
vibrational behaviours contributing to acoustic radiation of
the instrument. Interestingly, this phenomenon is observed
when the panist strikes the instrument at high level. Some
of the results gave insight of the coupled/sympathetic vibra-
tions originating acoustic radiation, even showing that for a
particular note, the zone that predominantly radiates acous-
tic energy was not the struck note but rather its adjacent note
whose pitch was tuned to the above octave. TR-FSM imag-
ing also allowed to have access to the time evolution of lo-
calization of radiating sources. This study may be completed
in future works by further investigations using TR-FSM or
other imaging methods such as the data completion method,
and using a larger TRM allowing to image all of the notes
included in the instrument’s bowl.
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