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Cloning refers to producing identical copies of existing objects. Here, we experimentally show how
to clone acoustic scattering objects. We acquire a digital twin and bring it back to life—a simple two-
step process. First, we use broadband speakers to illuminate the scattering object within a closed receiver
aperture. From these recorded reverberative data, we retrieve the object’s scattering Green’s functions
using multidimensional deconvolution. In the second step, the acoustic scatterer is holographically recon-
structed using the acquired scattering Green’s functions. The hologram scatters any wavefield in real time
exactly like the original object would. Low-latency feedback reproduces all orders of interactions between
the physical wavefield and the numerically defined hologram. This two-step process is demonstrated by
cloning and modifying several rigid scatterers in a two-dimensional acoustic waveguide. Applications
range from fully realistic digital scattering models to efficient metamaterial experimentation.
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I. INTRODUCTION

Acoustic scattering constitutes the physical basis for
a wide range of fields, including room acoustics, seis-
mic, ultrasound, sonar imaging, and the design of acoustic
metamaterials. In these examples, acoustic waves can carry
information on the object that scatters the waves (imaging)
or constitute a desired design feature of the object itself
(metamaterial).

Acoustic cloning, which we introduce in this work, sig-
nifies the replication of an acoustic scatterer. That is, the
reproduction of all interactions between an object and an
arbitrary acoustic wavefield. Any wavefield probing the
clone will still be subjected to the object’s scattering, even
if the physical scatterer is absent.

The reproduction of a scattering wavefield was first
introduced in optics. Gabor invented the concept of holog-
raphy [1], which led to important developments in optical
imaging over the last decades, for instance, in microscopy
[2,3]. The classical framework of holography aims at
reproducing the scattered wavefield on a holographic
plane, such that further imaging of the hologram over
different angles remains possible. It generally focuses on
imaging the scattered wavefield of an object over a lim-
ited aperture and at a single frequency. Holography has
been adapted in near-field acoustics [4], where array mea-
surements have allowed one to overcome the wavelength
resolution limit.
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In optics, the speed of light imposes strong instrumen-
tation limits, which are relaxed for the speed of sound.
In acoustics, simultaneous measurements of the phase and
amplitude are possible, for single frequencies or broadband
signals. Hence no coherent source intertwines the record-
ing and emitting tasks, i.e., they become separable [5]. In
acoustic cloning, we fully reproduce a broadband scatter-
ing experiment. In contrast to the aforementioned classical
holography, where the scattered wavefield is imaged on
a small section of space over a limited frequency range,
acoustic cloning images all multiple interactions between
the clone and its surroundings in the volume and is broad-
band in time.

The inclusion of multiple broadband interactions allows
us to exactly recreate the scattering of any wavefield inci-
dent on the hologram. The numerical representation of the
scattering object permits digital manipulation of the object
and taking physical measurements for altered or unphysi-
cal scatterers. Furthermore, we can completely synthesize
numerical scattering experiments, which involve the phys-
ical scattering of the real object, without the object being
present. The method is therefore not limited to being an
imaging tool, but represents a research tool offering numer-
ous applications in all domains of acoustic scattering, such
as material characterization, active metamaterials, or even
virtual acoustics applications.

Passive acoustic metasurfaces can be engineered to
synthesize an acoustic hologram in transmission [6] and
reflection [7] at a specific frequency or even multiple
discrete frequencies [8,9]. Combining transmission with
reflection characteristics already becomes intractable for
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passive metasurfaces, even more so for broadband applica-
tions. Those limitations of passive acoustic metamaterials
led to the concept of active metamaterials [10]. Here,
active control of the elastic parameters, such as density
[11], stiffness, or modulus, is used to tune the metamate-
rial to be able to cover a broader range of frequencies, for
example, through curved metasurfaces [12,13]. In contrast
to passive methods, active methods of scattering manip-
ulation rely on the spatiotemporal control of distributed
acoustic sources given a distribution of microphones. For
acoustic cloning, we rely completely on acoustic sources
to control the pressure and particle velocities at the bound-
aries and inside our domain to prescribe the boundary
conditions and clone the acoustic scatterer.

Similar to the initial holography proposal of Gabor
[1], combining the recorded phase information of light
with imaging, here we draw on recent developments in
data-driven Green’s function retrieval and real-time exper-
imentation to clone the response of arbitrary scatterers.
First, Li ef al. [14] recently showed the retrieval of the free-
space acoustic Green’s functions to characterize unknown
objects from waveform data recorded in highly rever-
berant environments. Second, Becker et al. [15] used
full-wavefield extrapolators from finite-element simula-
tions to conduct real-time, broadband acoustic cloaking
and holography experiments for unknown incident fields.
Here, both methodological advances are combined to con-
ceive a simple, general, two-step methodology for acoustic
cloning.

The first step is to obtain the scattering Green’s function
of an object under typical spatially constrained laboratory
conditions. For this, the reverberations of the laboratory
boundary need to be removed from the recorded data.
State-of-the-art approaches for obtaining (reflection-free)
radiation conditions are based on multidimensional decon-
volution (MDD) [14], which is widely used in exploration
seismology [16—19]. Seismic data recorded in the subsur-
face can be postprocessed such that the scattered wavefield
related to the overburden, or a reflecting top surface, are
removed from the recorded data. One key feature of the
MDD method is that it is purely data-driven: neither the
medium above nor that below the receiver aperture, nor
the source wavelet, need to be known to remove surface-
related multiples [17]. Similarly, for MDD in a laboratory
environment, the material properties of a scattering object
placed inside a closed receiver aperture do not need to
be known a priori. This is consistent with typical labo-
ratory characterization objectives. Furthermore, in order to
remove the boundary-related scattering, it does not have to
be characterized or known beforehand.

The second step is broadband acoustic holography,
employing the scattering Green’s function retrieved in
step one. We implement the holography using immer-
sive boundary conditions (IBCs), which were inspired by
nonreflecting boundaries in numerical simulations [20,21].

However, IBCs are more general, as they enable embed-
ding truncated modeling domains in larger, fixed, back-
ground media. Employing IBCs allow waves to propagate
seamlessly between the truncated modeling domain and
the background with arbitrary-order scattering interactions
[22,23]. This is an important distinction of IBCs with
acoustic wavefield synthesis, a related method. Acoustic
wavefield synthesis is generally limited to synthesizing vir-
tual source locations [24—26]. In contrast, IBCs addition-
ally modify the propagation of the existing field by inter-
action with virtual scatterers, a key requirement needed
for acoustic cloning. Vasmel et al. [27] described how
IBCs can serve to embed physical wave propagation exper-
iments in numerical simulations, thereby removing adverse
reflections from boundaries of the experimental domain
while fully capturing all interactions with the numerical
background medium. This was subsequently demonstrated
in one- and two-dimensional acoustic [28] as well as elastic
[29] experiments. Moreover, it has been shown numeri-
cally that IBCs can also be employed for cloaking and
holography of broadband wavefields [30]. Recently, cloak-
ing and holography were verified experimentally in one
and two dimensions [15,31].

For the demonstration of broadband holography in
Ref. [15], the reference scattering is derived from an ini-
tial design through manufacturing, and the holographic
scattering is derived from numerous full-waveform finite-
element simulations. In contrast, for acoustic cloning we
start with zero knowledge of an arbitrary scatterer and
show how to replicate it exactly. We eliminate the need
for precise manufacturing and costly simulations, which
allows for direct on-demand cloning. The initial scatter is
therefore the sole configuration needed to set up the holo-
gram, such that not only the known properties but also the
unknown properties of the scatterer are cloned. The differ-
ence in complexity with Ref. [15] cannot be overstated: In
finite-element simulations, the broad spatial and temporal
bandwidth, as well as the radiation conditions, are obtained
for free. In our experiments, the temporal and spatial band-
width, as well as the appropriate absorbing conditions,
have to be obtained from the band-limited reverberative
scattering data. The success of our approach under such
challenging and restrictive conditions confirms its general-
ity and, indeed, justifies the very introduction of cloning as
a concept.

The main body of the paper is structured as follows: We
start by briefly reviewing the theory of scattering Green’s
function retrieval, broadband cloaking, and holography.
Then we explain in detail how these approaches can be
combined to clone an object acoustically and illustrate the
resulting methodology with two-dimensional (2D) real-
data examples. We further show how the clone can be
translated spatially and how gain and transparency not
present in the original scatterer can be included in the
cloning, effectively making it an augmented clone. Finally,
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we discuss the characteristics that make our approach an
efficient and general methodology.

II. THEORY

A. Green’s function retrieval using MDD

Let us consider the setup shown in Fig. 1, similar to the
setup used by Li et al. [14] for scattering Green’s function
retrieval using MDD. It is characterized by the two sur-
faces S™°r = ST and S°%°" = §O. The experimental domain
V is thus subdivided into V' C ¥°© C V such that 31! = §'
and 37° = SO as in Fig. 1.

We consider two different states: a physical experi-
ment with reflecting boundary conditions, Fig. 1(a), and
a desired experiment with radiation boundary conditions,
Fig. 1(b). Using reciprocity theory [32,33], we derive two
expressions relating the pressure on the inner surface, p! =
p(x},#), to the ingoing pressure and ingoing normal parti-
cle velocity on the outer surface, {p, v}"(S°). The relations
contain a set of monopolar and dipolar scattering Green’s
functions G*!¢ and G*V [14,16,34]

p(x', ) = —27§ Gl 1] x0) % 0v"(x%, 0 dS,  (la)
SO

p(x,t) = 27§ GV (1] x%) xp™(x°,5dS, (Ib)
SO

with * denoting the temporal convolution operator and
GPl4(x',t| x°) the Green’s function of the medium

evaluating to a pressure at x' € S' due to a point source
of volume injection rate (monopole) at x° € S°.

We only consider normal components of vector fields
on surfaces, so that we can lighten the notation with v =
v, =n-v and n the outward-pointing normal on a sur-
face S. Additionally G*Y = G?» =n - GPV . This nota-
tion will be used henceforth. Furthermore, we will also use
(G*V = G™m)(x!, ¢ | x°) representing the particle veloc-
ity normal to the evaluation surface S' due a point source
of volume force (dipole) normal to the integration sur-
face SO [33]. Equations (1) describe a multidimensional
convolution (MDC) of the incident wavefield [Fig. 1(c)]
and the Green’s functions of the desired unbounded state
[Fig. 1(b)]. We can solve for the unknown Green’s func-
tions by using recorded pressure p(x',7) and the ingo-
ing wavefield {p,v}"(x°,#) from a physical experiment
[14,35]. A detailed description of the wavefield separation
process is given in Appendix A.

Equations of the form in Egs. (1) are Fredholm inte-
grals of the first kind, the inversion of which is highly
ill-posed if wavefields {p,p2} or {p',vQ} for only a sin-
gle exterior source are considered [14,36]. Hence, one
needs to excite multiple sources exterior to S© while
recording the wavefield on both surfaces. These wave-
fields can then be separated into incident and outgoing,
with which we can compose a system of equations by con-
sidering multiple realizations of Eqs. (1) simultaneously
[14,37]. This system of equations can then be inverted in a
least-squares sense using multidimensional deconvolution
[14,17,38].

Step 1: Green’s function retrieval

(@)

Physical experiment state

FIG. 1.

(b) i

Desired unbounded state

el ".-

Incident wavefield

Configuration for scattering Green’s functions retrieval using multidimensional deconvolution. The sound transparent outer

surface SO and inner surface ST are represented by dotted circles. A recording surface is indicated by blue dots and an emitting surface
by red dots. In the physical experiment state (a), a possible ray path for an external excitation (outside of $°) is shown. It undergoes
multiple reflections on the rigid surface of the scatterer and waveguide boundary. The desired experiment state (b) has radiation
boundary conditions (dashed black circle) with the unknown Green’s functions connecting the arrivals on S© (c) to their destination on
S'. The multidimensional convolution of the incident field on S© (c) and Green’s function (b) corresponds to the physical experiment
(a), such that we can roughly represent Eqs. (1) graphically as (a) = (b) * (c).
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The sought-after Green’s functions in Egs. (1) involve
the impulse responses of a desired medium that only
includes the physical scattering of the real medium inside
S', as illustrated in Fig. 1(b) [14]. Scatterers exterior to
SO, such as the reflecting boundary of the experimental
domain in Fig. 1(a), do not exist in the desired medium.
This highlights the strength of using MDD in laboratory
experiments for the removal of undesired scattering effects
from the physical boundary. Hereby, recorded data are
postprocessed such that only waveforms related to the inte-
rior scatterers are retrieved. As noted by Li et al. [14], the
illuminating sources outside S© do not need to be densely
or regularly spaced and can be placed without consider-
ation of the Nyquist criterion. They can even be a noise
wavefield [39]. Crucially, the source spectra and temporal
signatures do not need to be known in the physical exper-
iment. In fact, any source characteristics, including radia-
tion patterns, will be removed by MDD. Finally, because it
is based on a convolutional representation, MDD works in
the presence of loss and for different types of wave physics
inside S' (e.g., elastic and viscoelastic) [16]. A detailed
flowchart for Green’s function retrieval using MDD is
shown in Appendix B.

In the absence of any scatterer within S', we speak of
the homogeneous state. The experimental domain V' then
constitutes a single homogeneous medium like air. If a
scatterer is placed within S!, we denote this as the het-
erogeneous state. The experimental domain then contains
different media: air and a scatterer. The difference in the
wavefield propagating in both states is then solely due to
the presence of the scatterer. It can then be easily isolated
by subtracting the homogeneous from the heterogeneous
wavefield. We then denote this as the scattered wavefield.

For cloning, we are interested only in the scattered part
of the Green’s functions. We can therefore subtract the
results from a second MDD experiment for a homogeneous
interior from the heterogeneous Green’s functions, yield-
ing Ggcat = Ghet — Ghom- This step allows us to isolate the
Green’s functions of the scatterer only, since the repeata-
bility of the experiment ensures that the direct arrival is
the same in the homogeneous and heterogeneous Green’s
functions.

B. Real-time broadband holography

Similar to the MDD configuration in Fig. 1, the config-
uration for broadband cloaking and holography considered
by Becker et al. [15] is shown in Fig. 2. Here, the inner sur-
face S' is of emitting type while S© is again of recording
type. The inner surface S' may coincide with the surface
of a scatterer or with a transparent surface. The acoustic
pressure in the homogeneous state, no scatterer present, is
denoted by phom. This state can be augmented by applying
appropriate boundary conditions on the emitting surface S'
resulting in the superposition state [30],

Phet(X, D) = Phom(X, 1) + Pecar(X, ) ¥ x € V1 (2)

with /12 = '\ 1. Using immersive boundary conditions
on S!, we thus aim to synthesize the wavefield of an arbi-
trary virtual scatterer ps.,: to obtain the desired wavefield
Dhet-

A surface integral representation for py..(S') can be
found by considering reciprocity between the homo-
geneous state, Fig. 2(a), and the heterogeneous state,
Fig. 2(b) [32,33]. This gives the following expression for

Step 2: Real-time holography

Physical experiment state

(b) S

Desired scattering state

d "-‘

Holography state

FIG. 2. Real-time broadband holography configuration. Dotted circles represent outer recording surface S© (blue) and inner emitting
surface S' (red), respectively. The ingoing field on S in (a) is extrapolated using the scattering Green’s functions of the object to be
recreated in (b). The holographic field (c) is then any physical field (a) propagating from S© to S', where it scatters on the immersive
boundary conditions. The IBCs represent the scatterer through Green’s functions (b) as the numerical extrapolator from S° to S'.
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cloaking and holography configurations involving internal
surfaces [30],

pscat(x, t) = % [Gﬁ(‘;fn(x,t | XI) * Uscat(xl,t)
+ G X)) # pua L 01dS,  (3)

for the domain x € V2 and with {p, V}scat = {P> V}het —
{p,v}nom being the wavefield due to the presence of the
scatterer only.

The surface integral over S' in Eq. (3) can be under-
stood as summing the contributions of densely spaced
source distributions, of type monopole ¢ and dipole £,
driven with the time-varying strengths {p, v} (X', £). Note
that, due to reciprocity, the particle velocity v drives the

monopole Green’s function G’;(‘;’n and the pressure p the

dipole Green’s function Gy, v . Despite the apparent sim-
plicity of Eq. (3), its 1mplementat10n in real-time exper-
iments poses significant challenges, as the pressure and
the particle velocity need to be known on S' prior to the
wavefield arriving there [15].

Furthermore, {p, v}scar in Eq. (3) depend on the het-
erogeneous field they are creating and thus have to be
constructed recursively. For this, we resort to the outer
surface SO enclosing S'. On SO the wavefield {p,v} is
recorded and extrapolated to S! using Kirchhoff-Helmholtz
integrals. We can then use the wavefield propagation time
(P, v}(S°) = {p,v}(S" to predict the field that will be
scattered within S! by the virtual scatterer Gy as [15]

Pscar(x', ) =£ [GR (1 x0) % vpe (3, 1)
—I—G‘s’ca1 (L1 x°) % pree(x°,0]dS, (4a)

Vseat (X', 1) = ﬁo[ Gud (x, 11 x°) * vpee(x2, 1)
+ G (L 1] x0) * pre(x0,0]dS,  (4b)

with Ggeat = Ghet — Ghom. This subtraction isolates the
scattering Green’s function since Gypoy contains only the
direct waves propagating from S© to S' and Gy addi-
tionally contains the scattering contribution of the inho-
mogeneity (scatterer). Therefore, the right-hand sides of
Egs. (4) extrapolate the field from S© to the scattered
field on S'. The wavefield {p, v}(S°) physically propagates
from S© to S' while simultaneously being extrapolated in
the numerical domain through Egs. (4) i.e., the physical
and numerical domain overlap in the region between S
and S'. This is illustrated for one channel connecting to
x° € SO to x' e S'in Fig. 3.

From here we can easily understand the immer-
sive boundary conditions. Given a primary wavefield
{p,v}(SO, ), using Eqgs. (4) we can predict the field

(P, V}scat(SY, £). Using this field as source signatures for
monopole and dipole sources on S' as described by Eq. (3)
will result in the exact construction of the scattered wave-
field within 7%, From any point x € V% the illusion
of a scatterer existing within the subdomain ¥ is cre-
ated, since any wavefield probing V! from V< = '\ 1°
will scatter on the hologram characterized by Gy A
detailed flowchart for real-time holography is included in
Appendix B.

Note that the simplicity of Eq. (2) hides the strengths
and complexities of IBCs by giving the impression of static
wavefield synthesis. However, investigating Eq. (3), we
recognize that for IBCs the wavefield to be synthesized
depends on the currently propagating wavefield that will
interact with the boundary to be immersed. Once the IBCs
actively modify the physically propagating wavefield at
any point on the boundary, this virtual scattering is then
free to experience any physical wave propagation phenom-
ena and again interact any number of times with the virtual
scatterer.

C. Cloning an object

From Egs. (4) we see that a set of Green’s func-
tions is required to replace the medium within ¥ with
a desired virtual medium. These Green’s functions are
used to extrapolate particle velocity and pressure from the

recording to the emitting surface {p, v}(SO) = {p,v}(Sh).
Generally they can be of analytical origin, retrieved from
numerical simulations, or physically measured. In Becker
et al. [15] the Green’s functions were obtained by finite-
element modeling of impulsive monopole and dipole
sources on S' to get the pressure and particle velocity
on SO and applying source-receiver reciprocity. Instead of
numerical Green’s functions, the physically recorded scat-
tering Green’s functions of an object can also be used.
The outlined holography approach then allows the object’s
exact reproduction in different physical or even numerical
environments, hence, cloning the object acoustically.

Comparing the configurations for scattering Green’s
function retrieval using MDD in Fig. 1 and real-time
broadband holography in Fig. 2, we see that they are nearly
identical. Both contain two mathematically closed, sound
transparent surfaces. For MDD the inner surface S' records
the wavefield {p, v}(S!), whereas for holography it emits
the IBC source field {g,f }(S"). Therefore, if S' is instru-
mented with suitable transducers that can be used as both
sensors and actuators, the two configurations can exactly
be mapped onto each other.

In this case, cloning can be effected in two simple steps.
In the first step, a physical scattering object is placed in V!
and illuminated by a set of broadband sources from V=Xt
while the individual wavefields are recorded on S' and S°©
(using the transducers as receivers). The incident wavefield
{P,v}in(S©) is obtained by wavefield decomposition, and
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X X
v i v direct arrivy; * i *
E physical .
p(x2) numerical p(xi) @
{p(x‘i )} (ts) {p(x’t)} (ts)

FIG. 3.

N
{5@] (ts,-. - ts+T) C‘L

Illustration of wave propagation in the physical domain and simultaneous numerical extrapolation from x° € S° to x’ € S'.

{p(Xf)] (0. ts +T)

From two finite-difference pressure recordings (blue triangles), we calculate two finite-difference pressures to apply on the loudspeakers
(red stars). Since, in the physical domain, waves can travel any x° — x’, the same extrapolation has to be done in the numerical domain.
Hence there are N™ x N°™ = 114 x 18 = 2052 extrapolations at each time step.

the scattering Green’s functions between all pairs of
receivers spanning the two surfaces are retrieved using
MDD.

In the second step, the scatterer is removed and the
retrieved scattering Green’s functions (for radiation con-
ditions) are used to reconstruct the scatterer holographi-
cally, either experimentally in real time, or numerically.
The cloned scatterer can then be subject to further phys-
ical or numerical scattering experiments. There, the clone
reproduces the response of the scatterer for any incident

Acoustic Cloning

|

Insert object in S

|

First, illuminate object by broadband sources
from V' =V \ VO. Retrieve the scattering
Green’s functions for radiation boundary
conditions from the recorded wavefield on S°
and S" using multidimensional deconvolution.

|

Remove object in S"

|

Second, illuminate empty domain by arbitrary
broadband sources from V°*'. Extrapolate the
wavefield in real time from S° to S’ using the
scattering Green’s functions and actuate the
monopole and dipole sources on S" accordingly.
The scatterer is holographically reconstructed.

|

Done

FIG. 4. Visualization of the two-step process for acous-
tic cloning. Both steps are further subdivided visually in
Appendix B.

wavefield and order of interaction exactly, as if the original
object were present. The cloning process is summarized in
the flowchart in Fig. 4.

The configurations in Figs. 1 and 2 are carefully chosen
to ensure that both Green’s function retrieval using MDD
and real-time holography can be realized experimentally
using the same geometries. The reason for not exploring
the limiting case of S' approaching S© (as done by Li
et al. [14]) in the scattering Green’s function retrieval thus
becomes apparent. The distance between S' and S© should
exceed the minimal numerical lag necessary to record,
extrapolate, and emit the IBC source signals in real time
to reproduce the scatterer holographically. In addition, this
approach completely avoids the (integrable) singularities
that arise when collapsing S onto S©.

III. EXPERIMENTAL SETUP

The experimental setup used to demonstrate the pro-
posed cloning methodology closely follows the setup used
by Becker et al. [15] for real-time broadband holography.
It is based on an air-filled acoustic waveguide composed
of two parallel poly(methyl methacrylate) (PMMA) plates
separated by 2.5 cm, as depicted in Fig. 5. Below the cut-
off frequency of the fundamental mode (= 6.9 kHz for
our experiments), the waveguide supports purely 2D wave
propagation. The experimental domain is bounded by a
3D-printed cylinder of the synthetic resin VeroWhite with
a radius of 66.2 cm. Because of its rigidity, it constitutes a
strongly reflective boundary.

To record the full wavefield on S© with a radius #
36.3 cm, we use two circular auxiliary surfaces S of
pressure microphones at the radii 70 = 7° + Ar and the
finite-difference spacing Ar = 1 cm (cf. Fig. 5). Each aux-
iliary surface consists of N™ = 114 evenly spaced electret
condenser microphones (COM-08635 with preamplifier

O:
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FIG. 5.

The physical setup is depicted in (a) and sketched in (b). The outermost circle represents a rigid boundary to the 2D waveg-

uide. It is equipped with evenly spaced loudspeakers (red stars). The waveguide contains two sound-transparent surfaces, the outer
surface SO and the inner surface S' (gray circles). Both surfaces are surrounded by two densely spaced auxiliary circles equipped
with microphones (blue dots) or loudspeakers (red dots). For the acquisition of the MDD data, they all contain microphones, and for
the holography step, S is equipped with loudspeakers (configuration as shown here). In (b) we placed a circular scatterer inside S!
(heterogeneous), whereas (a) is empty (homogeneous). Note that, for illustration purposes, panel (b) is not to scale.

BOB-12758, SparkFun electronics). All microphones are
mounted flush with the inside of the PMMA plate to min-
imize their impact on the pressure field. The wavefield
{p,v}(x° € SO) can then be estimated from using p(x§ €
S9) using [28]

P e LTI 1[0
|:Ap:|(x)~2|:1 —J[pw]’ ©)

and integrating the finite-difference approximation Ap ~
Arpdv/dt to get v. For real-time wavefield extrapola-
tion in the holographic reconstruction, the pressure on the
recording surface is therefore estimated by the mean pres-
sure of the two adjacent auxiliary surfaces. The particle
velocity is estimated by the time integration of the finite
difference given by the auxiliary pressure recordings.

For the inner surface S', transceivers (simultaneous
transmitter and receiver) would be preferred since, in that
case, no reconfiguration between the scattering Green’s
function retrieval and real-time holography would be
necessary. Nevertheless, the results presented here are
obtained by first occupying S! with pressure microphones
during the Green’s function retrieval step and subse-
quently exchanging them with loudspeakers [PUI Audio,
ASO01508MR-R; see Fig. 5(a)] for the real-time holography
step.

To implement the inner surface S! with radius ' =

8.4 cm in practice, we again use two adjacent auxiliary sur-
faces at . = 7' £ Ar each containing N°™ = 18 evenly
spaced receivers (or speakers in the holography step). In
the first recording step, we can simply use Eq. (5) to get
{p,v}(S" so that we can extract the full set of Green’s
functions G = {G?14,G*V,G"4,G*V'} through MDD as
described above. In the second step, we require monopole
g and dipole f sources on this inner surface {g,f }(S")
according to Eq. (3). The monopole g source is then given
by acting on both speakers with the same source signal
and the dipole /* by acting with opposing source signals. A
detailed description of the source implementation is given
in Appendix C.

The 30-cm distance from S© to S' allows a maximum
total latency of about 870 s (for experiments in air), of
which 200 ps are needed for the wavefield extrapolation.
The remaining 670 ps are available for real-time hard-
ware corrections and estimation of normal particle veloc-
ity from pressure recordings. The real-time extrapolation
algorithm is implemented on a massively parallelized, low-
latency control system enabled by 500 National Instru-
ments FlexRIO field-programmable gate arrays (FPGAs).
The system supports simultaneous recording of up to
800 analog input channels and simultaneous emission of
800 analog output channels while operating at a 20-kHz
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sampling rate. For more details about the system architec-
ture, we refer to Becker ef al. [28].

IV. RESULTS

A. Retrieving Green’s functions

A photograph of the physical experiment where the
waveguide is homogeneous (empty) is shown in Fig. 5(a).
At the bottom of the picture are the three different alu-
minum (rigid) scatterers that we clone here. They can
be inserted into the center of the waveguide in order to
measure the scattering response. In Fig. 5(b) we show
a sketch of the heterogeneous setup with the circular
scatterer placed in the center.

For the scattering Green’s function retrieval, in the first
step we illuminate the scatterer (heterogeneous) and the
empty waveguide (homogeneous) from all angles. To do
this, we use N5° = 52 speakers, which are equally spaced
on the reflecting boundary of the waveguide at radius » =
66 cm. We sequentially excite each speaker with a Ricker
wavelet of center frequency f. = 3 kHz. To improve the
signal-to-noise ratio, we additionally average each acquisi-
tion over N*'& = 40 realizations. Note that for this step the
source instrument response is not deconvolved, in contrast
to the subsequent holography step. Since the wavefield is

(a) p(¢°,1) (b)

p" (¢91) (c)

recorded on S© and S, the MDC equations can be formu-
lated and inverted for any sufficiently broadband excitation
given sufficient reflections in time.

The wavefield separation of the pressure recordings is
illustrated in Fig. 6 for an illumination with the top exter-
nal source ¢, = 0°. The total recorded pressure wavefield
in Fig. 6(a) is decomposed into the incident part, Fig. 6(b),
and the outgoing part, Fig. 6(c). Note that this is the hetero-
geneous case and the first outgoing scattered wavefield can
be seen at # & 3.5 ms. This scattering is then reflected back
at the boundary of the waveguide such that it reappears as
incident at # &~ 5 ms.

For all illuminating sources, the incident field together
with the field recorded on S' is then used to assemble
the MDC equations (1). The MDC relationship is conse-
quently solved as an inverse problem using an iterative
damped least-squares method [40]. It carries out forward
MDC in the time domain to minimize an L2 normal cost
function [41].

A subset of the inverted Green’s functions is shown
in Fig. 7. The top row shows the heterogeneous case,
the homogeneous case, and their difference, which corre-
sponds to the scattering Green’s functions. The heteroge-
neous Green’s functions contain both the direct path and
the scattering path (as depicted in the inset). Since the

P (99, 1)

10

time (ms)

12

14

16

18

|

90 180 270 90
¢° (deg)

¢° (deg)

180 270 90 180 270
(6]
#" (deg)

FIG. 6. The total pressure field in (a), for the heterogeneous case with circular scatterer, is separated into the incident (b) and outgoing
(c) parts. This gives the decomposition p = p™ 4 p° or (a) = (b) + (c). The inset of each panel shows a schematic view of the setup,
where the black arrows indicate the direction of wavefield propagation. Note that the data shown here represent only the subset for one
source position of the illumination data used in multidimensional deconvolution. The source position at ¢, = 0° is indicated by the

red star in the inset.
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FIG. 7. Green’s functions retrieved with multidimensional deconvolution from reverberative data in Fig. 6. Only the subset

G(@°,t | ¢' = 0°), i.e., the Green’s functions from the first (top) S! position to all S positions, is shown. The absence of multi-
ple scattering underlines the effectiveness of MDD in retrieving data for radiation boundary conditions. The top panels show G?!¢ for
the heterogeneous case Gy in (a), the homogeneous case Ghom in (b), and their difference Gy, in () containing the scattering only,
i.e., (@) — (b) = (c). The bottom panels show the remaining Green’s functions of this subset, namely GV in (d), G in (e), and G*V
in (f). The insets visualize the ray paths as well as source and receiver configurations of the Green’s functions. We use two black dots
to denote a monople source or pressure recording, and a black and white dot to denote a dipole source or velocity recording. The color
scale for the normal particle velocity fields is scaled by the characteristic impedance zyp = pc.

homogeneous Green’s functions only contain the direct
path, we can isolate the scattering path by subtraction. Note
that the multiple boundary reflections from the wavefield-
separated data in Fig. 6 are effectively removed by MDD
and the data for our desired unbounded state are obtained
as visualized in Fig. 1(b).

B. Performing real-time holography

The acoustic cloning is now completed by exactly repro-
ducing the full scattered acoustic field. We use a circular
scatterer with radius » = 5 c¢cm, a square with side length
s = 10 cm, and a cross consisting of five unit squares of

respective side length s = 3.5 cm [see bottom of Fig. 5(a)].
To probe the holographic scattering, we again use a Ricker
wavelet with center frequency f. = 3 kHz emitted from the
top ¢ = 0° boundary speaker. We emphasize that this is
only one possibility chosen here for convenient compari-
son between results but does not restrict the generality of
the approach, i.e., any wavefield propagating from S© to S
will be scattered correctly on the acoustic hologram. The
bandwidth is limited only by the experimental setup and
the Green’s functions obtained in it.

For inactive IBCs we retrieve the homogeneous wave-
field in Fig. 8(a), i.e., the pressure wavefield of the empty
waveguide recorded on S°. By switching on the IBCs,
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(a) Hologram Off (b) Hologram On

Circular Scatterer

()

time (ms)

(d) Circular Hologram

Square Scatterer Square Hologram

(9)

Cross Scatterer Cross Hologram

time (ms)
|

. 1
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¢° (deg)

270
¢° (deg)

FIG. 8.

!
270
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- 90 ' 180
¢° (deg)

180
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Recorded pressure field p (¢°, 1) for real-time cloning and reference. In (a),(b) we show the effect of the hologram being off

and on, respectively. Note that in both of those cases the waveguide is homogeneous (empty). Any difference is the result of acting
with the monopole and dipole sources on S, i.e., the hologram. For improved visibility, we isolate the real scattering (c) = Fig. 6(a) -
(a) and the holographic scattering (d) = (b) — (a). Comparing the real scattering (c) with the holographic scattering (d) confirms the
validity of our approach. The same comparison is provided for the square scatterer in (e),(f) and for the cross scatterer in (g),(h).

we find additional scattering of the wavefield in Fig. 8(b).
Because of the geometrical spreading of the incident wave-
field and the limited scattering surface area, it is difficult to
assess the accuracy of the hologram from this represen-
tation. We therefore subtract the homogeneous wavefield
from the heterogeneous holography [Fig. 8(d) = Fig. 8(b)
- Fig. 8(a)] and compare it to the difference of the real
scatterer [Fig. 8(c) = Fig. 6(a) - Fig. 8(a)]. The agree-
ment is excellent for all angles ¢© and all times, which
implies multiple interactions between the waveguide and
the cloned scatterer. Furthermore, we can compare the

square scatterer in Figs. 8(e) and 8(f) and the cross scatterer
in Figs. 8(g) and 8(h) to appreciate that we can clone any
arbitrary complex scatterer accurately.

The first scattered wave can be seen in Fig. 8(c) at
t ~ 3.5 ms. This wave front then propagates to the waveg-
uide boundary where it is reflected back and is visible again
at t & 5 ms. From ¢ &~ 7 ms onwards we start to see scat-
tering of the boundary-reflected excitation wavefield and
boundary-reflected scattering, i.e., multiple interactions. In
Fig. 9 we sum the scattered intensities for each angle over
time /(¢) Zf\i { p*(¢,1;) and normalize by the maximal
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Comparison of the scattered angular intensities between the real scatterers and the holographically reproduced scatterers

(IBC). The sum of the scattered intensities over time from the results in Fig. 8 are shown. We normalize to the highest angular

scattered intensity.

scattered intensity. This confirms the good agreement
between the physical scatterers and their hologram.

Comparing the first scattered wave at ¢t~ 3.5 ms in
Fig. 8(c) to Fig. 8(a), we see that the polarization of the
Ricker wavelet is the same for the reflection at ¢ = 0° and
is inverted for the transmission on the other side of the scat-
terer ¢ = 180°. Since Fig. 8(c) is the scattered field psear =
Phet — Phom» W€ can deduce that the inverted forward-
scattered energy causes the attenuation in the transmitted,
direct part of the wavefield. In other words, the shadow
(i.e., dimming of the amplitudes) behind the scatterer is an
attenuation of the direct wavefield. Because the hologram
Fig. 8(d) reproduces the same scattering but is physically
transparent, we can deduce that our hologram effectively
creates a scattered wave at ¢ = 0° and is attenuating the
traversing wave at ¢ = 180°.

V. DISCUSSION

The requirements for a broadband acoustic cloning
methodology can be summarized as follows. First, the
method should be general enough such that it works
for arbitrary unknown scattering objects, with “unknown”
meaning that no previous characterization of the scatter-
ing object is necessary in order to clone it. This implies,
for example, that its dimensions, material properties, etc.,
do not need to be known in order to reproduce it. Sec-
ond, the method should be general enough to work for
a variety of experimental setups, in particular, for rela-
tively small experimental setups that usually suffer from
boundary reflections.

We further distinguish between requirements regarding
the measurement of the scattering Green’s function and
requirements regarding holography, i.e., real-time repro-
duction. First, monopole and dipole Green’s functions
for radiation boundary conditions between all pairs of

points on a mathematically closed recording and a math-
ematically closed emitting surface surrounding the object
of interest are needed. Second, a spatially and tempo-
rally broadband holographic reconstruction method should
enable the real-time experimental or numerical reconstruc-
tion of the full-waveform scattering of the object.

Starting with the first requirement, existing methods to
acquire the impulse responses suffer from at least two sig-
nificant practical problems: (1) Reflections from the exper-
imental domain boundaries do typically exist and mask
multiple scattering inside the object of interest. (2) Source
and receiver instrument responses need to be measured and
corrected (i.e., calibrated) individually. Conventional solu-
tions to these problems include enlarging the experimental
domain and/or padding its boundaries with materials that
attenuate reflections passively or actively. Furthermore,
while it is common to acquire the data using broadband
sensors that have flat receiving characteristics, individ-
ual sources typically do need to emit frequency-swept
signals such that the impulse response can be estimated
and removed by correlation or deconvolution methods
robustly. However, clearly, such solutions impose signif-
icant requirements on the experimental domain (size), and
a laborious calibration process.

The methodology presented here eliminates most of
these requirements, enabling acoustic cloning in relatively
small and reverberant experimental setups, for which
boundary reflections are usually of critical concern, with
low-cost sources and (scalar) sensors requiring little cal-
ibration. These advances are in large part due to the
multidimensional deconvolution employed in the scatter-
ing Green’s function retrieval and focus the attention on
the remaining requirements; in particular, the low-latency
acquisition, compute, and control system for the real-time
holographic reconstruction. While real-time reconstruction
with a high number of receiving and emitting channels
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poses its own set of challenges [28], we note that the holo-
graphic reconstruction can also be effected in a numerical
domain.

In this implementation, the terminology “immersive
boundary conditions” might be somewhat misleading.
Given that the boundary on which they are implemented
is actually transparent, so that the acoustic impedance does
not change, it is strictly speaking not a boundary. How-
ever, IBCs were derived for both Neumann (v,|z = 0) and
Dirichlet (p|p = 0) boundary conditions. Here we essen-
tially use the superposition of both as is represented by the
two integrands in Eq. (3) [30].

An immediate consequence of cloning is that real-time
broadband cloaking appears as a byproduct when using
the homogeneous Green’s functions in the holography step
[15,30]. They contain only the direct waves propagating
from the outer to the inner surface S'. On S' the ingoing
field can simply be canceled and the outgoing field recre-
ated on the other side. No energy can reach an object within
S! and therefore no scattering is possible inside S'. At the
same time, the homogeneous wave propagation is fully
recovered by the numerical propagation through S'. Fur-
thermore, any real scatterer can be transformed into any
other scatterer by using the heterogeneous Green’s func-
tions. Since they contain the direct and scattered waves,
they allow one to simultaneously cloak the physically
present scatterer and represent any other scatterer.

(a) Circular Scatterer (b) Circular Hologram

+ Gain

We fully recover the scattering object experimentally
and are able to modify it to behave in a nonphysical
way due to the active sources. For example, gain compo-
nents are simply a numerical multiplication, phase shifts an
interpolation, and any (nonphysical) combination of them
can be examined to interact with physically propagating
waves.

The cloning methodology is not restricted to recover-
ing the physical scattering of an absent object only, but it
also allows for enhancements or modifications of the clone.
First, the clone can be modified through physical feasible
operations like translations or rotations to observe a dif-
ferent configuration of the initial scatterer. Second, it can
also include physical infeasible operations like a gain com-
ponent or arbitrary propagation velocities. Because of the
implementation through active sources, unphysical scatter-
ing of the object can be recovered experimentally. Two
exemplary experimental scattering results for a virtual gain
component and a virtually rotated scatterer are presented in
Fig. 10.

Compare the original circular scattering [Fig. 10(a)]
to the modified clone’s scattering which includes a
directional gain component [Fig. 10(b)]. The scattered
amplitude is modified to exhibit the angle dependency
1.5(1 4+ cos¢')/2. We can interpret this modified scat-
terer as scattering a wave with an amplified reflection
Rioio(0°) = 1.5R;i,c(0°) in the backwards direction while

(¢) Square Scatterer Square Hologram
+ physical Rotation + numerical Rotation

amplified

2 | reflection reflection
I attenuation 1 transparent
4 — —
~ =
wn) — — [—
E &
g
-5 —

. - s IaTate 23 | oA o et .
90 180 270 90 180 270 90 180 270 90 180 270
¢° (deg) ¢° (deg) ¢° (deg) ¢ (deg)

FIG. 10. Scattered pressure pecat(¢°, 1) = phet(@°, 1) — Phom (¢°, £) for two acoustic cyborgs. The Green’s functions for the circular

and square scatterer from Fig. 8 are modified in the numerical domain to exhibit gain and rotation in the clone’s scattering response.

The circular scatterer in (a) is cloned and the Green’s functions numerically modified (b) to include a gain in the scattering at ¢ =

0° (reflection) such that p%°(0°,3.3 ms) = lh 5l x pral(0°,3.3 ms), and no loss in the scattering at ¢ = 180° (transmission) such
010

that pfc‘ft"(l80°, 3.5 ms) = 0 or equivalently p;5°(180°,3.5 ms) = ppom(180°, 3.5 ms). Formally, we multiply Geat(@") with the gain
function 1.5(1 + cos ¢!) /2. The square scatterer in (c) is physically rotated by ¢™' = 60° as a reference for the same rotation performed

in the numerical domain, shown in (d).
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being transparent to the passing wave in the forward
direction, Tho0(180°) = 1. In other words, the scattered
energy is not deducted from the transmitted wavefield that
caused the scattering. In Fig. 10(c) we show the scattering
for the square which is physically rotated by ¢™' = 60°.
The same rotation is performed in the virtual domain so
that the hologram creates the same rotated scattering in
Fig. 10(d). For this case we can simply shift the mapping
of the Green’s functions by N /360 x 60, i.e., three sources
and 19 receivers. However, any noninteger shift can be
achieved by interpolation just like a mirroring operation or
any other conceivable reshuffling of the spatial reflections.

The generality of the approach inspires numerous future
applications, starting from creating numerical twins of
real-life objects without the need for an anechoic cham-
ber. Such a numerical representation can then be examined,
modified, and copied as many times as needed. For exam-
ple, the Green’s functions of the unit cell of an acoustic
metamaterial could be retrieved and modified to include
spatially dependent gain. Furthermore, one can immedi-
ately examine a finite or even infinite repetition number
of the unit cell (through periodic boundary conditions)
without the imperfections which arise during physical
reproduction of the unit cell.

VI. CONCLUSION

We have successfully shown how to clone an acous-
tic scatterer through a simple two-step process. First, the
acoustic scattering properties of an arbitrary object were
fully retrieved from recorded illumination data only. These
illumination data simply need to cover the desired tempo-
ral bandwidth and scatterer angles but are not limited by
boundary reverberations or illumination source character-
istics. We recovered a set of Green’s functions describing
the object’s scattering response. It was then shown how to
use this set of Green’s functions to holographically recre-
ate the acoustic scattering of the object in its absence. This
was implemented in real time using immersive boundary
conditions and the results were compared to the real scat-
terer. An excellent agreement has been found, confirming
the accuracy and generality of the proposed approach.
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APPENDIX A: WAVEFIELD SEPARATION ALONG
A CIRCULAR ARRAY

For acoustic cloning, the required Green’s functions are
obtained experimentally from the method of multidimen-
sional deconvolution. This method relies on separating the
wavefield on the recording surface S into ingoing and out-
going components {p,v} = {p, v} + {p, v}°™. Note that
for Egs. (1) we only need the ingoing part. Since these
data are recorded along closed, circular receiver arrays,
we use a wavefield separation method for arbitrary curved,
closed surfaces, as in Li et al. [14]. This requires either
pressure recordings at two spatially offset levels or both the
pressure and normal particle velocity recorded on a single
surface. We use the two auxiliary surfaces SQ to record
finite-difference pressure values to estimate the pressure
and normal particle velocity on S©. In contrast to Li et al.
[14] we modify the tangential axis of the local coordinate
surface to coincide with S© instead of S© since we want
the separated wavefield on S°.

In Fig. 11, a local group of 2N neighboring receivers
on a segment S° C SO is shown. We chose N odd such
that there are a total of (N — 1) receivers to the left and
right of the central receivers. For the above results N = 21
was used. Around the midpoint x° € S© of the chosen seg-
ment, a local coordinate system consisting of a normal
and tangential axis to S° is constructed. Furthermore, we
index the microphones clockwise, from outer to inner aux-
iliary surface S% = {S7,5?}. From this subset of pressure
recordings p(S%,#), we can separate the wavefield into
its ingoing and outgoing components. Since at the origin
the local coordinate system coincides with S°, we retain
the separated wavefield for this location and proceed with
processing every other point on S© likewise.

First we transform p(S%,#) to the frequency domain
using the Fourier transform p(x,w) = [ p(x, e dt to
get p(S%,w), with i denoting the imaginary unit. Now
we process each discretized frequency separately. The
ingoing and outgoing components of the pressure in
the wavenumber-frequency domain are then defined as
p(k)) = {p™,p°}(ky). The tangential wavenumber kj is
discretized as k' = (f /c)(m — N — 1)/N for a regular
spacing, with w = 2nf ", the acoustic wave speed ¢, and
m=1,...,2N such that we consider only propagating

FIG. 11. Construction of the tangential, local coordinate sur-
face where the origin coincides with the central point of the
segment S° C SO.
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waves with |kj| < f /c. Defining the vector p; = p(x")
and p;" = p(k|"), we can relate them as

pi =F"py, (AT)

with

F"™ = exp[i2m (kx| + K['x'])], (A2)

and k' = s™ /(f /c)* — (k")* the normal wavenumber as

a function of the tangential wavenumber. The sign of
the normal wavenumber is chosen positive for m < N as
s™ = sgn(N — m), ensuring the separation of the normal
propagation direction [42]. On the left-hand side of Eq. A1,
P: contains irregularly sampled pressure values in local 2D
space, and on the right-hand side, p; denotes the pressure
for a regularly sampled tangential wavenumber.

Relation (A1) can be inverted in a least-squares sense
using zero-order Tikhonov regularization wavefield py
[36]

pr ~ (F'F + e )" 'Fp,, (A3)

with F/ the conjugate transpose of F, the identity matrix I,
and a small-valued factor € alleviating the problem of rank
deficiency when inverting the Gram matrix F/F.

Wavefield Separation

|

Record data on S°

|

Construct local coordinate system S'°¢ for
a subset of the data around 2° € S°

|

Fourier transform p,(t) i Pz (w)
and invert p,(w) = Fpg(w) for pg.

|

.
Inverse transform px(w) = p(t) to get
the ingoing field on the construction surface.

|

Retain p!% () for central point where
construction surface coincides with S©.

|

0= NI'EC

no

lyes
Done

FIG. 12. Wavefield separation method in the frequency-
wavenumber domain.

We are interested only in the field at the origin of the
local coordinate system in space, x° = (0,0). Therefore,
using Eqgs. (A1) and (A2) we get p®i" = ZnNzl py- For the
separated normal particle velocity, we additionally multi-
ply with £ /(pf") in the wavenumber-frequency domain.

Since p®™(w) is in the frequency-space domain, this
is done for all discretized frequencies w. We then apply
the inverse Fourier transform to get the time-domain sig-
nal p™"(x,, ) at the central point of this S© segment (same
for particle velocity). Figure 12 summarizes the wavefield
separation algorithm. For more details, see Li ef al. [14].

APPENDIX B: MDD AND REAL-TIME
HOLOGRAPHY

The two steps of acoustic cloning, Fig. 4, are visualized
here. First, we perform Green’s functions retrieval, Fig. 13,

Green’s Functions Retrieval

|

Illuminate from ¢7

|

Record wavefield {p, v} on S! and S©
!

no ] = NSI‘C

iyes
— For «’ on the inner surface S!

!

— For illumination source ¢7

!

Separate wavefield on S©
{pa 1)} = {pa v}out + {p; v}in

|

Compose multidimensional convolution
equation (1): {p, v} (S°) % {p,v}(a")

|

j — NS[’C

no

lyes
Solve multidimension_al de-
convolution for G(z!|x°)

|

Z‘ = Nemt

no

lyes
Done

FIG. 13. Green’s function retrieval using MDD. Furthermore
we have G = {G?11,GPV, G"4, GV }, N¥° = 52, and N™ = 18.

064014-14



ACOUSTIC CLONING

PHYS. REV. APPLIED 20, 064014 (2023)

Real-Time Holography

|

Load extrapolator kernels G(S'|S©)

|

Illuminate V'© with arbitrary source field

|

Sample wavefield {p, v}(S°,t) —

!
Extrapolate current field
{p.0}(5%) & {p,0}(S't] 1)

|

Add current extrapolation to buffer
{p,v}(S5t | to,- - ts—1) += {p,v}(S%t | t;)

|

Actuate monopole and dipole sources
with current buffer values as source

strengths {q, f}(S%ts) = {v, p}(S% t,)

|

s+=1
s=NT
lyes
Done
FIG. 14. Real-time broadband holography. With

G= {Gp\q’ Gptf’ leq’GvV’}’ N = 52,
addition assignmenta = a + b.

and a+ =b the

followed by real-time broadband holography, Fig. 14, to
complete the cloning process.

APPENDIX C: EXPERIMENTAL SETUP

The Ricker wavelets we use are defined by r(¥) = (1 —
2(nf.t)?) exp(—(nf.H)?) with f. =3 kHz the center fre-
quency. Using ¢ = 343 m/s the central wavelength is A, =
11 cm.

The discretization of the integration surfaces reduces
them to sums, with the question of accuracy arising.
Considering the angular spacing of the inner ring, d' =
271! /N®™ = 3 c¢m (the outer ring has an even denser dis-
cretization) is still considerably smaller than the central
wavelength used, and we therefore regard the discretiza-
tion as sufficiently accurate.

Around the central frequency, the loudspeaker, with a
diameter of dypeaker = 1.5 cm, can be considered an acous-
tic monopole source. The monopole transducer then corre-
sponds to a point source of volume injection rate ¢ [33]. We
can therefore construct a dipole source by considering a
pair of closely spaced monopole sources centered at S' and
aligned along the normal to the surface. Using an opposite
sign (180° phase shift) on one component, we obtain an

effective dipole centered on S in the low-frequency limit
[43].

The auxiliary surfaces SY, are therefore equipped with
loudspeakers to approximate effective monopole g and
normal dipole f/ sources centered on S'. The monopole
is obtained with an equal phase on both speakers
q' ~ {p\,p"} while the dipole is achieved with oppo-
site phase on the speakers /' ~ {—p ,p’}. Note that this
extends the spatial support of the monopole source due
to the distance of the two auxiliary surfaces d = Ar.
Nonetheless, we still work within the long-wavelength
approximation disregarding the approximation errors.
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