Edinburgh Research Explorer

Cloaking and Holography Experiments Using Immersive
Boundary Conditions

Citation for published version:

Borsing, N, Becker, TS, Curtis, A, Van Manen, D, Haag, T & Robertsson, JOA 2019, 'Cloaking and
Holography Experiments Using Immersive Boundary Conditions', Physical Review Applied, vol. 12, no. 2.
https://doi.org/10.1103/PhysRevApplied.12.024011

Digital Object Identifier (DOI):
10.1103/PhysRevApplied.12.024011

Link:
Link to publication record in Edinburgh Research Explorer

Document Version:
Publisher's PDF, also known as Version of record

Published In:
Physical Review Applied

General rights

Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.

Take down policy

The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

OPEN (75 ACCESS

Download date: 12. Sep. 2019


https://doi.org/10.1103/PhysRevApplied.12.024011
https://www.research.ed.ac.uk/portal/en/publications/cloaking-and-holography-experiments-using-immersive-boundary-conditions(bbb2a068-2cff-42c1-892f-5c2efeb05861).html

PHYSICAL REVIEW APPLIED 12, 024011 (2019)

Cloaking and Holography Experiments Using Immersive Boundary Conditions

Nele Borsing ," Theodor S. Becker®, Andrew Curtis®,” Dirk-Jan van Manen®, Thomas Haag, and
Johan O.A. Robertsson
ETH Ziirich, Institute of Geophysics, 8092 Ziirich, Switzerland

® (Received 13 March 2019; revised manuscript received 20 June 2019; published 6 August 2019)

We report the experimental realization of real-time and broadband acoustic cloaking and holography
by manipulating wave fields through their boundary conditions. The method of immersive boundary con-
ditions (IBCs) enables us to virtually replace part of a physical experiment with a virtual computational
environment. By introducing a source surface enclosing the virtual environment and calculating the source
strengths in real time, the wave field in the physical experiment can be controlled such that incoming waves
are suppressed and transmissions through the arbitrary virtual domain are radiated in a desired manner. A
one-dimensional experiment shows that scattering objects can be made undetectable without prior knowl-
edge about the incident wave field. Moreover, virtual objects or media can be emulated where they are
not present—even objects or media exhibiting properties that do not occur in nature. Our results pro-
vide useful insights into how to implement IBCs for dynamic cloaking and holography, suggesting that

higher-dimensional experiments are feasible.

DOI: 10.1103/PhysRevApplied.12.024011

L. INTRODUCTION

The work described here is motivated by the
desire to fully control and manipulate wave fields
through their acoustic boundary conditions in a physical
wave-propagation experiment. By controlling boundary
conditions, we wish to suppress forward and backward
scattering from objects so that each object effectively
becomes undetectable. We wish to place virtual (imagined)
objects within a physical environment and vice versa such
that physical waves pass from one to the other as if both
environments were real.

The quest to control boundary conditions has received
significant attention across disciplines, ranging from elec-
tromagnetics [ 1], through optics [2] and acoustics [3] to the
education and entertainment industry [4,5] and approaches
generally fall into two categories: passive and active meth-
ods. While passive methods are based on coating the
boundary with materials that alter wave-propagation paths,
active methods use sources to manipulate incoming and
control outgoing waves.
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Motivated by the development of electromagnetic meta-
materials [6-9], passive methods to steer acoustic waves
have gained much attention over the past decade. Theoret-
ical and experimental advances in the design of acoustic
metamaterials [3] have produced medium properties such
as enhanced absorption, negative refraction, or extremely
high anisotropy. Acoustic cloaking is one of the most
widely studied innovations using metamaterials. Numer-
ous invisibility devices have been proposed, with potential
applications in the fields of noise reduction, architec-
tural acoustics, civil engineering, acoustic imaging, and
underwater acoustics [10—14].

Moreover, Refs. [15] and [16] have shown that meta-
materials can also be designed to create acoustic illusions.
Instead of only eliminating the scattering from an object,
an “illusion cloak” modifies its scattering pattern such that
a different object appears to be present. Despite the evident
progress made in the development of passive wave-control
methods, key challenges, such as the inherent loss due
to frequency-dependent dissipation in the metamaterial,
limited bandwidth, or their static time-invariant nature
[17,18], limit their practical applicability.

By contrast, active methods use externally controlled
sources to provide energy to the acoustic system [19].
Recent advances in active metamaterials composed of
periodic piezoelectric arrays offer new possibilities to
change the effective material properties dynamically and
therefore allow their functionality to adapt in real time
[20,21]. In this connection, parity-time-symmetric materials
have recently enabled material losses to be compensated
[22]. The experimental realization of an invisible acoustic

Published by the American Physical Society


https://orcid.org/0000-0003-4580-1584
https://orcid.org/0000-0003-0065-359X
https://orcid.org/0000-0003-1222-1583
https://orcid.org/0000-0002-8250-2826
https://orcid.org/0000-0002-3292-385X
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.12.024011&domain=pdf&date_stamp=2019-08-06
http://dx.doi.org/10.1103/PhysRevApplied.12.024011
https://creativecommons.org/licenses/by/4.0/

NELE BORSING et al.

PHYS. REV. APPLIED 12, 024011 (2019)

sensor in a one-dimensional (1D) waveguide based on
a parity-time symmetric metamaterial device has been
shown in Ref. [23]. The authors have demonstrated active
cloaking of monochromatic wave fields while maintaining
the wave field inside the cloaked region; however, cloak-
ing could only be achieved in one direction due to the
asymmetry of the system.

The idea of equipping a boundary with sources is closely
related to the field of active noise control and antisound
[24,25]. An active-noise-control experiment in which scat-
tering from a three-dimensional (3D) object is reduced
by an array of sources that emit adapted precomputed
linear filters using Kirchhoff-Helmholtz integral expres-
sions is presented in Ref. [26] (see also [27,28]). In these
works, the scattered wave field is suppressed only after
being scattered; thus transmissions into the scatterer are not
controlled.

Also based on a Kirchhoff-Helmholtz integral formula-
tion, the fact that perfect unidirectional cloaking can, in
principle, be achieved when recording the waves near the
surface of a scattering object and exciting appropriate point
and dipole sources on the surface (assuming instantaneous
calculation of the source strengths) has been shown in Ref.
[29]. This approach is different from previous proposals as
it manipulates the impinging waves rather than cancelling
the scattered ones. Following up on this work, a method
that significantly reduces the amount of surface sources
by means of a multipole expansion has been proposed
[30], though with the drawback of assuming full prior
knowledge of the incident (monochromatic) field. Unfor-
tunately, Refs. [29,30] give little insight into a practical
implementation of the methods for the acoustic problem.

In this work, we use the concept of immersive bound-
ary conditions (IBCs) to gain full control over an acous-
tic wave-propagation experiment. By applying a set of
boundary conditions calculated in real time, reflections
from boundaries of a physical domain can be suppressed.
At the same time, and in contrast to previous meth-
ods, IBCs enable a dynamic coupling between the phys-
ical domain and a virtual (computational) environment
[31,32]. In contrast to previous work, our method is not
limited to monochromatic wave fields. Furthermore, we
can choose between unidirectional or bidirectional oper-
ation, i.e., the virtual environment may exhibit different
properties depending on the direction.

On the one hand, immersion can be facilitated to sur-
round a physical domain by a virtual domain, thereby
virtually extending the size of the physical domain. The
first IBC experiment verifying the successful real-time
extension of a physical-experimentation domain has been
presented in Ref. [33] and, even more remarkably, has
shown that long-range interactions between the physical
and virtual domain can be accounted for. On the other
hand, immersion also allows acoustic cloaking and holog-
raphy [34]. In this case, a region inside the physical domain

can be replaced by a virtual domain. As a result, scattering
objects can be virtually substituted by arbitrary objects or
by no objects at all.

We present an experimental demonstration of acoustic
cloaking and holography using IBCs in a 1D waveguide.
We review the concept of IBCs and introduce the exper-
imental setup allowing for real-time implementation,
including a feedback-loop between the physical and virtual
domains. In a cloaking experiment, boundary conditions
near a scattering object are manipulated so that the object
effectively becomes invisible to a broadband wave field,
without prior knowledge of the incident field. In a holog-
raphy experiment, a scattering object acoustically appears
where there is no object present. In a third experiment, an
existing object is transformed such that the object exhibits
properties that do not occur in nature. Lastly, we present an
experiment with a directionally dependent virtual medium.

II. THEORETICAL FRAMEWORK

The theory of IBCs is introduced for the case of cloak-
ing. A more general derivation can be found in Ref. [34].
Consider a scattering object that deflects an incident wave
field propagating in a background medium [see Fig. 1(a)].
This is defined as the initial state, denoted below by sub-
script IN. The goal of IBCs is to substitute the presence
of the physical scatterer by a medium equal to the back-
ground medium so that the scatterer is invisible for an
observer outside of surface S [see Fig. 1(c)]. This aug-
mented state, denoted by subscript AG, is expressed as
a combination of the initial state and a complementary
state, denoted by IBC, such that the pressures are related
by pac = piN + pisc.

The pressure of the complementary state, pigc, is
derived from the acoustic representation theorem of the
convolutional type [34,35] and can be expressed as fol-
lows:

PAGX, 1) = pIN(x, )

+§ (GG < viace.0 | ms, (1)

with x¥ € § and in which we assume that surface S is
rigid. Gy (x,x5,1) denotes the acoustic-pressure impulse
response, or Green’s function, of the initial state at loca-
tion x outside S due to point sources of volume injection
(monopoles) on S. v;ag(x%, ?) is the ith component of the
particle velocity in the augmented state, »; is the outward-
pointing normal of S, and * denotes convolution with
respect to time. Equation (1) shows how a physical wave
field can be manipulated to emulate propagation in the aug-
mented state by applying specific boundary conditions on
S. The boundary conditions must be interpreted as a dis-
tribution of monopole sources on S with the strength of
the particle velocity in the augmented state. Though not
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FIG. 1. The concept of IBCs for cloaking. (a) In the initial state, a wave field is perturbed by a scattering object. (b) A monopole
source distribution on the rigid emitting surface S cancels physical reflections of incoming waves (1) and emits calculated interactions
with the virtual domain inside S (2). (c) A cloaking experiment in which the IBCs virtually substitute the scatterer with the background
medium. The signatures of the monopole sources on S are derived by extrapolating wave-field recordings from a “sound-transparent”
recording surface R in real time. (d) The extrapolation step requires precomputed Green’s functions (GFs) from each point on R to each
point on § through the desired homogeneous virtual domain. Here, the Green’s functions G AG (e}, xR, 7) and Gu AG (5, xR, 1) carry
the information to cancel incoming waves on S and to re-emit transmitted waves in the “shadowed” part of the background medium,
respectively.

further discussed herein, if S was chosen to be a transpar-
ent boundary, the initial state inside S could be maintained
(assuming full knowledge of the medium inside §) [34].
Such a scenario could be advantageous, as it allows the
design of invisible sensors. However, this concept is more
challenging in practice, as it requires acoustically trans-
parent monopole and dipole sources on S as well as full
knowledge of the medium inside S. For this reason, we
focus on a rigid emitting surface.

To implement these boundary conditions in real time,
the normal particle velocities v,«,AG(xS, f) need to be
known at the emitting surface S before the wave phys-
ically arrives. Therefore, a transparent recording surface
R enclosing S is introduced from which the recorded
wave field must be extrapolated to S [see Fig. 1(c)]. The
extrapolation step is derived from the Kirchhoff-Helmholtz
integral [36] as follows:

with x* € R. G’ .ag and G . are the velocity Green’s
functions recorded at S due to a dipole (d;) and monopole
(m) impulse at R, respectively. The Green’s functions
describe the desired wave propagation inside R and are
computed prior to the experiment—analytically, numeri-
cally, or experimentally. The key point is that the medium
inside S can be designed arbitrarily, allowing the real
medium to be substituted by any desired medium (referred
to as the virtual domain) from the point of view of an exter-
nal observer. Figure 1(d) illustrates precomputation of the
extrapolation Green’s functions using the desired medium
properties: e.g., for each point on a now sound-transparent
surface S, the velocity impulse responses are calculated
due to individual monopole and dipole sources on R using
a homogeneous background medium.

By combining measurements of the pressure and the
normal particle velocity in Eq. (2), the wave field is
implicitly separated into inward- and outward-propagating
viaG(xS, ) = ¢[G?,AG oS, xR ) % p R, 9) eomponents at R [37]. Thus, only components propagating

! inward from R to S are extrapolated, whereas components

+ G pG S, xR 1) x VN «F, HlnydR, (2) propagating outward do not contribute to v;ag(x®,7). To

(a) Free-field wave (b)IBCs (c)Holography (d)Precomputed GFs
propagation experiment -
%o
[ﬁ (2) 'm I | -c7 x5~
g S S X2 \\
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FIG. 2. The concept of IBCs for holography. (a) In the initial state, a wave field propagates unperturbed in a homogeneous medium.
(b) Distribution of monopole sources on the rigid boundary § effects cancellation of incoming waves on S (1) and the emission of
interaction with the virtual domain inside S (2). (c) A holography experiment in which the IBCs virtually substitute the background
medium with a scatterer. (d) The precomputation of GFs appropriate for the chosen scatterer.
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facilitate the numerical implementation of the extrapola-
tion in real time, the temporal convolution in Eq. (2) is
discretized in a time-recursive fashion and the surface inte-
gral is expressed as a matrix-vector multiplication such
that the calculation can be performed recursively at each
time step [31,33].

The concept of using IBCs to cloak an object can
be extended to create acoustic illusions or holograms.
Figure 2 depicts the setup for a holography experiment. In
the initial state, a wave field propagates unperturbed in a
homogeneous medium. The crucial difference to the cloak-
ing experiment lies in the design of the virtual domain in
Fig. 2(d). The extrapolation Green’s functions can emu-
late propagation through arbitrarily complex objects (even
phenomena that do not occur naturally).

III. EXPERIMENTAL SETUP

In the IBC experiments, air-filled tubes are used as
waveguides to confine the wave propagation in one
dimension. Ideally, only the fundamental first-order mode
propagates unattenuated inside the tube when low frequen-
cies are used with respect to the tube diameter [38,39].
Figure 3(a) shows two different geometries. In model A,
the waveguide has a constant cross-section area producing
a homogeneous 1D medium. In model B, the waveg-
uide has a variable cross-section area: impedance contrasts
at the discontinuities induce reflection and transmission
of incident waves [38]. Hence, model B represents a
three-layered medium. For both models, physical refer-
ence experiments are carried out as shown in Fig. 3(b).
Similar to the definition of the states in Fig. 1, model B
is the initial state for the cloaking experiment and model
A is the desired state; thus the IBCs virtually remove the
impedance contrast. For the holography experiment, model
A represents the initial state and model B is the desired
state; thus the IBCs create a virtual impedance-contrast
layer. For the third experiment, in which the physics of an
existing object is modified by the IBCs, the initial state
is represented by model B, whereas the desired state is
represented by a numerical model exhibiting the same (lay-
ered) geometry but the middle layer reveals properties of
an “energy-gain” medium. Table I summarizes the ini-
tial and desired states for the cloaking and holography
experiments.

The experimental IBC setup is sketched in Fig. 3(c), in
which the physical domain Dy is interrupted by the vir-
tual domain Dyy. A loudspeaker mounted on the left end of
the left tube excites an arbitrary wave field and a movable
microphone records the pressure field at multiple locations
inside the tubes (denoted “stim” and “ref mic,” respec-
tively). The end of the right tube is terminated by a rigid
boundary. The IBC ingredients can be classified into three
parts: the emitting surface, the recording surface and the
data-acquisition and control system. The discrete emitting

a
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FIG. 3. (a) A schematic of the reference experiments: a waveg-

uide with a constant cross-section area (model A, dashed line)
and a waveguide with a layer of increased cross-section area
(model B, solid line). (b) Pressure data from the reference exper-
iments. (c) A schematic of the experimental setup. (d) The nor-
malized density model used to numerically compute the Green’s
functions G(x{ ,,x{,) prior to the IBC experiment. The two stars
indicate positions at which a delta impulse is injected in two suc-
cessive simulations and triangles indicate positions at which the
propagated delta impulse is recorded. The model is surrounded
by PML layers to absorb outgoing waves [40].

surface consists of two loudspeakers at positions xiz which
enclose the virtual domain. The recording positions are
located in the outward direction of the emitting positions
and are denoted by xf,. Equation (2) shows that both the
pressure and the particle-velocity recordings are required
to enable the implicit wave-field separation. However, here
the particle velocity may be derived by finite differencing
the pressure at two closely spaced microphones at each
recording position. This calculation is incorporated into the
real-time extrapolation step by manipulating the Green’s

TABLE I. The definition of the initial and desired states for
the cloaking and holography experiments.

IBC experiment Initial state Desired state

Cloaking Model B Model A
Holography Model A Model B
Holography (gain medium)  Model B Nonphysical
Bidirectional x < x}: model A

x > x3: model B
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icamp &

FIG. 4. The experimental setup. The waveguides are composed
of 3D-printed 2-cm-long segments to be able to record the wave
field at multiple positions inside the waveguide. All loudspeak-
ers are amplified through a power amplifier (“Isp amp”) and
all analog microphone data are preamplified through a signal
conditioner (“mic amp”). (a) The constant-diameter waveguide
represents model A. A movable reference microphone (“ref
mic”) records the pressure inside the waveguide at multiple posi-
tions. (b) The variable-diameter waveguide represents model B.
A change of the diameter from 2 cm to 4 cm produces reflec-
tion and transmission coefficients of R = —0.6 and 7 = 0.64,
respectively. In both reference models, the microphones at the
sound-transparent recording positions are only used as additional
(static) reference microphones. (¢) The IBC experiment: at each
recording position (xf and xX), two microphones separated by
1.8 cm are installed to measure the pressure and its gradient.
Loudspeakers are mounted on the emitting boundary (xf and xg ).
The data-acquisition and control system is not shown here but is
discussed in detail in Ref. [33].

functions appropriately [33]. The experimental setup is
shown in Fig. 4.

The extrapolation Green’s functions in Eq. (2) are pre-
computed numerically using a 1D second-order accurate
finite-difference scheme in the time domain, solving the
first-order representation of the acoustic wave equation
[41]. The increased cross-section area in model B is imple-
mented as an inversely proportional change in impedance
in the numerical model [38]. For example, if the diam-
eter of the waveguide changes from dj to d; = ad), the
density in the numerical model changes from pg to p; =
(1+b)/(1 — b)py with b = (1 —a*)/(1 + a*) while the
velocity remains constant. Figure 3(d) shows the 1D den-
sity model used to compute the Green’s functions rep-
resenting models A and B. The model is surrounded by
perfectly matched layers (PMLs) to simulate an effec-
tively infinite medium. As mentioned in Sec. II, the model
can be designed arbitrarily outside R. Though ideally the

fundamental mode is expected to propagate unattenuated
in the waveguide, we observe an exponential amplitude
decay of the wave with the propagation distance. The sec-
tions with diameters of 2 cm and 4 cm reveal a decay of
—2.76 ABm~! and —1.01 dBm™!, respectively. To accu-
rately account for this, we use a damped acoustic wave
equation in the finite-difference scheme [42]. While the
attenuation is frequency independent within the frequency
band of our experiments, it is a function of the tube diam-
eter. Appropriate damping coefficients for the numerical
model are found by matching experimental and numerical
data.

A high-performance data-acquisition and control sys-
tem carries out the extrapolation in real time, so that the
computation is faster than the physical propagation of
the wave from R to S. The system operates at a sam-
pling frequency of 20 kHz and guarantees a latency of
0.2 ms (four time samples), including the collection of
all receiver data, execution of the matrix-vector multi-
plication, and emission of the extrapolated quantities at
all emitting positions. In addition to the system latency,
corrections minimizing undesired hardware effects con-
tribute significantly to the total latency. These undesired
effects include the frequency-dependent loudspeaker trans-
fer function and the fact that the emitting surfaces (the
loudspeakers) are not perfectly rigid [33]. The total latency
dictates the separation distance between R and S. Here, a
distance of 0.45 m is needed to allow for an extrapolation
time of 1.31 ms, including all hardware corrections.

IV. RESULTS AND DISCUSSION

In the cloaking experiment, extrapolation Green’s func-
tions represent a homogeneous virtual domain (model A).
The Green’s functions, G(x7,xR,#) and G(x3,x%,1), sup-
press boundary reflections from incoming waves so that
the loudspeaker boundary appears acoustically transpar-
ent from outside S. In addition, G(x,x%, 7) and G(x5, xR, #)
account for the forward propagation of the incoming waves
through the virtual domain. The experimental results are
displayed in Fig. 5. The convincing match between the
desired state (the reference data of model A) and the IBC
experiment shows that the IBCs allow us to fully embed an
arbitrary virtual medium into a physical experiment and to
cloak any physical medium that is collocated with the vir-
tual medium. Some spurious energy due to the imperfect
suppression of the reflection at S can be observed [e.g.,
IBC data in the top panel of Fig. 5(b), for 0.005 s < ¢ <
0.007 s]. This residual energy is likely a result of imperfect
correction for the transfer function of the loudspeaker.

Figure 6 gives an example of the suppression of
the boundary reflection occurring at x7. Pressure data
recorded at location x = 0.37 m from a cloaking exper-
iment with IBCs turned on (dotted line) are compared
to an experiment with IBCs turned off (solid line). The
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FIG. 5. The IBC cloaking experiment with Green’s functions

representing a homogeneous virtual domain. A Ricker wavelet
with a central frequency of 1 kHz is emitted by the left loud-
speaker. (a) The time-distance panel. (b) Pressure recordings of
the IBC experiment at x; and x, are compared to their initial state
and a reference experiment (the desired state).

time window 7, < t < f; contains the temporally isolated
reflected wave (and the suppressed reflection). Calcula-
tion of the acoustic intensity [ 1. " p2(x,1)] ratio between
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T
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Q
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FIG. 6. A comparison of cloaking experiments with IBCs
turned on (dotted line) and IBCs turned off (solid line) to eval-
uate the suppression of the reflection at the emitting boundary.
(a) The time-domain signals recorded at location x = 0.37 m. (b)
The sound-pressure level as a function of the frequency for the
time window ¢, < t < fp.

the two experiments for the above time window shows
that the reflection is suppressed down to 0.25%. A Fourier
transform of the windowed pressure data shows that the
sound-pressure level (SPL) is reduced by approximately 20
dB over a broad frequency range when IBCs are turned on.
The remaining energy is mainly due to the imperfect cor-
rection for the frequency-dependent loudspeaker transfer
function. The correction is implemented as a deconvolu-
tion of the measured transfer function (in the frequency
range of our experiment) from the Green’s functions,
which can be carried out prior to the experiment [33]. Note
that further improvements in the correction come at the
expense of increasing the latency to compute the extrap-
olation step, therefore increasing the separation between S
and R.

The real-time wave-field separation becomes apparent
at the recording surface xX, where right- and left-going
waves overlap due to the close vicinity of the rigid termina-
tion (Fig. 5). As explained in Sec. I, the Green’s functions
are designed to extrapolate only waves propagating in the
direction from x% to x5. This means that at x5, only the left-
going wave must be extrapolated, which is ensured by the
real-time wave-field separation [33].

The reflection at the right-side rigid termination acts as
a secondary source, showing that the cloaking is unidirec-
tional and works for any number of sources located outside
the recording surface.

In the holography experiment, the extrapolation Green’s
functions represent a more complex virtual domain [model
B in Fig. 3(a)]. In addition to the cancellation and
transmission events, the Green’s functions now include
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FIG. 7. The IBC holography experiment, with Green’s func-
tions representing a heterogeneous virtual domain.

024011-6



CLOAKING AND HOLOGRAPHY EXPERIMENTS...

PHYS. REV. APPLIED 12, 024011 (2019)

all internal multiples caused by the virtual impedance
contrasts. Figure 7 displays the results of the IBC exper-
iment together with the reference experiments. Here, long-
range interactions between the physical and virtual domain
become rather complex. The comparison with a reference
experiment in Fig. 3(b) is therefore helpful to bench-
mark that the IBCs are implemented correctly. Clearly, the
geometry and physics of the virtual domain are indeed cap-
tured as intended by the extrapolation Green’s functions.
So far, we have used the IBCs to reconstruct physically
possible virtual domains. We now augment the physical
domain by a virtual domain that does not occur in nature.
The section of lower impedance (larger diameter) in the
virtual domain is designed as an “energy-gain” medium
in the numerical model. Figure 8(a) (middle panel) shows
the desired amplitude behavior of a right-going wave and
a left-going wave reflected at the second impedance con-
trast: the attenuation in the layers of smaller diameter is
equivalent to the experimentally observed attenuation in

4
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FIG. 8. The IBC experiment with Green’s functions represent-

ing a heterogeneous virtual domain containing an “energy-gain”
medium. The middle panel in (a) shows an attenuation profile of
the desired state for a left-going transmission and a reflection at
the second interface. When numerically calculating the Green’s
functions for the IBC experiment, the lower-diameter layers
exhibit an attenuation identical to the experimentally observed
attenuation. By contrast, the larger-diameter layer is designed
such that it reveals “energy-gain” properties [42].

the waveguide, i.e., —2.76 dB/m. By contrast, we assign
a gain of 7.57 dB/m to the middle layer of larger diame-
ter. The gain over the length of the middle layer does not
exceed the loss due to the transmission at the discontinu-
ities, from which it follows that internal multiples do not
intensify with each reverberation. Nonetheless, the gain
inside the virtual domain leads to increased amplitudes in
the physical domain, as can be seen in the lower panel of
Fig. 8(a). Due to the impossibility of a physical reference
experiment including a gain medium, the IBC experiment
is compared to the numerical simulation in Fig. 8(b).

The concept can be extended further to create vir-
tual media with directionally dependent properties. These
have similarities with parity-time-symmetric experiments
[23,43]. In Fig. 9, we show how the Green’s functions
can be manipulated to emulate a virtual medium that
appears homogeneous for an observer at x < x; and het-
erogeneous for an observer at x > x5. Note that due to
the attenuation associated with the transmission through
the heterogeneous virtual domain (i.e., from xf to x3),
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FIG. 9. The IBC experiment with Green’s functions represent-
ing a homogeneous and heterogeneous virtual domain simulta-
neously, depending on the location of the observer. (a) While
Green’s functions G(x;,xR) and G(x7,x%¥) emulate a homoge-
neous virtual domain as in the cloaking experiment, G(x3,xX)
and G(x}v ,x§) emulate a heterogeneous virtual domain as in the
holography experiment. (b) A comparison with a numerical IBC
simulation in which the above Green’s functions are used.
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this experiment is different from “stitching” together the
results of the cloaking and holography experiments for x <
x} and x > x5, respectively. However, attenuation losses
could be compensated for, as shown by the previous
experiment.

The method of IBCs is not restricted to air. In fact,
the medium inside S™ and outside S™° can be chosen
arbitrarily. The only requirement to facilitate a real-time
extrapolation of the wave field is that the medium between
Sem and S§™° needs to be a fluid. For example, an underwa-
ter application with the data-acquisition and control system
used in this study is deployable under the condition that
the distance between the recording and emitting surfaces
is adapted according to the high acoustic velocity of water
and the total latency of the system (including hardware
effects). However, due to the high acoustic impedance of
water, a 1D or two-dimensional (2D) waveguide would be
impractical to implement and therefore a 3D setup would
be required.

For 2D and 3D IBC experiments, additional challenges
emerge: spatial subsampling associated with discretization
of the recording and emitting surfaces, or the difficulty
of realizing an acoustically transparent recording device.
Nonetheless, our experimental results validate the concept
for implementing IBCs in 2D and 3D laboratories.

An extension to elastic media with IBCs implemented
on a free surface of an elastic (solid) object is presented
in Ref. [44]. Since the wave field cannot be accessed
nondestructively inside the object, the recording surface
coincides with the emitting surface (on the free surface), so
that energy arriving at the source boundary cannot be pre-
dicted in real time and IBCs must be constructed time step
by time step as waves are recorded. The central challenge
of elastic IBCs is to separate the wave field recorded at
the free surface into its incident and reflected components,
which can be achieved by using an elastic finite-difference
wave-field injection technique.

Our method can also be applied to the field of elec-
tromagnetic wave physics, though implementation in real
time may be unrealistic due to the high propagation veloc-
ity of electromagnetic waves. Even for an underwater
application, where the speed of electromagnetic waves is
significantly lower than in air, a real-time extrapolation
would require an extremely low-latency data-acquisition
and control system.

V. CONCLUSION

We demonstrate that IBCs enable full control over
broadband wave fields and can be used to augment a phys-
ical experiment with a virtual domain in real time. The
immersion is achieved by calculating instead of physi-
cally propagating a wave field through an arbitrary virtual
domain. At the same time, scattering from the boundary
of the virtual domain is compensated for. We immerse the

physical domain into three different scenarios. First, we
control the wave field of a scattering medium as though
propagation was through a homogeneous medium (the
cloaking experiment). Second, we show that long-range
interactions between the physical and a heterogeneous vir-
tual domain are fully accounted for (the holography exper-
iment). Third, we emulate a nonphysical virtual domain
with properties of an “energy-gain” medium.

In future work, we envisage simulating time-variant
media in the virtual domain. Furthermore, the physical
realization of higher-dimensional experiments is work in
progress.
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