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Active acousticillusions for stealth
and subterfuge

Daniel Eggler & Nicole Kessissoglou

Acoustic illusion devices present a novel approach for defeating detection systems such as sonar

by misrepresenting information about the target. These devices are currently designed for a
predetermined illusion using metamaterials. We present the first active acoustic illusion utilizing
monopole control sources and error sensors arranged circumferentially around a rigid object to generate
the desired illusion in the global acoustic field. We also utilize control sources and error sensors in a line
array to generate an illusion in the forward-scatter region of the object. Multiple types of illusions are
achieved for a given control configuration.

The last decade has seen an unprecedented level of control for electromagnetic and acoustic wave manipulation.
Pendry et al.! pioneered the field of transformation optics which resulted in a surge of exciting developments
including cloaking®= and illusions®'. Cloaking renders an object invisible whilst illusions misrepresent the true
nature of an object being perceived. Yang et al.® proposed the first optical illusion using a metamaterial shell to
increase the scattered field of an object, making the object appear larger than its actual size. In contrast, Jiang et al.”
employed the use of metamaterials to visually shrink an object. Lai et al.® created an illusion device using two dis-
tinct metamaterial shells, where one shell comprised negative permittivity and negative permeability to cancel an
optical region, whilst the other shell comprised a homogenous medium with positive anisotropic permeability to
project an illusion within the cancelled region. Using a similar approach, Jiang et al.'® experimentally developed a
radar illusion device comprising two metamaterial shells which was able to modify the scattered field of a metallic
cylinder to be that of a dielectric cylinder. McManus et al.'® proposed an illusion device in which a subwavelength
coating of an anisotropic material was applied to a flat plate to reproduce the scattering properties of a curved
surface, and vice versa. Recently, Yang et al.*! proposed a dual purpose homogenous illusion device, which could
either cloak an object or misrepresent its location.

Transformation optics was soon generalized to acoustics which allowed for manipulation of the scattered
field using analogous counterparts, to achieve acoustic cloaking®*-** and acoustic illusions®*-%". Kan et al.*® uti-
lized positive anisotropic metamaterials to generate acoustic illusions near boundaries of curved geometry. They
numerically and experimentally demonstrated the transformation of scattered waves from a cylinder to appear as
scattered waves from a rectangular prism®. Liu and He* also employed positive isotropic materials to exchange
the acoustic scattering potential of an object with that of the desired illusion.

The aforementioned optical and acoustical illusions were generated employing passive approaches, primar-
ily using metamaterials. As an alternative, active techniques have also been utilized to create optical illusion
effects*®-*1. Ma et al.*® experimentally produced an illusional field for a defined region on a conducting plate, by
modulating the voltage of control sources arranged circumferentially around the region. Similar to our active
approach, Cao et al.*® employed different control configurations comprising closed and open arrangements in
which control sources completely circumscribed the object or were localised to certain areas. Using a fixed control
configuration, they demonstrated the ability to generate different optical illusions that misrepresented either the
orientation or location of the object. Similar to the work by Cao et al.*, we herein employ a fixed control configu-
ration to generate single-type illusions; however we further demonstrate the ability to generate multiple illusions
simultaneously. Zheng et al.** numerically presented an active control configuration comprising three multipole
sources surrounding an apple-shaped object, to create the optical illusion of the scattered field corresponding to
a banana-shaped object. Our work extends the capability by Zheng et al.*’ to actively generate an illusion such
that the acoustic field arising from scattering by a rigid body for a given incident excitation can be replaced with
a different incident field.

Active control techniques for acoustic cloaking have also been implemented, see**~*%; however, no active
approaches have been employed to generate acoustic illusions. Herein we present the first active acoustic illusions
utilizing arrays of monopole control sources and error sensors to misrepresent the acoustic fields due to scattering
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Figure 1. Control configurations comprising monopole control sources and microphone error sensors placed
(a) circumferentially around a rigid cylinder at 24 and 3a, respectively, and (b) in a line array at a and 24,
respectively.

by a rigid object. Acoustic illusions are generated to change the apparent size of the object, shift the location of
the object, and to simultaneously change the size and location of the object. Unlike their passively produced
counterparts, the aforementioned active acoustic illusions are achieved with no required changes to the control
configuration. Further, we actively modify the acoustic response of an object due to an incident field to resemble
a different incident field.

Results

Active control configuration and theory. Let’s consider a time-harmonic incident excitation corre-
sponding to either a plane wave or a single monopole source impinging on a rigid 2D cylinder of radius a. The
acoustic field arising from scattering by the incident excitation is herein known as the primary acoustic field. We
implement a multichannel control configuration utilising W control sources and L error sensors. Figure 1 shows
the two active control configurations considered in our study, comprising arrays of monopole control sources
and microphone error sensors located circumferentially around the object to generate an illusion in the global
acoustic domain (Fig. 1(a)), and line arrays of control sources and error sensors adjacent to the object to generate
illusions in the forward-scatter direction (Fig. 1(b)).

The Helmholtz equation governs the acoustic domain for time harmonic responses. The acoustic pressure due
to scattering by a rigid cylinder arising from either an incident plane wave or monopole source excitation is well
established, for example, see?’. Our active control strategy requires modification to a cost function to accommo-
date a two-stage process. The first stage is used to completely remove the total acoustic field at the error sensor
locations (sound cancellation). The second stage is then employed to generate the desired acoustic illusion (sound
reproduction). The cost function for cancellation of the total acoustic field is defined as the sum of the squared
acoustic pressures at the error sensor locations, given by

] = e'e, (1)

where the superscript () denotes the Hermitian transpose operator and e is a vector denoting the total acoustic
field at the error sensors arising from scattering by both the incident excitation and the secondary monopole
control sources. This vector can be expressed as

e=p, +Zq, )

where p, denotes the primary acoustic pressure at the L error sensor locations, Z is an L x W matrix of com-
plex transfer functions representing the secondary field due to W monopole control sources at L error sensor
locations, and q is the vector of W complex control source strengths to be optimized upon minimization of the
total acoustic pressure given by Eq. (2). For a rigid body, the primary acoustic pressure is given by p, = pinc + Pscs
where p;, is a vector denoting the incident acoustic pressure and p,. is a vector denoting the scattered pressure
by the rigid body due to p;,.. Substituting Eq. (2) into Eq. (1) and differentiating the resulting expression with
respect to the real and imaginary components of the control source strengths, the following optimal control
source strengths are obtained as
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Figure 2. Acoustic pressure fields under plane wave excitation at 200 Hz for (a) a rigid cylinder of radius 4, (b)
arigid cylinder of radius 2a (left) and 0.54 (right), and (c) a rigid cylinder of radius a with an actively modified
acoustic field to resemble the acoustic field for a cylinder of radius 2a (left) or 0.5a (right).

q=—[7"Z2"7" p,- 3)

In the second stage, the acoustic illusional field is generated. The vector incorporating the acoustic pressure of
the illusion at the error sensor locations becomes

e=ptZa-pp @

where p; is a vector representing the acoustic pressure of the desired illusion at the error sensor locations.
Following the same procedure described previously, the optimal control source strengths now become
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Figure 3. Acoustic pressure fields under monopole source excitation at 200 Hz for (a) a rigid cylinder of radius
a, (b) arigid cylinder of radius 24 (left) and 0.5a (right), and (c) a rigid cylinder of radius a with an actively
modified acoustic field to resemble the acoustic field for a cylinder of radius 2a (left) or 0.5a (right).

q=—[2"2]"Z"(p, — p).

©)

A further simplification to Eq. (5) can be implemented if the acoustic illusion only requires manipulation of
the scattered field. Such a situation arises when the desired acoustic illusion is generated by the secondary acoustic
field superimposing with the original incident field. In this case, the first stage is modified to actively cancel the
scattered field only, and the optimal control source strengths now become

q=-[2"21"Z"@p_-p).

(6)
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Figure 4. Acoustic pressure fields at 200 Hz for (a) a rigid cylinder of radius a, (b) a rigid cylinder of radius 2a
shifted to the left by a distance a (left) or shifted down by a distance a (right), and (c) a rigid cylinder of radius a
with an actively modified acoustic field to resemble the acoustic field for a cylinder of radius 2a shifted to the left
by a distance a (left) or shifted down by a distance a (right).

lllusions that actively manipulate the scattered field. Two different excitation cases are considered
corresponding to a plane wave propagating from left to right, or a single monopole source located 4a upstream
of the cylinder (in the back-scatter region) and horizontally aligned with the cylinder centroid, both at 200 Hz.
We herein show results for acoustic pressure in Pascal. Figure 2(a) presents the primary acoustic pressure field
arising from scattering due to an incident plane wave, showing clear signs of scattering upstream and downstream
of the cylinder. Figure 2(b) presents the acoustic fields due to scattering of the incident plane wave by a cylinder
of radius 2a (left) and 0.5a (right), showing greater and reduced scattering effects due to the larger and smaller
sized object, respectively. Figure 2(c) presents the acoustic illusional fields whereby the primary acoustic field in
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Figure 5. Acoustic pressure as a function of distance from the rigid cylinder along # = 0, showing the primary
acoustic pressure (solid blue line), desired acoustic pressure (dotted red line) and the actively generated illusion
pressure (dashed black line), for (a) a rigid cylinder of radius 4 under plane wave excitation to resemble the
acoustic field for a cylinder of radius 2a (as per Fig. 2(c), left), (b) a rigid cylinder of radius a under monopole
excitation to resemble the acoustic field for a cylinder of radius 2a (as per Fig. 3(c), left), and (c) a rigid cylinder
of radius a under plane wave excitation to resemble the acoustic field for a cylinder of radius 2a and shifted to
the left by a distance a (as per Fig. 4(c), left). The dashed blue and red vertical lines respectively represent the
perimeter of the rigid cylinder and the illusion cylinder.

Fig. 2(a) of the original cylinder of radius a has been actively modified to resemble the acoustic fields in Fig. 2(b)
for a cylinder of radius 2a (left) or 0.5a (right). A global acoustic illusion in the exterior acoustic field transpires
beyond the control sources located at 2a.

Figure 3 presents similar results for the second excitation case corresponding to a single primary monopole
source located at 44 in the back-scatter region. Figure 3(a) shows the primary acoustic pressure field for our orig-
inal cylinder of radius 4, in which the effect of cylindrical spreading can be clearly observed. Figure 3(b) presents
the desired acoustic fields associated with scattering of the monopole source by a larger sized cylinder of radius
24 (left) and a smaller sized cylinder of radius 0.5a (right). Figure 3(c) presents the acoustic illusions. Beyond the
control source locations, the actively modified field of the original cylinder in Fig. 3(a) now resembles the acoustic
response associated with the larger cylinder (Fig. 3(c), left) and smaller cylinder (Fig. 3(c), right).
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Figure 6. Acoustic pressure fields at 200 Hz for (a) a rigid cylinder of radius a due to excitation from a plane
wave (left) and monopole source (right), (b) an incident field for a monopole source (left) and a plane wave
(right), (c) a rigid cylinder of radius a with actively modified acoustic fields to resemble the acoustic field for a
monopole source incident field (left) or an incident plane wave (right) in the forward-scatter region.

We now generate an active illusion which misrepresents both the size and location of the object. Similar to the
results in Fig. 2(a), Fig. 4(a) presents the primary acoustic field arising from an incident plane wave impinging on
arigid cylinder of radius a. The targeted acoustic fields now correspond to that of a larger sized cylinder of radius
2a shifted to the left (in the back-scatter region) by a distance a (Fig. 4(b), left) or shifted normal to the direction
of sound propagation by a distance a (Fig. 4(b), right). Figure 4(c) presents the actively modified acoustic fields
of the original cylinder of radius a such that the resultant acoustic fields beyond the control source locations now
correspond to the responses associated with a cylinder of different size and location.
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Figure 7. Acoustic pressure as a function of distance from the rigid cylinder along # = 0, showing the primary
acoustic pressure (solid blue line), desired acoustic pressure (dotted red line) and the actively generated illusion
pressure (dashed black line), for (a) a rigid cylinder of radius a under plane wave excitation to resemble the
incident acoustic field due to a monopole source located at (44, 7) in the forward-scatter region (as per Fig. 6(c),
left), and (b) a rigid cylinder of radius a under monopole excitation to resemble the incident acoustic field due
to a plane wave in the forward-scatter region (as per Fig. 6(c), right). The dashed vertical blue line represents the
rigid cylinder perimeter.

We herein compare the primary acoustic pressure, the desired pressure and the actively generated illusion
pressure, as a function of distance from the cylinder centre along 8 =0. In Fig. 5, the primary acoustic pressure
arises from scattering by a rigid cylinder of radius a due to plane wave excitation (Fig. 5a,c)) or due to a single
primary monopole source located in the back-scatter region at —4a (Fig. 5(b)). As per the acoustic illusion field
in Fig. 2(c)(left), the desired and actively generated illusion pressures in Fig. 5(a) correspond to the acoustic pres-
sure for a cylinder of radius 2a under plane wave excitation. Similarly, the desired and actively generated illusion
pressures in Fig. 5(b) correspond to the acoustic pressure for a cylinder of radius 2a under monopole source
excitation, as per the illusion in Fig. 3(c)(left). For each excitation case, the illusion pressure becomes identical
to that of the desired pressure beyond the control source perimeter at 2a. The desired and illusion pressures in
Fig. 5(c) correspond to the acoustic field for a cylinder of radius 24 and shifted to the left by a distance 4, as per the
acoustic illusion field in Fig. 4(c)(left). In the back-scatter region, the illusion pressure becomes identical to that
of the desired pressure beyond the perimeter of the illusion cylinder at a radial distance of —3a. However, in the
forward-scatter region, the illusion pressure does not match the desired pressure at the perimeter of the illusion
cylinder corresponding to g, but instead matches the desired pressure at 2a corresponding to the control source
radial location. We observe that when the perimeter of the illusion object is enclosed within the control source
perimeter, the illusion field takes effect beyond the control source perimeter. However, when the perimeter of the
illusion object exceeds the control source perimeter, the illusion takes effect from the illusion object perimeter,
resulting in a reduction of the size of the acoustic illusion domain. When the desired illusion is based on scatter-
ing by the same incident field, a global illusion is obtained in both the forward- and back-scatter regions.

Illusions that actively manipulate the total field. The acoustic illusions in Figs 2(c)-4(c) were gen-
erated using the control configuration shown in Fig. 1(a), utilizing 20 control sources and 40 error sensors
arranged circumferentially around the cylinder of radius a. As the resultant acoustic fields associated with the
targeted illusions were based on the same incident field, the optimal control source strengths were obtained
using Eq. (6), whereby only the scattered field of the primary source, p,., was actively cancelled. We herein utilize
the second control configuration in Fig. 1(b) to generate an acoustic illusion such that the resultant field in the
forward-scatter region corresponds to the incident field from a different excitation. Figure 6(a) shows the primary
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acoustic field arising from scattering by the cylinder of radius a due to an incident plane wave (left) and monopole
source located 4a upstream of the cylinder (right). Figure 6(b) shows the acoustic illusion to be produced in the
forward-scatter region of the cylinder, corresponding to an incident field (in the absence of an object) for a mon-
opole source (left) or a plane wave (right). Figure 6(c) presents the actively modified acoustic fields in Fig. 6(a) to
produce the desired illusional field effective from the control source line array in the forward-scatter region. As
these results require cancellation of the total primary acoustic field (incident and scattered), the optimal control
source strengths were obtained using Eq. (5). The size of the domain of the illusional field is strongly dependent
on the number and placement of the control sources and error sensors. To generate an effective illusion within
the domain shown here, the line arrays were significantly extended, utilizing 200 control sources and 400 error
sensors equally distributed along their respectively axes from —60a to 60a. Further, it was not possible to actively
generate an illusional field in the back-scatter region using the line array configuration due to the requirement to
cancel the primary incident field.

Figure 7 compares the primary acoustic pressure, desired pressure and actively generated illusion pressure,
as a function of distance from the cylinder centre along § =0, for the illusions presented in Fig. 6. The primary
acoustic pressure arises from scattering by a rigid cylinder of radius a due to plane wave excitation (Fig. 7(a)) or
a single monopole source located at —4a in the back-scatter region (Fig. 7(b)). As per the acoustic illusion field
in Fig. 6(b)(left), the desired pressure in Fig. 7(a) corresponds to the acoustic pressure radiated by a monopole
source located at —4a in the back-scatter region. Similarly, as per the acoustic illusion field in Fig. 6(b)(right),
the desired pressure in Fig. 7(b) corresponds to a plane wave. For both cases, the desired pressure assumes that
the rigid cylinder does not exist. The illusion pressure in Fig. 7(a,b) is shown to take effect in the forward-scatter
region beyond the control source line array located at a.

Discussion

In summary, we present a method to generate active acoustic illusions for a rigid body. An illusion in the global
acoustic domain beyond the control source perimeter can be achieved using control sources and error sensors fully
circumscribing the object. An illusion in the forward-scatter region was demonstrated using a line array of control
sources and error sensors, for which the size of the acoustic domain of the illusion is strongly dependent on the num-
ber of control sources and sensors. Using a fixed control configuration, active acoustic illusions were generated for
single and multiple type illusions. We also demonstrated the ability to replace the acoustic field arising from scatter-
ing by a rigid body for a given incident excitation with a different incident field. The proposed technique depends on
prior knowledge of the incident field as well as the primary acoustic field arising from scattering of an incident field
by a rigid body. As such, the technique can work effectively for a rigid body of arbitrary shape whereby a numerical
solution to obtain the primary and secondary acoustic responses can be implemented. Applications of the proposed
technique include masking of unwanted sound and misrepresenting information about a target for stealth purposes.

Methods

The analytical simulations of the active illusions presented in this paper were conducted within MATLAB. The
incident and scattered acoustic fields of the rigid cylinder were approximated using truncated multipole expan-
sions given in*’. Analytical results for the incident and scattered acoustic fields for both plane wave and monopole
source excitation were numerically validated using COMSOL Multiphysics 5.4. The fluid medium was considered
to be inviscid and free of losses for the analytical and numerical simulations. The system parameters comprise
a 2D rigid cylinder of radius a= 0.6 m in air of density p;=1.225kg/m’ and speed of sound ¢;= 343 m/s, with
negligible material damping.

Data Availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.
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