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Abstract—The Image Method (IM) has become increasingly
popular for small-room acoustics simulations. While it gives an
exact solution of the wave equation in shoebox-rooms with rigid
walls, the assumption of rigidity is not valid in real rooms. Based
on spherical wave reflection from an infinite wall, several authors
have independently developed what is known as the Complex
Image Method (CIM). However, its adoption in room acoustics
has been rare, although it has been shown to give performance
equivalent to the boundary element method in shoebox rooms
with soft-walls. In this paper, we review the theory behind
CIM and provide a Python implementation to study directional
scattering patterns as a function of wall impedance. For a highly
symmetrical room, room impulse responses simulated with CIM
are shown to have less so-called “sweeping echoes” than those
simulated by IM.

Index Terms—room acoustics, image method, scattering

I. INTRODUCTION

Geometrical acoustics has become widely popular for ren-
dering reverberation in architectural acoustics and XR (ex-
tended reality) applications [1]. While the methods are mature,
efficient and provide high perceptual accuracy in the high-
frequency regime, all wave phenomena associated with longer-
wavelength sound waves are ignored — such as scattering
and diffraction. Many work-arounds have been suggested in
the geometrical acoustics community to handle these phe-
nomena [2], [3], but these are often an approximate solution
to the physics. On the other hand, there are highly accurate
wave-based methods, such as Finite-Difference Time-Domain
(FDTD) [4] and Boundary Element Method (BEM) [5], that
are computationally expensive and orders of magnitude more
processing time on parallel clusters of processors, making
them impractical for many applications.

One particularly popular method in geometrical acoustics is
the image-source model [6]. In fact, this method gives an exact
solution of the wave-equation in shoebox rooms with rigid
walls. Its widely available efficient implementation [7] has
made it a favorite of the machine-learning community for arti-
ficially generating room impulse responses for large datasets.
However, not only is the assumption of rigid wall impractical
in real rooms, the method often introduces sweeping echoes
in the generated room impulse response due to time-alignment
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of several symmetric image sources [8]. Since such strong
sweeping echoes are not observed in most rooms, De Sena
et. al proposed adding a small random displacement in the
position of the image sources to break this alignment. It is to
be noted that sweeping echoes are observed in all rectangular
rooms in varying degrees (as confirmed in [8] with FDTD
simulations); however, the phenomenon is greatly exaggerated
by the image-method.

In [9], [10], Ingard and Rudnick studied the fundamental
problem of spherical wave reflection from an infinite plane
with finite impedance. In fact, there was some interest in the
acoustics community in developing that theory further into
what is known as the Complex Image Method [11], [12].
Unlike the image method, the complex image method does not
assume rigid walls. In the image method, the wave incident
on the rigid wall is reflected back with some frequency-
dependent losses, but no scattering is included. The plane
wave reflection coefficient is used in IM, but CIM incorporates
the spherical wave reflection coefficient. The spherical wave
reflection coefficient makes use of the plane wave reflection
coefficient, but adds a boundary loss factor due to the spherical
wave front. The benefits of using a spherical wave reflection
coefficient instead of the plane wave reflection coefficient in
room acoustics simulations was investigated by Lam [13].

Lam observed that in a rectangular room the mirrored
surfaces form an infinite plane in each of the coordinate planes,
which means that the effective reflecting surfaces are all plane
with uniform admittance. This situation creates no edge effects
and matches well with the configuration assumed by both
the plane and spherical wave reflection coefficients. However,
the spherical wave reflection model was found to produce
predictions in both frequency and time domains that are
virtually identical to those by BEM, showing that the spherical
wave reflection formulation in a geometrical acoustics model
is a valid and accurate model. The plane wave reflection
model was found to have noticeable errors at higher admittance
(absorptive) values and at longer delay time (higher order
reflections).

Despite such significant results, the adoption of the spherical
wave reflection coefficient in the image method has been slow.
In this paper, we review the complex image method and pro-



Fig. 1: Reference geometry

vide a software implementation' that can generate the pressure
field at desired frequencies and receiver positions in a shoebox
room with soft walls using CIM. This implementation takes in
as input room dimensions, source position, microphone array
positions, wall impedance and wave numbers to evaluate the
solution on, and returns as output the total pressure field at
the mic array locations. We use this package to study wave
scattering at various frequencies as a function of the wall
impedance. It is to be noted that the complexity of CIM is
much higher than that of IM as it is implemented in the
frequency domain.

The paper is structured as follows. First, we review Ingard’s
model of spherical wave reflection from an infinite plane in
Section II. Then, we detail an algorithm for the image method
with spherical wave reflection coefficients in Section III. In
our simulations, we study the scattering patterns from a single
source above an infinite wall (Section IV-A) and a source
placed in a shoebox room (Section IV-B). We observe that the
complex-image method considerably reduces sweeping echoes
in rectangular room simulations when compared to the image
method. We discuss the limitations of our current implemen-
tation and propose scope for future work in Section V.

II. SPHERICAL WAVE REFLECTION FROM INFINITE PLANE

Ingard [9] derived the expression for pressure at the receiver
when a spherical wave is reflected from a non-rigid infinite
wall. For a point-source emitting a spherical wave, S, at a
distance h above an infinite plane, shown in Fig. 1, let the
admittance be (3. The total pressure at the receiver location,
pp(k), is given by the sum of the incident wave, ps(k), and
reflected wave from the image-source, pg (k):

pr(k) =ps(k) +pq(k)
pp(k) = exp (jkr1) (D

+pr(k)
where k = w/c is the wave number and r; is the distance
between the source and receiver location and p, (k) = pg(k)
is the reflected wave.
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'Python implementation available at https:/github.com/SCReAM-Surrey/
ComplexImageMethod.

Weyl’s identity [14] tells us that the spherical wave in the
half-plane below the source S, that strikes the non-rigid infinite
plane, can be written as a superposition of plane waves,

ps(k) = %{kh) = %/Sexp (jklaz + by + c(h — 2)])dw.
2)

in which where k is the wave number, a, b, ¢ are the direction
cosines of the propagation vector, x,y,z are the position
coordinates, 1 is the distance from the source to the wall,
dw = sin 6dfd¢ is the incremental change in solid angle and
the domain of integration is the half-plane below the source.
Similarly, the reflected spherical pressure wave with the
boundary conditions can be written as a superposition of plane
waves weighted by the plane-wave reflection coefficient:

pr(k) = 2i7r /S exp (jk[ax + by + c(h + 2z)|Rdw  (3)

. Here, R is the plane-wave reflection coefficient,

__cosf —f3
R_cos9+ﬂ' @

Ingard shows that using the direction QP as the axis of
a new coordinate system with the angle variables 1 and 1,
shown in Fig. 1, the integral for the reflected pressure is,

. 2 5 Fjoo
pr(k) = 2‘77 / / exp (—jkra cosn)R(¢, n) sinndndy.
=0 Jn=0
(%)

Here 7o is the distance between the image source and the
receiver. Making the substitution cos 7 = 14 jt, one can write,

exp (jkr > .
pr(k) = Mm/ exp (—jkra) (R(t))dt
- =0 (6)
_exp (jkra) 0,
T2
where Q is the the strength of the image-source, and (R(¢)) is
the ensemble average of the plane-wave reflection coefficient:
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Here, 9 = cosfy, and 6y is the angle between the image-
source and receiver. After following a series of calculations
detailed in [9], the image-source strength, O, may be written
as

Q= Ro+ (1 - Ro) [L+jympe "®(—j\/p)],
_ 70 -
T v+ B (8)
_ jk’j(ﬁ’o-i—ﬂ)z
2 140 ’




where ®(-) is the complementary error function. The reflected
field is a function of the distance and angle from the image-
source to the receiver, and the wall impedance. The total
pressure is given by

exp (jkry) n exp (jkra)

k =
pp(k) o s

Q. €))

Unlike geometrical acoustics, where only a finite number
of rays are incident on the reflecting plane, we see that a
spherical wavefront is incident on the boundary and must be
integrated over all directions, as in (3). This is equivalent to
what happens in the boundary-element method where the total
pressure at the receiver is a sum of the incident pressure and
the scattered field from every point on the boundary. Allen
and Berkeley’s image-source model assumes a rigid wall and
ignores the effect of scattering completely. This makes the
computation much easier and faster, since no book-keeping of
the reduced image-source strength needs to be done.

ITII. SPHERICAL WAVE REFLECTION IN A SHOEBOX-ROOM

As mentioned in Section I, the spherical wave reflection
coefficient gives results closer to BEM when compared to
the plane wave reflection coefficient [13]. This is highlighted
especially in the lower frequency region (< 200 Hz) in rooms
with soft walls, where wave properties dominate. However,
uniform admittance is assumed in CIM. Local fluctuations
in wall admittance cannot be modelled by this method. The
spherical wave reflection coefficient also cannot model surface
roughness which is important in modelling high frequency
scattering.

In the case of a source and an infinite-plane, there is only
one-image source mirrored along the plane. Consider the case
of perpendicular planes, as shown in Fig. 2a. The first-order
image source of each wall, @, acts as a secondary source for
the other wall. This produces a second-order image source,
Qs. The two secondary image sources overlap in this case.
In the case of two parallel planes, as shown in Fig. 2b,
there are an infinite order of image sources formed due to
successive reflections (only images up to the second order are
shown here). However, the strength of these image sources is
inversely proportional to the distance from the plane; therefore,
they can be truncated beyond a certain order’.

Since these walls are finite, the limits of integration of 7 in
(5) should change to account for edge-effects. However, Lam
[13] argues that in perfectly rectangular rooms, the walls are
mirrored along each axis, essentially forming an infinite plane
in each coordinate plane. We experimented with changing the
limits of integration of n based on the angle made from the
point-source to the wall-edge, which effectively changed (8)
to include an incomplete Gamma function that misbehaved
for complex values of admittance. Hence, in the rest of this
paper we work with Lam’s assumption of infinite tessellating
planes. Lam showed in his investigations that this assumption

2While the l/r attenuation decreases the strength of these sources, their
number increases polynomially giving.

gives results identical to the BEM for shoebox rooms. For
non-shoebox rooms, further investigation of the edge-effects
is required.

For a shoebox room with parallel pairs of walls, each image
source of the N th wall will act as a virtual source for the
other N — 1 walls, with its unique strength based on the wall
impedance, angle and distance to receiver. For N walls and up
to K th order image-sources, the algorithm is given in Alg. 1.

In the pseudo-code, ¢ iterates over reflection orders, n, m
iterate over walls and k represents a wave number. The
function F'(-), given by (8), depends on wall impedance, angle
and distance from of the image-source to the receiver. The
strength of the source for each wall and each reflection order
gets scaled recursively, thus attenuating the strength of the
higher-order image sources. The first loop iterates over the
reflection orders, the second loop iterates over the walls, the
third loop iterates over all the image sources of order ¢ and
associated with wall n, and calculates the reflected pressure
at the receiver due to each image-source. Finally, the image-
sources for the next order are calculated and their strength is
attenuated based on the strength of the current image-source.

Algorithm 1 Pseudocode for calculating the scattered pressure
at the receiver due to the contribution of N walls and up to
K th order image sources.

pr <0
image-source + {}
fori=1,--- K do
forn=1,---N do
visited-image + {}
if = 1 then
Sp < original source reflected along plane n.
0s,,7s, < angle and distance of Sy from receiver(s).
QSO — F(ﬂnaTSov 950)
image-source[i, n] <— S
end if
for S + image-source[i, n] do
if S € visited-image then
continue
else
visited-image < push(S)
pr  pr+ SRUES) O
form=1,--- ,Nm#n do
if .S not behind wall m then
S < Image of S, reflected along plane m.
95m s TSy <
angle and distance of S, from receiver(s).
QSm — QS’ F(ﬂma T'Sm, QSm)
image-source[i + 1,m] < append(S,,)
end if
end for
end if
end for
end for
end for
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Fig. 2: Second-order image-sources with source in between two reflecting planes.

To avoid duplication of image-sources, a list of the image
sources for each order is maintained.

IV. EVALUATION

A. Single wall

In the simplest scenario, we consider an infinite wall in the
xy plane. We put an acoustic source at a distance of kh = 5
above the plane, where k is the wave number and h is distance
from the plane in the z-axis. The pressure field is evaluated at
kr € [0, 50], where k is the wave number and r is the distance
from the image source to the receiver. The angle between the
image source and the receiver, 6y, is varied from —90° to 90°.

The impedance is varied according to 8(kr) = #(_ﬂw)
for 5 € [0,0.1,1,10]j. The reader should note that an
admittance of zero corresponds to a rigid wall. The pressure
polar patterns for the source above the wall is shown in
Fig. 3. The polar angle represents the angle between the image
source and the receiver (6y). For all impedance values, the
distribution is close to being uniform at low values of kr. It
becomes highly directional at mid-frequencies when the values
of kr and kh are comparable. This represents a scenario when
the observer is at the same height as the source. Maximum
pressure will occur when they are in line (0°). At higher
frequencies, the response is also highly directional with off-
axis receivers at 45° and 90° observing maximum pressure.
This shows that even in the case of a simple infinite wall
with uniform impedance, scattering is highly variable with
frequency and wall impedance.

B. Shoebox room

1) Scattering: To evaluate the pressure field in a room
with the complex-image method, a shoebox room of dimen-
sions 4 x 5 x 4.5 m® is simulated. The source is placed at
(0.5,2.3,1.2) m. An array of hundred receivers are placed
along an arc on the xz plane from 0° to 90° at a radius of
2 m. The configuration is shown in Fig. 4a. The pressure field

kr =1.02 kr =1.02 kr =1.02 kr =1.02
90 6o 90 6o 90 6o 90 6o
0.1 0 0.1 20 0.1 0 0.1 20
0.05 0.05 0.05 0.05
0 0 0 0 0 0 0 0
30 30 30 30
90 00 90 60 90 00 90 60
kr = 14.286 kr = 14.286 kr = 14.286 kr = 14.286
0% 60 0" 60 20 60 . ;’0 60
0.4 30 0.4 30 : 30 02 30
0.2 0.2 - 0.1
0 0 0 0 : @ 0 og@ 0
30 30 30 30
o -60 oy 60 g 60 oy 60
kr =50 kr =50 kr =50 kr =50
90 90 90 90
_ 60 ‘ 60 008" 60 L) 60
: 30 : 30 0.04 30 ;§; 30
: : 0.02 g(}
: 0 : 0 0 0 0 0
30 30 30 30
oy 60 oy 60 op 60 oy 60
(@p=0 (b)s =0.09+c) B =089 +(d) B = 0.80 +

0.15 0.55 0.03]

Fig. 3: Polar scattering patterns when a source is placed above
an infinite wall at a height of kh = 5 with different impedance
values. For example, at a frequency of 1 kHz and with ¢ =
340 m/s, k = 18.5 and h = 0.27 m

is evaluated for all the receivers at 100 different wave-numbers
spanning 50 — 1600 Hz.

The wall admittance is varied with the frequency as, 5 =
(0.5+0.55) x Wi—w/@ U, where w is the frequency and c is
the speed of sound in air. The complex image method is run up
to the fifth order. The results are shown in Fig. 4. The top row
of plots show the pressure as a function of the wave number
and the angle of receiver for increasing reflection orders from
left to right. The bottom row of plots show the polar pattern
of the pressure distribution for three specific frequencies, from
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Fig. 4: Results of the complex image simulation up to fifth order for frequency-dependent admittance on the walls.
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low to high. At low frequencies (k = 2.568 m™!, i.e. f =~

117 Hz for ¢ = 340 m/s), a wider main lobe is observed. More
complex scattering patterns are observed at higher frequencies,
as the number of lobes multiply. The pressure is no longer
distributed widely over a region, but in specific directions only.

2) Sweeping echoes: For a shoebox room of 4 x 4 x 4 m? ,
we compared the room impulse response (RIR) generated by
the complex image method to that of the image method, as im-
plemented in Pyroomacoustics (PRA). The source was placed
at (1,2,2) m and the microphone was placed at (1.5,2,2) m. Air
absorption was turned off in PRA. The sampling frequency
was 8 kHz and the maximum order of reflections was fixed
to be 10. Pyroomacoustics takes as input the absorption
coefficient of the room, whereas the complex image method
takes the wall admittance as input. The relationship between
the absorption coefficient and the wall admittance is given by
[15]

_1—7"
T

1—a, B (10)

For a rigid wall, (a B = 0), the RIRs generated by
both methods match exactly in Figs. 5d, 5a, as expected.
PRA adds an additional initial delay. The first peak from the
direct path should occur at 11.6 ms, as correctly predicted by
our implementation. For this configuration, strong sweeping
echoes are heard in both the RIRs. These are visible as straight
lines intercepting the origin in the associated spectrograms and
are caused by time alignment of the image sources of higher
orders, as shown by De Sena et al. [8]. The regularity of image
sources positions’ leads to a monotonic convergence in the
time of arrival of the far-field image pairs.

For an absorption coefficient of a = 0.3(5 = 0.089 U), the
output from the image method (Fig. 5b) has more perceivable
sweeping echoes, which would not normally be heard in real
rooms due to scattering. Sweeping echoes are reduced (but not
eliminated) by the complex image method (Fig. 5e). For an
even higher absorption coefficient of a = 0.5(8 = 0.172 U),
sweeping echoes are nearly eliminated by the complex im-
age method (Fig. 5f). Because the spherical wave reflection

Angle of receiver from origin
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Fig. 5: Comparison of the complex image method (bottom) with the image method (top) for different absorption values.

coefficient is a complex number with non-zero phase, the
phase-alignment caused by the contribution from multiple
image sources, is broken. Recall that in the image method, the
contribution due to each image source is simply scaled by the
wall absorption coefficient. Since the complex image method
explicitly keeps track of the phase of the reflected wave, it
eliminates time-alignment of the image-sources which leads
to sweeping echoes in highly symmetric rooms with reflective
walls.

V. CONCLUSION AND FUTURE WORK

This paper reviewed the complex image method which
models finite-impedance spherical wave scattering in shoebox
rooms. A Python implementation and pseudocode was also
provided. The advantage of CIM over IM is that it does not
make the rigid wall assumption, and can thus model scattering.
This has been shown to reduce sweeping echoes that are
otherwise observed in IM simulations.

The implementation of CIM is in the frequency domain, so
to get a room impulse response, the pressure field at a large
number of wave numbers (> 2 x Tgp) need to be evaluated
before computing its inverse Fourier Transform. The computa-
tion in the frequency domain involves complex numbers which
also increases the complexity. The method is computationally
expensive, and takes much longer than Pyroomacoustics. A
faster C++ implementation and modeling edge-effects in non-
rectangular rooms remain open for future work. Similarly,
rigorous comparisons with a wave-based method like BEM
is also required.
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