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Indoor sound source localization is one of key foundations for public security, source separation,
surveillance, etc. Instead of neglecting the shape and boundary information of the room in the
traditional methods, a room feature-based localization method is proposed in this paper. This
method uses the geometry information as the prior knowledge to construct a numerical model
which simulates the characteristics of the indoor sound field. By dividing the room into a num-
ber of subdomains using nodes, the Helmholtz equation can be inversely solved using the nu-
merical model based on the measured signals. This inverse result finally gives the location of
the sound source which is represented by the location of the subdomain. The method is validat-
ed by numerical simulations. It is shown that the method can achieve high localization accuracy
even in a non-convex room with the assistance of the room geometry. The verification also
demonstrates that the method is valid for the multiple source localization.
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1. Introduction

Indoor sound source localization is a key technique in many research areas such as aircraft cabin
noise source identification, intelligent robot localization and security surveillance. The methods
based on the theories of beam-forming, high-resolution spectral estimation and the time delay of
arrival are most frequently used in current studies[1-3]. These methods are mainly functioned based
on the microphone array and can obtain good accuracy and spatial resolution in large open envi-
ronment[4]. However, the features of indoor environments are quite different from the open ones.
The factors of complex structure, high reverberation, acoustic interference and diffraction effect
result that the sound propagations are also totally different from the free field. In such cases, many
problems such as low robustness in the reverberant field, confusion on the time of arrival and low
accuracy for source in the near field often emerge in the aforementioned method[5], which results
that the performance and applicability of these methods degrade substantially.

Essentially, the algorithms in traditional localization methods completely rely on the absolute
signal processing, where all used information is the measured signals while the information of room
itself is totally neglected. However, the room features such as shape and boundary conditions actu-
ally play very important roles in forming the distribution of the sound field. They also determine the
propagating path from the source to the receiver. It can be expected that the localization will be
much more accurate for a specific room if the room feature information can be involved in the algo-
rithm.

There has been method using the room geometry to achieve localization in the enclosed space.
[6]The space is divided into a series of triangular grids. The finite element method is used to con-
struct a numerical model which can denote the modal characteristics of the sound field based on
those elements. This method can achieve good accuracy for non-convex space. However, this meth-
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od still faces some potential problems. The accuracy of the method strongly depends on the numeri-
cal model which is determined by the distribution of the triangular grids. For the space with com-
plex shape or boundary, the triangular grids usually cannot discrete the space in a uniform dimen-
sions. Thus, the accuracy of the numerical model degrades obviously in such situation. Consequent-
ly, the localization method often cannot achieve robust accuracy.

In this paper, a room feature-based method for indoor sound source localization is proposed. In
this method, the room is divided by independent nodes and their neighbouring domains instead of
grids. The numerical model for describing the sound field is constructed using a global interpolating
function derived by moving least square method. Finally, the sound source is localized by inversely
solving the Helmholtz equation using the numerical model. The paper is structured as follows. The
derivations of the numerical model and the global interpolating function are introduced in section 2.
The method is validated by numerical simulations in section 3. At last, the conclusion is given in
section 4.

2. Room feature-based localization method

2.1 Numerical model determining the indoor sound field

Assuming there is a sound source in the indoor environment as illustrated in Fig. 1. The mass of
the medium provided by the source is p,q in unit time. The acoustic wave equation with a source is

given as follows,

1 0°p oq
Vip-S—=—p,— 1

where t stands for time; p is the sound pressure; c, is the speed of sound in air; p, is the equilibri-
um density of air; and q is the volume velocity of the sound source.
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Figure 1: Schematic of the indoor environment and its discrete form based on nodes

Considering the system in frequency domain, p and g in the above equation can be expressed by
p=p,e"
ot (2)
q=q,¢
where o is the circular frequency, j is the imaginary unit, p, and q, are the sound pressure and
the intensity of sound source in the frequency domain, respectively.
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Then, the Helmholtz equation can be simultaneously deduced by Egs. (1) and (2) as follow
VZ pw + k2 p(u = _jpoa)qw (3)
where k denotes the wave number and is defined by @/c,.

Helmholtz equation is the governing equation which controls the distribution of the sound field.
By knowing the location and intensity of the sound source, the sound pressure of a receiving point
can be obtained by solving the Helmholtz equation. Inversely, if the sound pressure has been known,
the sound source also can be solved based on the Helmholtz equation. This thought builds the basic
localization theory in this paper.

Indoor environment usually has complex boundary. The absorption of the boundary can be ex-
pressed as follow,

op,,
on

= _jpow% I
) (4)

Po_y o,
on

where n denotes outward normal direction, Z, is the specific acoustic impedance of the boundary.
I'; stands for the damping boundary and I', stands for the rigid boundary.

In order to solve the Helmholtz equation, a trial function p_w should be assumed and substituted

into Egs. (3) and (4) according to the weighted residual method[7]. For each equation, there is a
residual as follows,

R, = Vzp_w+ kzp_w+ ip,oq,

ap, | P
R — 12} + [2) 5
n T on 1py@ Z (5)

op,

R. =—2
2 on

The weight functions, W, and W, are introduced here in order to make the residuals being min-

imum. Multiplying the residuals by the weight functions in the following form
W, [ R0y +W, ( [ Ryds+[ erds) ~0 (6)

In Galerkin method, the weight function is the same as the trial function[8]. Then, in this prob-
lem, W, and W, can be replaced by p, and —p, , respectively. The following equation can be
obtained with substituting the residuals and weight functions into Eq. (6)

jgp_w-(vzp_w+k2p_w+jpowqw)dv—[ J. P

op, . P, — 0p
= —2)ds —=2ds |=0 7
Pl Zs) +jrz P j (7)

According to Green’s first identity,
) 0D
[ (v CD+V¢V(D)dV—J.l_¢)EdS (8)

The reduced equation of Eq. (7) can be written as

Po T qe

Z p,ds=0 9
The Helmholtz equation has been transformed to an integral equation spreads on the global space

domain and its boundary. Usually, this equation cannot be directly solved because of the complex

space shape and boundary condition. As a natural thought, the complex integral calculations over

the global domain are replaced by simple calculations over subdomains.

Jo(VP, VD, ~K'p, D, ~ ipe@p,a,)dv+ [ o0
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As illustrated in Fig. 1, the room is divided by n nodes. Based on the theory of the numerical cal-
culation, the sound pressure at any position, for example r, in the problem domain can be expressed
by

P,
T P,
pr:Nr p:[er'NrZ'”' N ] .

! m

(10)

Py
where n is the number of nodes, N, is the interpolating function for position r, it denotes the rela-

tionship of r and all nodes, p is the vector of nodal sound pressure. Substituting the p_w in Eq. (9)
with the form described in Eq. (10), the following equation can be obtained

[ o, (VN)(VN)T pa,_kzprNNTpm_jpoa’prqu]dv+-[rlj;—oa)(prNNTpw)ds=0 (12)
This equation can be converted into the form as follows.
L [VNYN)TIv- p, = [ (K*NNT)v-p, — [ GopoNa,Jav + [ 202 (NNTYds- p, =0 (12)

In the above equation, using K to represent .[Q(VN)(VN)Tdv, M to %IQNNTdv, C to
C

%J} NN 'ds, and F to IQ 1p,@Ng dv . Finally, a system equation can be obtained as follows.

(K-0*M +jaoC)p, =F (13)
Imitating the elastic system, K is called as the stiffness matrix, M as the mass matrix, C as the
damping matrix and F as the load matrix. If the sound source is a point source at r,, the intensity of

the source can be described as g, =q,(r,)o(r —r,) . By defining Q =q, (r,)dv as the volume veloci-
ty, the load matrix can be consequently written as F = .[Q Jps@Na,, (1,)5(r —1,)dv = jo,oN, Q.

In this paper, the localization is realized based on Eqg. (13). When solving the Helmholtz equation
using Eq. (13), the intensity of the sound source is decomposed and scattered on all nodes through
the interpolating function. As an inverse result, if the sound signal is measured at a receiving point
with known location, the nodal pressure also can be obtained based on the interpolating function of
the receiving point. Then, Eqg. (13) can be inversely solved as follows

(K-&’M + joC)N,p, =F (14)
where p,is the signal in frequency domain measured at receiving point r, N, is the interpolating

function of location r to all nodes.

If there are a certain number of microphones of which the locations are known, the initial distribu-
tion of the intensity of the source can be calculated simultaneously according to Eq. (14) and the
location of the source can be obtained consequently.

2.2 Constructing the interpolating function

From the localization setup and derivation of the numerical model, it can be seen that the inter-
polating function plays very important role in the method. On one hand, the system matrices are
mainly obtained by the interpolating functions and their derivatives. The accuracies of the stiffness
matrix , mass matrix and damping matrix are closely related with the interpolating functions. On the
other hand, the interpolating function gives the final localization result. Thus, it is very important to
construct a type of interpolating function with high performance. In this paper, the Moving Least
Square (MLS) method is used to construct the interpolating function.
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In the MLS method, an approximate function u"(x, x) in the neighborhood of the field function
u(x) is defined as[9]

0%, %) = 3 P ()2 () = pT () (15)

where x = (X, y,z) denotes the coordinates of the node which is located in the neighborhood of the
calculating point  x; p (X)=[p,(X), p,(X),--~ p,(X)] is the vector of the bases;

a(x) =[a,(x),a,(x),---a,(x)]" is the vector of the unknown coefficients and m is the number of the

bases.

There are several kinds of functions which can be used as the bases, such as the monomial func-
tion, the trigonometric function, and the wavelet function. The most widely used basis is the mo-
nomial function which is defined as follows in three dimensional problems

p"(X)=[Lx,y,z] (m=4, linear basis) (16)

A discrete weighted norm needs to be constructed as follow in order to obtain the vector of the

unknown coefficients a(x)

J :iWI (X_X|)|:pT(X| )a(x)—U, T :i_wl (X_X|)|:i pi(xl)ai(x)_ul:| (17)

where N is the number of nodes; u, is the nodal value on x,, and w, (X —X,) is the weight function
on X, .
The weight function is only available in the support domain which is usually a sphere or a box. A
common weight function is listed as follows
e gt

2

w={ 1er 18)

0 r>1

where r stands for the radius providing the support domain is a sphere.
With minimizing J

0J X U .
=23 W, ([ pi(x)a () -y 1p;(x)=0 j=12,-m (19)
2a;(x) -1 i1
the following equation can be obtained after collocation
A(x)a(x) =B(x)u (20)

where A(x), B(x) are matrices defined as
A(X) = ZWI (X) p(xl ) pT (X| )

B(X) = [Wl(X) p(Xl)’ Wz(x) p(xz)v AL (X) p(XN )]
After solving Eqg. (20), the following equation can be obtained by substituting a(x) into Eq. (14)
and N(x) is obtained consequently.
u"(x, x) = pT(x)A(x)B(x)u = N(X, x)u (22)
The interpolating function obtained by MLS method has smooth interpolating feature over the
whole problem domain. A schematic of interpolating function, first order and second order deriva-
tives over a square domain calculated using MLS are illustrated in Fig. 2

(21)
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Figure 2: Schematic of the interpolating function and its derivatives for a 2D square area

The dots in Fig. 2 are the discrete nodes spread over the square domain and the circles are the in-
tegrating points. It can be seen that the interpolating function of the original point over all nodes is
smooth, as well as its first and second order of derivatives. This feature can make the interpolation
has high accuracy, which is beneficial for the localization.

3. Numerical verifications

3.1 Localization of multi-sources

In order to evaluate the accuracy of the localization method proposed in sec. 2, a multi-source
localization is numerically simulated. The room is L-shaped and its dimension is illustrated in Fig. 3.
In this paper, the measured signals are all obtained using Virtual. Lab Acoustics which is a com-
mercial simulation software based on the finite element and boundary element method. Eq. 14
demonstrates that the system equation can be inversely solved even there is just the measure signals
at only one frequency when there are several microphones. In this verification, we used 9 micro-
phones and the signals at 200Hz. The localization result is illustrated in Fig. 3.

z-length/m

x-length/m

y-length/m 0 0

Figure 3: Localization results of three sound sources
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The black dots in Fig. 3 represent the real locations of sources. The red boxes are the locations
obtained using the localization method. Note that the localization result obtained using the proposed
method is an approximate domain but not an exact coordinate in the space. This is because that the
localization is realized by inversely solving Eq. (14), where the result is actually picked from the
distribution of the sound intensity over the nodes. Thus, the location of the source is represented by
the coordinate of a node and its neighboring domain.

Figure 3 illustrates that the localization method is capable of giving the correct locations of the
multi-sources even in a non-convex room. In multi-experiments for sound sources at different loca-
tions, the accuracy rate is 93%. The experiments also demonstrates that the localization method is
capable of giving the correct locations of even 5 sources. More evaluations on the performance of
the localization method will be conducted in further studies.

In the proposed localization method, the resolution of the localization can be changed by adjust-
ing the density of the discrete nodes. A localization problem of a single source in the same space
with the above example is further solving under two conditions of different nodal densities. The
comparison of the localization results are illustrated in Fig. 4.
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(a) Localization under a large nodal density (b) Localization under a small nodal density
Figure 4: Comparison of the resolution of localizations based on different nodal densities

Figure 4 illustrates that the resolutions of the localizations under different nodal densities are ob-
viously different. Large nodal densities can give high resolution. However, it is should be note that
large densities causes the system matrices are also large scaled at same time. The computational
efficiency will decrease. Thus, a balance between the localization time and resolution is important.

4. Conclusion

An indoor sound source localization method is proposed in this paper. The method uses the room
features as the prior knowledge to assist the localization. The numerical model for representing the
indoor sound field is derived according to the theory on discretely solving the Helmholtz equation.
The interpolating function is constructed using the Moving Least Square method to connect the
sound pressure on discrete nodes. By inversely solving the Helmholtz equation, the location of the
sound source can be obtained, which is represented by the location of the nodes. The method is val-
idated by numerical simulations for a multi-sources localization problem. It is shown that the meth-
od can achieve high localization accuracy even in a non-convex room with the assistance of the
room geometry.
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