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A procedure to identify noise sources from intensity vector maps is presented. It is based on 
the minimization, in a mean-squares sense, of the difference between the measured intensity 
field and an estimated one. The sensitivity of this inversion scheme to small random errors in 
the data is then studied by numerical simulations. It is shown that good estimates of the 
positions and strengths of the noise sources are obtained only when the measurements are 
made in the close vicinity of the source region. 
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INTRODUCTION 

In recent years, the two-microphone method of measur- 
ing acoustic intensity •'2 has received increasing attention 
and has become a powerful tool for studying a variety of 
acoustic phenomena. Moreover, different types of probes 
have been developed to determine two or three components 
of the intensity 1Jector. 3'4 Detailed maps of these vectors have 
been obtained in the nearfield of complicated sources, vibrat- 
ing bodies, 3 and jets, 5 leading to a qualitative identification 
of strong radiating regions and of preferred paths for energy 
flow. 

However, little work has been done to evaluate the po- 
tential of intensity vector maps in obtaining precise values of 
the positions and strengths of noise sources. An inversion 
scheme has been suggested by the author a and applied to 
locate the center of mass of the continuous source distribu- 

tion in clean or excited turbulent air jets. ? It is based on the 
minimization of the difference, in a mean-squares sense, 
between a measured intensity field and an estimated one. 
Recently, some variants of this technique have been used for 
numerical simulations in noise-free conditions. 8'9 

In this article, a simple radiation model is used to study 
the influence of small random errors in the data on the accu- 

racy of the identification procedure. Numerical simulations 
demonstrated that the measurements have to be made in the 

close vicinity of the sources in order to obtain good results. 
As a simple rule, the points of observation have to be placed 
at a distance from the source region shorter than the separa- 
tion between two neighboring sources. 

I. FORMULATION OF THE DIRECT PROBLEM 

To test the inversion scheme, a very simple radiation 
model has been chosen. The sources are statistically inde- 
pendent monochromatic point monopoles. They are located 
at constant intervals along a straight line (Fig. 1). The 
points of observation are placed on a parallel line, a distance 
Y apart, so that the problem is two dimensional. 

The components Ix• and Iyj of the intensity vector at 
pointj are readily calculated: 

= • •/j COS Oij, Ixj ,OC i-- I 
(1) 

=ñ Iy• pc i=• •i• sin Oil, 
where Oi• and ri• define the relative positions of the ith source 
and of the jth point of observation, and Pi is the monopole 
amplitude of source i. 

These formulas can be written in • matrix form, conven- 
ient for latter use: 

I=HS, (2) 

where I is a column vector of dimensions (2NP, 1), 

I r = (ix •,Iy •,Ix2,Iy2,... ); S a column vector of dimensions 
(NS, l), St= (p•,p• .... ); and H a matrix of dimensions 
(2NP, NS) characterizing the geometry of the problem (ob- 
servation matrix). 

When the positions Xs, and strengths p,2. are known, the 
intensity field is easily computed. The problem of interest for 
us is the following: If the intensity vectors are given, perhaps 
with small random uncertainties simulating the measure- 
ment errors, is it possible to obtain good estimates of the 
positions and levels of the sources? 

j=I, NP 

i=I, NS 

FIG. 1. Definition of the geometric parameters for the radiation model. 
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II. FORMULATION OF THE INVERSE PROBLEM 

The natural approach to solve this inverse problem is to 
search for the unknowns (Xs,,p•) by minimizing, in a mean- 
squares sense, the difference between the given intensity field 
and the one calculated from estimates of the positions and 
the levels with the help of Eq. ( 1 ). 

When the positions of the sources are known, the p•b- 
lem is linear in thep•, so that the least-squares estimator SLS 
of the true source vector S is given by the pseudoinverse (or 
generalized inverse) of H: 

•LS = (H rH) -1H rI. (3) 
The difference between the observed values and those pre- 
dicted is named the residual r: 

r = I -- ils, ils = H•Ls. (4) 
When both the positions and the amplitudes of the 

sources are unknown, the following procedure is applied. 
(a) A starting point {X ø s, } is chosen, (b) a first estimate of 
$ is computed from Eq. (3) and the residual r is evaluated, 
and (c) the source position vector {Xs, } is changed using an 
optimization algorithm to minimize the "cost function" 
F-I[rlIVIIIl[ =. 

In practice, the direct research (that is gradient-free) 
procedure of Powell lø has been used. Since the estimates of 
thep• may be negative, positivity constraints have been add- 
ed by artificially increasing the cost function F when this is 
the case (penalty method). A priori information on the ap- 
proximate positions of the sources can be introduced in the 
same manner. No effort has been made to choose the most 

efficient optimization algorithm, but the selected procedure 
works very well and converges rapidly when the number of 
sources is not too high (NS < 10). Typical results are given 
below, first for the noise-free case and then with simulated 
measurement errors. 

III. RESULTS 

A. Noise-free case 

In this perfect case, only numerical round-off errors are 
present and, as expected, very good results are obtained from 
the inversion procedure. Typical examples are given in Table 
I in the case of three sources observed at a reduced distance 

Y* = Y/AXs = 3. 

B. Simulation of measurement errors 

To simulate the statistical errors inherent in any mea- 
surement, the components of the intensity vectors [initially 
calculated from Eq. ( 1 ) ] have been multiplied by a sequence 
of (pseudo) random numbers. These numbers had a Gaus- 
sian distribution with a zero mean and a relative standard 

deviation •r -- 0.025 or 0.05. Some typical results are given in 
Table II, in the case of two sources of equal magnitude, ob- 
served at various reduced distances Y*. 

It is clear from this table that good estimates are ob- 
tained for the smaller observation distance (Y* -- 1 ) but 
that considerable scatter occurs for Y* = 2 and 3. To quanti- 
fy this scatter in one number, we have defined a composite 
relative error as 

TABLE I. Identification of sources in the noise-free ½ase•21 points of ob- 
servation at positions ranging from --5AX s to 5AX s. Starting point: 
X.•, = - 1.2, X• = 0.2, X ø = 1.3. $, 

True values 

Estimates 

-- 1 0.997 10 -3 1 0.998 1 

True values 

Estimates 

-- 0.999 1 6 X 10 -4 5 1 0.997 

A 

with the results 

, (5) 

e( Y* = 1) -- 0.04, e( Y* = 2) = 0.57, 
(6) 

e( Y* = 3) = 0.64. 

In each case the intensity vector field is estimated with 
excellent precision; the relative error ranges from 0.017 to 
0.025, which corresponds closely to the standard deviation 
of the simulated random errors. 

The influence of the number of measurement points on 
the cumulative error is shown in Fig. 2 for four values of Y*. 
As expected, increasing the amount of data produces a de- 
crease of the estimation error, but rapidly the latter becomes 
stabilized and no further dramatic benefit is obtained in our 

configurations for NP> 21. It then appears that the problem 
of the identification of sources from intensity vectors is, in 
certain circumstances, "ill-posed, "ll that is, the results of 
the inversion may be too sensitive to small variations in the 
data to be of any practical interest. The essential parameter 
that controls this ill-posedness is the distance Y between 
the line of observation and the line of the sources. Other 

parameters, such as the separation between measurement 
points, the angular cover of the source field, etc., play only 
minor roles. 

TABLE II. Identification of sources in the presence of simulated measure- 
ments errors (•r - 0.025). Twenty-one points of observation at positions 
ranging from - 5AXs to 5AX s. 

True values 

-0.5 1 0.5 1 

A A 

Estimates 

Y* = 1 - 0.518 0.985 0.493 0.997 

Y* = 2 - 0.448 1.15 0.619 0.846 

Y* = 3 - 0.44 1.21 0.68 0.79 
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FIG. 4. Plot of -- log F in the noise-free case ( Y* = 3). 

FIG. 2. Evolution with the number of measurement points of the error on 
the identification of two sources (O, Y* -- 1- A, Y* -- 1.5; m, Y* -- 2; ,, 
Y* = 3). 

Looking at the cost function in a simple case offers an- 
other point of view on the ill-posedness of the inversion pro- 
cedure. We have considered two sources of equal strength 
(p• --p2 2 -- 1 ) placed at Xs, = -- 0.5 and Xs2 -- 0.5. The 
intensity field was computed at Y* = 1 and Y* = 3. Then 
the sources were moved from 0 to -- 1 and 0 to 1, respective- 
ly, and for each couple (Xs, ,Xs• ) the least-squares estimate 
and the cost function Fwere formed. The resulting 3-D plots 
ofFas a function of (Xs, ,Xs• ) are given in Figs. 3-6 with and 
without added noise (to enhance the contrast, the quantity 
really plotted is -- log F). Figure 3 corresponds to Y* = 1 in 
the noise-free case; a clear optimum for F is present for 
Xs, = 0.5; Xs• = 0.5, the val,ue of F being only limited by 
round-off errors (Fopt --• 10- 7). For Y * = 3, the behavior of 
Fis similar but there is also a line along which Fis very small 
(FN 5 X 10-3), even for source positions far from the exact 
ones. With noise added on the data at Y* = 1, the narrow 

'1 1 

0 

'1 1 

0 

FIG. 5. Plot of -- log Fwhen measurement errors are simulated (standard 
deviation c -- 0.025; Y* = 1 ). 

FIG. 3. Plot of the cost function ( -- log F) in the noise-free case (reduced 
distance bf observation Y* = 1 ). 

FIG. 6. Plot of --logF when measurement errors are simulated 
(c = 0.025; Y* = 3). 
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peak has turned into a broad hump centered on the true 
values (Fig. 5 ) so that it is clear that the identification proce- 
dure will give good results in this case. For Y* = 3, on the 
other hand (Fig. 6), the peak has disappeared and only a 
ridge persists along which the value ofFis more or less con- 
stant (F• 2-3 X 10- 2). In that case the inversion of the in- 
tensity vector map will give meaningless estimates of the 
positions and strengths of the sources. This ambiguity in the 
identification of noise sources is a consequence of the well- 
known result that different source distributions can have 

very similar radiation fields. This is true even when the type 
of source is prescribed (independent point monopoles in our 
model), at the exception of the very nearfield. It is to be 
noted that in our numerical experiments no problem of non- 
uniqueness appeared: The inversion algorithm converged to 
the same result (to a given accuracy) for different starting 
points. 

IV. CONCLUSION 

The use of an optimization procedure to identify acous- 
tic sources from intensity vector maps has been studied by 
numerical simulation. It has been shown that the inversion 

procedure works very well in ideal cases but that in certain 
circumstances it is highly sensitive to small random fluctu- 
ations in the data, simulating measurement errors. This im- 
poses severe limitations on the distance separating the mea- 
surement probes from the source region. As a simple rule, 
this distance must be shorter than the separation between 
two neighboring sources. In our view this does not preclude 
the application of the inversion method to practical cases, 
since intensity is essentially a nearfield technique. However, 
further studies are needed (numerical simulations and/or 
experiments) to observe the sensitivity of the technique to 

errors in the radiation model (such as small departures from 
omnidirectionality), to partial correlation between the 
sources, etc. A comparison of the optimization approach 
with a back propagation algorithm 12 would also be interest- 
ing in a case where the acoustic wavelength is longer than the 
spacing between the sources. 
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