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ABSTRACT

The rising concern in the aircraft industry regarding en-
gine noise has led to the use of source separation tech-
niques to target future noise reduction efforts. This pa-
per investigates the use of Non-negative Matrix Factoriza-
tion (NMF) as an automatic source separation method for
engine noise, using an array of microphones. Turbofan
broadband noise is a complex mixture of sounds gener-
ated by individual sources which have a specific spectrum
and directivity. The objective of this study is to assess the
separation performance of the method and the relevance
of additional expert knowledge in the form of a regular-
ization term. The method was applied to a set of simu-
lated engine noises at a certification flight point, and the
resulting separated sources were analyzed for their spec-
tral and spatial characteristics. Results indicate that NMF
can effectively separate the individual sources of engine
noise, even when the sources have similar characteristics.
In the case of low power sources, information is missing
and regularization significantly improved the separation
performance. NMF appears to be a promising method for
source separation of turbofan broadband noise. Further
validation should be obtained from a more complex cor-
pus with better spectral resolution.
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1. INTRODUCTION

The reduction of turbofan noise has become a priority for
aircraft engine manufacturers due to the rise in air traf-
fic and more stringent noise pollution regulations. While
Computational Aeroacoustics algorithms (CAA) [1] are
commonly used to estimate noise sources, they can be
computationally expensive for small wavelengths. An
alternative approach is to use microphone arrays placed
around the turbofan for acoustic testing. Various source
localization methods [2] are available, including deconvo-
lution techniques, inverse methods such as SODIX [3].
These methods are based on fitting the data to acous-
tical sources, and to this end necessitates the propaga-
tion model between the sources and the microphones.
Data-driven Blind Source Separation (BSS) techniques
such as ICA (Independent Component Analysis) [4] and
NMF (Nonnegative Matrix Factorization) [S] can perform
source separation without knowledge of the propagation
model. ICA is based on the assumption that the sources
to be separated are independent. However, in double-
flow turbofan, the upstream and downstream components
of the fan are correlated sources that cannot be separated
using ICA. NMF only assumes non-negative components
and purely additive mixing [6], and has recently been ap-
plied in wind turbine noise estimation [7]. This article
proposes applying NMF with regularization to separate
four sources (inlet and exhaust fan components, core and
jet) within the overall noise of a simulated turbofan, tak-
ing into account prior knowledge of the spectral shape of
some components.
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2. BACKGROUND

In a typical experiment, a constant-rate turbofan noise is
measured with an array of N microphones spanning an-
gles 20-160 degrees. Acoustical power is estimated across
F frequency bands for each microphone, and the resulting
powers were assembled to create the matrix V € Rf *N
The columns of V, denoted as v,,, represent the spectral
mixture of the K sources present in the signal captured
by the n-th microphone. These sources comprise the four
sources in the turbofan, as well as a source for measure-
ment noise.

Assuming that the spectrum of each source is the
same for all microphones, then the matrix V can be fac-
torized as

V ~ WH 1)

where H € Rf *N is the directivity matrix of each source,
assumed to be frequency-independent. The columns of
matrix W € ]REXK hold spectra of each source, normal-
ized with 2?21 wyy = 1 to preserve amplitude in H. It
should be noted that V and WH are not necessarily equal,
as the coefficients of V are estimated power spectral den-
sities (PSDs), while coefficients of WH are theoretical
PSDs, derived from the assumed spectral and directional
characteristics of the sources.

2.1 Non-negative Matrix Factorization

Without further assumption, the factorization of Eq. (1) is
impossible to recover. In NMF, the additional knowledge
that the coefficients of W and H are nonnegative is ex-
ploited. The problem to be solved is to minimize the cost
function:

(W,H) = argmin D(V|WH).
woH @)

subjectto W >0,H >0

Equation (2) measures the fit between the measured field
'V and the model, defined as the Itakura-Saito (IS) diver-
gence :

F N
D(VIWH) = > Y " dis(v|[WH]z,).  (3)
f=1n=1

In NMEF, the IS-divergence is frequently utilized since it
serves as a Maximum Likelihood Estimation criterion in
the case of fitting theoretical PSDs to the estimated PSDs,
assuming that the sources are Gaussian. This interpreta-
tion is demonstrated in [6]. The IS-divergence is defined
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between two strictly positive scalars:

dis(z,y) = T logg —1. 4)
Y Y
The Itakura-Saito divergence also possesses a scale-
invariant property, which enables it to effectively handle
acoustic signals with high dynamic range.

To solve the minimization problem of NMF as de-
fined in (2), the matrices W and H are updated iteratively.
Among various available algorithms, the Multiplicative
Update [6] is selected because it guarantees convergence
and inherently maintains non-negativity :

W((WH) 2. V]

(WH)~2 - V]H"
W W T wH)—TET)

where - denotes the Hadamard product.

2.2 Regularization term

The Itakura-Saito divergence is effective in capturing
significant variations between frequency or microphone
channels, but may not be optimal for weaker sources.
Regularization techniques, incorporating prior knowledge
of a source’s spectral shape, can enhance system perfor-
mance. In this study, the well-defined and predictable jet
source was used to impose a constraint on the cost func-
tion (6). An analytical model [8] was employed to gener-
ate a reference for the regularization term.
The regularized optimization problem is

(W, H) = argmin(D(V|WH) + Rx(W,W)).
w.H (©)
subjectto W > 0, H > 0.

The regularization term
1K F
W — — 2
RA(W, W) = Z MY (wpk =wp)? (D)

quantifies the distance between the estimated W and the
known prior template W, and is weighted by a vector A
that indicates the importance of the regularization term for
each source.

The iterations of H remain unchanged. The same rea-
soning as in [6] is employed to derive the iterations asso-
ciated with the cost function (6) :

[(WH) 2. VIHT + W diag(})
[(WH) —1JH” + W diag(\)

W W. (8)
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3. EXPERIMENT
3.1 Design of the experiment

In this study, NMF is applied to a simulated corpus of
broadband noise component mixtures, under the assump-
tion that predictable tonal components can be separated
beforehand [9]. Spectral signatures and directivities of the
different components are simulated using [8]. The aircraft
is at Approach which corresponds to a noise certification
point.

After obtaining the factorized matrices W and H us-
ing NMEF, the field matrix V*) for each source k can be
computed by combining the k-th column of W with the k-
th row of H. The experimental protocol described Fig. 1
consists of estimating the field of a source k, denoted by
Vk, and comparing it to the true field of the same source,
denoted by V| for five different engines.

-
VnOise
corpus
~— Y
Evaluation @—»69—»[ v H NMF H W, H ]
corpus T

Zfnl s hin

Error : MSE, VK
OPWL

Figure 1: Block diagram summarizing the experi-
ment.

3.2 Modalities

The study utilizes data from five dual-flow turbofan en-
gines, each measured using N = 15 microphones and
F' = 24 frequency bins. Prior to analysis, the data is pre-
processed with omnidirectional white noise at a signal-to-
noise ratio of 13 dB. In this study, the regularization is
applied on the jet source only, with a regularization coef-
ficient Aje¢, varied systematically from O to 30 with a step
of 1. The other coefficients of A are set at 0.

3.3 Metrics

To evaluate the separation performance, two complemen-
tary metrics are implemented :

The Mean Squared Error (MSE) quantifies the accu-
racy of the reconstructed fields in terms of their spectral
and directivity shapes by measuring the discrepancy be-
tween the real power v’;n and the estimated power w i hgr,

10™ Convention of the European Acoustics Association
Turin, Ttaly « 11" — 15" September 2023 « Politecnico di Torino

of source k at frequency f and point n :

N F
. 1
k ky _ k 2
MSE(V*, VF) = ~F n§:1f§_1:(vfn —wikhgn)”  (9)

However, this penalizes errors in the lower power re-
gions of the spectrum, which contribute less to the actual
sound level of the source.

The Overall Power Level (OPWL) of each source in-
dicates the total emitted power and ensures the accuracy of
the represented sound level. In acoustics, the primary goal
is to successfully estimate the true level of each source
within a measured field.

4. RESULTS

The following section presents the outcomes of applying
our method to the data of 5 turbofan engines at approach
rate. In this phase, distinguishing the jet noise from the
core noise is challenging due to their comparable spa-
tial and spectral characteristics, with the core noise being
slightly louder. The spectral and directional characteris-
tics of each source are displayed in Fig. 2.
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Figure 2: Comparative results of IS-NMF method
with (coef. 10) and without regularization on a rep-
resentative case

In the results, the jet source exhibited core noise char-
acteristics in its spectral profile, including two local max-
ima on the W component and an unusually high level at
150°. Applying regularization effectively separated the
mixed jet and core components, showcasing its corrective
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capability, while incorporating weighted information en-
hanced adaptability and improved performance with par-
tial source knowledge.

The sensitivity analysis in Figure 3 shows that the
MSE error decreases for regularization coefficients above
5, with 10 being a suitable choice. No instability was ob-
served within the range of 5 to 30, but poor templates can
lead to increased error at higher values.

m= = === [an Exhaust

Fan Inlet

1077

Mean Square Error

15 30

Regularization coefficient on source jet

Figure 3: Study of sensitivity on the regularization
coefficient.

The evaluation of OPWL errors for each source, as
shown in Table [tab:OPWL], demonstrates the impact of
regulrization.

Table 1: Source OPWL error (dB)

Source Ref. | IS-MNF | Reg. IS-NMF
Jet 77 3.46 0.88

Core 80 1.1 0.7

Fan Inlet 91 0.04 0.02

Fan Exhaust | 91 0.46 0.40

While all sources exhibited errors below 1 dB, the jet
component notably experienced a significant 2.5 dB re-
duction in error, showcasing the effectiveness of the con-
straint in improving source estimation.

5. CONCLUSION

In conclusion, this study assessed NMF’s performance
in separating broadband noise sources in aircraft turbo-
fan engines. The proposed method showed satisfactory
results by leveraging prior knowledge of spectral shape.
However, accurately predicting the spectrum of masked
sources with inherent variability, especially when the
core is masked, remains challenging. Further research
is needed to address this issue, specifically by investigat-
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ing and challenging the assumption of constant directivity
across frequencies.
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