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ABSTRACT

Non-stationary noise is notoriously detrimental to room impulse response (RIR) measurements using exponential
sine sweeps (ESSs). This work proposes an extension to a method of detecting non-stationary events in ESS
measurements that aims at precise localization of the disturbance in the captured signal. The technique uses
short-term running cross-correlation as a means to estimate the instantaneous correlation between two sweep
signals. Both, the detection threshold and measured correlation, are evaluated on short windows, allowing for
accurate analysis of the entire signal. Additional pre-processing steps are applied to improve the robustness of
the proposed technique. The approach is tested on various types of simulated and measured non-stationary noise,
showing that detection errors did not exceed 23 ms. The method presented in this work increases the robustness of
RIR measurements using ESS against non-stationary noise.

1 Introduction

The exponentially swept sine (ESS) [1] is currently a
popular excitation signal for measuring room impulse
responses (RIRs) used in various applications, from
room acoustic parameters estimation [2, 3, 4, 5, 6]
to head-related transfer function measurements [7].
While praised for its numerous advantages, such as
high signal-to-noise ratio (SNR) [8], robustness of mea-
surements [8, 9], and ease of harmonic distortion re-
jection [8, 10, 11, 12], the ESS method is vulnerable
to non-stationary noise, e.g., transients. Such noise
events may lead to artifacts in the deconvolved RIR
and, in consequence, errors in the estimated parameters
[8, 13, 14, 15, 16, 17].

Currently, two methods of detecting non-stationary
noise in ESSs are established. The first one was devel-

oped by Guski et al. and compares the energy of the
noisy part of the measurement to the energy of Gaus-
sian noise [18, 19]. The second one, introduced by
Prawda et al., uses the Pearson Correlation Coefficient
(PCC) to measure the similarity between two signals. A
low PCC value indicates the presence of non-stationary
noise in one of the sweeps. This technique, called the
Rule of Two (Ro2), is aimed at selecting a pair of ESS
signals free from non-stationary noise when a series of
measurements is performed [17].

This work extends the Ro2 by introducing short-term
running cross-correlation analysis. This allows to ana-
lyze the change of the correlation value over the whole
duration of the signal, in place of one PCC value for
the entire sweep. The aim of the short-term analysis is
to localize the non-stationary noise in the contaminated
ESS.
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The short-term running cross-correlation is widely used
in estimation of the effects of time variance on both
RIRs and sweeps [20, 21, 22]. In literature, however,
the time lag of the maximal value of cross-correlation
is used as an estimator of transfer-function-variation-
induced changes to the signal. Here, we propose to
use the maximal value itself to evaluate the similarity
between the sweeps, as in [17].

The paper is organized as follows: Section 2 describes
the Ro2 and detection threshold estimation, as well as
introduces the short-term running cross correlation. In
Section 3, the pre-processing is specified, and the vali-
dation on both, simulated and measured non-stationary
disturbances is shown. Section 4 concludes the paper.

2 Methodology

This section discusses the Ro2 method and the cor-
relation of ESS signals and proposes the method of
accurate detection of non-stationary events in a sweep
measurement. The pre-processing, aimed at minimiz-
ing the effect of disturbances on sweep and enhancing
the detection, is discussed as well.

2.1 Rule of Two

The signal y; captured during the /" ESS measurement
can be written as

Yi=Xi+u =s*xh+u, (D

where x; is the measured sweep, s is the ESS signal,
is the RIR, the asterisk * denotes convolution, and u; is
the stationary noise term.

The correlation between y; and the consecutive mea-
surement, y;, is expressed as [17, 23, 24]:

Yo (xi(n) + ui(n) (x;(n) +u;(n))

Pyiy; = m v
VI Ge(n) ()2 XY Oy () - ()2
(2
where N is the total length of the signal in samples and
n is the discrete time index.

The Ro2 method selects sweep measurements free from
non-stationary noise from a series of sweep recordings
based on the criterion:

if py,y; > Pyy; theny; and y; are a clean pair, (3)

where ﬁyi,yj is a selection threshold, which is
determined based on the influence of expected
contamination—stationary background noise and
transfer-function variation—during the measurement.
Due to the properties of correlation being a compara-
tive measure, Ro2 requires at least two clean signals
to reliably separate sweeps containing non-stationary
noise from those free from it [17]. The Ro2 method
helps to automatize ESS measurements.

2.2 Selection Threshold Estimation

The selection threshold in Ro2 is determined based on
the correlation decrease due to the expected contami-
nation with stationary background noise and transfer-
function variation. Here, we recall the procedures to
estimate the threshold, py, , .

We assume that the noise terms u; and u;, being ran-
dom, are uncorrelated with the ESS signals as well as
with each other, yielding Y u;u; = 0, YN xu; = 0, and
ZI,:' xuj =0, and transforming Eq. (2) into

_ Lo xi(n)ac;(n)

Pyiy; = ’
T RN @) + ) I () 12 ()
“)

which can be written in terms of signal energies as

. E[
VirYj \/(E[x]+E[ui])(E[x}+E[ujD7

®)

assuming that the energy of each ESS signal is the same
across measurements, i.e., E[x;] = E[x;].

Additionally, if the background noise is stationary dur-
ing the entire measurement series, that is, if its energy
is approximately constant, E[u;] = E[u;] = E[u], we
can establish a correlation threshold based on the noise
energy as in [17]:

Ex)+CEW] _ -

ER+EW] = Pt (6)

where § = Pu;.u; symbolizes the correlation of the sta-
tionary noise terms, in case they are not perfectly un-
correlated. Here, we adopt { = —1, considering an
extreme case of noise terms being anticorrelated. Al-
though such a scenario is virtually impossible, this
presumption relaxes a very strict detection threshold
posed by the assumption of { = 0 for situations when
the noise terms include harmonic content, e.g., electric
humming [17].
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Additionally, we need to consider that the system un-
der test is not perfectly time-invariant, meaning that
the correlation between two sweeps is affected by
transfer-function variation as well. In the case of
room acoustic measurements, such variations come
mostly from fluctuations of atmospheric conditions—
temperature and humidity—as well as air movement
[10, 17, 19, 25, 26, 27, 28]. Considering that those
changes affect the RIR directly, Eq. (1) becomes:

yi=s*(h+vi) +u, (7

where v; is the variation of RIR due to time variance.
The difference between two measured signals is then

y,-—yj:s*(v,-—vj)—&—u,-—uj. (8)
The transfer-function variation factor can be estimated
from the energies according to

Els=(n—vj)] _ 2Els+v]
E[sxh] E[s«h]

:2E[s*vj} ©)

= E[s*h] ’

where E[s * h] can be retrieved from the measurement
as E[s«h] = E[y;] — E[s xv;] — E[u;]. The selection
threshold from Eq. (6) is then modified to accommodate
the effect of transfer-function variation [17]

~ . PyiyiC
Pyiyitr = 1+7/2 :

(10)

The values of 7 strongly depend on the measurement
environment and the length of ESSs. For short sweeps
in an controlled laboratory setting, a T < 1 is expected.

2.3 Short-Term Running Cross-Correlation

The equations presented in this work so far are con-
sidering the entire measured signal. Thus, we make
the necessary modifications to accommodate them for
short-term analysis.

Firstly, we define the short-term signal x; at time n

i (m) = w(m —n) xi(m)x;(m —n), (1)
where w is a Hanning window, normalized so that
Y, w(m)=1,and m = 1,....M, where M is the win-
dow length. The windowing is applied to smooth the
short-term cross-correlation curves.

Thus, the computation of cross-correlation from
Egs. (4) and (5) is altered to the form of windowed
convolution of two signals:

Pyiy; (n) = Zm}ilij(m? . (12)
E[X|E[%]]

The detection thresholds from Egs. (6) and (10) are
modified as well, yielding

E[X|+CE[u]
EETT B = Pt (13)

and in consequence, the selection threshold becomes

_ Py £ (1)
P =75 (14)
Here, only the energy values relating to the signal itself
are computed on short windows. The energy of the sta-
tionary noise as well as the transfer-function variation
factor are still estimated for the entire measurement.
The reason for that is the sensitivity of 7 to all changes
in the signal, including non-stationary noise, and the
difficulty of estimating stationary noise energy when
sweep is being played [18, 19].

2.4 Pre-Processing of Sweeps

The ease of use and robustness of the proposed short-
term Ro2 method may be enhanced by completing
simple pre-processing steps, tackling the problem of
signal’s SNR, and minimizing the actual effect of noise
on the ESSs.

Due to the property of the sweep measurements, emit-
ting only one frequency at a time, the presence of a
non-stationary noise during the emission of the sweep
does not warrant the corruption of the relevant part
of the signal. For example, if a low-passed transient
occurs when high frequencies are played, it will be
pushed to the non-causal part of the RIR in the de-
convolution process. It can be then discarded without
compromising the measurement results.

The detection of non-stationary disturbances is con-
veniently performed on the measured sweep signal,
where the artifact is compacted in time. Thus, in the
present work we propose to first deconvolve the ob-
tained sweep, truncate the resulting RIR to remove
harmonic distortion and irrelevant part of the signal,
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Fig. 1: Short-term running cross-correlation for a pair
of clean, pre-processed sweeps, for different
window lengths. (Top) the entire signal and
(bottom) a snippet of 0.5s.

and convolve them back with the input sweep for the
actual detection process. That way, only the parts of
the non-stationary noise that contaminate the sweep
remain, increasing the robustness of localization.

As the measurement conditions are noisy, it is impor-
tant to choose the right portion of the signal, i.e. with
high enough SNR, for analysis. This is especially cru-
cial since the SNR is used in establishing detection
thresholds in Egs. (13) and (14). However, setting the
SNR threshold at 0 dB is not enough. After the sweep
is done playing, and only the sound decay is recorded,
the correlation exhibits a sudden drop whilst the SNR
is still positive. Thus, the analysis of this part of the
signal may prove unreliable. It is crucial, however, not
to discard the decaying sound completely, as it still a
part of the RIR. Therefore, in this work, we propose to
use the portions of the signal where the SNR is above
zero, but is a relatively low number. In the case of ESSs
used in our analysis, SNR of 5 dB proved sufficient.

3 Validation

This section presents the results of non-stationary noise
localization in simulated and measured scenario. The
accuracy of the method is evaluated on different types
of noise events.

An important parameter in the analysis is the length of
the window w, as it affects the fluctuation of short-term
cross-correlation curves. The said curves for a pair of
measured and pre-processed ESS signals are depicted
in Fig. 1, illustrating this effect. The curve for M =512
is the most unstable, oscillating around more smoothed
curves obtained with longer windows.

On the other hand, a large M reacts to changes in
correlation slowly, and thus may conceal short non-
stationary noise events or compromise the accuracy
of their localization. As seen in the bottom pane of
Fig. 1, some of the prominent notches are almost com-
pletely flattened for M = 2048. They are also shifted
in time compared to the two remaining plots. Thus, in
this work, the M = 1024 samples, which translates to
23.2 ms for the sampling rate of 44.1 kHz, is considered
a reasonable compromise in terms of robustness and
accuracy of the localization.

3.1 Simulations

Since there is no other established method to localize
the non-stationary noise events in ESS measurements,
the initial validation of the accuracy of short-term Ro2
is performed on simulations. The signals used for this
part of the evaluation are sweeps measured in the vari-
able acoustic laboratory Arni, located at the Acoustics
Laboratory at Aalto University, Espoo, Finland. They
are all 3-s-long ESS signals, and were marked as free
from non-stationary disturbances by the Ro2 [17].

The clean sweeps were contaminated with different
types of non-stationary disturbances: transients, el-
evated noise floor, and sound dropouts. RIRs mea-
sured in Arni and matching the decay times of the
analyzed sweeps were used as transient noise. Am-
plified 1.5-s-long snippets of background noise from
the same database were used to raise the noise floor
level. Deleting between one and ten samples simulated
sound dropouts. The times of appearance of the distur-
bances were randomized, and so were the gains for the
background noise snippets and the number of dropped
samples. Examples of all three types of contamination
are displayed in Fig. 2.

The error measure used to evaluate the accuracy of
the method was the difference between the actual time
of occurrence of the noise event and the one detected
by the short-term Ro2 method. The onset of the non-
stationary disturbance was marked when the measured
correlation descended below the detection threshold.
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Fig. 2: Spectrograms of artificially contaminated
sweeps with (top) transient, (middle) elevated
noise floor, and (bottom) dropout. The arrows
point to onset times of the disturbances. The
signals were not subjected to pre-processing to
keep the visibility of the non-stationary noise.

The exemplary short-term running cross-correlation
values for the three types of non-stationary noises are
shown in Fig. 3. In each case, the presence of a dis-
turbance marks a clear drop in measured correlation
below the assumed detection threshold. In the cases of
transients and added noise, the py, ; values may return
to high values when the disturbance ends (cf. top pane
of Fig. 3). However, when the sound dropout occurs, it
affects the rest of the signal, effectively dropping the
correlation for the remaining duration of the sweep.

The results of the simulations are presented in Fig. 4.
They show that for all the disturbances, the difference
between the detected and actual onset time fits within
the length of one window. The error for transients was
the most consistent at around 19 ms. For the elevated
noise floor, the difference varied the most, from 11 ms
to about 18 ms. The error for sound dropouts was the
highest, arriving close to the window length.

0.99999 F

0.999

Correlation

09 F

0.99999

0.999

Correlation

0.9 F

0.99999 ¢

0.999

Correlation

0.9

Fig. 3: Short-term cross-correlation for (top) transient,
(middle) elevated noise floor, and (bottom)
sound dropout. The solid black lines represent
the detection threshold, whilst the colored lines
depict the measured correlation for each case.
The dashed vertical lines mark the onset times
for detected disturbances (cf. arrows in Fig. 2).

3.2 Measurements

The second part of the validation was performed on
the ESS measurements from Arni database that were
already flagged as containing non-stationary noise by
the Ro2. Since the absence of the ground truth impedes
the possibility to define an error measure, we show
examples of measured non-stationary noise types and
the performance of the short-term Ro2 algorithm in
their presence.

The contamination by a broadband transient is shown
in Fig. 5, where the top pane shows the non-stationary
noise before pre-processing, and the bottom pane de-
picts the pre-processed ESS. Due to the process, the
effect on the impulse on the sweep is decreased, and
the disturbance itself is almost invisible. However, the
correlation drop shown in Fig. 6 detects the remains of
the transient.

AES 154th Convention, Espoo, Helsinki, Finland, 2023 May 13—-15
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Fig. 4: The difference between the detected and actual
onset times of non-stationary noise events in
the simulated scenario. The dashed line marks
the window length 23.2 ms used in the analysis.
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Fig. 5: Spectrograms of an ESS signal from Arni
database contaminated with a transient noise
(top) before and (bottom) after pre-processing.
The arrow points to the onset of the contamina-
tion at 1.05s.

In the case of elevated noise floor, the sweeps were
contaminated by a low-frequency noise, as depicted
in Fig. 7. The disturbance affects the majority of the
measured signal, as shown in the bottom pane of Fig. 7,
where pre-processing removed only a small part of the
energy from the additional noise. Thus, the values
of py, y; stay mostly below the detection threshold for

0.999999

— Py

Y56

—)

YisYj

0.9999

Correlation

0 05 1 15 >
Time (s)
Fig. 6: Lower threshold for non-stationary noise detec-
tion (black line) and the measured short-term
correlation of an ESS polluted by a transient
(red). The drop in py, ,; at 1.05s indicates a
noise event, cf. Fig. 5.

almost the entire duration of the ESS, as presented in
Fig. 8. Only after the contamination is gone does the
correlation stay consistently above i)\}’i’ij ¢

When the sound dropouts occur, the contamination is
not easily visible in the spectrograms in Fig. 9. How-
ever, the correlation exhibits a sudden drop to a very
low value, as shown in Fig. 10. Similarly to the simu-
lations, the py, y; of the rest of signal is affected, never
returning above the threshold.

4 Summary and conclusions

The present work proposes an extension to an es-
tablished method of detecting non-stationary noise
in sweep measurements. The Rule of Two, or Ro2,
was extended to accommodate precise localization
of non-stationary events in the captured ESS signals,
which was possible by using short-term running cross-
correlation in place of a single-number correlation co-
efficient.

The paper presents the methodology to estimate the
effect of expected contamination—stationary noise
and transfer-function variation—on short-term cross-
correlation values. The pre-processing including de-
convolution and truncation of measured RIRs is used
to minimize the effect of the non-stationary noise on
the measurement. Setting a suitable SNR threshold is
used to enhance the robustness of the method as well.

The short-term Ro2 was first validated on a set of simu-
lated non-stationary noise events, with the results show-
ing that it is capable of localizing disturbances with
an accuracy of at worst the analysis window length.
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Fig. 7: An ESS signal from Arni database contami-
nated with a low-frequency noise (top) before
and (bottom) after pre-processing. Since the
noise contaminated the measurement from the
start, its offset at 2.42 s is marked with an arrow.
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Fig. 8: Short-term correlation of an ESS containing

low-frequency noise (red line) compared with

the lower threshold for non-stationary noise de-
tection (black), cf. Fig. 7.

The experiments on measured sweeps containing non-
stationary noise are consistent with the outcome of the
simulations. The results of this work prove that the
short-term Ro2 is a reliable method to localize non-
stationary noise in sweep measurements.

In the future, the precise localization of noise events
in sweep measurements may aide in correcting noisy
ESSs by non-stationary noise removal.
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