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ABSTRACT
This work is a part of a European project entitled I’CityForAll3 which aims to improve the mobility
of elderly people suffering from presbycusis. In particular, this project proposes algorithms dedicated
to public address systems, in order to enhance the intelligibility of vocal announces broadcasted in
noisy and reverberant public confined spaces.
As the reverberation time (T60) of such spaces varies with the occupancy level, dynamic estimation of
this parameter is needed to optimize the performances of these algorithms. In this paper, we deal with
a robust method for the estimation of T60 in noisy conditions. It is an approach which generalizes the
standard sound energy decay method based on diffusing of a noise sequence and performing the T60
estimation from its energy decay. However, in this method we rather propose to diffuse a signal having
specific statistical properties and to estimate the T60 using the decay of its HOS (Higher Order
Statistics).
The performances of this method are evaluated using a set of synthesized and real impulse responses,
for realistic signal-to-noise ratios ranging from 5dB to 20dB.
Keywords: Reverberation time (T60), energy decay method, ambient noise, Higher Order Statistics (HOS)
decay

1. INTRODUCTION
This work constitutes a part of a European project entitled I’CityForAll (1) which aims to improve
the living of elderly persons suffering from sensorineural hearing impairment called presbycusis.
In particular, this project aims to propose algorithms for the enhancement of the intelligibility of vocal
messages diffused in large dimension and noisy public confined spaces such as railway stations and
airports.
The speech intelligibility in such spaces is degraded not only by the effect of ambient noise but also the
effect of reverberation resulting from the propagation of the sound from the source to the receiver.
Therefore, algorithms dedicated to public address systems are proposed in the context of the
I’CityForAll project in order to reduce the impact of reverberation on speech comprehension.
Room Reverberation is characterized by different acoustic parameters such as reverberation time
(T60), clarity, definition and centre time (2). In particular, the reverberation time is considered as the
primordial parameter that objectively quantifies room reverberation.
In a previous study (3) we have demonstrated that the reverberation time varies when the room
occupancy level changes. This work was conducted in the context of a university restaurant and
confirms the findings of previous studies done in churches and classrooms (4, 5).
That is why, a dynamic estimation of the reverberation time is considered to be important to optimize
the performances of real time speech enhancement algorithms according to the space occupancy level
(3) as well as the population profile (1).
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The reverberation time T60 is commonly defined as the time it takes for a sound to decay by 60dB
after the sound source is turned off (2). The estimation of this parameter constitutes a research field
that interests engineers and acousticians for several purposes including the setting of algorithms and
applications requiring knowledge about the reverberation amount such as de-reverberation (5, 6).
Several methods have been used for the estimation of the reverberation time. Based on Sabine’s
models (8), this parameter is first estimated from the room geometry and the absorption coefficients of
the different materials existing in the room. In (9), Schroeder proposed a technique for the estimation
of the T60 based on the energy decay curve derived from the room impulse response.
In practical situations, these informations are usually not available and the T60 must be blindly
estimated from the recorded reverberant and noisy signals. Several techniques have been proposed for
the blind estimation of the reverberation time. Some of them use the distributions of sound decay
curves (10, 11, 12) or the statistical modeling of these curves such that the maximum likelihood (ML)
estimator can be used to determine the T60 (13).
Semi-blind methods are also been developed where the room characteristics are learned using
neural network approaches (14).
Even though some works have dealt with the estimation of the reverberation time in noisy conditions
(15, 16), it still remains a challenging issue. It is the case of the T60 estimation in noisy public
confined spaces such as railway stations and airports.
In this paper, we develop a robust method for the estimation of T60 in noisy conditions. The
proposed approach generalizes the standard sound energy decay method based on diffusing a noise
sequence and performing the T60 estimation from its energy decay. However, in this method we rather
propose to diffuse a signal having specific statistical properties and to estimate the T60 using the decay
of its Higher Order Statistics (HOS).
The reminder of this paper is organized as follows:
In Section 2, we review the T60 estimation approach based on the standard sound energy decay and we
zoom on the limitations of this method in noisy conditions. In Section 3, we describe the principle of
the new estimation method. We evaluate the performances of this method in Section 4 and we conclude
in Section 5.

2. LIMITATIONS OF REVERBERATION TIME ESTIMATION USING SOUND
ENERGY DECAY METHOD
2.1 Acoustic impulse response model
When propagating from the source to the receiver, the sound makes a series of reflections including
the direct sound, the early reflections and the late reflections. Assuming that the late reflections
dominate the direct sound and the early reflections, the room impulse response can be modeled
according to Polack model (18) as the outcome of a non-stationary random process:

h(t ) = b(t ).e −

δ .t

(1)

Where b(t ) is a zero-mean Gaussian stationary noise and į is the decay rate which is inversely
proportional to the reverberation time (18, 19).
The decay rate δ is related to the slope of the energy decay curve as follows:

log( E (h 2 (t ))) = −2.δ .t + log(σ b 2 )

(2)

Where σ b 2 denotes the variance of b(t )
Assuming that the sound field in the room is diffuse and the source-microphone distance is higher
than the critical distance (19), the link between the reverberation time T60 and the decay rate δ can
be established by the requirement:

10 log10

E ( h ( 0) 2 )
= 60
E (h(T 60) 2 )
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The following equation is then obtained.

T 60 =

3
δ . log10 (e)

(4)

2.2 Sound energy decay method
Sound energy decay method consists in diffusing a noise sequence and performing the estimation of
the reverberation time from its energy decay.
Let’s note x (t ) the diffused signal (excitation signal) and y (t ) the signal recorded at the receiver. In
real situations y (t ) is expressed as follows:

y (t ) = x (t ) * h(t ) + n(t )

(5)

Where h(t ) defines the acoustic room impulse response and n(t ) refers to the ambient noise.
In noiseless conditions, the temporal decay curve is defined as follows:

E ( y 2 (t )) = σ b 2 .e −

2.δ .t

.α (t )

(6)

with α (t ) expressed by equation 7, where Th corresponds to the length of h(t ) .
0

α (t ) =

³e

2.δ .u

.E ( x 2 (u )) du

(7)

t −Th

The decay curve derived from the signal yd (t ) is obtained thorough the logarithm of

E ( y 2 (t )) (equation 8):
log( E ( y 2 (t ))) = −2.δ .t + log(σ b 2 ) + log(α (t ))

(8)

The dynamic range corresponds to the linear portion of the logarithm of the energy decay (equation
8). The T60 is calculated from the slope of this dynamic range estimated based on linear regression.
We intuitively notice that the larger is the dynamic range the better is the estimation of the T60.
The comparison between equation 2 and equation 8 shows the bias induced when considering the
decay sound of a reverberant signal instead of that of the impulse response for the estimation of the
T60. This bias is related to the parameter α (t ) .The effect of α (t ) is more important for non-stationary
signals. Figure 1 shows the decay curves corresponding to a white noise and to a speech signal. We
notice that the decay curve relative the stationary white noise is smoother and provides thus a more
accurate estimation of the T60.
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Figure 1 – Energy decay curve corresponding to a white noise signal and to a speech signal.
The dynamic range corresponds to the portion of the energy decay delimited with two
vertical red dashed lines. In this simulation, an impulse response synthesized according to
Polack model with a T60 equal to 1s is used.
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In noisy conditions and assuming that the reverberant signal y (t ) and the additive noise n(t ) are
independent random variables, the energy decay corresponding to the noisy reverberant signal is given
by:

log( E ( y 2 (t ))) = log(σ b 2 .e −2.δ .t .α (t ) + σ n 2 (t ))

(9)

The T60 estimation based on the sound decay is disturbed by the effect of both the parameter

α (t ) (equation 7) and the additive noise variance σ n (t ) . According to equation 9, the background
2

noise influence becomes bigger as the reverberant signal vanishes.
The lower is the signal-to-noise ratio (SNR) the more reduced is the dynamic range, as shown in
Figure 2 where we illustrate the decay curves obtained with a white noise disturbed with stationary
additive noise for an SNR ranging from 5dB to 20dB.
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Figure 2 – Reduction of the dynamic range of a white noise energy decay due to the
effect of additive noise for SNR levels ranging from 5dB to 20dB. In this
simulation, an impulse response synthesized according to Polack model with a T60
equal to 0.7s is used.

3. REVERBERATION TIME ESTIMATION METHOD USING HOS AND
ROBUSTNESS TO NOISE
3.1 Principle of the method
The T60 estimation method presented in this paper is also based on the analysis of the sound decay,
however it tries to generalize this estimation approach in order to ameliorate its robustness to
background noise.
If we note y (t ) the reverberant noisy sound decay (equation 5) recorded after the extinction of the
sound source x (t ) . In order to obtain a decay curve that is independent of the effect of additive noise,
we propose to use higher order statistics (HOS), in particular the third order moment.
Thus, in this method, instead of using the entity E ( y 2 (t )) for the estimation of the sound decay energy,
2

we propose to use the entity E ( y (t ).x(t − Ĳ)) .

If the decay sound y (t ) is observed at the moment indexed t, x(t − τ ) corresponds to the previous
value of the excitation signal according to a time gap Ĳ .
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If we consider that h(t ) denotes the room impulse response following Polack model (equation 1) and
we assume that the sound source x (t ) is a zero mean random variable and that h(t ) and x (t ) are
independent random variables.
Under the previous assumptions, the third order decay is expressed as follows:

E ( y 2 (t ).x (t − τ )) = σ b 2 .e −

2.δ .t

.β (t )

(10)

.E ( x 2 (u ).x (t − τ )) du

(11)

Where the entity β (t ) reads:
0

β (t ) =

³e

2.δ .u

t −Th

The decay curve is then given by:

log( E ( y 2 (t ).x(t − τ ))) = −2.δ .t + log(σ b 2 ) + log( β (t ))

(12)

Where Th denotes the length of the acoustic impulse response h(t ) .
The comparison between equation 9 and equation 12 shows that the decay curve obtained with the
proposed method is independent of the effect of additive noise.
The equation 12 is close to equation 8 that corresponds to the case of undisturbed decay and provides
thus a larger dynamic range for the estimation of the reverberation time.
3.2 Design of the excitation signal
The reverberation time estimation method proposed in this paper is based on the diffusion of an
excitation signal with specific statistical properties, so that the HOS decay (equation 10) is
independent of the additive ambient noise n(t ) and provides thus a larger dynamic range.
In order to achieve this objective, the excitation signal x (t ) must verify the following conditions:
• The amplitude values of x (t ) must be highly correlated, in order to avoid that the integral

β (t ) (equation 11) approaches zero and yields a third order decay equal to zero.
• The third order moment of x (t ) must not be equal to zero. Thus, the amplitude values
of x (t ) must not follow a symmetric distribution.
In this paper, for the assessment of the proposed T60 estimation method, we use a sample of
excitation signal, synthesized in the aim to validate the conditions listed above.
For this, we consider a zero mean random signal whose amplitude values follow an asymmetric
distribution (skewness coefficient=1).
Such distribution is obtained as the sum of two Gaussian distributions weighted using a Bernoulli
series (20). The first Gaussian distribution has a standard deviation equal to 2 and the second one has
a standard deviation equal to 0.3.
The realizations of the two Gaussian distributions were also highly correlated in order to achieve
the first condition to be verified for the excitation signal.
In Figure 3 we show the temporal variations of the proposed excitation signal as previously designed,
the distribution of its amplitude values and its normalized auto-correlation function.
This excitation signal is used in this paper in order to assess the performances of the proposed
reverberation time estimation method based on HOS decay.
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Figure 3 – (a) temporal variations of a sample realization of the excitation
signal (b) Normalized distribution of the amplitudes values of the excitation
signal samples (c) Normalized auto-correlation function of the excitation signal
samples (lags=100)

3.3 Example of T60 estimation based on HOS method
For the estimation of the third order decay, we use a recursive structure defined as
2

E 3 ( k ) = λ .E 3 ( k − 1) + (1 − λ ).( y n ( k ).x (k − τ ))

(13)

With smoothness parameter 0 < λ < 1
This recursive structure can be adequate for real time T60 estimation, however it presents some
limitations. In fact, for an efficient estimation, it is necessary to take into account the convergence time
of the estimator which is dependent on the initialization value as well as the smoothing parameter
value. The dynamic range of the decay to be used for the estimation of the T60 is dependent on the
estimator settings (21).
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In Fig.4 we show the decay curve obtained with the HOS based method using the excitation signal
described in the previous section.
An impulse response synthesized according to Polack model (T60=0.5s) is used. The reverberant
signal is disturbed with an additive white noise (SNR=10dB). A smoothing parameter of 10 -3 is used
for the estimation of the decay.
The third order decay is larger than the energy decay under the same conditions (impulse response
and SNR). The useful portion for the estimation of the T60 corresponds to the part of the decay located
above a threshold around -25dB for the HOS method and -19dB for the energy decay method.
In Fig.5 we show the decay curves obtained with the HOS based method for the same excitation
signal and a Polack impulse response (T60=0.5s) for three SNR levels (10dB, 15dB and 20dB).We
notice that the decay is nearly independent of the SNR and the dynamic range remains the same.
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Figure 4 – Comparison between the third order decay and the energy decay. An impulse
response synthesized according to Polack model (T60=0.5s) is used. The reverberant
signal is disturbed with an additive white noise (SNR=10dB). The dotted red curve marks
the end of the dynamic range relative to the HOS method and the solid red curve marks the
end of the dynamic range relative to the energy decay method. The green curve
corresponds to the undisturbed sound decay (decay with the true reference slope).
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Figure 5 – Robustness of the HOS method to additive noise. An impulse response
synthesized according to Polack model (T60=0.5s) is used. The reverberant signal is
disturbed with an additive white noise (SNR=10, 15 and 20dB). The dotted red curve
marks the end of the dynamic range relative to the HOS method. The green curve
corresponds to the undisturbed sound decay (decay with the true reference slope).
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4. PERFORMANCES OF THE REVERBERATION TIME ESTIMATION METHOD
BASED ON HOS
The effectiveness of the proposed T60 estimation based on HOS decay is tested with impulse
responses synthesized according to Polack model (1).
We consider four values of T60: 0.5s, 0.75s, 1s and 2s. For each T60 value, 10 different realizations of
impulse responses are considered. The reverberated signal is disturbed with white noise.
Three SNR levels are used. For each impulse response and SNR level configuration, the estimation
error is calculated as the difference between the estimated T60 and the target value.
The test results illustrated in Fig.6 show that for the considered values of T60, the median of the
estimated values presents an estimation error inferior to 0.1 s.
However, some probable extreme values with estimation error that can reach 0.4s are observed
especially for the higher T60 tested value (T60=2). It is noticeable also that the estimation accuracy
remains nearly the same when changing the SNR level.

Figure 6 – Evaluation of the HOS estimation method accuracy for a set of
synthetic impulse responses having a T60 is equal to 0.5 s, 1s and 2s for three
levels of SNR 5dB, 10dB and 20dB. For each T60, 10 different realizations of
impulse responses are considered.
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The proposed T60 estimation method based on HOS decay is also tested with real impulse
responses. In table1, we present the obtained results for three examples of real impulse responses with
a T60 ranging from 0.9s to 4s. The reverberant signal is disturbed with additive stationary ambient
noise for an SNR equal to 10dB.
According to these three examples, we notice that the estimations of T60 provides by the HOS
decay method is always inferior to the true value. The estimation error is the most important for the
higher T60 value. These results show that the robustness of the proposed HOS decay method for the
estimation of T60 in real conditions needs to be more investigated. This is mainly related to the
estimation parameters that need to be adapted to the real situations.
Table 1 – T60 estimation based on HOS method for real impulse response (SNR=10dB)
Lecture room

Concert hall

Church

True T60

0.9 s

2.1 s

4s

Estimated T60

0.8s

1.5s

1s

5. CONCLUSIONS
In this paper we describe a new method for the estimation of the T60 in noisy conditions. The
proposed approach generalizes the estimation method based on the sound energy decay; however it is
based on HOS decay and needs the use of an excitation signal with specific statistical properties.
The dynamic range of the decay provided by this method is shown to be larger and nearly
independent of the additive noise level. The performance of this method was evaluated using a set of
synthetic impulse responses with a T60 ranging from 0.5s to 2s, for an SNR ranging from 5dB to 20dB.
The obtained results show that the proposed method performs well for synthetic impulse responses,
even though some extreme estimation values with an error that may exceed 0.4s are observed.
However, for the case of real impulse responses, the estimation error may be more important. Thus,
the robustness of the method needs to be more assessed. More tests with real impulse responses and
background noise must be done as well as a fine analysis of the different parameters used for the HOS
decay estimation.
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