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Abstract—This paper analyzes the ability of several measure-
ments to quantify the reverberation effect in speech signals. We
consider an intrusive scheme, in which the clean and reverberated
signals are available, allowing one to estimate the corresponding
room impulse response (RIR) signal. An artificial neural network
(ANN) is trained for all features and used in a regression
approach to estimate the human perceptual evaluation in a
mean opinion score (MOS) 1-5 scale. Dimensionality reduction
approaches are applied to generate a simpler ANN regression,
establishing the most representative features for the problem at
hand. A correlation level of 85% with subjective test scores was
achieved by reducing the input-vector dimension from 10 to 3,
including only the features of reverberation time, room spectral
variance, and direct-to-reverberant energy ratio.

I. INTRODUCTION

Reverberation is an intricate acoustic effect in which re-
flections of a given signal are perceived altogether as a
single modified signal. This paper considers the problem of
evaluating reverberation levels in high-quality speech signals.
We follow a similar scheme to the one employed in ITU-R
BS.1387-1 PEAQ [1] (perceptual evaluation of audio quality)
recommendation: Several numerical features are extracted
from corrupted speech signals in an attempt of quantifying
the reverberation effect. These measurements are fed into
an artificial neural network (ANN) [2] that maps the input
feature space to the one-dimensional quality score. A database
of subjective scores is used as reference to train the ANN
mapping. Resulting scores are then correlated to the reference
ones to evaluate ANN mapping efficiency.

Three dimensionality reduction approaches are tested in
order to simplify the ANN structure, determining the most
representative features of the initial input space. In all three
approaches, feature importance was evaluated based on the
correlation factor between resulting scores and reference
grades.

This paper is organized as follows: In Section II, the per-
ceived reverberation effect is characterized and the ten features
considered in this work are described in detail; Section III
presents several experiments analyzing the individual and
collective performances of all features in evaluating the rever-
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beration perception in speech signals; Section IV emphasizes
the main contributions of the paper.

II. REVERBERATION CHARACTERISTICS

Reverberation is commonly modeled as the result of a linear
convolution operation with the room impulse response (RIR),
h(t), that represents the acoustical characteristics of a room.
In practice, one distinguishes two portions of the RIR: early
reflections, which comprises several reflections and contains
most of the RIR energy; late reverberation, which constitutes
the remaining RIR portion and presents a diffusive nature, as
indicated in Figure 1. In this context, one defines the direct-
sound t, and first-reflection ¢, instants as the time values of
the first and second impulsive components of the RIR early
reflection portion.

[ | Early Reflections

Late Reverberation
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Fig. 1. RIR example indicating the direct-sound (¢4) and first-reflection (¢,)
time instants.

The features considered in this work are all related to
the associated RIR. In that context, we consider the so-
called intrusive scheme, in which the clean and reverberated
signals are available, allowing one to estimate h(¢) using a
deconvolution operation. The analysis performed in this work
could act as a starting point for the development of a non-
intrusive method, which would consider a first stage of blind
RIR estimation.

A. Reverberation Time

The reverberation time Tg( is defined as the period of time
required for the sound-pressure to decay 60 dB when a steady-



state excitation is abruptly interrupted. In practice, higher T
indicates a more reverberant room. The value of Ty may be
estimated using, for instance, one of the following schemes:
Algorithm T1: By performing a linear fitting of the energy
decay curve (EDC) defined as

EDC(t) = / h h%(7)dr, (1)

t

one may then estimate the parameter Ty as the time interval
required for this approximation to decay from 0 to —60 dB [3].
Algorithm T2: In [4], Lundeby et al. propose a linear fitting
directly on the RIR signal (in the dB scale), down to the
time instant in which this signal is significantly affected by
noise. Once again, the linear approximation is then employed
to estimate Tgo based on its original definition.

Algorithm T3: The scheme proposed in [5] determines a
curve fitting of the EDC function, as in Algorithm T1, but
also takes into account the noise-floor level, similarly to what
is done in Algorithm T2.

Figure 2 illustrates the general mechanism behind all T§g
estimating algorithms. In this figure, the EDC function is
approximated by a linear fitting, and the slope of this line
determines the required 7§ for it to fall from 0 to —60 dB.
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Fig. 2. Reverberation time estimation: The solid curve generates a dashed

linear fitting, the slope of which determines the decaying time Tgo estimate
from 0 to —60 dB levels.

B. RIR Total Energy

The RIR is commonly normalized such that its maximum
value is set to 1. The resulting total energy is determined as

E = / - R2(t)dt. )
0

C. Direct-to-Reverberant Energy Ratio

This feature [6], [7], [8] is determined as the ratio between
the direct F/; (within an interval around t¢,;) and reverberant
E,. (remaining) energy levels, as given by

(tq+1.5) ms
/ R (t)dt
& (ta—1) ms

= s : 3)
E; / R2(t)dt
(tg+1.5) ms

To reduce noise influence, one may consider only the signal
components 20 dB above the noise floor level and stop
the energy accumulation at the stop point employed by g
algorithm, as suggested in [8].

D. Definition

For speech signals, this parameter is determined as a ratio
between the energy of first the 50 ms and the total RIR

energies [9], that is
50 ms
/ h2(t)dt
0
. 4
5 4

In practice, this feature depends on the reflection pattern
of the room walls, source-microphone distance, and room
dimensions.

E. Clarity

This feature is determined by the dB ratio between the
energy of the first 50 ms of speech and the remaining RIR
energy [9], that is

Dso =

50 ms
R (t)dt
Cso = 10logy | Lss—— |, &)
/ R2(t)dt
50 ms
or, equivalently,
Dsg
050 = 1010g10 (1_-D50> . (6)

F. Center Time

This measurement represents the RIR center of mass, which
may be determined as

/oo th?(t)dt
CT="9%—— = : (M

Lower C'T indicates that there is more energy at the beginning,
which means higher clarity. On the other hand, larger CT
values indicate a more reverberant sound [10].

G. Initial Time Delay Gap
This feature is determined by the time difference between
the direct-sound ¢4 and first-reflection %,. instants [9], that is,
ITDG = t, —tq, ®)
which, in practice, represents “intimacy”: Lower I'T DG values
are perceived as smaller rooms.
H. Source-Microphone Distance

This feature can be estimated from the RIR signal as
d= Ctd (9)

where c is the sound speed and ¢, is the first-reflection time
instant, as illustrated in Figure 1. In our context, parameters
d and t; are completely equivalent, as the constant ¢ does
not bring any new information. We have opted for feature d,
however, since it can be more easily related to a reverberation
effect in a given room.



1. Room Spectral Variance
This feature is defined as [11]

RSV =&y [(I(f) - Ef[I(£)])?],

where E;[.] denotes the expectation value operator in the
frequency domain and I(f) is the relative acoustic intensity
level, defined as

(10)

1(F) = 101ogso (M) (aB),

with H(f) is the Fourier transform of h(¢). The RSV appears
in Allen’s measure to assess the reverberation effect [12].
Its value depends on the ratio d/d., where d. is the critical
distance, defined as the minimum distance at which the energy
of the reverberant sound is no more affected by the source-
microphone distance, d.

(1)

J. Room Volume

The number and energy of all sound reflections that com-
pose the reverberation effect are directly related to the room
geometry. This aspect can be represented, in a simplified
manner, by the room volume, V', which can be estimated from
the RIR as given by:

Algorithm V1: Assuming spherical geometry, one may
write [13] A
™ 3
V(Vl) = TN (cT)°,
where once again c is the sound speed and NNV is the number
of sound reflections within the RIR over a time interval 7.
Algorithm V2: A more elaborate estimate for the room

volume is given by [8]

12)

V(V2) =

Ed (47Td26T60> (13)

E, \ 6In(10)

Algorithm V3: In practice, Algorithms V1 and V2 tend to
under- and over-estimate the room volume, respectively. A
third volume estimator can then be devised as a convex sum
of these two estimations, that is,

V(V3) = aV (V1) + (1 — a)V(V2), (14)

with 0 < o < 1. Parameter « can be determined experimen-
tally by minimizing the energy of estimation error between
theoretical V' and V' (V3), as performed in Subsection III-B.

III. NUMERICAL EXPERIMENTS

The results presented in this section are divided into four
parts:

1) Experiment 1: Evaluation of Tyq estimators described in
Subsection II-A;

2) Experiment 2: Evaluation of volume estimators de-
scribed in Subsection II-J;

3) Experiment 3: Correlation of all individual features
against subjective scores for databases using artifi-
cial [14] and real [15] RIRs;

4) Experiment 4: Correlation of all combined features
through an ANN against the subjective scores.

A. Experiment 1

To validate the algorithms described in Subsection II-A,

the  reverberation effect ~was  emulated through
artificial RIRs generated by the image method [16]
with Ty = {300, 400, 500,600,700} ms and
V= {36,140,240,324,450} m>. Performances were

evaluated through the mean pr estimate, relative standard
deviation vy (which is the standard deviation normalized by
the mean) and total squared relative error, defined as

Teo — Ti(V)\
Ere = Z <TﬁO )

v

5)

where Tgo corresponds to the theoretical reverberation time
and T;(V) denotes the estimation yielded by Algorithm T;,
with ¢ = 1,2,3, for a given volume V. From Table I, one
concludes that, for this artificial-RIR database, Algorithm T2
outperformed Algorithms T1 and T3 in the contexts of min-
imum FE,.; and highest statistical correlation with theoretical
Tso. From these results, Algorithm T2 will serve as the basis
for the room volume estimators in the following experiment,
as also suggested by [8].

TABLE I
COMPARISON OF ESTIMATION ALGORITHMS T1, T2, AND T3 FOR
REVERBERATION TIME Tgg (MS).

Teo || TL (ur, yr) [ T2 (ur, yr) | T3 (prs y1)
300 151, 0.52 278, 0.01 129, 0.21
400 291, 0.29 368, 0.02 241, 0.27
500 441, 0.06 526, 0.02 429, 0.15
600 548, 0.02 700, 0.04 518, 0.14
700 715, 0.20 858, 0.07 608, 0.19
FErel 2.36 0.51 3.06
Corr(%) 93 99 93

B. Experiment 2

The algorithms described in Subsection II-J were employed
to estimate the room volume in the artificial RIRs determined
in Experiment 1. Estimation results are given in Table II, in
which Algorithm V3, as defined in Eq. (14) with o = 0.4319,
yields the best estimates in all cases except when V = 36 m?,
which, by the way, gets poor results by all three algorithms.

TABLE 11
COMPARISON OF ESTIMATION ALGORITHMS V1, V2, AND V3 FOR ROOM
VOLUME V (M?3).

V[ VI (uv, ) | V2 (uv, ) [ V3 (uv, )

36 65, 0.08 114, 0.31 93, 0.24
140 90, 0.06 216, 0.36 162, 0.29
240 131, 0.12 285, 0.51 219, 0.40
324 192, 0.63 448, 0.31 337, 0.27
450 262, 0.27 559, 0.39 431, 0.34




C. Experiment 3

This experiment uses a combination of two speech databases
to analyze the effectiveness of each individual feature de-
scribed in Section II in assessing the reverberation effect in
speech signals.

Database 1 [14] comprises a total of 72 Brazilian-
Portuguese speech signals from 4 speakers (2 male and 2
female), recorded with Fy = 48 kHz sampling rate, and
including 3 repetitions of each theoretical To. Reverberation
effect was enforced through artificial RIRs, in which the early
reflections were obtained via the image method [16], using
a room of dimensions 4m-length, 3m-width, and 3m-height
and assuming a fixed distance source-microphone d = 1.8 m.
For the late reverberation, the FDN method [17] was used to
simulate Tgo = {200, 300,400} ms, and a modified version
of Gardner’s method [18], which was conceived for higher
reverberation times, was used for Tgo = {500, 600, 700} ms.

Database 2, the so-called MARDY database [15], includes
32 speech signals with Fs = 16 kHz obtained from 2 different
speakers (1 male and 1 female); 4 different source-microphone
distances; 2 types of wall panels (1 reflexive and 1 absorbent);
2 different reverberation levels, including speech degraded by
reverberation and dereverberated signals by a delay-and-sum
beamformer.

Both databases were divided into two parts — one for Train-
ing and other for Test — each containing a total of 52 signals,
36 from Database 1 and 16 from the Database 2. Table III
includes correlation scores between each individual feature and
the subjective MOS scores provided for the so-called Training
and Test databases. Results indicate that the reverberation time
seems the most important individual measure, followed by
RSV, E, CT, and E;/E,.

TABLE III
STATISTICAL CORRELATION (%) BETWEEN INDIVIDUAL REVERBERATION
FEATURES AND SUBJECTIVE SCORES FOR THE TRAINING AND TEST
DATABASES WITH ARTIFICIALLY AND NATURALLY GENERATED RIRS.

Features || Training | Test
Teo -81 -86
RSV -72 -67

BB, | 46 | 42

d -30 04

V(V3) 31 19
Cso 19 | 27
Dso 24 12
CcT -57 -65

ITDG -33 -05

E -68 -63

D. Experiment 4

This subsection reports the nonlinear combination of all
features through an ANN to predict the direct subjective
MOS for the degraded speech signal. The designed ANN is
a typical 2-layer perceptron with linear activation function for
the neurons, where the input layer has as much neurons as the
number of features and the output layer has only one neuron
to generate the desired score.

Initially, the ANN input vector comprised the 10 reverbera-
tion features considered in Table III. Three dimensionality re-
duction approaches were employed to determine the most rep-
resentative features for reverberation evaluation. Approach 1
uses a full-dimensional ANN and nullifies one input feature
at a time. Approach 2 considers several reduced-order ANNSs,
each one ignoring one input feature at a time. Approach 3 is
based on standard principal component analysis (PCA) [19].
In all three approaches, feature importance was evaluated
according to the decrease on the correlation factor between
resulting scores and reference grades in each case: A more
significant decrease indicates greater feature importance.

Approach 1 indicated the importance sequence (from the
most to the least important feature):

RSV Ts0,Eq/E,,d,Cs0,CT ITDG, D50, E,V(V3), (16)
whereas Approach 2 yielded the sequence
ITDG,Cs0,Ea/ Er,d,V (V3),CT,E,RSV,Ts0,D50.  (17)

Both approaches coincided in having the direct-to-reverberant
energy ratio and the distance source-to-microphone among
the four most important measures but they generate sort of
contradictory results with respect to other features and to
Table III.

Applying Approach 3, the accumulated eigenvalues of
the whole training data covariance matrix is given by
[98, 99,100, 100, 100, 100, 100, 100, 100, 100], which means
that only 3 coordinates should contain all information provided
by the full 10-dimensional data representation.

Table IV includes the statistical correlation between the
ANN results and the subjective scores provided for both
databases. The ANN setups included the full 10-dimensional
case and the results from all three approaches to the 4-, 3-,
and 2-dimensional cases.

TABLE IV
STATISTICAL CORRELATION (%) BETWEEN ANN OUTPUTS AND
SUBJECTIVE SCORES FOR THE TRAINING AND TEST DATABASES.

Input Dimension [| Training [ Test

10 93 75
4 (Approach 1) 92 81
4 (Approach 2) 47 52
4 (Approach 3) 88 85
3 (Approach 1) 92 85
3 (Approach 2) 46 47
3 (Approach 3) 84 85
2 (Approach 1) 89 87
2 (Approach 2) 35 05
2 (Approach 3) 31 15

From Table IV, the lowest ANN dimension that sustained a
high correlation factor was 3, as predicted by the PCA method.
In this case, Approach 1 yielded 92% for the training database,
employing features RSV, T4, and E,/E,, as indicated in
Eq. (16). Comparing these results with the ones in Table IV,
it can be observed that Tgy alone could not deal with the
problem of estimating reverberation quality, justifying the use



of an ANN to combine several features for this purpose.
By reducing the ANN input dimension from 10 to 3, non-
essential information is discarded, causing the correlation
increase observed in the testing stage.

The training stage for the 3-dimensional input ANN, as
determined by Approach 1, comprised 11 epochs and yielded
a final mean squared error (MSE) between resulting and ref-
erence scores equal to MSE=0.0637, as depicted in Figure 3.
The test scores for this ANN setup are seen in Figure 4, whose
irregular behavior is also observed in standard methods such
as PESQ [20]. Proposed ANN system compares favorably well
with state-of-the-art method which achieves 80% correlation
with subjective scores provided for the MARDY database [21].
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Fig. 3. ANN training performance for 3-dimensional input determined by

Approach 1 reaching MSE=0.0637.
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Fig. 4. Subjective (solid line) and estimated (dashed line) scores for test
database using 3-dimensional input determined by Approach 1 achieving 85%
correlation factor.

IV. CONCLUSION

This work addressed the estimation of the perceived rever-
beration effect using several characteristics extracted from the
associated RIR. For this matter, a set of 10 features were
analyzed individually and in combination through an ANN.
Several experiments comprising artificial and real reverber-
ation effects indicated that the ANN could efficiently map
the input features onto a reverberation MOS-like scale. Input
relevance tests indicated reverberation time, room spectral

variance and direct-to-reverberant energy ratio as the three
main features for reverberation assessment.
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