
Citation: Chen, M.; Lee, C.-M. The

Optimal Determination of the

Truncation Time of Non-Exponential

Sound Decays. Buildings 2022, 12, 697.

https://doi.org/10.3390/

buildings12050697

Academic Editors: J. Ramis-Soriano

and Pedro Poveda-Martínez

Received: 23 April 2022

Accepted: 20 May 2022

Published: 23 May 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

buildings

Article

The Optimal Determination of the Truncation Time of
Non-Exponential Sound Decays
Min Chen and Chang-Myung Lee *

Department of Mechanical and Automotive Engineering, University of Ulsan, 93 Daehak–ro, Nam–Gu,
Ulsan 44610, Korea; crystalboniu@gmail.com
* Correspondence: cmlee@ulsan.ac.kr

Abstract: The noise effects in the room impulse response (RIR) make the decay range of the integrated
impulse response insufficient for reliable determination of reverberation time (RT). One of the
preferred techniques to minimize noise effects is based on noise subtraction, RIR truncation, and
correction for the truncation. The success of RT estimation through the method depends critically on
the accurate estimation of the truncation time (TT). However, noise fluctuation and RIR irregularities
can lead to discrepancies in the determined TT from the optimal value. The general goal of this
paper is to improve RT estimates. An iterative procedure based on a non-exponential decay model
consisting of a double-slope decay term and a noise term is presented to estimate the TT accurately.
The model parameters are generated until the iterative procedure converges to a minimum difference
between the energy decay curve (EDC) generated by the model and the Schroeder decay function.
The decay rates of the EDCs with added pink noise levels are compared to those of the EDCs with low
background noise. In addition, the detected TTs and the corresponding RTs are compared with the
existing method and the noise compensation method (subtraction–truncation–correction method).

Keywords: reverberation time; non-exponential decay; truncation time

1. Introduction

The reverberation time (RT) is the most representative and physically important
parameter related to the average properties of a room [1–3]. Hence, it is essential for
predicting speech intelligibility [4,5]. The well-known and widely used method to calculate
RT is determined by the energy decay curve (EDC) generated by Schroeder’s method [6].
However, the ambient and equipment noise is always present in environments, occurring
in the room impulse response (RIR) during measurements [7]. The noise may lead to
a characteristic curvature in the EDC [8,9]. Therefore, the dynamic range of the EDC is
insufficient for the reliable determination of RT. To overcome the problem, studies and
achievements were proposed to mitigate insufficient dynamic ranges in the Schroeder
decay functions [10–15]. The typical research emphasized truncating the RIR at a time point
to generate noise-free decay curves [12,13]. Although various times can be used for RIR
truncation, only the time where the main decay slope intersects with the noise floor level
representing the optimal truncation time (TT) gives the correct decay slope and RT [14,15].
The relative error of the RT of the measured RIR will be greater than 5% when the deviation
of the TT from the optimal TT is larger than 10% [16].

Precise determination of TT is difficult in practice. According to the research [16], the
TT can be manually determined by a simple method of an intersection of the main decay
slope and the noise floor level. However, the non-exponential decay and the characteristic
curvature in the EDC make the decay slope dependent on the ER [8,15], as seen in the decay
slope (black dotted curve) in Figure 1. Observing Figure 1a, when the measured RIR has
high initial peaks, the corresponding EDC presents a non-exponential decay behavior. The
decay slope estimated in the ER, ranging from the beginning of the RIR to a certain point
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some dBs above the assumed noise level, is decreased, resulting in a smaller value of the
preliminary TT than the optimal TT. In order to reduce the influence of the non-exponential
decay of the EDC on the decay slope estimation, the ER can be manually adjusted using an
additional slope margin (SM) and a noise margin [15]. In the case presented in Figure 1b,
the influence of the initial peak of the RIR on the decay slope is decreased, causing the
generated final TT close to the optimal TT.

Buildings 2022, 12, x FOR PEER REVIEW 2 of 16 
 

RIR has high initial peaks, the corresponding EDC presents a non-exponential decay be-
havior. The decay slope estimated in the ER, ranging from the beginning of the RIR to a 
certain point some dBs above the assumed noise level, is decreased, resulting in a smaller 
value of the preliminary TT than the optimal TT. In order to reduce the influence of the 
non-exponential decay of the EDC on the decay slope estimation, the ER can be manually 
adjusted using an additional slope margin (SM) and a noise margin [15]. In the case pre-
sented in Figure 1b, the influence of the initial peak of the RIR on the decay slope is de-
creased, causing the generated final TT close to the optimal TT. 

   

(a)                  (b) 

Figure 1. Detection of TT dependent on the ER: (a) the preliminary TT generated from the estimated 
ER; (b) the final TT generates from the ER with a selection slope margin and noise margin. 

Despite the optimal TT detected, the characteristic curvature in the EDC results in an 
error in the RT determination. In this case, the PNR, depending on the final TT, prescribes 
a maximum decay range for the measurement of T30. However, the relative error of the 
T30 estimated in the decay range of the EDC is over 20%. It has been illustrated that with-
out noise compensation, the relative error of the RT is approximately 16% or even larger 
[14,17]. That is why one must pay special attention to the noise compensation since the 
decay curve can be automatically limited to its reliable dynamic range according to the 
actual SNR [14]. However, the truncation effects in the EDC are approaching minus infin-
ity at the TT, causing a severe underestimation of the RT for low SNR. The error of RT 
determination caused by improper truncation depends on the TT displacement. Thus, 
Lundeby et al. [10] proposed a correction term to prevent the effects. The correction part 
assumes an exponential decay, which should be the same as the decay slope of the esti-
mation range (ER) ranging from the TT to a certain point [9,10]. However, this range has 
been influenced by noise since the signal and noise energy are equal at the TT. Further-
more, the fluctuation in the noise tail of the RIR or different segment size may cause dif-
ferent estimations of the mean-square values of the noise levels, complicating the ERs de-
termination. Considering the decay slope depends on the ER, the error will cause the TT 
to deviate from the optimal value. 

In order to counteract the noise estimation influence in TT detection, techniques 
based on the energy–time curve analysis of the signal envelope are proposed since the 
noise level can be found and explicitly estimated [17,18]. A nonlinear decay model that 
consists of an exponential decay plus noise is fitted to energy–time functions of the meas-
ured RIR by applying the least-squares (LS) optimization to automatedly determine the 
TT [8,19]. Nevertheless, the model still leaves some uncertainty in the measured RIR with 
non-exponential decay. The deviation of the detected TT from the optimal value can also 
be large when the measured RIR has double-slope decay behavior [8,18]. In order to im-
prove the ability of TT detection in more complex cases, the nonlinear decay model ex-
pressed in multiple-slope decay terms in terms of the Bayesian analysis may be more 
suited to describe the Schroeder decay functions in practicality [20,21]. Besides these 

Le
ve

l (
dB

)

Le
ve

l (
dB

)

Figure 1. Detection of TT dependent on the ER: (a) the preliminary TT generated from the estimated
ER; (b) the final TT generates from the ER with a selection slope margin and noise margin.

Despite the optimal TT detected, the characteristic curvature in the EDC results in an
error in the RT determination. In this case, the PNR, depending on the final TT, prescribes a
maximum decay range for the measurement of T30. However, the relative error of the T30
estimated in the decay range of the EDC is over 20%. It has been illustrated that without
noise compensation, the relative error of the RT is approximately 16% or even larger [14,17].
That is why one must pay special attention to the noise compensation since the decay curve
can be automatically limited to its reliable dynamic range according to the actual SNR [14].
However, the truncation effects in the EDC are approaching minus infinity at the TT, causing
a severe underestimation of the RT for low SNR. The error of RT determination caused by
improper truncation depends on the TT displacement. Thus, Lundeby et al. [10] proposed
a correction term to prevent the effects. The correction part assumes an exponential decay,
which should be the same as the decay slope of the estimation range (ER) ranging from
the TT to a certain point [9,10]. However, this range has been influenced by noise since the
signal and noise energy are equal at the TT. Furthermore, the fluctuation in the noise tail
of the RIR or different segment size may cause different estimations of the mean-square
values of the noise levels, complicating the ERs determination. Considering the decay slope
depends on the ER, the error will cause the TT to deviate from the optimal value.

In order to counteract the noise estimation influence in TT detection, techniques based
on the energy–time curve analysis of the signal envelope are proposed since the noise level
can be found and explicitly estimated [17,18]. A nonlinear decay model that consists of
an exponential decay plus noise is fitted to energy–time functions of the measured RIR
by applying the least-squares (LS) optimization to automatedly determine the TT [8,19].
Nevertheless, the model still leaves some uncertainty in the measured RIR with non-
exponential decay. The deviation of the detected TT from the optimal value can also be
large when the measured RIR has double-slope decay behavior [8,18]. In order to improve
the ability of TT detection in more complex cases, the nonlinear decay model expressed
in multiple-slope decay terms in terms of the Bayesian analysis may be more suited to
describe the Schroeder decay functions in practicality [20,21]. Besides these mathematical
methods, studies based on signal techniques have been developed to de-noising the RIRs
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to improve the dynamic range of the EDC [16,22]. These de-noising procedures rely on the
accurate estimation of the TT.

Considering the high initial peaks and early reflections of measured RIRs, a noise
compensation procedure is combined with a nonlinear regression model with multiple-
slope decay terms and a noise term to decrease the RIR irregularities and noise uncertainty
in the TT determination. The model parameters, including the noise level LN and start level
LIRj, automatically define the ER related to the TT. The procedure automatically estimates
the model parameters by iteratively minimizing the difference between the EDC of the
model and the EDC generated from the RIR given in Section 4. The iterative process leads to
convergence to the minimum value by LS optimization estimation of initial parameters after
only a few iterations. The investigation is carried out on the measured RIRs with artificial
and natural ambient noise. In addition, the proposed procedure for determining the TT
and the corresponding RT of measured RIRs is compared with the compensation method.

2. Procedure for Detection of TT
2.1. Nonlienar Regression Model

According to the studies [17,23], the mean-square value of the background noise can
be explicitly found and estimated by using a nonlinear regression model. The parameters
in the model, including the initial level, noise level, and decay slope can be calculated
through LS optimization by fitting the nonlinear decay model to the logarithmic decays of
the measured RIRs. The nonlinear decay model consisting of a single exponential decay
and stationary noise is proposed to produce a smooth decay envelope to decrease the RIR
fluctuation as [8]:

fm(xc,tk) = d(tk) + n = xie−λtk + xn, tl ≤ tk ≤ tK (1)

The parameters xi, xn, and λ represent the initial level, the average noise level, and
the exponential decay slope, respectively. The envelopes consist of exponential decay and
noise, denoted by d(tk) and n. The n is constant since the model is related to the stationary
background noise in the RIR. The time limits, tl and tK, are the lower and the upper limits
of the backward integration, respectively. The TT (denoted by tk) derives from the model,
which can be estimated from the parameters,

xie−λtk = xn => tk = −ln
xn

xi
/λ (2)

The procedure shows that the influence of the fluctuations on the TT determination is
almost eliminated. The errors of the model parameters in Equation (1) are minimized by
using the LS difference fitting to the integrated model and the EDC of the RIR. However,
this model failed to describe the RIR with a non-exponential decay slope, and it led to an
estimation error on parameter xi, causing a significant deviation of the detected TT [19,24].

Figure 2 presents the comparison results of the TT detected from the two measured
RIR with exponential decay and non-exponential decay between the reference TT. The
RIRs measured from rooms B and C (as described in Section 3) are used as inputs in the
LS optimization, yielding the model parameters to form the logarithmic decay curves and
the corresponding normalized EDCs in terms of the Schroeder decay function. As shown
in Figure 2a, the model generates a smooth and a monotone-decreasing decay curve that
is well-suited to describe the reference EDC of the measured RIR with truly exponential
decay. The decay slope and the noise level are detected more accurately, resulting in a
slight deviation between the TT and the reference TT. The relative error of the RTs is
approximately 1.6%. However, the EDC resulting from this model fails to describe the
reference EDC of the measured RIR with a high initial peak, as shown in Figure 2b. The
model causes a shift of the decay curve, leading to a relatively large deviation of the TT. In
this case, the relative error of the RTs is up to 8.7%.
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Figure 2. Logarithmic decay curves (black dotted line) and Schroeder decay curve (blue dotted
line) generated from the model (Equation (1)) after applying LS optimization together with the
comparison between the reference TT and TT of the model and decay term: (a) Decay curves of the
measured RIR (room C) with exponential decay; (b) Decay curves of the measured RIR (room B) with
non-exponential decay.

2.2. Non-Exponential Decay Model on TT Detection

The nonlinear decay model of Equation (1), consisting of a single exponential de-
cay and stationary noise in detecting TT, was briefly described. Considering the non-
exponential decay behavior of measured RIRs, a solution using non-single-exponential
decay model could enable a specific envelope closer to the real one. The single decay term
in Equation (1) is considered to extend it to multiple-slope decays to generate a logarithmic
envelope of the energy–time functions (RIR expressed in dB), with a non-exponential decay
in terms of [17] is expressed as,

y(t) =
s

∑
j=1

10
LIRj

10 e−λjtk + 10
LN
10 , tl ≤ tk ≤ tK (3)

The subscript s in the model in Equation (3) is the decay order, denoting the decay
model contains s different exponential decay terms with s different decay times. Where
LN = 10 log10 x2

n is the background noise in dB-scale, LIRj = 10 log10 x2
i is the maximum

RMS level in dB-scale.
According to reference [25,26], to define LIRj, the backward integration method is as

beneficial as it has already proven to be for the accurate determination of the decay slope.
The LIRj, determining the initial level of the xi, is defined as the level of the total impulse
response energy normalized to the RT expressed as

LIRj = S(0) + 10 ∗ log10

(
6ln10
RTj

)
, (4)

and

S(0) = 10 ∗ log10
( RTj

6ln10
h2

0

)
(5)
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Here, h0 is the maximum impulse response value, and RTj corresponds to each decay
term of the λj. Based on the TT detection function of Equation (2), replacing the xi and xn
by the LIRj (Equation (4)) and LN, the TTk for j-th decay terms can be expressed as

S

∑
j=1

10
LIRj

10 e−λjtk = 10
LN
10 => tk = −

ln10
LN−LIRj

10
λj

(6)

Even though this procedure can be applied to a virtually unlimited number of slopes,
this paper only analyzes the measured RIRs with double-slope decays. The symbol TT2 is
the TT corresponding to the main decay slope λ2 and TT1 represents the bending point of
the two decay terms [19]. The amplitude parameters (LIR1, LIR2) and decay slopes (λ1,
λ2) are mutually dependent. The displacement of TT from the optimum is demonstrated
through the determination of RT, using the noise compensation mentioned in Figure 1.
Considering the difficulties of manual adjustment operation in TT, the model Equation (3)
incorporated in the noise compensation method [10] is conducted to automated determine
the ER by the model parameters LIR2 and LN. The parameters are iteratively achieved by
minimizing the deviation between the decay levels of the EDC at the TT of the measured
RIRs and the backward integrated non-exponential decay model Equation (3) in terms of
the Schroeder decay model [18,27],

H
(

LIRj, λj
)
= LN(tK − tk) + LIR1(e−λ1tk − e−λ1tK ) + LIR2(e−λ2tk − e−λ2tK ), tl ≤ tk ≤ tK (7)

Because the parameters in the model are unknown at the beginning of the iteration,
the model parameters in Equation (7) are initially calculated using the LS optimization to
fit the model to the Schroeder-integrated energy-time curve, ysch(t) given by [8,23]:

minxi ,xn ,λ

tK

∑
tl

{
ysch(tk)−

(
LN(tK − tk) + LIR1(e−λ1tk − e−λ1tK ) + LIR2(e−λ2tk − e−λ2tK

)
)
} 2

(8)

The LS optimization is realized using the MATLAB function (fminsearch) [24]. The
LS optimization can also be realized using the MATLAB function (lscurvefit) [8]. The
results of the parameters are applied in Equation (6) to form an EDC and to estimate the
TT. The absolute value between the decay level of the logarithmic backward integrated
model and the logarithmic backward integrated measured RIR is calculated. The iterative
procedures will lead to convergence to the local minimum after only a few iterations [10].
When the absolute value exceeds approximately 0.5 dB [19], the iteration stops. The decay
level difference between the decay level of the TT of the model and the measured RIR is
applied to redefine the end level of the ER. The optimal TT is detected when the difference
approaches zero or meets an acceptable threshold. The procedures are analyzed in detail in
Section 4.2.

3. Implementation and Experimentation

The investigation in this paper was carried out using real measured RIRs to analyze
and to confirm the performance and the feasibility of the proposed procedure for TT
detection and RT estimation. The premise is that the parameters in the model can fully
describe the backward integrated decay curve of a measured RIR. The measured RIRs are
achieved from rooms with three different structures, which shows that the approach can
work in rooms with various acoustic features. The proposed procedure fits the model to the
EDC of the noisy RIRs, and it verifies the accuracy of the obtained TTs and RTs. The results
are compared with the noise compensation method with noise subtraction, RIR truncation,
and correction for the truncation [14,17]. The RT is calculated from the decay slope of the
regression line over the decay range of the generated EDCs. The decay range starts at
−5 dB to the decay level of the optimal TT2, which is the case throughout the paper [9].
The process was developed in MATLAB for the calculation and optimal TT determination
of the model parameters.
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Artificial pink noise at different levels (from −60 dB to −40 dB in −5 dB steps) was
added to the RIRs to produce various dynamic ranges and SNRs. The reason for using
these RIRs is that the structures of the three rooms are different, and the background noise
is low enough to add artificial noise. In addition, the acoustic parameters obtained from
low background noise are more accurate than those with high background noise, enabling
reliable evaluation. The meeting room (Room A) is a lecture theatre with approximate
dimensions of 16.5 × 4.35 × 9.95 m3 and 130 seats. The room is equipped with perforated
plates, mineral–wool sound-absorbing board, and a marble floor. Although it is a single
large room, the various absorption materials and specific structures produce a measured
RIR with a strong direct sound. The generated decay curve is a non-exponential decay with
double decay terms. The laboratory (Room B) is a simple room with a main rectangular
volume with dimensions of 12 × 10 × 3.8 m3. The measured RIRs have double decay terms.
The third room (Room C) is a common single classroom of approximately 12 × 9 × 3.2 m3.
The measured RIR has a single-slope decay term. The design of the experiments follows
the ISO 3382-1:2009 [9] to evaluate the reference RTs for three rooms. Four positions were
used to measure the RIRs in the meeting room and laboratory, and three positions were
used in the classroom, yielding fifty-one conditions to verify the model.

4. Analysis of the Proposed Procedure

Important factors in TT determination of the iterative procedure include the character-
istics of RIR and the parameters that define the ER. In order to mitigate the effects of chang-
ing time iterative on the ER, the iterative procedure based on the model in Equation (7)
is applied in an automated way that can fully estimate the ER related to the optimal TT.
The model parameter of LN and LIR2 respectively define the end and the start level of ER.
Since the optimal TT gives a small fitting error between the decay levels of the EDCs of
the measured RIRs and Equation (7), the model parameters are expected to well-describes
the reference EDC of measured RIR. That is, the smaller the shift of the EDC, the more
accurate the estimated model parameters, leading to the TT calculated by Equation (6)
being close to the optimum. The RIRs measured in the meeting room with the added pink
noise level at −50 dB, filtered in the octave band at 1 kHz, are used to present the proposed
procedure. Since the actual TT is unknown in the measured RIR, the TT corresponding
to the minimum deviation of the resulting truncated EDC with the reference decay curve
is taken as the reference value. In addition, the analysis is based on generating the EDC
of the model and the truncated EDCs of the noise compensation method, observing the
deviations of these curves from the references.

4.1. Effects of Iterative Procedure on ER Defining

A number of studies focus on the implication of the noise compensation method
in detecting TT since the ER of the decay slope can be automatically estimated in every
step of the iteration [10,11]. The decay slope is initially estimated in the ER using linear
regression between the time interval containing the response of 0-dB peak and the first
interval 5–10 dB above the background noise level. A preliminary TT is determined at
the intersection of the decay slope and the background noise level. A new time interval
length is calculated based on the decay slope in the previous step, and it defines a new ER
for decay slope estimation. The TT is generated until the iterative procedure is found to
converge (maximum five iterations) [10].

Regarding the truncation process, the optimal TT represents the minimum deviation
of the resulting truncated EDC with the reference decay curve, which gives the correct
decay slope and RT. Figure 3 presents the truncated EDCs resulting from noise subtraction,
RIR truncation at the detected TT, correction term calculated by the TT, and decay slopes
of different ER. In the case of an end level of −50 dB given in Figure 3a, the change of the
start level of the ER affects the decay slope of the decay curves, causing them to deviate
from the reference EDC, thus leading to different TT values. Observing Figure 3c, the closer
the start of the ER to the beginning of the RIR, the smaller the detected TT value, leading
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to a characteristic drop of the EDC tail (green curve). On the other hand, the different
pre-setting interval lengths lead to the variable end levels of the ER values (see the green
decay curve in Figure 3c). With a fixed start level of the ER, the deviation between the
TT and the reference TT increases, with the end level of the ER increasing. In this case,
the maximum deviation of the TT is detected when the end of the ER approaches to the
estimated mean noise level of −52 dB. The deviation is up to about 10 dB when the last
7 dB is used, as seen in the blue decay curve given in Figure 3b, which is the reason for
leaving a safety margin of 5–10 dB above the level corresponding to the TT [9,10].
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Figure 3. Truncated EDCs and corresponding TT generated from the noise compensation method:
(a) Reference EDC and the truncated EDCs result from the noise compensation method using different
RIR ERs. (b) Deviation of the truncated EDC with different ERs given in (a) from the reference EDC.
(c) TT was detected from the noise compensation method by using various RIR ERs.

Nevertheless, because the signal and the noise energy are equal at the TT, a deviation
of the decay curve also appears even if the RIR is truncated at the actual TT. Figure 3a shows
the minimum deviation of the decay curve detected by setting the ER of approximately
15 dB in the case of the end level is −50 dB. To obtain the correct value of RT, it may be
possible to exclude the last changed part of the truncated EDC. In most cases, an optimal TT
is where the deviation is within 0.5 dB by shifting the TT toward the beginning RIR [16]. This
is an expected value, because the contributions of the decay and noise are approximately
the same at this time point. The optimal TT resulting in a maximum dynamic range is
obtained by using a safety margin of 5 dB [8]. The relative error of the T30 estimated in the
truncated EDC above the optimal TT is reduced to 2.1%. Unfortunately, the deviations for
the EDCs resulting from the ER of 42 dB and 5 dB are still large, approximately 1.7 dB and
0.9 dB, when using a safety margin of 5 dB. The optimal values of the safety margin for the
two cases are about 8 dB and 10 dB. In real measured noisy RIR, it is difficult to determine
the safety margin because there is no reference EDC for comparison. The applied safety
margin is crucial for the TT determination and the corresponding decay slope estimation.

The pre-setting time interval may lead to variable start and end levels of ER values,
especially when the RIR has non-exponential decays. The values will complicate the
procedures of TT determination and decay slope estimation. Hence, an automatic algorithm
defining the ER for the iterative procedure insensitive to noise level and the irregularities
of the RIR is preferable. Furthermore, a strategy to make the truncated EDC above the TT
close to the noise-free decay curves is expected.

4.2. Proposed Procedure on TT Detetecting

Unlike the first step of the method presented in Section 4.1, the ER of the decay slope
and the noise level is unknown at the beginning of the iterative procedure. In the first step
of the proposed procedure, the LS optimization fitting the logarithmic backward-integrated
model (Equation (3)) to the logarithmic backward-integrated measured RIR provides the
initial model parameters. The parameters are applied in Equation (7) and Equation (6) to
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form an EDC (gray dotted line) and to calculate the initial TT1 and TT2, of approximately
0.026 s and 0.253 s, as shown in Figure 4a. It can be noted that the fluctuation of the RIR
causes the decay curve to deviate from the reference EDC. Moreover, the fluctuation leads
the TT1 and the TT2 to shift from the optimal value of the TT1 and the TT2. In this case,
the decay level difference at TT1 between the EDC of the model and the reference EDC is
1.1 dB. The estimated error of the λ1 is approximately 1.43%. The LIR1 at the TT1 moves
down with the level difference to obtain a new one. A new ER from the start RIR to the
LIR1 is obtained to calculate the λ1. The decay level difference at the TT2 is up to 2.3 dB.
In this case, the decay level difference is implemented to shift the initial LN upward to
re-define the end level of the ER. The LIR2 at the initial TT2 is calculated from the initial λ2
using Equation (4). Thus, the new ER is approximately 28.3 dB as calculated by the LIR2
and the new LN.
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Figure 4. Comparison of the reference EDC and the EDC obtained from the model given in Equa-
tion (7) and corresponding TT1 and TT2 estimated in Equation (6) by implementing the proposed
procedure in each step: (a) The EDC (gray dotted line) generated from the model by using the LS
optimization together with the TT1 and TT2 (b,c) The EDC (gray dotted line) generated from the
model by using the parameters from the previous step of the iterative procedure together with the TT1

and TT2. (d) comparison of the EDC truncated at the TT2 obtained from (c) and the EDC truncated at
the TT given in Section 4.1.
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The ER is applied to the iterative procedure to generate a new TT1 and a new TT2,
and the truncated EDC (blue curve) presented in Figure 4b. The deviation between the
detected values and the optimal is decreased. A new λ2 is estimated by performing a
linear regression of the generated truncated EDC in the range from TT1 to TT2, yielding a
new LIR2. Implementing those parameters to the model, the newly generated EDC (gray
dotted curves) concurs well with the reference EDCs at TT1, but it shifts from the noisy
EDC at the TT2, as presented in Figure 4b. The decay level difference at TT1 is reduced
to approximately 0.09 dB, but the difference at TT2 is increased to 4 dB. Observing the
LN at the logarithmic energy–time curve (black dotted curve) formed from Equation (3),
the value has been influenced by the noise, resulting in a large value of TT2. Because the
difference at the TT2 is larger than the set absolute value of convergence, approximately
0.5 dB [8,16], the iterative procedure continues as in the previous step.

Finally, the optimal result of the TT2 is obtained from the ER of 25.2 dB after four
step iterations. The decay curve formed from the model parameters concurs well with the
reference EDC presented in Figure 4c. The EDC of the model shows a slight deviation from
the reference EDC after 1.4 s. It can be noticed from the ER of the logarithmic energy–time
curve that the noise level and the high initial peaks of the RIR have been excluded from
the range. Hence, the TT2 resulting from the ER and the decay slope is close to the optimal
TT generated by the method in Section 4.1. The deviation of the decay curve at the TT2 is
approximately 0.08 dB, making the relative error of the estimated λ2 0.3%.

The comparison of the truncated EDCs of the reference method and the proposed
procedure is presented in Figure 4d. The truncated EDC generated from the ER shown in
Figure 4c,d is identical to the NL EDC above the optimal TT. Section 4.1 has illustrated
the complexity of detecting the optimal TT of the reference method. The decay level at the
TT is shifted upward to obtain the optimal TT using the safety margin of approximately
5 dB. Nevertheless, the deviation in TT can be automatically excluded from the proposed
procedure without applying the safety margin. The deviation at the TT2 between the
truncated EDC and the NL EDC is only 0.22 dB, leading to a slight increase in the dynamic
range. The decay level of the TT2 extended to −31 dB. In all the observed cases, the
proposed procedure provides a fully automated way to filter out the influence of the
random fluctuations and high initial peaks of the RIR on the TT determination.

5. Comparison with Proposed Procedure from Literature
5.1. TT Detection for RIRs with Added Noise

Section 4 presented that the proposed procedure iteratively determines an optimal
TT with the model parameters when the non-exponential decay model (Equation (7))
well-describes the Schroeder decay function. Hence, the EDCs formed by the model are
considered as a visual inspection to verify the efficiency of the iterative procedure in
estimating the parameters in the model (Equation (7)) and TT function (Equation (3)).
The measured RIRs are filtered in octave bands with pink noise ranging from −60 dB
to −40 dB, which was used to verify the proposed procedure with the non-exponential
decay model. The measured EDCs were generated from the RIRs measured at midnight
with a low ambient noise level of approximately −66.5 dB. Table 1 presents the model
parameters for modeling the EDCs. The decay times (DT) are the decay slope (−13.8/λ2)
in the mode [27,28]. The E1 is the decay level of the EDC at the TT1. The parameters ∆E1
and ∆E2 are the decay level differences between the EDC of the model and the reference
EDC at the TT1 and TT2, respectively. The corresponding NL EDC was produced using the
reference noise compensation method, which is taken as a standard to verify the proposed
procedure’s effectiveness. In the case of the reference method, the optimal TT values are
obtained using safety margins 0–5 dB above the estimated LN. The safety margins are
calculated at the time point when the decay level difference between the truncated EDC
and the NL EDC is approximately 0.5 dB.
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Table 1. Comparison of DT and TTs between the measured RIRs with added pink noise.

Frequency 1000 Hz 500 Hz

SNR DT(s) TT2(ms) TT1(ms) E1(dB) ∆E2
(dB)

∆E1
dB)

DT
(s)

TT2
(ms)

TT1
(ms)

E1
(dB)

∆E2
(dB)

∆E1
(dB)

30 0.757 498 16.41 −4.88 0.01 0.08 0.747 515 23.6 −5.379 0.06 0.06
25 0.755 444 16.33 −4.82 0.02 0.06 0.743 469 23.6 −5.379 0.05 0.08
20 0.753 390 16.3 −4.79 0.06 −0.07 0.747 408 23.0 −5.326 0 0.08
15 0.757 320 15.94 −4.348 0 −0.03 0.748 332 21.9 −5.2 −0.07 −0.02
10 0.755 265 14.9 −3.79 −0.06 −0.04 0.751 272 20.89 −4.93 0.09 −0.04

Figure 5 presents the EDCs resulting from the double-slopes decays model with the
parameters generated after the proposed procedure, which agree well with the reference
EDCs of the measured RIRs at 1000 Hz and 500 Hz with three different resulting SNRs.
The decay characteristics represented by these three curves are the same. The decay model
curves consist of two exponential decay terms and one noise term. In those EDCs, a rapid
decline occurs on the decay curve above TT1. The model describes that part reasonably well,
leading to minor shifts at TT1. The ∆E1 presented in Table 1 is below 0.1 dB representing
that the TT1 is essential for defining the start point of the decay rate λ2. On the other hand,
the ∆E2 is below 0.1 dB at TT2, causing the relative error of the estimated DT is less than
0.6% at the 1000 Hz octave band and less than 1.1% at the 500 Hz octave band. The noise
term 10log10(LN(tK − tk)) shows a tiny shift from the measured EDC near the end of the
time, which has less influence on the TT2.
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Figure 5. Comparison of the normalized EDCs generated from the proposed procedure with the
non-exponential decay model (Equation (7)) and the measured RIR with added pink noise (−60 dB
to −40 dB) and filtered in the octave band at the 1 kHz (a) and 500 Hz (b) octave bands.

Because the DT estimated from the ER depends on the LIR2 and the LN, the correct
DTs and the small values of the ∆E1 and the ∆E2 proved that the proposed procedure
yields accurate model parameters. Compared to the results presented in Figure 6a,b, the
proposed procedure gives somehow stable values of the LIR2 than those achieved from
the reference method. Observing the model parameters, the LIR2 value for different noise
levels at 1000 Hz is approximately −21.7 dB. When the noise level is less than −40 dB, the
LIR2 values of the two methods are similar and it is approximately −24.3 dB at 500 Hz; a
smaller LIR2 of about −20 dB is given at 500 Hz when the noise level is −40 dB.
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Figure 6. Comparison of the results of the proposed procedure and the reference method with added
pink noise (−60 dB to −40 dB) and band-pass filtering at the 1 kHz and 500 Hz: (a,b) The proposed
procedure gives more stable parameters of LIR2 and LN. (c,d) Comparison of the truncated EDCs of
the proposed procedure using the parameters in (a,b) from the reference NL EDC with the TT2 and €
(e,f) Comparison of the truncated EDCs of the reference procedure using the parameters in (a,b) from
the reference NL EDC with the TT2 and TTopimal .
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Figure 6c,f presents the deviations of the truncated EDC of the proposed procedure
and the reference method from the NL EDC. Figure 6e,f shows that in most cases, the
reference method gives somewhat larger values of the TT than the TT2 of the proposed
procedure. The truncated EDCs of the reference method have a certain deviation from
the NL EDC between the detected TT and the optimal TT. The maximum deviation is
approximately 2.4 dB, causing the relative error of the RT to be up to 8.4%. Section 4.1
illustrated that the deviation of the detected TT could be decreased by applying the correct
safety margins.

Observing Figure 6c,d, the EDCs resulting from the proposed procedure show no
truncation errors anymore. The truncated EDCs almost overlap the NL EDC above the
detected TT2. The error caused by the noise is reduced significantly when the noise level is
−45 dB, causing a slight overestimation at 500 Hz. In this case, the maximum deviation
is only 0.4 dB, resulting in the relative estimation error of RT being 2.1%. The slight shifts
of the truncated EDCs from the NL EDC at the TT2 demonstrated that the procedure
based on the double-slope decays model has good robustness to define an appropriate ER
insensitivity to the noise fluctuation and the RIR irregularities.

5.2. TT Detection for Measured RIRs with Natural Ambient Noise

In the preceding sections, the proposed TT detection procedure was verified by its
application on the measured RIRs with added noises that have double-slope decays. In this
part, the proposed approach is applied to RIRs measured in rooms with real ambient noise.
The reference RIRs having a high peak of the direct sound is measured with noise levels
of −66.6 dB for room A and −56 dB for room B, and the noisy RIRs have noise levels of
−50 dB and −46 dB, respectively. Figure 7 presents visual inspections of the EDCs fitting
effects of the measured RIRs filtered in the octave bands generated from the model and the
measured data. In the measured RIRs, the actual TT2 is generally unknown for noisy RIRs.
Therefore, the analysis is to detect the TT2 using the proposed procedure, generating the
truncated EDCs of the noisy RIRs filtered in the octave bands, and observing the deviations
of these curves from the TToptimal . The reference TToptimal is obtained from the truncated
EDCs of the reference RIRs using the reference method. The proposed procedure commonly
used in practice is compared with the reference method introduced in Section 4.1. The TT
is obtained from the truncated EDCs of the noisy RIRs by using the reference method. A
detailed comparison of the RTs estimated at the TT2 and the TT between the truncated
EDCs and the NL EDC proves that the process is effective in practical applications.

Figure 7 presents the modeling of the EDCs generated for the measured RIRs filtered
at 250 Hz, 1 kHz, and 4 kHz. The proposed procedure provides accurate parameters of
the double-slope decays, and the ER of the start level and a noise level fully describe the
EDCs of the measured data. The resulting logarithmic EDCs are almost identical to the
measured EDCs. Table 2 presents the similar results of the DTs calculated from the RIRs
with two different noise levels. The maximum relative difference of DT for room B was
0.26% at 1000 Hz. The maximum relative difference in the DT for room A was 2.19% at
125 Hz. The decay level differences of the EDCs between the proposed procedure and
the measured EDC are relatively small above TT2, with a maximum deviation of about
0.13 dB. Compared with RIRs with real ambient noise, the RIR with added pink noise
shows slightly better fitting effects. The parameters in the model further define the ER of
the noise compensation method to generate truncated EDCs (red dotted line) at the TT2.
Figure 7 shows that the second decay terms (gray dotted line) represent the decay slope λ2
of the EDC. The curves attach well with the truncated EDCs (red dotted lines).
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Figure 7. The normalized EDCs of the two measured RIRs having double-slope decays with ambient
noise levels (−46 dB to −50 dB) filtered in the octave band at the 250 Hz, 1 kHz and 500 Hz, which
generated from Equation (7), as well as the comparison of the corresponding TT2 to TToptimal of the
RIR with ambient noise levels (−56 dB to −66.6 dB).

Table 2. Comparison of DTs between the measured RIRs with two noise levels.

Octave band
(Hz)

DT
(s)

Room B Meeting Room A

−60 dB −46 dB −66.6 dB −50 dB

125 DT 1.465 1.468 0.744 0.728
250 DT 1.422 1.421 0.703 0.697
500 DT 1.5 1.498 0.765 0.77

1000 DT 1.527 1.531 0.762 0.776
2000 DT 1.556 1.564 0.69 0.71
4000 DT 1.422 1.423 0.613 0.616

The TToptimal and the RT of the reference method are taken as the reference results. As
illustrated in Section 4.2, a certain deviation also appears at the truncated EDCs even if
the RIR truncates at the actual TT. The deviations lead to the values in most octave bands
shown in Figure 8a,b is larger than the TT2. By comparing the RTs estimated from the
truncated EDCs of the reference method at the TT to the RTs calculated from the NL EDC,
the reference method leads to somewhat larger errors shown in Figure 8c,d. The relative
errors of the estimated RTs are given in Figure 8e,f. The maximum relative errors of the
RTs estimated at the TT were 9.62% for room A and 1.79% for room B. The deviations are
approximately 2.9 dB and 0.4 dB.
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Figure 8. Comparison of the proposed procedure and the compensation method for the RIR measured
with ambient noise in two rooms and filtered in octave bands: (a,b) Comparison of the optimal TT of
the NL EDC to the TT2 detected from the proposed method and the TT detected from the reference
method. (c,d) Comparison of the corresponding RTs estimated at the TT2 and the TT located at the
truncated EDCs and NL EDC. (e,f) Relative errors of the RTs.

The proposed method significantly reduces the truncation error, which leads to more
stable results, yielding somewhat minor differences between the detected TT2 and the TT.
The values of the TT2 are typically close to the TToptimal , as shown in Figure 8a,b. The
proposed method leads to similar maximum relative errors of the RTs estimated at the
TT2 compared to the reference results, which were 2.55% for room A and 0.4% for room B.
Compared to the TToptimal , the maximum time difference of the TT is 75 ms while the value
for TT2 is 17 ms. Furthermore, the deviation between the truncated EDC generated from
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the proposed method and the NL EDC at TT2 is relatively small, and it is less than 0.5 dB.
However, the deviation of the TT between the truncated EDC of the reference method and
the NL EDC is up to 1.8 dB. For the octave bands given in Figure 8e,f, the mean absolute
values of the relative errors of RTs estimated at TT are 3.63% for room A and 1.56% for room
B. The mean absolute values of the relative errors of RTs estimated at the TT2 are similar to
that of the reference results. The mean absolute values are approximately 0.81% and 0.11%,
respectively. Compared to the reference method, the proposed method provides a slightly
better iterative procedure than the reference method since the proposed procedure enables
the TT2 close to the optimal TT.

6. Conclusions

This study examines the possibility of combining a non-exponential decay model
with the iterative procedure, which can fully automatically generate the TT2 close to the
optimum. The model is represented by the parameters of double-slope decays, two decay
levels for each decay term, and a stationary noise term. The parameter LIRj directly
defines the start of the ER, and it can be calculated by the decay slope λ2, and the LN. The
parameter LN represents the end level of the ER. The proposed procedure decreases the
influence of the RIR random fluctuations and the non-exponential decay behavior on the
iterative procedure in the ER determination. This process automatically estimates the ER by
iteratively minimizing the difference between the EDC of the model and the EDC generated
from the RIR. The iterative procedure leads to convergence to the minimum value after
several iterations after estimation of initial parameters by an LS optimization.

The process generates accurate parameters for the model, which can fully describe the
EDCs of measured RIRs with double-slope decays and provide a more precise result of TT.
The differences between the decay levels of the EDCs of the model Equation (6) and the
reference RIR are minimized to a value less than 0.1 dB. In this case, the difference of the
detected TT2 is approximately 0.009 s, resulting in the relative error of the corresponding
RT being approximately 0.5%. The validity of the TT2 detected from the measured RIR
with different noise levels was confirmed through analysis and comparison with the often-
applied noise compensation method. The proposed procedure could be applied in a loop to
exclude the influence of the curvature near the noise level and the high initial peaks of the
RIR on the decay rate estimation, thus providing reliable model parameters of LN and LIR2.
The truncated EDC resulting from the parameters show almost no truncation error anymore
or a slight deviation at the TT2, which is less than 0.5 dB in most cases. Compared with the
reference noise compensation method, the proposed method provides a somewhat better
iterative process for defining a TT that is more immune to the characteristic of the RIR.
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