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ABSTRACT

Estimates of speech quality and intelligibility for three university classrooms
of small, medium and large sizes are presented. The quality and intelligibility
of speech were assessed by objective methods using binaural room impulse
responses, measured at 5-6 points of the premises. The measures of speech
quality were log-spectral distortion (LSD), bark spectral distortion (BSD) and
perceptual evaluation of speech quality (PESQ), and the objective measure of
speech intelligibility was the speech transmission index (STI).

Among the quality measures considered, only BSD is shown to be highly
correlated with STl measures for all three classrooms. In this case,
correlation coefficient R varies from minus 0.6 for a small room to minus
0.98 for a large room. The close relationship between PESQ and STI is
observed only in the case of a large classroom (R = 0.96-0.99), and the LSD
measure was found to be uncorrelated with STI for premises of all sizes. The
obtained results can serve as a justification for the use of BSD instead of ST,
and vice versa, in the acoustic examination of classrooms of different sizes.

©2021 Prodeus et al. Published by Avanti Publishers. This is an open access article licensed under the terms of the Creative Commons Attribution
Non-Commercial License which permits unrestricted, non-commercial use, distribution and reproduction in any medium, provided the work is
properly cited. (http://creativecommons.org/licenses/by-nc/4.0/)
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1. Introduction

One of the conditions for obtaining a quality education is the good quality and intelligibility of the teacher's
speech. However, factors such as noise level and its spectrum features, as well as the features of reverberation in
the room, significantly affect the quality and intelligibility of the speaker's speech.

The problem of ensuring good speech intelligibility is especially relevant for students with hearing impairments
[1] and primary school students [2]. As for the researches in the field of room acoustics, it was concluded in [3, 4]
that there are a number of issues that need further development.

Unlike the acoustics of school classrooms and concert facilities, the acoustics of university classrooms are
insufficiently studied. It was suggested in [5] that a possible reason for this situation may be the "intermediate"
position of university premises, the sizes of which is larger than ones for school classrooms, but smaller than the
sizes of concert halls. However, the size of university classrooms can also vary significantly. Classification by the
size of university classrooms was proposed in [6]. According to this classification, there are small, medium and
large size premises, with a volume of less than 350 m3, 350-650 m3 and more than 650 m3, respectively. In [7],
small, medium and large classrooms include premises with a volume of less than 230 m3, 230-350 m3 and more
than 350 m3, respectively.

Estimates of the C50 clarity index and the STI for medium and large classrooms were provided in [8, 9], but
small premises were not considered. In [10], speech intelligibility in small and medium-sized university classrooms
was assessed by both articulation and instrumental methods. However, large size classrooms were not
considered. In addition, the parameters EDT, T30 and C50 were evaluated instead of the STl index.

A possible STl increase to 7-14% near the back wall of the room compared to STI values in the center of the
room was indicated in [11, 12]. However, no link was found between speech intelligibility assessments and
classroom size, and the relationship between STI and objective measures of speech quality was not analyzed. In
[5] these shortcomings have been eliminated partly, but the question of the relationship between STI and
objective quality measures remains unclear, which hinders the understanding of the relationship between quality
and intelligibility of speech in classrooms of different sizes.

The objective of this paper is to establish a statistical relationship between objective measures of speech
quality LSD, BSD and PESQ, on the one hand, and an objective measure of speech intelligibility STI, on the other
hand.

2. Research Organization

The research was performed in three stages:

1) LSD, BSD and PESQ evaluation;
2) STl assessment;

3) calculation of correlation coefficients between LSD, BSD and PESQ, on the one hand, and STI, on the other
hand.

The binaural room impulse responses (BRIR) of small (177 m3), medium (270 m3) and large (370 m3) classrooms
were used for the research. Photos of these rooms are shown in Fig. (1), and their features are given in [5]. The
plans of these rooms and locations of sound sources and artificial heads with a couple of microphones are shown
in Fig. (2).

Classrooms Ne1 and Ne2 are located in the educational building Ne12 of the National Technical University of
Ukraine "Igor Sikorsky Kyiv Polytechnic Institute" (Ukraine). The technology of BRIRs measuring in these
classrooms is described in [5]. A self-manufactured artificial head and audio equipment of non-professional level
quality were used to measure the BRIRs of these rooms. These are the household active speaker Genius SP-HF 2.0
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500 (Taiwan), omnidirectional condenser measuring microphones Superlux ECM-999 (Taiwan), and outside sound
card Superlux ECM-999 Steinberg UR242 (Germany-China). According to 1SO 3382-1 [16], the sound source was
placed at the height of 1.5 m, and microphones were placed at the height of 1.2 m during measuring in all rooms.
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Figure 2: Plans of small (a), medium (b) and large (c) rooms.

BRIRs records for classroom Ne3 were taken from the Aachen Impulse Response Database [13]. The technology
of estimation of these BRIRs is described in [14].

An mis-sequence having the length of 2! samples, which corresponds to the duration of the signal of 1.49 s
with the sampling rate of 44.1 kHz was used for small and middle-size classrooms. A similar mls-sequence was
used for large classrooms, but its duration was 1.36 s because of the sampling rate of 48 kHz. This mls-sequence
was repeated 17 times during radiation. When calculating the BRIRs of premises, the last 16 bursts of the BRIR
score were averaged to increase the signal-noise ratio by 12 dB.

The technology of correction of the frequency response of the measuring path of the artificial head system
developed, proposed in [16], was used. This correction is necessary because the amplitude-frequency response of
the loudspeaker and the microphone are not perfectly uniform in the frequency band of analysis. It was shown in
[16] that such correction can be made by controlled dividing the frequency response of the loudspeaker-room-
microphone system by the previously obtained estimate of the amplitude-frequency response of the loudspeaker-
microphone subsystem. The problem with such calculations is the division operation, because the amplitude-
frequency response of the loudspeaker-microphone subsystem may contain small numerical values. However, it is
clear that if proper control over the amplitude-frequency characteristics of the loudspeaker-microphone
subsystem is ensured, such a division can be practically implemented. Since the amplitude-frequency response of
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the loudspeaker-microphone subsystem takes the smallest values at the edges of the frequency range, and the
variance of the evaluation of the mutual spectrum of the system "loudspeaker-room-microphone" is the largest on
the right edge of the frequency range, it is advisable to apply the method of regularization to achieve necessary
calculation accuracy. The role of the regularizing factor can be played by a spectral weighting window whose
values are close to one at low and medium frequencies, and the values of this window are close to zero with the
approaching to the right edge of the frequency range. The regularization parameter is thus the width of such a
weighting window. The Hann (Hanning) window have been used as a regularizing factor and the width of the Hann
window was close to 80% of the total frequency range analyzed. As a result of these actions, the sidelobe level of
the impulse response of the loudspeaker-microphone subsystem was reduced to minus 44-45 dB, which is only 3-
4 dB higher than the theoretically achievable value.

In assessing the LSD, BSD and PESQ parameters, the records of 4 female and 4 male speakers were used, who
read the same text of legal content. The length of the analyzed records was close to 20 s, the sampling frequency
of the records was 22050 Hz, bit depth 16 bits.

Processing of these records was performed as follows:

1) after resampling the pure signal x(¢) from 22050 Hz to 44100 Hz or 48000 Hz, it was convoluted with the
BRIR A(t), resulting in the formation of a signal y(¢) = x(¢) ® h(t), where ® is the convolution symbol;

2) the values of quality measures LSD, BSD and PESQ were calculated.

Estimates of the LSD measure were calculated using signals x(¢) and y(¢) amplitude spectra

J
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X(j,m) and Y(j,m) are discrete Fourier transforms of the signals x(n) and y(n) frames, respectively, j is
frequency sample number, J is a number of frequency samples.

Estimates of the BSD measure

BSD — m=1 k=1 ] (2)

were B (k,m) and By(k,m) are bark spectra of the m th frame of the signals x(n) and y(n), respectively, k is
critical band number.

In this paper, a broadband version of the PESQ measure (ITU-T standard P.862.2) [15] was used. The
description of the algorithm for calculating the PESQ measure is very cumbersome.

Estimation of STl was performed according to (3), after which Pearson correlation coefficients between LSD,
BSD and PESQ, on the one hand, and STI, on the other hand, were calculated.

7 6
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were ax are weight coefficients, B« are redundancy coefficients, hu(t) are the result of filtration of h.(t) with kth band
octave filter, Fi= 0,63-12,5 Hz. Filtration of h{t) was performed using 7-octave filters with center frequencies from
125 Hz to 8 kHz [27].

This signal processing was performed for the BRIRs corresponding to the locations of the artificial head at
different points in each of the rooms.

3. Research Results

The results of LSD, BSD and PESQ estimating are shown in Figs. (3, 4 and 5), respectively.
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Figure 3: LSD estimates for small (a), medium (b) and large (c) rooms.
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Figure 4: BSD estimates for small (a), medium (b) and large (c) rooms.

The results of the STl assessment are shown in Fig. (6).
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Figure 5: PESQ estimates for small (a), medium (b) and large (c) rooms.
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Figure 6: STI estimates for small (a), medium (b) and large (c) rooms

A common feature presented in Fig. (6) results of STI assessment is a decrease in speech intelligibility in the
middle of the audience, as well as a slight increase in speech intelligibility near (approximately 30 cm) the back
wall of the room. The decrease in speech intelligibility in the middle of the room can be explained by the decrease
in the signal-to-noise ratio with the increase in the distance between the source and the receiver of the sound. The
increase in speech intelligibility at the back wall of the room can be explained by the addition of the energies of
the direct sound and the sound reflected from the back wall. Given the relationship between speech quality and
intelligibility, it would naturally be expected that the behavior of objective measures of quality would be similar to
that of an STI. Since it is difficult to visually discern such a similarity, it is advisable to use Pearson's correlation

coefficient as a measure of such similarity.

The results of estimating the correlation coefficients between LSD, BSD and PESQ, on the one hand, and STI, on
the other hand, are given in Table 1 and in Fig. (7).

Table 1: Values of correlation coefficients R.
LSD-STI BSD-STI PESQ-STI
L R L R L R
room 1 -0,56387 0,216488 -0,56866 -0,98966 -0,54194 -0,30362
room 2 0,366821 0,145747 -0,80145 -0,79546 0,301594 0,249534
room 3 -0,58519 -0,1982 -0,92239 -0,98263 0,985637 0,957655
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Figure 7: Correlation coefficients for small (a), medium (b) and large (c) rooms.

As follows from the presented results, the values of the correlation coefficient are different for different quality
measures and for the channels of the measuring system. The difference in the values of the correlation coefficient
in the left and right channels of the measuring system can be explained by the shielding effect of the artificial
head. The behavior of the values of the correlation coefficient for various measures of quality in rooms of
different sizes is of much greater interest.

4. Discussion

Presented in Table 1 and in Fig. (7) results of the evaluation of correlation coefficients R indicate that thereis a
close correlation between BSD and STl estimates for classrooms of all sizes. Interestingly, this correlation
increases with the size of the room. Indeed, if for a small room it takes R values from minus 0.57 (left channel) to
minus 0.99 (right channel), then for a medium-sized room the R values are close to minus 0.8, and for a large
classroom, they reach minus 0.92 -0.98. As for the low R values for a small room, they can be explained by the
low absorption capacity of the rear wall of the room, the upper half of which is glass. As a result, strong early
reflections are formed, which lead to low intelligibility (Fig. 6a) and low quality of speech signals (Fig. 3a, 4a, and
5a).

The close relationship between PESQ and STl is observed only in the case of a large classroom (Fig. 7c), and the
LSD measure was found to be uncorrelated with STI for premises of all sizes (Fig. 7).

The obtained results testify to the fundamental possibility of using BSD as a measure of speech intelligibility in
classrooms of different sizes, where the effect of reverberation outweighs the effect of noise. The use of PESQ as a
measure of speech intelligibility is also possible, but, as can be seen, such use is limited to the case of large
premises. Finally, the LSD proved unsuitable for the role of a speech intelligibility measure.

Given the limited amount of statistics, the results obtained in this paper should be considered as indicative of
certain trends. Obviously, the amount of statistics should be increased to obtain reliable statements about the
existence of clear patterns, as well as the reasons for their existence.

An adaptive measure termed speech to reverberation modulation energy (SRMR) was proposed in [17] for non-
intrusive quality diagnosis of reverberant and dereverberated speech. Given the importance of non-intrusive
measures of quality, it is worthwhile for future research to investigate their relationship to speech intelligibility as
well.

It was shown also in [18] that when listening in noise, modification performance on improving intelligibility is
more important than its potential negative impact on speech quality. However, when listening in quiet or at SNRs
in which intelligibility is no longer an issue to listeners, the impact on speech quality due to modification becomes
a concern. In this regard, it seems advisable to repeat such experiments with the only difference that
reverberation is used instead of noise. And in the future, it is logical to consider the combination of noise and
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reverberation as interfering factors. It is possible that the results obtained in [19, 20] can serve as a starting point
for such studies.

5. Conclusion

The Pearson correlation coefficients between estimates of objective measures LSD, BSD and PESQ of the
speech signals quality, on the one hand, and estimates of objective speech intelligibility measure STI, on the other
hand, were calculated for small, medium and large classrooms. It is shown that for the BSD-STI pair the correlation
is high in premises of all sizes, and for the PESQ-STI pair, the correlation is high only for large rooms. Regarding
the LSD measure, its estimates are weakly correlated with those for STI for premises of all sizes.

The obtained results can be used in the acoustic examination of university classrooms. However, due to the
lack of statistics, the results obtained should be considered preliminary.
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