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The scores of speech intelligibility, obtained using
objective and subjective methods for three university
lecture rooms of the small, medium, and large sizes with
different degrees of filling, were presented. The problem
of achieving high speech intelligibility is relevant for
both students and university administration, and for
architects designing or reconstructing lecture rooms.
Speech intelligibility was assessed using binaural room
impulse responses which applied an artificial head
and non-professional quality audio equipment for
measuring. The Speech Transmission Index was an
objective measure of speech intelligibility, while the
subjective evaluation of speech intelligibility was carried
out using the articulation method.

Comparative analysis of the effectiveness of
parameters of impulse response as a measure of speech
intelligibility showed that Early Decay Time exceeded
the score of the T30 reverberation time but was ineffective
in a small lecture room. The C50 clarity index for all the
considered lecture rooms was the most informative.
Several patterns determined by the influence of early
sound reflections on speech intelligibility were detected.
Specifically, it was shown that an increase in the ratio
of the energy of early reflections to the energy of direct
sound leads to a decrease in speech intelligibility. The
exceptions are small, up to 3040 cm, distances from
the back wall of the room, where speech intelligibility is
usually slightly higher than in the middle of the room. At
a distance of 0.7—1.7 m from the side walls of the room,
speech intelligibility is usually worse for the ear, which
is closer to the wall. The usefulness of the obtained
results lies in refining the quantitative characteristics
of the influence of early reflections of sound on speech
intelligibility at different points of lecture rooms
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1. Introduction

One of the conditions for getting high-quality education
is good intelligibility of the teacher’s speech in the places
where students are sitting. Meanwhile, the level of a speech
signal decreases at an increase in distance between a listener
and a teacher, which is especially noticeable in large lecture
rooms. Since there is always noise in rooms (movement and
conversations of nearby listeners, noise of a fan or an air
conditioner, etc.), a signal level may not be high enough to
ensure good speech intelligibility. Listeners with partial loss
of hearing, the ones with hearing aids and cochlear implants
are especially susceptible to harmful effects of noise. Even the
category of listeners with normal hearing, such as pupils of
elementary school, is more prone to harmful effects of noise
on speech intelligibility than middle and high school students.

The masking effect of noise is partly compensated by the
sound reflection from different surfaces (ceiling, walls, floor,
furniture, etc.) so that the signal level in the rooms turns out
to be higher than in the open space. However, late reflections
of sound, as well as background noise, are harmful because
they mask a speech signal. As for early reflections, their role
is twofold. On the one hand, early sound reflections increase
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the level of a signal, improving speech intelligibility. On
the other hand, early reflections impair the naturalness of
sound, which leads to a slight decrease in speech intelligi-
bility. Ill-conceived architectural solutions (unusual shape
of a room, concave surfaces) can disrupt the diffuse nature
of the sound field, leading to increased noise and even the
appearance of an extremely undesirable echo.

The problem of low speech intelligibility can be solved
by correcting the acoustics of the room by passive (noise-ab-
sorbing materials) or active (hardware-software systems
for correction of the frequency characteristics of a room)
methods. However, such correction should be preceded by an
analysis of the acoustic condition of a lecture room, involv-
ing the assessment of noise characteristics and parameters
of a room impulse responses. That is why the problem of
establishing the comparative usefulness of the parameters
of the room impulse response, containing information about
speech intelligibility, is relevant and requires appropriate
experimental and analytical study. Equally relevant are the
issues of the influence of the lecture room volume on the in-
formative parameters of the room impulse response, as well
as the influence of reflecting surfaces of a lecture room on
speech intelligibility at different points of a room.




2. Literature review and problem statement

The acoustics of school premises was quite well studied.
Examples of poor architectural solutions that reduce speech
intelligibility due to increased noise and reverb time, echo,
or flutter echo are shown in paper [1]. Experimental studies
have shown that noise in classrooms is more noticeable than
late reflections of sound [2]. Acceptable speech intelligibility
in lecture rooms is achieved due to early reflections of sound,
even if the speaker’s head is directed in the opposite direc-
tion from a listener [3]. The problem of ensuring good speech
intelligibility is particularly relevant for schoolchildren with
hearing impairments [4] and elementary school pupils [5],
for whom noise levels should not exceed 30-35 dBA. De-
spite the considerable amount of research carried out in the
field of the room acoustics, it is concluded in article [6] that
there are a number of issues that require further develop-
ment. Indeed, the results contained in [7] did not support
the conclusion of paper [5] on the equivalence of the action
of early reflections and direct sound. As the development of
the results presented in papers [5] and [7], it was concluded
in article [8] that the process of integrating early reflections
with direct sound occurs regardless of the spatial processing
of sound by the human hearing system.

Several national and international standards and rec-
ommendations prove a fairly good level of studying the
acoustics of school premises. For example, in the standard
DIN 18041:2004-05 (Germany), the premises are divided
into categories A and B[9], the optimal values of reverb
time are specified for category A premises (“music”, “speech”,
“sport”, “communication”) [10]. Requirements and recom-
mendations for acoustic characteristics and noise insulation
of school premises are contained in the ANSI/ASA S12.60/
Part 1 (USA) standard [11]. Direct and indirect ways of
assessing the ST speech intelligibility index and its modifica-
tions (STIPA, STITEL, RASTTI) are described in the British
standard BS EN 60268-16:2011 [12] and the international
standard TEC 60268-16 [13]. Recommendations on taking
into consideration the needs of ordinary schoolchildren and
students with hearing impairments are outlined in the col-
lection “Acoustic design of schools: performance standards.
Building Bulletin 93” (UK) [14]. Similar recommendations,
supported by experimental research, are outlined in the col-
lection “The Essex Study. Optimized classroom acoustics for
all” (UK) [15].

The acoustics of the concert halls is also well studied.
Lists of the most important acoustic characteristics of con-
cert halls, as well as the algorithms for their evaluation, are
presented in the international standard ISO 3382-1 [16].
This demonstrates the relative completeness of scientific re-
search in this area, despite the existence of a series of issues
that need to be clarified [6].

As regards the acoustics of university lecture rooms,
there are no explicitly relevant practical recommendations
and standards, which indicates the lack of attention of sci-
entists to the acoustics of the premises of this category. A
possible reason for this situation may be the “intermediate”
position of university lecture rooms.

Indeed, the average size of university lecture rooms is
larger than that for school classes but less than the average
size of concert halls. The variety of shapes and decoration
of university lecture rooms is greater than that of school
classes but less than that of concert halls. For example,
in [17], the middle-sized lecture rooms include a room with a

balcony, designed for 1,100 listeners and shaped like a “fan”.
The volume of twelve small and medium-sized university
lecture rooms, designed for 30—70 students, considered in
paper [18], ranges from 188 m® to 343 m®. The acoustic
characteristics of the rectangular lecture rooms having the
volume of 530 m® and 1740 m? were explored in article [19].
An attempt to classify university lecture rooms by size was
made in paper [20]. In this case, three classes of premises of
small, medium-sized, and large size with the volume of less
than 350 m®, 350-650 m® and more than 650 m?, respec-
tively, were separated. A similar classification of premises
was proposed in [21] where small, medium-sized and large
lecture rooms included the premises of less than 230 m?,
230-350 m* and more than 350 m?, respectively. A typical
feature of large lecture rooms, as well as concert halls, is the
sloping floor 19, 20].

At the same time, university lecture rooms are smaller
than concert halls. For example, the volume of ten halls in
Boston (USA) intended for speech and music performances,
considered in paper [22], varies from 3,000 to 60,000 m®.
Decorating materials in university lecture rooms [23] are
more diverse than those in school classrooms [14] but are less
diverse than in concert halls [22].

Given the lack of research in the acoustics of university
lecture rooms, the increased interest of scientists in this
problem seems understandable, which contributed to the
development of useful recommendations for practical ap-
plication. Thus, instead of the cumbersome and expensive
hardware and software system of articulation tests described
in paper [3] and developed in paper [7], the stimulus signals
began to be synthesized more often by convolution of a clear
signal and binaural room impulse response (BRIR) [17].
This approach has been greatly facilitated by the develop-
ment of BRIR bank-building technology [24], as well as
using special mathematical methods [25] when assessing the
impulse responses of the premises [26]. The reliability of the
evaluation of speech intelligibility masked by noise and re-
verb was significantly enhanced using an objective measure
of speech intelligibility in the form of the STI index [27].
Automation of articulation tests [28] enabled a significant
reduction in their resource intensity. Analysis of the features
of the hearing system, presented in the form of a kind of
spectral analysis system [29], made it possible to clarify the
model of the middle ear [30]. In the development of measures
aimed at correcting the acoustic characteristics of the room,
the results of analytical [31] and experimental [32] studies
of the acoustic field near reflecting surfaces are very useful.

To date, however, no scientifically grounded system of
requirements for acoustic characteristics of university lec-
ture rooms was created. Most of the relevant publications
are fragmental in nature. For example, studies [19, 33]
report the scores of the C50 clearness index and the STI
speech intelligibility index for medium- and large-sized
lecture rooms. At the same time, small-sized lecture rooms
remain outside the field of interest of the authors, and
instead of assessing the speech intelligibility using the
objective articulation method, they conducted surveys of
listeners, which significantly reduces the reliability of the
results. Research [18] does not have these shortcomings, as
speech intelligibility in university lecture rooms of small
and medium size was assessed by both the articulation
method and the instrumental method. However, large au-
diences were missing in the study, and EDT, T30, and C50
were evaluated instead of the STI index.



Insufficient attention was paid to quantifying the impact
of reflecting surfaces on speech intelligibility. The known
results indicate the lack of systemic search in this direction.
For example, the results of measurements of speech intel-
ligibility in the center and at the back wall of large rooms,
cited in papers [22, 34], indicate a possible increase in speech
intelligibility at the back wall. However, the authors of these
works did not pay much attention to this fact. This drawback
was corrected in research [35,36] and it was pointed out
that it is possible to increase the STI up to 7—14 percent at
the back wall, compared to the STI values in the center of
the room. However, no relation between the scores of speech
intelligibility and the volume of a lecture room was detected,
the links between the STI and BRIR parameters were not
analyzed either. This shortcoming is partly compensated
in [37] when considering two models of early sound reflec-
tions. The results of the analysis of these models are consis-
tent with the conclusions in research [38] on the dual role
of early reflections that increase the signal level but distort
its spectrum. However, the models considered in paper [37]
need to be further refined, as they do not take into account
an increase in the density of early reflections over time.

Thus, the dependence of the effectiveness of objective
measures of speech intelligibility on the volume of a lecture
room has not been investigated to date. In addition, there are
no quantitative estimates of the degree of influence of the re-
flecting surfaces of a lecture room (walls, windows, furniture,
etc) on speech intelligibility at different points in a room. The
lack of such data prevents the development of evidence-based
practical recommendations and requirements for the acoustics
of university premises. Such recommendations are needed both
by the university administration and by architects designing or
renovating university lecture rooms.

The above allows us to argue that it is
appropriate to establish the informativeness of
instrumental estimates of speech intelligibili-

4. Methods for evaluating speech intelligibility
in lecture rooms

4.1. Characteristics of lecture rooms and measure-
ment equipment

The arrangement of measurement equipment in small-size
lecture room No. 1 and medium-size lecture room No. 2 are
shown in Fig. 1,a, b, respectively. These lecture rooms are
in building No. 12 of the National Technical University of
Ukraine “Igor Sikorsky Kyiv Polytechnic Institute” (Ukraine).
A self-manufactured artificial head (Fig. 2, @) and audio equip-
ment of different quality were used to measure the BRIR
of these rooms. These are the household active speaker Ge-
nius SP-HF 2.0 500 (Taiwan), omnidirectional condenser mea-
suring microphones Superlux ECM-999 (Taiwan), and outside
sound card Superlux ECM-999 Steinberg UR242 (developed
in Germany, manufactured in China).

The binaural pulse characteristics of large-size lecture
room No. 3 (Fig. 1,¢) were borrowed from the BRIR base
presented and described in papers [23, 24].

According to ISO 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.

The basis of the test signal was a mls-sequence having the
length of 216 samples, which corresponds to the duration of the
signal of 1.49 s with the sampling rate of 44.1 kHz and 1.36's
at the sampling rate of 48 kHz. This mls-sequence was repeat-
ed 17 times during radiation. When calculating the BRIR of
premises, the last 16 bursts of the BRIR score were averaged
to increase the signal-noise ratio by 12 dB.

The test signals were recorded at the sampling rate of
44.1 kHz for premises No. 1,2, and 48 kHz for room No. 3.
The quantization depth was 24 bits in all cases. When record-
ing the signals, the microphones were in the areas of the ears
of the artificial head at a distance of 1 ¢cm from the ear canal.

ty in university lecture rooms of different siz-
es, as well as to identify the degree of influence
of reflecting surfaces on speech intelligibility.

3. The aim and objectives of the study

The aim of this research was to establish
the nature and the degree of influence of re-
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flecting surfaces of a room on the evaluation
of speech intelligibility by subjective and ob-
jective methods in university lecture rooms of
different sizes. The obtained results will clarify
the available information on the impact of early
reflections of sound on speech intelligibility
and better substantiate the choice of measures
of speech intelligibility that are simple for cal-
culation and at the same time reliable.

To achieve the set goal, the following tasks
were set:

— to evaluate the BRIR parameters at dif-
ferent points of the premises;

— to assess speech intelligibility by objec-
tive and subjective methods at different points
of the premises;

—to compare the estimates of the BRIR
parameters with the results of subjective and
objective assessment of speech intelligibility.

b

c

Fig. 2. Measuring audio equipment in the premises: a — No. 1; b — No. 3 [24]



The locations of the artificial head during recording the
test signals are shown in Fig. 1 by numbered circles. The char-

where H

)=F{h(t)}, H,(f)=F{h,(

} F and F
are the symbols of Fourier transforms respectlvely, || is

acteristics of the premises are given in Table 1. the symbol of a module, Mg(f) is the regularizing multi-
plier [25], used to decrease the variance of
Table 1 : .
estimate £,(¢):
Characteristics of lecture rooms
Lecture room No. 1 No. 2 No. 3 M f)_ 0,5[1+Cos(nf/AF)],|f|S AF;
Volume 177 m? 270 m3 370 m? " |f| > AF,
Dimensions 6.2x8.9x3.2 m 7.4x11.4x3.15 m 10.8x10.9x3.15 m
Places 37 59 25 where AF (accepted that AF=18 kHz) is the
Volume,/person 4.8 m®/person 4.6 m3/person 14.8 m?/person | regularization parameter [25].
Filling rate 12 people (32 % 10 people (17 % Empty (0 % .
o & ; people (327%) people (17 %) 5 25p Y i 5 ) 4. 3. Assessment of parameters of binau-
lofcf?n(:c:kcr:g) 2.4 m,5m,6.9m, 3.5m,5.2m, 8.6m, 5.56 2’ 7'1 2’ ral room impulse responses
micr%)phonc 4.5m,4.5m 10.3m, 6.4 m, 6.4 m 8.68 m” 102 m ‘ In accordance with ISO 3382-1 recommenda-
3 windows. brick—olas 3 windows. < tion, the BRIR parameters, such as EDT, T30, and
Walls Windows, brick-plas-| , windows, brick-plaster WIRAOWS, Con- | o5 clarity index were evaluated. The ISO 3382-1
ter, back wall crete-plaster ; . . -
- recommendations were designed primarily for
Ceiling concrete-plaster suspended, acoustic  |suspended, acous-| o halls, the size, shape, and decoration of
slabs tic slabs . L .
which are significantly different from those for
Floor parquet parquet parquet university lecture rooms. That is why verification
. 4 | Wooden desks and W00derﬁ deSﬁS zlfld chairs| 1 desks and | ©f the su1tab11ﬁ1ty of thgse r.ecommendatlons for
Furniture an chairs (3 rows by (1 row by 9 desks, 2rows| " - (diagonal | lecture rooms is of practical interest.
its location 6 chairs) by 10 desks), 2 bookease ) ' e desks) In addition to these parameters, the ERB
es, and 1 wardrobe
parameter was evaluated:

Comparing the data in Table 1, note a few distinguishing
features of lecture room No. 3. This is a diagonal location of
the desks in the room, a small number of seats, as well as the
absence of students in the lecture room when taking mea-
surements of BRIR.

4. 2. Assessing binaural pulse characteristics of lec-
ture rooms

When measuring the BRIR, the test signal x(¢f) was
emitted by a loudspeaker located in the teacher’s seat. The
response y(¢) to stimulus x(¢) was recorded using a pair of
microphones attached to the artificial head placed at certain
points in the room (Fig. 1).

In the case of a broadband test signal with a uniform
spectrum, the cross-correlation function of K,(t) of signals
x(t) and y(¢) is proportional to BRIR /,(¢) with proportion-
ality factor kg [26]:

K., (t)=ky-h,(2).

Given the existence of hardware distortions in the
loudspeaker and in the microphone, the convolution will be
estimated instead of BRIR 4,

hy (€)= 1, (6) @, (¢),

where ® is the convolution symbol, &, (¢)="h (t)®h,(¢)
is the impulse response of a loudspeaker-microphone (LM)
subsystem, A;(¢) is the impulse response of the loudspeaker,
and £,,(¢) is the impulse response of the microphone.

That is why at measurements, the BRIR 4,(¢) of lec-
ture rooms No. 1 and No. 2 were estimated according to
the expression

ERB= 101g{[( EXJEY). +(ES/ E30)1,ooo ] / 2},

b 11
where E’ = J R’ (¢)d¢, aand b are the moments of time in milli-

seconds. The ERB parameter proposed in [3] characterizes the
ratio of energies of early reflections and direct sound. Indices
500 and 1.000 mean that £,(¢) was pre-filtered by octave filters
with central frequencies of 500 Hz and 1.000 Hz, respectively.

Since the direct-sound energy interval of 0—10 ms speci-
fied in [3] is not in line with the parameters of the test signal
used in this work, the ERBc parameter was additionally
estimated. When calculating it, the action of direct sound
was taken into account in the interval of 0-2 ms, i.e. E..
was used instead of E,’.

4. 4. Objective assessment of speech intelligibility

Objective assessment of speech intelligibility was carried
out by the modulation method [27]. In this case, the Speech
Transmission Index (STT) was calculated:

STI:i(xk-MTk —iﬁk JMT,-MT,_,,
k=1 k=1

1 14
MT,=—Y'T,,
k 14% ki
0, E, <-15
T, =1(E, +15)/30, —15<E, <+15;
1, E, <-15,
E,=10lg—"%
1_mki

Ih exp —j2nFt)de

j R (




where oy, is the weight factors, By is the redundancy factors,
hy(t) is the result of filtration /,(¢) with the £-th octave-band
filter, F;=0.63-12.5 Hz. Filtration %,(¢) was implemented
using 7 octave-band filters with central frequencies from
125 Hz to 8 kHz [27].

4. 5. Subjective assessment of speech intelligibility

Articulation measurements of speech intelligibility in all
lecture rooms were performed by listening to test signals dis-
torted by noise and reverberation. Listening was performed
using special software, headphones, and computers [28].

The subjects randomly listened to 3 sets of single-syllable
words for different combinations of the signal-to-noise ratio
and BRIR. Each set contained 50 monosyllabic words such as
consonant-vowel-consonant (CVC). 9 speakers, which includ-
ed 7 men and 2 women took part in the formation of these sets.
The anchor phrase was used in reading every word, which made
it possible to take into consideration the impact of reverberation
on speech intelligibility. For example, the word “niav”/niav/was
read as “Write down niav now”. After a listener recorded the
perceived word with the keyboard, speech intelligibility was
calculated automatically with the appropriate software.

Test stimuli were synthesized with the same software.
At the same time, white noise n(t) of the controlled level

Lecture room No. 1

Lecture room No. 2

was added to the s(¢) signal, after which the convolution of
the obtained mixture with the initial part of BRIR A,(¢) at
the length of 50ms was calculated. This method of synthesis
made it possible to generate speech signals distorted only by
early reflections and background noise [4].

Fourteen participants took part in the testing of rooms
No. 1 and No. 2, and 20 listeners took part in testing in room
No. 3. Alllisteners, aged 20—23, had normal hearing, Ukrainian
was their native language.

3. Results of evaluation of parameters of binaural room
impulse response and speech intelligibility

5. 1. Assessing the parameters of binaural room im-
pulse response

The BRIR parameters were evaluated at two stages. At
stage 1, according to the procedure described in p. 4.2, the
BRIR of each lecture room was assessed at different points
of the rooms (Fig. 1). Parameters T30, EDT, C50, ERB, and
ERBc were assessed at stage 2 in accordance with the proce-
dure described in p. 4. 3.

The results of assessing parameters T30, EDT, C50,
ERB, and ERBc are shown in Fig. 3—6.

Lecture room No. 3
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Owing to the existence in Fig. 3—6 of the scores corre-
sponding to the left and right channels of the human audi-
tory system, it is possible to take into account more fully
the impact of reflecting surfaces on the BRIR parameters at
different points of a room.

5. 2. Assessing speech intelligibility by objective and
subjective methods

The scale of intelligibility rating and values of speech
transmission index STI, which is an objective measure of
speech intelligibility, is shown in Table 2 [27]. According to
the German standard DIN 18041:2004-05 [9], STI>0.56 is
an acceptable value for school classes. The British standard
BS EN 60268-16 [12] recommends STI>0.62 in school class-
rooms and lecture rooms in the “theater” form.

STTI values obtained in accordance with the assessment
procedure described in p. 4. 4 are shown in Fig. 7.

Lecture room No. 1

Lecture room No. 2

Table 2
Relations of STI values of speech intelligibility [27]
Intelligibility rating STI
Excellent >0.75
Good 0.60-0.75
Fair 0.45-0.60
Pour 0.30-0.45

Speech intelligibility was subjectively assessed in accor-
dance with the procedure, described in p. 4. 5, only for points
between the speaker and the back wall. The values of the
subjective assessments of speech intelligibility, averaged by
the number of listeners, are shown in Fig. 8 for two values of
signal-to-noise ratio (SNR). The values of the standard de-
viation of these scores are marked upwards and downwards
from average intelligibility values.
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The results of subjective and objective assessment of
speech intelligibility serve as reference points in the analysis
of comparative effectiveness of the BRIR parameters used as
measures of speech intelligibility.

3. 3. Correlation of speech intelligibility scores

Table 3 shows the scores of Pearson correlation coeffi-
cient 7, which characterize the statistical relationship be-
tween the values of the BRIR parameters discussed above
and the values of the STT scores.

Correlation factors between speech intelligibility scores

Judging by the EDT, on average, the best intelligibility
should be provided by room No. 3, and the worst — by room
No. 1. However, a comparison of T30 values in rooms No. 1
and No. 2 leads to a different conclusion, namely, that
room No. 2 has the worst intelligibility. The comparison
of the T30 scores (Fig.3) and the EDT scores (Fig. 4)
with the STI index (Fig.7) indicates that the EDT pa-
rameter used as a speech intelligibility measure provides
higher accuracy than the T30 parameter. The results are
well in line with the recommendations of ISO 3382-1
standard [16] to use T30 as a measure of the
physical properties of a room, and the EDT as
a measure of the sound perception by listeners.

Table 3

Lecture room No. I | Lecture room No. 2 Lecture room No. 3 The points on the line between the Speaker and

Parameter the back wall of the room are of special interest, as
Left | Right | Mean | Left | Right | Mean | Left | Right | Mean | studies [35,36] underlined a tendency of increas-

T30 0.66 | 0.78 | 0.700 | 0.81 | 091 | 0.89 |-043|-028 | —036 | ing speech intelligibility when one approaches the
DT ] 1 5 ., back wall closer. Analysis of Fig. 4, ¢, testifies that
7050|0431 05191095 -072] —094 | -0.86| ~0.90 | 093 | jo EDT values decrease with the movement from

C50 0.85 | 0.85 | 0.978 | 0.80 | 0.92 | 0.86 | 0.95 | 0.97 | 0.97 point 4 to point 5, however, the EDT behavior in
ERB 054|017 -0353 | -088 | -073 | —0.85 | —0.59 | —0.73 | —0.66 | the left and Ijlght chan‘nel-s at point 6 is contradic-
tory. There is also a similar inconsistency of be-

ERBc | -0.49|-0.411-0.369 | -0.64 | -0.58 | —0.60 | -0.81 | -0.92 | -0.88 | hayior of the EDT values in rooms No. 1 (Fig. 4, @)
_COVC 09 099 | 1.00 | 0.93 | 091 | 092 | 0.80 | 0.82 | 0g1 | and No.2 (Fig.4,). That is why in general, we
intelligibility can conclude that the EDT parameter does not

The last line of Table 3 contains scores » for STI and
the results of subjective evaluation of speech intelligibility.
The columns “Left”, “Right”, and “Mean” contain r scores
for left and right channels, as well as the mean for channels,
respectively.

6. Discussion of the results of the evaluation of speech
intelligibility in university lecture rooms
of different sizes

6. 1. Dependence of scores of parameters of binaural
room impulse response on the location of a listener

As it follows from Fig. 3, the values of T30 in each of the
premises differ slightly at different points of the room (no
more than 5%, 7%, and 13 % in premises No.1-3, re-
spectively). T30 values in the left and right channels are
also slightly different (no more than 1%, 4 %, and 1% in
rooms 1-3, respectively).

On the contrary, the EDT values (Fig. 4) differ signifi-
cantly in rooms No. 1-3 (13 %, 30 %, and 35 %, respectively).
Differences in the left and right channels (11 %, 14 %, and
22 %, respectively) are also more pronounced.

Given the significant variability of the EDT scores, it
can be assumed that they better characterize the variabil-
ity in speech intelligibility at different points in the room
than the T30 scores. For example, one can make a prelim-
inary conclusion about mediocre intelligibility in room
No. 1 at any point in the room due to the increased EDT
values due to the reverberation. In room No. 2, the situation
noticeably improves at points 1 and 2, but at the rest points
of the room, the EDT values do not meet the requirements
of the DIN 18041:2004-05 standard [17]. In room No. 3,
one can expect some deterioration in speech intelligibility
at point 4, compared to the rest of the points, because at
point 4, the EDT values are higher than those for the rest
of the points.

adequately reflect the expected increase in speech
intelligibility at the back wall.

The behavior of dependences of C50 scores on the
numbers of room points shown in Fig. 5 with approaching
to the back wall of the room is equally contradictory.

The reason for the noted contradictory behavior of the
two-channel assessments of parameters EDT and C50 near
the back wall may be a slight degree of increased speech
intelligibility with approaching the wall. In this case, the
measurement results can be noticeably affected by both the
error of measurements and the difference in the reflectivity
of the left and right walls. Note that the difference in the re-
flectivity of the left and right walls can indeed prove to be a
very significant factor. The windows that reflect sound bet-
ter than walls are usually to the left of listeners, so the signal
level in the left channel will be higher at the same distance
of a listener from the side walls. The behavior of the C50
values in Fig. 5 for the points near the back wall of a lecture
room is quite consistent with these considerations. However,
it is clear that in order to increase the reliability of findings,
the volume of statistics should be significantly increased by
obtaining double-channel EDT and C50 scores for a large
number of other university lecture rooms.

Dependences of the scores of the ERB and ERBc pa-
rameters on the numbers of points in a room, left and right
channels, are shown in Fig. 6. One can see that the ERB
values for points located between the speaker and the back
wall of a room do not increase monotonously in rooms
No. 2 and No. 3. This may seem strange, as the role of early
reflections of a sound should increase as the distance from
the speaker increases.

However, ERBc values for the same points increase mo-
notonously almost everywhere, except for point 4 of room
No. 3. Thus, correct accounting of the size of the BRIR
section corresponding to direct sound makes it possible to
obtain the scores of the ratio of energies of direct sound
and early reflections, which are mainly consistent with the
known results [3]. Note, however, that in order to obtain this



consistency, it was necessary to adjust the assessment of the
ERB parameters proposed in [3].

As for the noticed “subsidence” of the ERBc diagram at
point 4 in Fig. 6, ¢, it may indicate a deterioration in speech
intelligibility in the center of a lecture room due to a change
in the temporal structure of early reflections. In order to
clarify the causes of this deterioration, it is advisable to
conduct subsequent modeling and increase the volume of
statistics in the future.

6. 2. Dependence of speech intelligibility scores on
the listener’s location

Analyzing the behavior of STI scores (Fig.7), we see
that for the points located between the speaker and the back
wall of the room, the intelligibility is minimal in the middle
of the room and increases near the back wall. For room
No. 3, in the right channel speech intelligibility increases at
point 5, although it is decreased at point 6. The behavior of
the ETD and C50 characteristics is similar at point 6. Since
point 6 is in the corner between the back and right walls and
closer to the right wall, we can assume that similar behavior
of intelligibility scores will be observed at point 4 of room
No. 1 and at point 5 of room No. 2. Analysis of Fig.7, a, b,
proves the validity of this assumption. As we can see, in all
rooms there is an effect of the negative influence of early re-
flections from the side wall closest to a listener. The observed
phenomenon can be explained by distortion of the form of a
sound signal and, as a result, deterioration of the quality of
a perceived signal, due to the discrete structure of the BRIR
in the interval of 0-50 ms [37].

Comparing the STI scores near the back wall and in
the middle of the room (Fig. 7), we see that the increase in
STI was 5-10 % in room No. 1, 13-16 % in room No. 2 and
2-7 % in room No. 3. In the subjective evaluation of intelli-
gibility (Fig. 8), this excess is less noticeable and amounted
to 1-3 %, which can be explained by the large variance of
measurement results (17-29 %) because of the difference in
the psychophysical characteristics of the listeners.

The STI scores near the side walls obtained for rooms
No. 1, 2, averaged for the channels, are close to similar scores
in the middle of the room. This can be explained by the fact
that in these rooms, measurements were made at distances
of 0.7-1.7 m from the side walls, where an increase in sound
level due to the interference of waves near reflective surfaces
can be neglected.

During the subjective evaluation of speech intelligibil-
ity, listeners were offered test signals distorted not only
by reverberation but also by noise. As it follows from the
diagrams in Fig. 8, noise affects speech intelligibility much
more noticeably than the reverberation. Indeed, the change
in the signal-noise ratio by 5-6 dB led to a change in speech
intelligibility by 20-25 %. At the same time, the change in
speech intelligibility within the same room was 3 %, 6 %,
and 15 % for rooms No. 1-3, respectively. The obtained
results suggest that the variability of intelligibility scores in-
side a lecture room increases at an increase in the size of this
lecture room. Of course, the correctness of this assumption
should be verified in the future.

6. 3. Dependence between the parameters of binaural
room impulse response and speech intelligibility

Analysis of the correlation between BRIR parameters
and speech intelligibility scores (Table 3) revealed that the
EDT scores are much more consistent with the STT scores

compared to T30 scores. Indeed, the behavior of the T30 is
contradictory: the correlation is positive for rooms No. 1, 2,
but negative for room No. 3. At the same time, in the case of
the EDT, the correlation is negative for all 3 rooms, in this
case, the module of r value reaching high values of 0.9-0.95
for rooms No. 2, 3. The obtained results indicate that the
known provisions on the possible use of the EDT as an objec-
tive measure of speech intelligibility in concert halls [16] are
also true for medium- and large-size lecture rooms. However,
a decrease in module 7 to 0.4—0.5 for room No. 1 shows that
the EDT can be a very rough measure for small premises.
The validity of this assumption should be tested in the fu-
ture by analyzing the acoustic properties of a large number
of lecture rooms.

The clarity index C50 proved to be most effective as an
objective measure of speech intelligibility, as the values of r
scores are consistently high (0.8—0.98) for lecture rooms of
all sizes.

Since parameters ERB and ERBc are not designed to as-
sess speech intelligibility, it should not be surprising that the
corresponding values of the correlation factor are not always
high. However, the stability of the sign of the correlation fac-
tor indicates that such relations exist. However, the negative
values of » make it possible to conclude that the more energy
of early reflection prevails over the energy of direct sound,
the worse the speech intelligibility. This result is consistent
with the results of research [7], which shows that the action
of early reflections is not equivalent to the action of direct
sound in the sense of ensuring the same speech intelligibility.

The degree of correlation of subjective scores of intelligibil-
ity (CVC-intelligibility) and STT scores for rooms No. 1, 2 may
seem suspiciously high. However, this can be explained by a
small number of points between the speaker and the back wall.
That is why it seems appropriate to place at least 4 points be-
tween the reader and the back wall of a lecture room (provided
that the shape of a lecture room allows doing it) in subsequent
measurements.

7. Conclusions

1. The dependences of the scores of parameters T30,
EDT, C50, and ERB of binaural room impulse response on
the place of a listener in university lecture rooms of different
sizes were obtained experimentally. It was shown that at an
increase in the distance between a listener and a speaker,
the increase in the ratio of the energy of early reflections to
the energy of direct sound can be non-monotonous in large
lecture rooms. A possible cause of this phenomenon may be
a change in the temporal structure of early reflections. It is
appropriate to test the validity of the obtained results in the
future on an increased volume of statistical data.

2. The scores of speech intelligibility obtained using ob-
jective and subjective methods are of a reference nature, al-
lowing to quantify the value of possible alternative measures
of speech intelligibility T30, EDT, and C50. In addition,
the use of these methods made it possible to detect a small
increase in speech intelligibility at small distances from the
back wall of up to 0.3—0.4 m. During the subjective assess-
ment of speech intelligibility, this increase did not exceed
3 %, and during objective evaluation with the use of the STI
measure, such increase is more noticeable, reaching 15 %.
In addition, the two-channel nature of the STI assessment
allowed revealing the effect of the negative influence of early



reflections on speech intelligibility in the auditory channel
close to the side wall of the room at distances of 0.7-1.7 m
from the wall. The most likely cause of this effect is a deteri-
oration in sound quality due to the action of early reflections.
The validity of this assumption should be verified in the
future by assessing the degree of signal distortion in each of
the measuring channels.

3. The calculation of correlation coefficients between the
values of parameters T30, EDT, C50, and STI enabled quan-

tifying the usefulness of these parameters as possible alter-
native measures of speech intelligibility. C50 was shown to
be the most informative as a measure of speech intelligibility,
while parameter T30 turned out to be the least informative.
Parameter EDT as a measure of speech intelligibility takes
an intermediate place, however, its use may be ineffective in
small lecture rooms. It is subsequently advisable to clarify
the obtained results by increasing the number and the vari-
ety of analyzed lecture rooms.
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