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Speech intelligibility in classrooms is commonly assessed using the Speech Transmission Index (STI),
while room acoustics measurements often rely on parameters derived from impulse responses, such as
clarity C50. Although both descriptors are influenced by the balance between early and late sound energy,
they are based on different physical principles and are not necessarily interchangeable. This study
investigates the relationship between STI estimated from impulse responses and C50 in real classrooms.
Impulse response measurements were performed in 4 classrooms with constrained geometry and
comparable reverberation times of 0.5 s, and in one large reverberant hall with a reverberation time of 2.2
s. STI was derived from the measured impulse responses using the indirect method defined in IEC 60268-
16, taking background noise into account. The resulting STI values were compared with C50. The results
show that for damped classrooms, STI and C50 exhibit a strong linear correlation with R?=0.89, confirming
that C50 can serve as a reliable practical substitute for STI in acoustically treated teaching spaces. In the
reverberant hall the correlation breaks down, with R? = 0.41, due to the logarithmic sensitivity of the
effective SNR calculation to small variations in the modulation transfer ratio. The findings support the use
of C50 as a practical speech intelligibility criterion for classroom design, while identifying its limitations
in reverberant conditions.

1 Introduction

Good speech intelligibility is the key goal when designing acoustics in a teaching space, such as a classroom or a
university auditorium. National requirements for classroom acoustics include reverberation time RT as the main
acoustical parameter, along with noise level from outdoors and mechanical equipment [1, 2, 3]. Latvian building norms
[4] give a minimum Room Acoustic Speech Transmission index RASTI value of 0.60. RASTI was declared obsolete by
IEC60268-16 in 2011 [5], suggesting that the national regulation has not yet been updated accordingly. Nevertheless, if
treated as Speech Transmission index STI, the requirement is useful. STI requirements are also defined in the former
standards. The Finnish standard sets a high average STI value target of > 0.80 for A and B class and > 0.7 for Class C.
For Norwegian and German standards, the minimal mentioned STI value is 0.60. Still, in practice RT remains the main
acoustical parameter for classroom acoustics design purposes.

Currently, two practical approaches are used: analytical estimation of reverberation time using the Sabine formula [7],
Eyring’s [8], or other empirical formulas, and computer modelling using ray tracing methods. As was observed by Bradley
[6] and confirmed by later studies [7, 8], the reverberation time alone is not enough to properly estimate speech
intelligibility. So, speech intelligibility measures are used — STI, speech clarity C50 [9], U50 [8]. C50 is a relation between
early (up to 50 ms) and late (after 50 ms) sound energy arriving at the receiver after the initial direct sound. U50 is a
useful alternative to STI, as it is derived from C50, but adding background noise. Background noise becomes significant



when the signal-to-noise ratio is less than 15 dB. In low-noise conditions, C50 can serve as a substitute for U50 as was
shown in Nijs and Rychtarikova paper.

STI is a comprehensive measure: it assumes a predefined speech level of 60 dB for a normal voice at 1 m distance,
accounts for background noise and reverberation by means of modulation transfer functions [5]. This parameter also has
a clear scale from 0 to 1. So, STI is a naturally preferred choice as a measure of speech intelligibility. Reliable STI
estimation requires knowledge of both speech level and background noise. With some assumptions this can be solved and
later used in computer simulations, providing reliable STI values, among other acoustical parameters. However, the need
to use computer simulations increases the design costs, which can be significant for a large number of classrooms.

Previous studies [10] emphasized the practicality of using C50 as a speech intelligibility measure for classroom acoustics
design, especially in the early stage of a project development. This paper investigates whether C50 can reliably substitute
for STI in classroom design.

In practice certain conditions and limitations are met regarding STI measurement. An acoustician can be given a furnished
room, but without students and a teacher, meaning no spatial speech level data are available. Background noise can be
measured, but it would probably consist of outside traffic and some HVAC noise. In many cases, where appropriate sound
isolation design and HVAC noise control measures have been applied, background noise is not significant and has a
negligible effect on speech intelligibility. Real conditions include the background noise of students themselves — small
movements, keyboard and mouse usage, quiet conversations, whispers. Another limitation is instrumental — to measure
STI one needs a specialized measurement kit [11].

This study presents a methodology to estimate STI from measured impulse responses in unoccupied classrooms. Impulse
responses were measured in accordance with ISO 3382-1, and background noise levels were recorded. Speech level is
assumed to be 60 dBA at 1 m distance from the source. The speech level at other source-receiver positions is then
theoretically estimated for all source-receiver positions. STI is derived using the indirect method defined in IEC 60268-
16.

The resulting STI values are compared with C50 for 4 typical classrooms with similar geometry and reverberation time,
and 1 extra room — a large historic Musse hall in Wagner Theatre in Riga, with a reverberation time of 2.2 s. Conclusions
are made regarding the suitability of C50 as a practical speech intelligibility design criterion for classrooms.

2 Methodology

2.1 Room acoustics measurements

The measurements were performed in four auditoria (rooms Nr. 543, 545, 546, 548) in Riga Technical University in
accordance with ISO 3382-1. All rooms are typical classrooms, which have a regular rectangular shape, with some
protrusions on one side wall. The ceiling is a suspended mineral wool panel system with an airgap. The backwall has a
40 mm thick mineral wool panel. Rooms are furnished with wooden tables and chairs. Three omnidirectional sound source
positions and 6-7 receiver points were used. The receivers were slightly moved (approx. 0.5 m) for each source position
to give a more statistically significant data. Thus 12 individual measurement sessions are obtained, with 78 data points.
The sound field is damped and non-diffuse.

Figure 1. View of a typical classroom.



Measurements in Musse hall were performed also in accordance with ISO 3382-1. Three omnidirectional sound source
positions and 7 receiver points were used. The hall did not have any furniture except for semi-upholstered chairs as shown
in Figure 2. There are light curtains on the windows, but no other dedicated absorption. The sound field is reverberant
and diffuse.

Figure 2. View of the Musse Hall.

The dimensions of the rooms are shown in Table 1. It is seen that classrooms are very similar and their acoustical
conditions are almost identical. The T30 values are given as a mid-frequency average between 500-2000 Hz octave bands.
In classrooms it was also observed, that a broadband T30 average value for 125-4000 Hz octave bands differs from mid-
frequency average only by 0.01-0.02 s. Indeed, the broadband T30 spectrum is mostly flat.

Table 1. Room Dimensions and reverberation time T30.

Nr. 543 Nr. 545 Nr. 546 Nr. 548 Musse

L,m 11.36 11.75 11.83 11.43 26.84
W, m 5.20 591 5.20 5.97 11.20
H, m 2.64 2.64 2.68 2.67 5.05
Vv, m? 156 183 165 182 1518
S, m? 59 69 62 68 301
T30, s 0.51 0.49 0.49 0.51 2.20

All acoustical parameters were obtained from impulse responses, measured using exponential sine sweep. All sources
and receivers positions were recorded and source-receiver distance values were estimated.

2.2 Background noise

The background noise was measured in 4 studied classrooms in 5 randomly, but evenly, selected positions for each room.
The background noise was stable, with main contributor being HVAC noise with different level and spectrum. The
measurement time for each position was 30 seconds, which makes it 2.5 minutes for each room.

The background noise data for Musse hall was not available. For the purpose of this study, it was satisfactory to use the
background noise levels of room 543, which is L., = 37.2 dB.

2.3 Speech level

The speech level was estimated based on the Sabine Franklin Jaeger theory [12] and its interpretation in [8]:
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where r is the source-receiver distance, L,, is the speech sound power level, « is the average sound absorption coefficient,
and S is the total surface area of a room. The directivity factor Q is set to 4, given that the teacher stands close to a front
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wall, and the distance between the head, the floor and the wall is similar. It is assumed that the sound field energy radiates
in a quarter of a sphere, and not 1/8 of a sphere due to the absorptive ceiling.
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Figure 3. Measured background noise in 4 studied rooms.

The absorption coefficient is estimated using the reverberation time measurement data. Eyring’s reverberation time
equation is given as

0.161V
RT =~ SIn(1—-a) )
from which
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Volume V and surface area S are known from the measurements.

2.4 STI estimation

STI is derived from the measured impulse responses using the indirect method defined in IEC 60268-16. The impulse
response is decomposed into octave bands from 125 Hz to 8 kHz, and the modulation transfer function (MTF) is computed
for each band using the Schroeder method. The MTF values are corrected for background noise and auditory masking
effects, converted to apparent signal-to-noise ratios, and combined using the standard octave-band weighting factors to
yield a single STI value per measurement position.

3 Results and discussion

3.1 Speech level

Estimation of speech level was done in the following manner. First, the estimated sound power level was calibrated so
that the sound pressure level at 1 m distance would be 60 dBA. This resulted in small variance of Ly, in all 5 rooms from
64.1 dBA to 64.5 dBA. After that the according Ly, value was substituted into Equation (1) and the SPL was calculated
for known distance r values. The classroom speech levels have variation around 1 dB at the furthest receivers. The
variation is naturally due to the small differences in geometry of the rooms.

Speech levels in Musse hall are lower, presumably due to lower sound strength G and larger volume of the room. Still
levels asymptote to 50 dBA.
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Figure 4. Estimated speech level over distance.

3.2 STI and C50

The C50 values presented in this Section are average values between 500, 1000 and 2000 Hz octave bands. The average
variation between these octave bands in all 4 classrooms and Musse hall is £0.8 dB. This allows to use the average mid
frequency data as representative of the rooms.

The relationship between STI and C50 is shown in Figure 5. It shows almost linear dependence with a high coefficient of
determination R squared of 0.89 for classrooms. This coefficient shows how well the regression function, which is a linear
function in this case, is approximating the data.

Musse hall is added to the dataset with T30 2.2 s. Even though the overall trendline is similar between the damped
(T=0.5s) and reverberant (T=2.2s) rooms, the determination coefficient 0.41 for the reverberant room data is quite low
and one cannot consider this as a good correlation. The variation of STI value ranges between 0.40 and 0.58 for C50 of
-2.0 dB and -2.7 dB respectively. This shows, that in a reverberant sound field, STI cannot be estimated with a good
enough precision. The STI estimation is possible, however, for the damped rooms, like classrooms with conventional
modern acoustical design: ceiling and backwall absorption.

The different behaviour of STI vs. C50 in different acoustical conditions is explained in Figure 6. Three decays are
investigated — two from Musse hall with STI of 0.40 and 0.58, one from classroom 543 with STI 0.75. One can notice
that in a damped classroom the initial early sound has mostly uniform decay, consistent and linear across the whole decay
time. In a reverberant field the decay has an abrupt direct sound which is instantly followed by significant number of
reflections from all surfaces, making the decay uneven and non-linear. The reduction of reflections energy is slower than
in a damped room, so the decay tail has relatively more energy after 50 ms threshold. Even though the observed three STI
values have a step of 0.17-0.18 units between them, the C50 values have uneven distribution: -1.9 dB, -2.7 dB and 6.2 dB
respectively.

Another factor that breaks the linear relationship between STI and C50 in a reverberant field is STI sensitivity to
modulation depth at low C50 values. STI is calculated using modulation transfer index with gender-specific factors. The
modulation transfer index in its turn is obtained by averaging the transmission indices TI, and those are affected by the
effective signal-to-noise ratio. The effective SNR is calculated using the corrected modulation transfer ratio:

M fon
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This logarithmic relationship is very sensitive to small variations when modulation transfer ratio m’ has a low value,
which is the case in a reverberant field with high reverberation time.

One more factor is modal behaviour. STI is calculated for 7 octave bands, from 125 Hz to 8000 Hz. The influence of
modes at 125 Hz octave band can create unpredictable variability in STI values across different receiver positions. C50
values used for this comparison were calculated for mid-frequency region of 500-2000 Hz.
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Figure 5. STI vs. C50 for 4 classrooms and a large reverberant hall.
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Figure 6. Sound energy decay curves for Musse (STI 0.40 and 0.58) and for room 543 (STI 0.75).

As part of the investigation, Transmission Index TI values for the 2000 Hz octave band were estimated using the empirical
correlation found in [8]:

TI = 0.030Cs, + 0.555 (5)

Other octave bands give very similar regression line, so the right side of the Equation (5) was used to estimate full STI.
The results were compared to the STI data obtained in the current study. The algebraic difference between the two is
shown in Figure 7. It confirms the observations made above about the applicability of the STI estimation using C50 only
for damped rooms. The STI estimation difference ASTI shows that it is minimal for C50 values between 6 and 9 dB.
Apparently, the sound decay at the locations with the mentioned C50 range gives a relatively stable modulation transfer
function. Outside this range, however, the linear approximation in Equation (5) does not capture non-linear sensitivity
from Equation (4). Figure 7 shows that the linearly estimated STI values from an empirical formula systematically diverge
from the measured values at the lowest and the highest C50 values. This limits the reliability of the formula to this specific
C50 range.
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Figure 7. Difference between STI in the current study and Nijs and Rychtarikova paper.

4 Conclusions

This paper presents investigation of Speech Transmission Index STI and Speech Clarity C50 relationship. The
investigation is based on examination of STI and C50 values from 4 similar damped classrooms with RT 0.4 s and a
reverberant historic hall with RT 2.2 s. STI values were derived from impulse responses using the indirect method defined
in IEC 60268-16 standard. For this, theoretical speech levels were estimated, based on sound power level L, = 64 dB
which relates to the conversational speech. Background noise was measured and used for the STI calculations.

For the damped classrooms, STI and C50 show a strong linear correlation (R? = 0.89), confirming that C50 can serve as
a reliable practical substitute for STI in spaces with modern acoustic treatment (absorbing ceiling and backwall), low
background noise, and room dimensions of approximately 12x6 m. The study also shows an opposite case of a reverberant
space, where the correlation between STI and C50 breaks (R? = 0.41). This is due to the logarithmic sensitivity of the
effective SNR calculation in STI to small variations in the modulation transfer ratio. The effect is amplified in reverberant
sound fields with long decay tails.

These findings support the use of C50 as a practical design criterion in early-stage classroom acoustic design, but also
support its limitations in spaces with high reverberation times.
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