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This study investigates if acoustical capacity models, originally built for large eating establishments, can
be adapted for smaller spaces and alternative functions like classroom-based group work. This study
focuses on classroom group work, an activity-based learning approach, to capture complex speech
dynamics, characterised by multiple simultaneous talkers and Lombard induced vocal adjustments. The
study explores how modifications to key model parameters influence the accuracy of noise level
predictions. We first applied the recommended parameter values derived from measurements in large eating
establishments, namely a Lombard slope of ¢ = 0.5 dB/dB and a group size of g = 3.5. The model
predictions are compared with noise data from the literature as well as with new measurements conducted
in university classrooms at the Technical University of Denmark (DTU). The results indicate that Rindel’s
model systematically overestimates noise levels in classrooms when the original parameter values for eating
establishments are used. This overestimation is attributed to larger group sizes, less animated speaking
behaviour during classroom group work, and significantly smaller room volumes compared to eating
establishments. Improved agreement between predicted and measured noise levels, within 0 to 2 dB(A), is
achieved by adjusting the Lombard slope to values in the range [0.1 , 0.4] dB/dB. For very quiet spaces
with sound levels below 50 dB(A), a Lombard slope of ¢ = 0 dB/dB is recommended.

1 Introduction

Excessive noise from many people speaking simultaneously in eating establishments (EEs) and other social gatherings,
in reverberant spaces, is often a nuisance which may cause people discomfort and exhaustion. From this, Rindel put
forward a prediction model for estimating the noise level in [1] and introduced the concept of acoustical capacity in [2].

However, studies show that excessive noise is also common in classrooms, impairing the learning and well-being of
students and teachers [3, 4]. Yet, Rindel’s noise prediction model and acoustical capacity concept cannot likely be directly
applied to classrooms. Classroom occupancy and room characteristics differ substantially from the eating establishments
on which the model was validated. Classrooms typically have smaller volumes and fewer occupants, which may fall
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below the applicability limit of minimum 50 persons suggested by Rindel [2]. In addition, the social dynamics of group
work activities may differ noticeably from those of dining.

The aim of this paper is to investigate how the concept of acoustical capacity can be adapted to university classrooms
used for group work. The study evaluates deviations between predicted and measured noise levels and proposes
adjustments to key model parameters to improve prediction accuracy for such learning environments.

2  Rindel’s model & acoustical capacity

In Rindel’s noise prediction model, expressed by (1), the Lombard effect is one of the main underlying principles. This
is quantified by the Lombard slope, ¢ [dB/dB], being the ratio between the increase in speech level and the increase in
ambient noise level. ¢ values vary depending on the speaker’s voice level, background noise level and the type of noise,
and Rindel refers to studies that concluded ¢ values between 0.5 and 0.7 dB/dB to be appropriate [5, 6].
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g = N/Ns [—] denotes the group size, defined as the ratio between the total number of people, N, and the number of
speaking persons, Ng, representing the average number of listeners per speaker [7]. A smaller value of g, e.g. 2, indicates
a livelier social gathering, with a larger proportion of speakers, whereas a larger g, e.g. 4, implies fewer simultaneous
speakers. V [m?] is the room volume and T, [s] is the unoccupied room’s mean reverberation time at mid frequencies
(500-1000 Hz). Ap [m?] is the sound absorption per person due to clothing. Rindel verified the prediction model on noise
data found in the literature from which the values ¢ = 0.5 dB/dB, 4, = 0.2 m? and g = 3.5 are suggested for EEs [1].

Rindel advise against using the model in small rooms with occupant capacities less than about 50 people, as uncertainty
is increased with only few simultaneous speakers [2]. The model also assumes a diffuse sound field and should therefore
be used cautiously where this condition is challenged. Moreover, the group size is difficult to estimate because it depends
on social factors such as the nature of the social gathering, occupants’ interpersonal relationships, and the overall liveliness
of the situation. Consequently, g varies over time and with the social character of the gathering.

In [2] Rindel defines the concept of acoustical capacity as “the maximum number of persons allowed in the room for
“Sufficient” quality of verbal communication”. ”Sufficient” quality of verbal communication (QVC) is characterized by
having signal-to-noise ratio (SNR) > —3 dB, or an ambient noise level < 71 dB, as well as a vocal effort categorized as
“raised” [8]. Rindel defines SNR as the sound level difference between the direct sound, produced by a speaking person
at a distance of 1 m, and the ambient noise level, i.e. SNR = Lg 4 1, — Ly 4, Which equates to:
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The equation is valid for speech levels in a range of 55 to 75 dB(A), or ambient noise levels between 45 and 85 dB(A),
corresponding to an SNR range of —10 to 410 dB. Solving for N in (2) yields the general equation for the acoustical
capacity, Ny,.x, below. If N < N, then verbal communication at a distance of 1 m, using a raised voice, is possible.
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3  Method

Research was carried out to find previously published noise data, stemming from simultaneously speaking persons in
classrooms at various educational levels. This allows for evaluating the prediction model’s accuracy for group work in
classrooms, as well as exploring potential modifications to the parameter values yielding more accurate noise estimates.

We also measured noise from group work in five different classrooms at the Technical University of Denmark (DTU).
A-weighted sound pressure level, L,.,, were logged every 5 seconds for 45 minutes using one Briiel & Kjeer 2250 sound
level meter (SLM). The SLM, placed at a height of 1.2 m, was located approximately 1.5 m from the wall. Meanwhile,
the number of persons, N, and number speaking persons, N, were recorded visually by the researcher, to calculate g.
From this, the prediction model’s accuracy is tested on the classrooms and potential modifications of parameter values
are further investigated. Reverberation time (RT) and clarity (Cs,) was also measured following 1SO 3382-2: 2008 [9].



4  Results from cases found in the literature

Table 1: Data from cases found in the literature. Values for ¢, g and A, are toned down as they are not reported in the studies.
Deviations between calculated and reported noise level are calculated as Ly, — Laeq. The explanatory footnotes indicate
discrepancies between the reported data and parameters in the (1) and (3).

Cases c g % T N Ap Ly Ly, Deviation Ny,
dB/dB - m3 s — m? dB(A) dB(A) dB(A) -

Choi, 2025 [10] )

Primary school 1780 0862 23 69.3 77.8 8.5 10

Choi, 2025 [10] )

Junior high school 1640 0949 27 63.8 80.3 16.5 9

Choi, 2025 [10] )

High school 165.0 0.77¥ 31 64.4 79.8 154 11

Choi, 2025 [10] 2

special school 135.0 0.69 5 65.4 65.9 0.5 10

Larsen & Blair, 2008 [11] © d) )

Primary school 189.0 0323 25 59.8 70.1 104 30

Sala & Rantala, 2016 [12] b)

Primary school 201.6  0.55 19 69.0 71.8 2.8 18

Seitz & Fels, 2015 [13] ® )

Primary school 1910 0452 18 67.4 69.9 2.5 21

Shield, et al., 2015 [14] P

Secondary school 161.0 064 23 67.7 76.2 8.5 13

i 9)
Wang & Brill, 2021 [15] 2010 045 22 660 712 5.2 22
Primary & secondary school

4 RT is averaged over the 500-2000 Hz octave bands.

b) RT is averaged over the 250-4000 Hz octave bands.

© Data for individual rooms aren’t presented, so Ls., and N are given as mean values.

9 Only the overall variation in floor area is reported, so the room height is estimated to 3 m.

9V, T, and N are mean values of all the reported rooms.

 Frequency range of RT isn’t stated, so 500-2000 Hz is assumed (cf. BB93 [16]). Lyeq is @ mean value of all rooms.
9 RT may be visually estimated from figure 2 (a) in [15] to roughly 0.45 s over 500-1000 Hz.

Table 1 displays six cases that are found adequate for this study. The required parameter values, used to predict noise
levels and calculate the acoustical capacity via (1) and (3), are also shown. The reported noise levels vary between
approximately 60 to 69 dB(A), whereas the predicted noise levels fall between roughly 66 to 80 dB(A). Overall, the model
overestimates the noise levels to varying extents, when applying Rindel’s recommended values for ¢, g and Ap. Three
cases deviate by 0-5 dB(A), and another three cases are in the range of 5-10 dB(A) while the deviation of the remaining
three cases range between 10-17 dB(A). The mean deviation is 7.9 dB(A). The lowest deviation, indicating the best
agreement between predicted and reported noise levels, is [10] (Special school). However, only five persons occupy this
room, which is markedly lower than the other rooms limiting its comparability to the remaining cases. The relatively large
deviations can be explained by both the uncertainty regarding the frequency range over which the RTs are averaged, and
the use of mean values for V, T and N. Additionally, Rindel’s recommended values relating to EES - particularly those
for ¢ and g - contribute significantly to the size of the deviations.

The acoustical capacity of the rooms varies between 9 and 30 persons. The occupancy is less than the acoustical capacity
(i.e. N < N,,qy) in [10] (special school), [11], [13] and [15] meaning that verbal communication, at a distance of 1 m, is
possible using a raised voice. The occupancy, as a ratio of the acoustical capacity (i.e. N/N,,4x), in these rooms is roughly
50%, 85%, 84% and 100%, respectively. Thus, an additional five persons could theoretically occupy the first mentioned
case, without exceeding the requirement for verbal communication, whereas N in [15] is at the limit. As for the other
rooms, [12] just exceeds the limit while [14] and [10] (Primary school) has approximately twice as many occupants as
the acoustical capacity allows for. The occupancy in the remaining rooms, [10] (junior high and high school), is about
three times the acoustical capacity.



5 Results from the classrooms at DTU

Table 2: Data from measurements conducted at DTU. Values for ¢ and A, are toned down as they are not measured. Values of g, N,
Ng and Ly, are averaged across the period of measurement. Instances of Ng = 0 are excluded, as dividing by zero isn’t defined.

Room c g % Cso RT Ty N Ng Ap Ly Ly, Deviation Np,, N,

dB/dB - m?3 B s s — — m’ dB(A) dBA) dB(A) - -
016 34 3782 57 063 057 14 4 49.8 64.5 147 30 51
019 30 3725 53 063 058 31 11 62.5 72.6 10.1 26 54
014 43 11675 47 072 068 38 9 57.3 62.9 5.6 102 60
063 33 3722 12 102 09 20 6 57.6 72.2 14.6 18 61
067 51 3695 11 103 099 7 1 48.3 60.2 12.0 26 61

Table 2 displays measurement results from the different rooms at DTU. Applying Rindel’s recommended parameter
values and the measured inputs, to (1), shows that the prediction model consistently overestimates noise levels by about
10-15 dB(A), except for 014 in which the deviation is notably smaller at about 6 dB(A). The measured noise levels are
roughly 5-15 dB(A) lower than those reported in the literature, while the corresponding deviations remain somewhat
larger. The noise levels in 014 and 063 are nearly identical, despite 014 having almost twice as many occupants and more
talkers. The similar noise levels may be explained by the larger volume of 014 combined with high T, and g in 063. The
measured noise levels in 016 and 067 are the lowest, likely due to few simultaneous speakers and minimal vocal effort.
As a result, there is little to no “competition” between speakers to make themselves be heard above the ambient noise.
The average g in 016 and 063 closely matches Rindel’s recommended value of 3.5. In room 019, g is slightly lower,
indicating a livelier social gathering, while it is moderately higher in 014 and 067, indicating the opposite.

The acoustical capacity ranges from 17-30, except for 014 where it is about 100 which is markedly higher than the seating
capacity N;.. The requirement for verbal communication is not exceeded in 016, 014 and 067 as N < N,,,,. Here,
N /N4, is less than 50% meaning that the occupancy could generally be increased significantly. Conversely, 019 and
063 slightly surpassed the limit as N/N,,., > 100 %. Contrarily, the occupancy, as a ratio of the seating capacity
(N/N_), allows for the occupancy to be greatly increased in 016, 063 and 067. In 019 and 014, occupancy could be
roughly doubled. However, the acoustical capacity, as a ratio of the seating capacity (Ny,,./Ns ), indicates that the
occupancy should not exceed about 60% of the seating capacity, to allow verbal communication at 1 m (raised voice).

6  Adjusting parameter values to university classrooms

The deviations, between the predicted and measured/reported noise levels, are reasonably consistent between all
datapoints (i.e. DTU-rooms and cases). That is, they are positive and comparable in magnitude, and mostly larger than 8
dB(A). Hence, Rindel’s model overestimates the noise levels in classrooms, when the recommended values (¢ = 0.5
dB/dB, g = 3.5) are applied. However, this observation may simply be coincidental, as the amount of datapoints is
limited, i.e. a larger study must be carried out to either confirm or deny this.

The overestimations may indicate that either the Lombard effect is weaker for university students (i.e. ¢ < 0.5 dB/dB),
fewer people speak simultaneously, or a combination of both factors apply. The group size can vary markedly depending
on whether the students work in small groups of two persons, or larger groups of 4-6 persons for project work.
Additionally, speaking often alternates between group members, limiting the number of simultaneous speakers. Although
the average group size in classrooms can be similar to 3.5, Ns will be substantially lower as the total number of persons
in classrooms, roughly 40 at peak, is significantly less than in the EEs. Thus, L., fluctuates far more than in the EEs,
where N could easily exceed 50, increasing the unreliability of the model, due to longer periods of silence.

Furthermore, the volumes of the classrooms, except for that of 014, are substantially smaller than the EEs examined by
Rindel, which challenges the diffuse sound field assumption. The classrooms at DTU typically have low ceilings and
sound absorbing material primarily on the ceiling, causing the sound level to decrease significantly with the distance from
the speaking person. Clustering of students in sparsely occupied rooms further challenges the diffuse sound field. In 016
and 067, which had the lowest occupancies as ratios of the seating capacities, most students were clustered on one side
of the room. In contrast, students were more evenly distributed in 019, 014, and partly 063, which also had higher N /Nj ..



Thus, the diffuse sound field assumption is most valid in 019 and 014. Additionally, the students’ willingness to converse
depends on the interpersonal relations between these, and other social circumstances. This can cause the sound energy to
be concentrated near groups having livelier conversations due to closer relationships. As a result, the sound field may
easily be non-uniform, and the prediction model will likely overestimate the noise level.

It is important to note that the observed consistently positive deviations, between the predicted and measured/reported
noise levels, does not invalidate Rindel’s model in relation to university classrooms. Instead, the differences in occupancy,
acoustic conditions and patterns of social interaction among students, between classrooms and EEs are emphasised. As a
result, the observed deviations indicate that the parameter values, particularly that of the Lombard slope ¢ and group size
g, are unfit for classrooms, making it natural to examine other values of these, that better describe classroom conditions.

The prediction model’s accuracy on classrooms for group work, is improved by adjusting the values of ¢ and g, as these
parameters involve the most uncertainty and has a large impact on the predicted noise level. This process is similar to
how Rindel determined the ideal values of ¢ and g for EEs. The prediction model is considered sufficiently accurate on
university classrooms if the predicted noise level is within 0 to 2 dB(A) of the measured/reported noise level. This
accuracy range is selected because the prediction model systematically overestimates noise levels in the studied
classrooms. A symmetric range of + 2 dB(A) is therefore avoided, as overestimation is preferable to underestimation.
The values of ¢ are particularly uncertain, as this parameter was not measured, whereas g was directly observed in the
rooms at DTU.

6.1 Fitting ¢ to DTU-rooms

The Lombard slope, c, is adjusted by solving the equations Ly 4 = Lgeq and Ly 4 = Lyoq + 2 dB(A) for ¢, to yield the
desired range of accuracy, while keeping the remaining parameters in (1), fixed at the values given in Table 2. The
intervals of ¢ that satisfy the equations are shown in Figure 1. The lower and upper limits correspond to exact agreement
with L., and a +2 dB(A) overestimation, respectively.

The significantly negative values for 016 and 067 can be explained by the measured noise levels being low (about 50 and
48 dB(A), respectively), due to few simultaneous speakers, indicating that the Lombard effect has hardly begun [5]. A
negative c¢ contradicts the principle of the Lombard effect, since it implies that people reduce their voice level as the
ambient noise level increases. Therefore, ¢ should be restricted to non-negative values. The overestimated noise levels in
016 and 067 may therefore be due to circumstances regarding the social character of group work. The remaining intervals
of ¢ are non-negative, apart from the lower limit in 063. Thus, based on the rooms at DTU, an appropriate range of the
Lombard slope is approximately ¢ € [0.1,0.4] dB/dB, and ¢ = 0 dB/dB for quiet rooms where L,,, < 50 dB(A). This
could indicate that group work in university classrooms, is a less lively activity compared to dining in EEs. In a future
study, c should ideally be measured - possibly by the method described in [17].
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Figure 1: Intervals of ¢ resulting in the predicted noise level being within 0 to 2 dB(A) of the measured noise level. From left to right,
the datapoints are sorted by lowest to highest measured L4, respectively.



6.2 Limited adjustment of g

For the adjusted group size, applying the same method of solving the equations Ly 4 = Lgeq and Ly 4 = Lgeq + 2 dB(A)
for g, is problematic since neither ¢ nor g are known for the cases found in the literature. Doing this, g will depend on a
predetermined ¢ which can result in the value of g compensating for at too strong Lombard effect. This leads to wide
intervals and, in some cases, physically unrealistic group sizes. In reality, a combination of different c and g values likely
apply. The simplified approach does not account for this since the optimisation becomes non-unique, as multiple
combinations of ¢ and g can produce similar noise levels - i.e. the actual interaction between these parameters is not
reflected in the approach. However, based on the observed time-varying group sizes in the rooms at DTU, a plausible
range for the group size could be g € [3,9]. The upper limit accounts for rather quiet group work sessions, primarily
observed in 016 and 067. The lower limit reflects the observations of most simultaneous speakers in 019. To further
support this recommendation, more investigations of ¢ and g, should be conducted in a future study.

7 Acoustical capacity in classrooms for group work

Applying the suggested range of g, with the other relevant parameter values from Table 1 and 2, to (3) results in the
intervals of acoustical capacity displayed in Figure 2. The lower and upper bounds of the intervals relate to g = 3 and
g =9, respectively, since the acoustical capacity increases with the group size as a larger g means fewer simultaneous
speakers, and less noise is generated. N,,,, has been determined for two classes of QVC by using different values of SNR
with reference to table 5 in [1]. Recall that the concept of acoustical capacity is defined for ”Sufficient” QVC (SNR = -3
dB). The class “Satisfactory” (SNR = 0 dB, i.e. 3 dB better than “Sufficient”) pertains to hearing-impaired people and
non-native speakers, as the acoustical needs of these are stronger, requiring an improved SNR [2]. This is relevant for a
university like DTU with many international students [18] and many courses taught in English which also makes it
relevant to Danish students. For “Satisfactory” QVC, the vocal effort is categorised as “normal”. Both descriptions of
QVC classes stem from Table 2 in [8]. The blue bars show the exact acoustical capacity stemming from the measured g.
The seating capacity as well as whether the requirement for verbal communication at 1 m (raised voice) is met, are also
shown with purple rhombuses and green/red circles, respectively.

The vertical axis is limited to 110 as the upper limit of “Sufficient” QVC for 014 is nearly four times the seating capacity,
which is highly unrealistic. The acoustical capacities of the cases reported in the literature are generally lower than in the
rooms at DTU, which is likely due to the smaller volumes. However, “Wang & Brill - P/S”, “Seitz & Fels - Primary” and
“Sala & Rantala - Primary” show high values of N,,,, compared to rather small room volumes, which may indicate that
behavioural patterns vary across different educational levels. Furthermore, most exact acoustical capacities in the rooms
at DTU lie close to the lower bounds of both QVC-classes, indicating that the behaviour of university students engaged
in group work, is at the conservative “worse-case” end of the suggested range of g. Thus, during the acoustic design
process, conservative assumptions should be made regarding the expected arousal level, i.e. liveliness of the group work.

For the DTU-rooms, the exact values of N, depend on the number of persons that were present during the
measurements. For instance, 063 and 067 have nearly identical physical characteristics and room acoustic parameters, yet
the acoustical capacity differs by 9 and 4 persons for “Sufficient” and “Satisfactory” QVC, respectively. Accordingly,
Nonax 1S roughly 40-50% larger in 067. This difference is due to comparatively low occupancy and few simultaneous
speakers in 067. Hence, basing the acoustical capacity of both rooms solely on the results obtained from 067, will yield
inaccurate results in 063, as g will be overestimated resulting in the predicted noise level likely being lower than the
actual Lyeq. As N is far less than Ny . in 063 and 067, situations of significantly more students in these rooms are likely
to occur. Therefore, a future study conducting measurements in these rooms, with added occupants, may yield more
reliable results. Additionally, the long RTs in 063 and 067 may further increase noise level during group work. One way
to increase N4 S to reduce the reverberation time. As an example, reducing T, in room 063 from 0.96 sto 0.62 s (BR18
standard [19]) increases the acoustical capacity, for “Sufficient” QVC, by approximately 55% to about 28 occupants,
which however is still only roughly half the seating capacity.

The acoustical capacity is generally halved when moving from “Sufficient” to “Satisfactory” QVC, pointing to poor
performance of rooms designed for SNR = —3 dB, in relation to hearing-impaired people and non-native speakers. The
acoustical capacity for “Satisfactory” QVC is easily exceeded if the room is designed for “Sufficient” QVC. Therefore,
using “Satisfactory” QVC as a design criterion should be considered for universities and other educational institutions
with many non-native speakers. Lastly, the acoustical capacity should not be interpreted as a single number, but rather as
ranges tied to the expected use, and behaviour of the occupants, i.e. the social character of the activity, in the room. For
instance, a classroom with a large N,,,, and great QVC during lectures, with mainly one speaking person, may fail to
meet the required SNR during group work, since the acoustical capacity is decreased significantly.
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Figure 2: Intervals of N,,,,, based on the range of g. From left to right, the datapoints are sorted by lowest to highest L,., respectively.

8 Conclusion & future research

Applying Rindel’s noise level prediction model to university classrooms measured at DTU and literature cases showed
that noise levels are systematically overestimated, when using Rindel’s recommended parameter values (¢ = 0.5 dB/dB,
g = 3.5). These values are thus not representative of classroom conditions, which typically involved larger group sizes,
smaller room volumes and less active speech behaviour, compared to the eating establishments reported by Rindel, which
sometimes challenged the diffuse sound field assumption.

This motivated an adjustment of the parameter values to improve accuracy. Deviations of 0 to 2 dB(A) between the
predicted and measured/reported noise level was achieved for ¢ € [0.1,0.4] dB/dB. For very quiet spaces, with sound
levels below 50 dB(A), ¢ = 0 dB/dB is recommended. Reliable adjustment of the group size was unsuccessful; instead,
g € [3,9] is suggested as a realistic range.

Lastly, acoustical capacity in classrooms was found to generally be lower than in eating establishments and to strongly
depend on group size, room volume and the desired quality of verbal communication. For the classrooms examined at
DTU, seating capacity was typically about twice the acoustical capacity.

Future research should consider age-dependent differences in behaviour and auditory processing, as these may influence
both the Lombard effect and the number of simultaneous speakers. Moreover, while this study primarily considers
reverberation time (RT), additional parameters such as speech clarity (Cso) should be investigated. Measurements from
the DTU classrooms include Cs,, and a recent study [20] suggest a link between Cs,, speech levels, and activity noise.
Finally, low-frequency contributions should be examined, as the lack of data around 125 Hz in the literature cases may
limit the understanding of noise perception and speech masking in classrooms.
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