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Children spend a considerable amount of time in educational institutions, where they are constantly exposed to noisy sound environments, which has detrimental effects on children’s health and cognitive development. Extensive room acoustics measurements and long-term in-situ measurements in such institutions are scarce and are generally conducted using omnidirectional microphones. This study provides preliminary results of room acoustics in unoccupied conditions and in-situ noise measurements during occupancy, in classrooms and playrooms in Germany using an omnidirectional microphone, an adult HATS (head and torso simulator), and a child HATS. The results indicate that room acoustics of most of the sampled rooms need improvement (mid-frequency reverberation time, T30 (s) = 0.6 (0.3–1.1) and clarity index, C50 (dB) = 6.1 (1.6–10.4); speech transmission index (STI) = 0.7 (0.6–0.8); mean values and range); the sound pressure level (SPL) during activities was around 66 dB (A-weighted equivalent level SPL) in both classrooms and playrooms using omnidirectional measurements, which is somewhat lower than similar measurements in other countries that varied in measurement periods; psychoacoustics parameters relating to sound fluctuation (fluctuation strength and roughness) show variation with increasing room volumes; and that there may be some benefit in considering child HATS for in-situ noise measurements. While the validity of these results in relation to children’s perceptual evaluation (using questionnaires, etc.) is subject to future investigations, the results highlight some of the nuances in the choice of transducers in measurements with children and potential benefits of psychoacoustic parameters in complementing the SPL-based parameters in more comprehensively characterizing the noise environments in educational institutions.
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1 INTRODUCTION
Noise and unfavorable room acoustics in educational institutions, such as primary schools and preschools, is a well-known problem. While several studies have reported results of room acoustics measurements (in both occupied and unoccupied rooms), long-term noise measurements are scarce, especially in daycare settings. Furthermore, for characterizing noise and room acoustic measurements in such institutions, two possibilities include using omnidirectional and binaural transducers. The former allows a range of measurements including standardized ones (Bradley et al., 1999; American National Standards Institute, 2002; Building Bulletin 93, 2015; Deutsches Institut für Normung, 2016; Astolfi et al., 2019a), while the latter generally incorporated as microphones near human (who may or may not have freedom of movement) ears or within ear canals of head and torso simulator (HATS). Binaural transducers allow measurements that can represent some of the effects of head, shoulders, and outer ear processing for static listeners (i.e., without head movements). Adult HATS in binaural measurement procedures are relatively common in research settings including in classrooms (CRs) for children (e.g., Shinn-Cunningham et al., 2005; Peng et al., 2012), and there is at least one example of a head and shoulder simulator (Fels et al., 2004; Prodi et al., 2007) that has been qualified to closely represent children aged approximately 3–6 years (hereinafter, referred to as children/child HATS). This study reports on room acoustics measurements in unoccupied conditions (furnished rooms) and long-term noise measurements during typical hours of occupancy, in several primary schools and daycare centers, using both omnidirectional and binaural transducers. This includes investigating the extent to which relevant acoustic and psychoacoustic parameters vary across the educational settings and between the transducers, that is, omnidirectional, adult and child HATSs, with the latter two providing first-order representations of teachers and students’ perception, respectively. These considerations may be important for characterizing the noise environment and room acoustics and determining appropriate measurement methods in a variety of educational institutions for children.
As listed in Table 1, which refers to measurements in CRs mainly in primary schools and daycare centers across various countries, the sound pressure levels (SPLs, in decibel) in such educational institutions are considerable. There are also considerable variations between studies due to factors such as the number of children present (Sala and Rantala, 2016); the age groups, with daycare centers generally reporting higher levels than primary school CRs (Picard and Bradley, 2001); activities involved; room acoustics due to excessively low or high reverberation times (RTs) (Astolfi et al., 2019b); measurement methods including duration (Sala and Rantala, 2016; Wang and Brill, 2021), transducer type and locations, for example, omnidirectional vs binaural recordings vs dosimeters (last two rows in Table 1), with microphones in front of ears (Södersten et al., 2002; McAllister et al., 2009); and pedagogical aspects. Representing a wide range of such factors, Sala and Rantala (2016) summarized SPLs from studies conducted in Finland, Germany, Sweden, United Kingdom, and United States over several years, reporting a range of SPLs from LA,eq (A-weighted equivalent energy SPL) = 42–100 dB in schools and LA,eq = 60–85 dB in preschools measured for periods ranging from 2 min up to five working days. Their own investigations included LA,eq as well as several percentile levels including LA90 representing the background noise in occupied CRs, LA10 representing the higher levels, and LA50 representing the median level. In terms of room acoustics, Sala and Rantala (2016) reported RTs, speech transmission index (STI) values (values ≥0.85 considered adequate for a wide range of hearing and learning conditions for children), and mean background noise level in unoccupied CRs as 34.5 dB (27–44 dB). Astolfi et al. (2019b) used a consistent measurement setup across CRs in Italy, which were classified either as rooms with “good” or “bad” acoustics according to the occupied rooms’ RT (T20,occ), as listed in Table 1. They also reported clarity index (C50 in dB, ratio between the energy arriving in the first 50 ms and the remaining energy) and the ratio of useful to detrimental energy values (U50 in dB) to express speech intelligibility, which were highly correlated with T20,occ. For the CRs with “good” acoustics, reported values for C50 and U50 were mostly within the range of optimum values, with C50 ≥ 3 dB considered good and U50 ≥ 1 dB considered optimal; and the CRs with “bad” acoustics had corresponding values outside this optimal range. Persson Waye and Karlberg (2021) reported results from a study in Sweden in unoccupied furnished rooms, before and after an acoustic intervention. Wang and Brill (2021) reported estimated noise and speech levels from measurements in the United States CRs, along with RT and C50 values in unoccupied rooms.
TABLE 1 | Summary of noise and room acoustic parameters in previous studies. Reported values are mean and the range (in brackets) unless indicated otherwise.
[image: Table 1]The studies mentioned above have typically used omnidirectional microphones at fixed locations and/or single-channel noise dosimeters to measure the sound environment in educational institutions. Binaural recordings of children and teachers moving freely within CRs have been performed in at least two studies (last two rows in Table 1) where microphones were placed in front of both ears of teachers and children in preschool CRs in Sweden, and values reported are power averages of left and right ear values. For typical daily activities in CRs, these values represent a closer representation of hearing levels for both teachers and children. The almost 6 dB difference in the mean LA,eq values in these two studies using similar measurement methods was partly attributed by the authors to the differences in heights and distances between the teachers and children. The values reported in Södersten et al. (2002) and McAllister et al. (2009) do not include contributions due to self-speech of the participants wearing binaural microphones, which, besides other measurement factors, may partly account for slightly lower values compared to the dosimeter values reported in Persson Waye and Karlberg (2021) which presumably include contributions due to the participant’s own speech. In the latter, significant differences were found between children and personnel amounting to 6–8 dB.
Regardless of the measurement method, the high SPLs reported in Table 1 can have detrimental effect on adults’ well-being at work (e.g., Åhlander et al., 2011) and on children’s behavior and development (for reviews, Shield and Dockrell, 2003, 2008; Klatte et al., 2013). Unfavorable room acoustics, such as long RTs relative to the room volume, characterized as being outside the 0.5–0.8 s optimum range (in occupied rooms) in Astolfi et al. (2019b), have been shown to lower performance in phoneme identification in adults and children (Neuman and Hochberg, 1983; where RT = 0.6 s was detrimental compared to RT = 0.4 s or no reverberation), impairment in primary school children’s speech perception and listening comprehension (Klatte et al., 2010a), short-term memory (Klatte et al., 2010b), and negative effects on performance, well-being, and social climate at school (Klatte et al., 2010c). Since children spend a considerable amount of time in these educational institutions, noise assessment and control are crucial toward providing optimal learning and development environments. Noise assessment and subsequent control would benefit from long-term measurements using a consistent method for more reliable parameter values compared to previous studies, which include a range of measurement periods (see Sala and Rantala, 2016, for a review).
While measurements using omnidirectional transducers have several advantages, binaural measurements are a closer representation of hearing conditions. Binaural transducers placed near human ears, as in Södersten et al. (2002) and McAllister et al. (2009), perhaps represent one possibility, with its own set of logistical issues. HATSs have limitations in terms of fixed location, and generic head-related transfer function (HRTF); the latter characterizes the frequency-dependent amplifications in the signals when measured at the ear canal entrance (Møller et al., 1995). However, the advantages of HATSs include a potentially more robust and repeatable setup compared to putting transducers on humans, with a major limitation being the use of additional equipment that may not be as readily available as individual microphones. Another overhead includes additional binaural analyses due to processing two channels instead of one in general and the potential use of computational expensive binaural models such as those for binaural loudness (Moore and Glasberg, 2007). Yet, to avoid intrusive methods involving humans (especially children), HATSs represent a rather convenient middle ground for noise measurements in CRs, which can be used to augment information provided by standard methods using omnidirectional microphones.
In terms of HATS sizes, children have smaller ears, head, and shoulder sizes than adults, and arguably a HATS representing adult morphology may not represent those of children. Hence, differences in anthropometric sizes between adults and children need to be considered to represent children’s perspectives more appropriately. Indeed, different adult HATSs can also have different HRTFs, but for the sake of brevity, this is not explored further here, and instead the focus is on comparisons between a selected adult and child HATS. Fels et al. (2004) reported more amplification in the higher frequency bands (starting from 4 to 5 kHz) for children vs adults HRTFs. Differences were also observed for different directions in the horizontal plane and the median plane (Fels and Vorländer, 2009). More gain in higher frequencies in children’s HRTFs might explain the higher sensitivity to high-frequency sounds reported for children (Persson Waye and Karlberg, 2021). With this in mind, it may be expected that differences between the transducers might also be observable in certain room acoustic and noise parameters, such as RT and SPL, when analyzed on a band-by-band basis, especially in the higher frequency bands.
To further characterize the behavioral effects of spectral and temporal (and spatial) aspects of human sound perception, psychoacoustic models and associated parameters (hitherto based largely on adults’ perception) are, at least in principle, better suited than level-based parameters. Psychoacoustic loudness is perhaps the most common (for both stationary and time-varying sounds; ISO 532-1). However, other psychoacoustic parameters such as sharpness, roughness, fluctuation strength, etc., have been useful in investigations of several subjective attributes of various sound environments for adults. However, the use of psychoacoustic parameters in CR studies has been very limited, and it is unclear whether there is any benefit in considering psychoacoustic models based on adults’ perception to characterize children’s perception; psychoacoustic models specifically for children, and adults’ models adapted for children are possible too, but not the focus here. Yet, the scope of existing psychoacoustic parameters has the potential to complement and even go beyond investigations that are possible with SPL-based parameters. This includes, but is not limited to, exploring the higher sensitivity of children to high-frequency sounds compared to adults. This is possible by comparing, for instance, SPL of lower vs higher-frequency octave bands with psychoacoustic sharpness (S) and whether there is a benefit in using one approach over another. Additionally, one may expect higher sharpness values based on measurement with child HATS compared to adult HATS due to higher amplification in higher frequencies for children’s HRTFs compared to adults’ HRTFs (Fels et al., 2004). Similarly, to explore the effect of fluctuations in the sound environment on human perception, it is possible to compare the performance of SPL-based parameters that quantify the level fluctuations above the ambient SPL (e.g., LA10—LA90, etc.) and psychoacoustic parameters fluctuation strength (FS) and roughness (R). These psychoacoustic parameters characterize human perception to slower (FS) and faster (R) amplitude fluctuations and have been shown to be related to annoyance due to air-conditioning, and auditory distraction due to many sounds including speech in office simulations Schlittmeier et al. (2012), respectively.
This study has two main aims:
1. Providing pilot results of room acoustics (unoccupied furnished rooms) and long-term measurements during occupancy in several primary schools and daycare centers using an adult and a child HATS, representing a teacher and a child in CRs, respectively, along with an omnidirectional microphone that is used in most previous studies.
2. Studying the relationship between relevant acoustic and psychoacoustic parameters that characterize the sound environment in CRs, based on the measurements in aim 1 with regard to the differences that might be introduced by transducers including differences in anthropometric sizes. The results may be beneficial for future studies where the subjective perceptions of children and adults in CRs are characterized in relation to one or more types of these transducers.
Both the aims are steps toward determining measurement and analysis methodologies that best characterize the subjective perception of children and of adults in CRs, which should be linked in further studies to children’s responses on subjective perception in child-appropriate questionnaires (e.g., Persson Waye et al., 2013).
2 METHODS
2.1 Educational Institutions Measured
Acoustic measurements were conducted in ten educational buildings in Germany (Aachen) including four primary schools and six daycare centers. In total, N = 8 CRs and N = 10 playrooms (PRs) were measured. An overview of all selected rooms is given in Table 2 including information on connected rooms, acoustical treatments, room dimensions, and A-weighted ambient background noise levels outside occupied hours. In terms of PRs in daycare centers, most of them are directly connected with one or two smaller connected rooms (for example, an extra eating room or an extra sleeping room), which are presented as additional volumes in Table 2. The doors to these rooms are seldom closed to enable continuous supervision by the educators. Therefore, the room volumes of these smaller rooms were added to the overall room volumes, and they were also considered while evaluating the room acoustic measurements (Section 2.2 and Section 4.1). Furnishings corresponded to the purpose of the educational institutions and remained unchanged for the acoustic measurements. None of the rooms had mechanical ventilation systems, and ventilation was mostly managed through windows that were closed for the room acoustics measurements and were open during some of the in-situ measurements. However, the opening of windows during in-situ measurements was not controlled in this study.
TABLE 2 | Overview of selected classrooms (CRs) and playrooms (PRs). Background noise measurements conducted in unoccupied rooms.
[image: Table 2]In the CRs, on average 22 children (f: 50.0%) and 1 adult (mostly female), while on the PRs, in average 15 children (f: 53.5%) and 2 adults (f: 91.3%) were present during noise measurements. The adults were teachers of the corresponding groups of children. Children in the primary schools were between 6–10 years old and more than 50% of adults were in the age group between 31–50 years. In the daycare centers, children were between 3–6 years old and more than 50% of the adults were between 21–40 years old.
All involved adults gave signed informed consent, and in the case of children, all parents signed the informed consent for the participation of their children. The procedure was approved by the Medical Ethics Committee at the RWTH Aachen University, Germany (EK 321/16 and EK 218/18).
2.2 Standardized Room Acoustic Measurements
2.2.1 Measurement Procedure
Room acoustic measurements were conducted in unoccupied furnished rooms according to ISO 3382-2 (International Organization for Standardization, 2008) at precision level with two source and six receiver positions. As the sound source, the Institute of Technical Acoustics (ITA)’s 3-way omnidirectional dodecahedron loudspeaker was used. Simultaneous measurements were executed with the ITA adult HATS (Schmitz, 1995) equipped with Schoeps CCM2H microphones, ITA child HATS (Fels et al., 2004) equipped with Sennheiser KE4 microphones, and a ½” diffuse field omnidirectional microphone (B&K Type 4134) as a reference. Positions were chosen according to ISO 3382-2 with as little overlap as possible without removing the furnishings inside the rooms. All receivers were positioned to represent standing situations since the chosen positions were quite far from the tables and chairs. It further represents reasonably the behavior of teachers and educators in the room, who are standing most of the time. The reference microphone was positioned at the height of 1.2 m, the ear axis of the adult HATS was adjusted to 1.5 m, and of the child HATS to 1.0 m height. The measurement signal was an exponential sweep with a duration of 5,944 s, and it was repeated five times per position.
Furthermore, for all six receiver positions, the ambient equivalent A-weighted background noise level over 30 s (BNLA,eq,30s) was measured according to ISO 9568 (International Organization for Standardization, 1993) using the reference microphone (½” diffuse field microphone B&K Type 4134).
2.2.2 Data Processing and Analysis
Room acoustic parameters T20, T30, EDT (early decay time; to potentially represent subjective “reverberance” (Bradley, 2011)), C50 (clarity index), D50 (definition), and TS (center time) were computed according to ISO 3382-2 (International Organization for Standardization, 2008) and ISO 3382-1 (International Organization for Standardization, 2008) for a frequency range of 125 Hz–16 kHz octave bands center frequencies. The A-weighted background noise level over 30 s was evaluated according to ISO 9568 (International Organization for Standardization, 1993) for a frequency range of 31.5 Hz–16 kHz. The STI was calculated using the indirect method following IEC 60268-16 (International Electrotechnical Commission, 2012), which computed the STI using the measured impulse response neglecting effects from masking and background noise. Hereby, MATLAB and the ITA toolbox (Berzborn et al., 2017) were used. Since some of the rooms measured were connected with smaller volumes (Table 2), the degree of non-linearity in the reverberant energy decay of the measured impulse responses was examined using the method in Annex B of ISO 3382-2. All measurement positions where the degree of curvature of the decay (comparing T30 and T20) for the reference microphone exceeded the 10% threshold, signifying substantial deviation from linearity, were removed from further room acoustic analyses (Table 3) (International Organization for Standardization, 2008). Subsequently, only T30 values are reported. Results including T20 values are provided in Supplementary Table S2.
TABLE 3 | Room acoustic parameters from omnidirectional microphone for classrooms (CRs) and playrooms (PRs).
[image: Table 3]To approximate binaural versions of the standard room acoustic parameters, two approaches were considered. Firstly, the computed parameters from the left and right ear were averaged [image: image]. This method is indicated in the following with “A-HATSAv/C-HATSAv”, representing the values from the adult and child HATSs, respectively. Secondly, the value from the prominent ear was chosen. In this work, it is assumed to be the higher value out of the left and right ear values. The idea here is that the prominent ear represents the conservative approximation of a binaural model, except for STI in which the higher value or the “better-ear” STI (signifying better signal-to-noise ratio) was used as it has been shown to perform well in relation to a binaural STI model (van Wijngaarden and Drullman, 2008). This method is referred to with “A-HATSProm/C-HATSProm” for the adult and child HATSs, respectively.
All the room acoustic parameters were examined according to the factors “connected rooms” (single room vs coupled rooms vs rooms with sloping ceilings), “acoustic treatment” (with vs without), “room type” (CRs vs PRs), and “measurement method” (omnidirectional microphone vs A-HATSAv vs C-HATSAv) with respect to 125 Hz–16 kHz octave bands center frequencies. One-way ANOVAs were carried out for the room acoustic parameters (as listed in Table 3 with a single value for each room) to examine possible differences between the measurement methods (e.g., between omnidirectional microphone vs A-HATSAv, etc.).
2.3 In-situ Noise Measurements
2.3.1 Measurement Procedure
The in-situ noise measurements were conducted during the daily activities of children in CRs and PRs. The same equipment as stated for the room acoustic measurements in unoccupied rooms was used to execute the in-situ measurements. All three receivers were positioned together in the center (less than 30 cm to each other, cf. Figure 1) of the main room of activity so that people were able to move around them. While this potentially introduces acoustic shadowing and interference issues for the transducers, the location of the transducers was due to logistical concerns including ensuring that the measurement equipment did not adversely interfere with the usual behavior of the adults and children (e.g., by attracting too much children’s attention). The positioning of measurement equipment was discussed forehand with the teachers, and the study and the equipment were explained to the children 1 day before the measurements started in each educational institution.
[image: Figure 1]FIGURE 1 | Example of the centered positioning of the measurement transducers during an in-situ measurement in a classroom.
In-situ measurements were conducted over 2 days per CR and PR during normal daily activities. On the first day, all dummy heads were positioned to represent a standing position (ear axis of the adult HATS at 1.5 m, ear axis of the child HATS at 1.0 m, and the omnidirectional microphone at 1.2 m). On the second day, they were positioned to represent a sitting position (ear axis of the adult HATS at 1.2 m, ear axis of the child HATS at 0.8 m, and the omnidirectional microphone at 1.2 m) or to represent a playing height (ear axis of the child HATS at 0.5 m), respectively, according to the dominant scenario of each educational institution. Only periods with children present in the room were considered, where the sound pressure level exceeded 35 dBZ (Z-weighted). In other words, a cutoff sound pressure level of 35 dBZ was used to distinguish between children’s presence and absence in the rooms. This cutoff was based on inspecting several samples within the recordings when children were not present. This resulted in up to 6 hours of recordings on average per room, which were used for further analyses.
2.3.2 Data Processing and Analysis
Three types of noise parameters were taken into consideration. Firstly, parameters based on A-weighted SPL were computed, including LA,eq and percentiles (LA10 and LA90). Secondly, to consider sound fluctuations over time in rooms above the background noise (generally signified using LA90), level-based fluctuation parameters typically used in areas with multi-talker speech, for example, open-plan offices (Yadav et al., 2021), were calculated. These included noise climate [image: image] (Kryter, 2013), noise pollution level [image: image] (Ayr et al., 2003), and [image: image] (Lenne et al., 2020). Thirdly, a set of psychoacoustic parameters was computed using the ArtemiS SUITE 11.0 by HEAD Acoustics (Herzogenrath, Germany): loudness N for time-varying sounds, with the unit “sone” following ISO 532-1 (International Organization for Standardization, 2017); sharpness S with the unit “acum” according to DIN 45692 (Deutsches Institut für Normung, 2009), roughness R (unit: “asper”); and fluctuation strength FS (unit: “vacil”) according to the Hearing Model by Sottek (1993). To address time dependent effects over the entire measurement period to an extent, the parameters were calculated for 15-min frames and then averaged over all frames, that is, the whole measurement period.
To further understand the relation between the sharpness and A-weighted SPL with respect to low and high frequencies (below and above 1 kHz), a low–high-frequency ratio of LA,eq was calculated as follows: [image: image]. For all noise parameters, the binaural parameters were calculated using the average and prominent ear methods described in Section 2.2.2. For the A-weighted SPL parameters, level summation was computed using the left and right ear SPL values instead of the averaging method (further also indicated as A-HATSAv/C-HATSAv). The A-weighted SPL LA,eq was examined according to the factors “connected rooms” (single room vs coupled rooms vs rooms with sloping ceilings), “acoustic treatment” (with vs without), “room type” (CRs vs PRs), “measurement method” (omnidirectional microphone vs A-HATSAv vs C-HATSAv) differences between LZ,eq, LA,eq, LA10, and LA90 with respect to the one-third octave bands with center frequencies between 31.5 Hz and 16 kHz. One-way ANOVAs were carried out for all noise parameters to examine possible differences between the measurement methods (omnidirectional microphone vs A-HATSAv vs C-HATSAv vs A-HATSProm vs C-HATSProm).
3 RESULTS
3.1 Room Acoustics (Unoccupied, Furnished Rooms)
Table 3 lists the results of the room acoustic measurements (using the omnidirectional microphone) of all rooms averaged over all positions that met the decay curvature criteria within ISO 3382–2 (i.e., those with decay curvature under 10%; Section 2.2.2), and Table 4 presents a summary of the details provided in Table 3. Results averaged over all measured positions are provided in Supplementary Table S1. In four cases (CR08, PR10, PR12, and PR16; Table 3), ≥4 positions had to be discarded. In further analyses, PR16 was excluded due to especially a low number of measurement positions that met the curvature criteria.
TABLE 4 | Summary of room acoustic parameters in Table 3. Reported values are mean and the range (in brackets).
[image: Table 4]The room acoustics of two CRs (CR03 and CR04; Table 3) were noticeably different from the other six (averaged T30 = 0.55 s and averaged STI = 0.74 in these CRs). Possible explanation could be combined effect of the large room volumes with flat ceilings compared to other larger volumes like C06, C07, and the absence of acoustic treatment in these rooms; although C05 still has comparable room volume and room acoustics to C06 and C07, it has no acoustic treatment and has a flat ceiling similar to C03 and C04.
Figure 2 presents the relationship between STI and other room acoustic parameters. Figure 3 presents the mean values of room acoustic parameters over 125 Hz–16 kHz octave band center frequencies, grouped according to room type.
[image: Figure 2]FIGURE 2 | Linear regression models between speech transmission index and other room acoustics parameters.
[image: Figure 3]FIGURE 3 | Room acoustic parameters over 125 Hz–16 kHz octave band frequencies for classrooms and playrooms.
All results of the room acoustic measurements using the adult and child HATSs including both evaluation methods (averaging and prominent-ear) can be found in the supplementary material (Supplementary Table S3−S6) including results on the inter-aural correlation coefficient (IACC) though it is not further discussed in this work (Supplementary Table S7 and Supplementary Table S8).
Figure 4 presents the mean value of room acoustic parameters over 125 Hz–16 kHz octave band center frequencies, grouped according to the three measurement methods: using the omnidirectional microphone (Ref), adult and child HATSs with the averaging method, that is A-HATSAv and C-HATSAv, respectively. Results for the prominent-ear method can be found in Supplementary Figure S1. For the mid-frequency octave bands (500 Hz, 1 and 2 kHz center frequencies), values were very similar for all the room acoustics parameters across the measurement methods. Beyond 2 kHz, some deviations can be seen, which can broadly be attributed to the anthropomorphic features (i.e., HRTFs) of the binaural transducers becoming important for smaller wavelengths. In this regard, the values for the adult HATS varied more in comparison to the other measurement methods. Furthermore, for the parameters C50, D50, and TS, which are all ratios of early sound energy to late/reverberant energy, the values for the child and adult HATSs are similar but deviated from the omnidirectional microphone for the 4 kHz band, and the parameter values for the adult HATS exhibited a distinct deviation in comparison to the corresponding values for the child HATS and the omnidirectional microphone, which have similar values, for the 8 kHz octave band. These deviations, starting from the 4 kHz octave band, can also be observed in the HRTF magnitude response of child HATS in comparison to adult HATS as presented in Fels et al. (2004). However, the statistical analyses revealed no significant difference between the five measurement methods (Ref vs A-HATSAv vs C-HATSAv vs A-HATSProm vs C-HATSProm; Supplementary Table S9).
[image: Figure 4]FIGURE 4 | Room acoustic parameters according to the different measurement methods: omnidirectional microphone (Ref), adult and child HATSs with the averaging method (A-HATSAv/C-HATSAv).
3.2 In-situ Acoustics (Occupied Rooms)
Table 5 and Table 6 present the noise parameters calculated from the omnidirectional microphone recordings for each room, which are summarized in Table 7.
TABLE 5 | In-situ sound pressure level parameters from omnidirectional microphone.
[image: Table 5]TABLE 6 | In-situ psychoacoustic parameters from omnidirectional microphone.
[image: Table 6]TABLE 7 | Summary of noise parameters. Reported values are mean and the range (in brackets).
[image: Table 7]Differences between CRs in primary schools and PRs in daycare centers are mainly observable in loudness (average N = 11.9 sone (9.3–15.3 sone) vs 10.8 sone (7.5–13.9 sone); Table 7) and in sharpness (average S = 1.5 acum (1.38–1.63 acum) vs 1.46 acum (1.40–1.51 acum), and in the percentiles (average N5 = 25.1 vs 22.9 sone). An increase in loudness is understandably related to increasing LA,eq, with an R2 of 0.85. Loudness Nmean (as y) is predicted from LA,eq (as x) with the equation y = −61.90x + 1.12. Almost no relationship between increasing sharpness and increasing high-frequency content in the in-situ sound was found (R2 of 0.00 for Ref, A-HATSAv, and A-HATSProm; R2 of 0.02 for C-HATSAv; R2 of 0.04 for C-HATSProm).
Figure 5 shows the SPL variation according to the different measurement methods, room conditions, and SPL-based parameters. Results of the level-based and the in-situ psychoacoustic parameters from the other measurement methods using HATSs including both evaluation methods (averaging and prominent-ear) for each room can be found in Supplementary Tables S10–S17.
[image: Figure 5]FIGURE 5 | One-third octave band sound pressure levels (A-weighted) for the measurement methods and various room properties. Here, Ref = omnidirectional microphone, A-HATSAv/C-HATSAv = adult/child HATS (level summation), and A-HATSProm/C-HATSProm = adult/child HATS (prominent-ear method).
3.2.1 Variation in Noise Parameters Across the Measurement Methods
Figure 6 shows the difference between the mean values for several parameters across the measurement methods (Ref vs A-HATSAv vs C-HATSAv and Ref vs A-HATSProm vs C-HATSProm). Statistical analyses revealed differences in all noise parameters, except for the two level-based sound fluctuation parameters NCl and MA,eq (Supplementary Table S18). For the level-based parameters, the post-hoc analyses yielded significant differences for all comparisons across measurement methods for the parameter NPL, with significant differences between the Ref and HATS values for LA,eq using the averaging method and significant difference between the HATSs only for LA,eq using the prominent ear method. In terms of the low–high-frequency ratio of LA,eq, the post-hoc analyses revealed significant differences between the Ref and child HATS values while the Ref and adult HATS values were not significant for both averaging and prominent ear method. Differences between HATSs in LA,eq(L.v.H) for both evaluation methods were significant.
[image: Figure 6]FIGURE 6 | Each subplot shows differences in parameter (y-axis) values between three measurement methods. Each bar represents the difference in mean values as per the legend and its 95% confidence interval. Two groups of differences are presented: (i) differences between omnidirectional microphone (Ref), adult and child HATS with the averaging method (A-HATSAv/C-HATSAv) and (ii) differences between Ref, and adult and child HATS with the prominent-ear method (A-HATSProm/C-HATSProm).
For the psychoacoustic parameters, the post-hoc analyses showed no significant differences for loudness (Nmean and N5) between both HATSs using the averaging method and the omnidirectional microphone, while differences were significant in terms of using the prominent-ear method. However, no differences were found between the adult and child HATSs. Considering N90, differences between omnidirectional microphone and adult HATS were significant as well between the two HATSs. For sharpness (Smean), all results from the HATS were significantly different to the omnidirectional microphone and within each other (A-HATSAv vs C-HATSAv and A-HATSProm vs C-HATSProm). However, for S90, no differences between the HATSs with both evaluation methods were observed. For roughness (Rmean, R5 and R90), differences were observed between the omnidirectional microphone and the HATSs using the averaging method, while differences between the HATSs and both evaluation methods were not significant. For fluctuation strength, all measurement methods were significantly different from each other for FS90, while FSmean was only significantly different for omnidirectional microphone vs C-HATSAv; and for FS5, the only significant difference was between the omnidirectional microphone and the HATSs using the averaging evaluation method.
3.2.2 Correlation Between Noise Parameters Differences and Room Volume
Supplementary Table S19 summarizes the results of the correlation analyses between the noise parameters and the room volume according to the different measurement methods. Significant correlations were only yielded for R5, FSmean, and FS5. In R5, only the adult and child HATSs’ measurement results using the averaging method were correlated with the room volume, while the FSmean showed a correlation above 0.5 for all HATS methods. All correlations with these methods were negatively correlated.
4 DISCUSSION
4.2 Evaluation of Room Acoustics
Results from this study (as listed in Table 4) add to the insights from previous studies across various countries (Klatte et al., 2013; Sala and Rantala, 2016; Astolfi et al., 2019b; Persson Waye and Karlberg, 2021; Wang and Brill, 2021). In the following, the mid-frequency octave bands (500 Hz, 1 kHz, 2 kHz; mid in Table 3 and Table 4) values will be discussed (except for STI), which were used in most previous studies in Table 1. In general, primary school CRs measured in Germany had higher RTs (T30) and marginally lower STI values than CRs in Finland (Sala and Rantala, 2016), but are within the range of corresponding values reported in previous studies summarized in Sala and Rantala from CR in several countries. Current sample of PRs had similar RT values compared to preschools in Sweden in a recent study (Persson Waye and Karlberg, 2021; Table 1), albeit with the largest RT reported there being 0.5 s compared to 0.7 s in the current sample. Overall, PRs had better room acoustic properties than CRs, with lower T30, EDT, and TS, and higher C50, D50, and STI values. Rooms with acoustic treatment understandably yielded better room acoustic values. PRs with coupled volumes had better room acoustic properties than single-volume PRs. However, this needs to be interpreted with caution since additional volumes, besides involving more complicated energy decays and subsequent analyses (Section 2.2.2 and Table 3), also provide extra sound absorption, which would disappear if the doors connecting these volumes were shut. Yet, the current findings are closer in representing the daily operation in PRs, where these doors are typically kept open.
If the room acoustic classification from the work by Astolfi et al. (2019b) is used, which is based on criteria for both T20 (T30 values used for the current sample) and C50 values, although for occupied rooms, all CRs except CR03 and CR04 would be classified as having “good acoustics,” while all PRs except PR10, 11, 14, and 18 would be classified as having “good acoustics.” It is likely, however, that some of these values may meet the criteria for “good acoustics” as per Astolfi et al. (2019b) if the measurements were conducted during occupation, as was shown for university CRs, especially with mostly reflective surfaces (Choi, 2016). STI (unoccupied) is recommended to be at least ≥0.80 and ≥0.85 for educational institutions for children without and with hearing, cognition, and/or behavioral issues, respectively (Finnish Standards Association, 2004). For the current sample, except for PR10 and PR11, none of the CRs or PRs meet the recommended STI values for even children without hearing and/or learning difficulties. STI, overall, had a strong linear relationship with RT (and other room acoustic parameters), similar to previous studies (Leccese et al., 2018; although not in Sala and Rantala, 2016), which can be used to estimate global STI values based on the simpler way to calculate RT values. While this implies that RT could perhaps be used as a primary indicator to represent the room acoustics in CRs, more studies with larger sample sizes are needed to determine the strength of the relationship between RT and STI, and their relationship with subjective impressions. U50 values, which have been used in several studies of CR acoustics, were not calculated for the current sample due to the measurement issues. The relevance of the good/bad acoustics in the current sample can further be explored based on subjective impressions of children in these rooms, as was done in Astolfi et al. (2019b), which is proposed for a future study. Nevertheless, based on room acoustics measurements alone, with higher RTs in some rooms and lower values for intelligibility than recommended, most CRs measured in the current study are likely to be not optimal for learning purposes (however, these rooms in occupied conditions might be better suited though it is not examined in this study) and may affect cognitive and behavioral development of children (Klatte et al., 2010a; 2010b; 2010c), and especially for children with hearing loss and/or learning difficulties (Crandell and Smaldino, 2000). The CRs that have “bad acoustics” (CR03, 04; Table 2) did not have any acoustic treatment, although the same was true of some CRs that could be classified as with “good acoustics” as per Astolfi et al. (2019b). None of the PRs had any substantial acoustic treatment but some of these may benefit from the extra absorption due to open doors to connecting volumes. With this in mind, Figure 3 shows that there is plenty of scope to improve the room acoustic conditions in the CRs and the PRs (if adjoining volumes are not included), with basic acoustic treatment to manage the excessive reverberation in the higher frequency while improving/maintaining appropriately high speech intelligibility (which could be estimated using Figure 2). Given that high-frequency sound absorption is relatively straightforward to accomplish (e.g., ceiling tiles, carpet, and/or wall absorption), and may partly be provided by the occupants, the results here are at least encouraging in terms of providing some impetus and guidance for solving the issues related to bad/insufficient room acoustics in CRs.
4.2 Evaluation of the Level-Based Parameters
The results in Table 7 add to the previous in-situ measurements in primary schools and daycare centers and introduce some level-based sound fluctuation parameters previously used in other fields with multi-talker speech environments like open-plan offices (Yadav et al., 2021). For omnidirectional microphones, the mean LA,eq values in CRs and PRs were almost the same (∼66 dB), with a relatively wider range of values in the latter. These values are within the range of values reported in previous studies, but the range of values in the current sample generally has lower upper limits, that is, the CRs and PRs with higher LA,eq values had lower LA,eq values compared to previous studies. This includes LA,eq values reported from omnidirectional measurements in CRs of Italy (Astolfi et al., 2019a; 2019b), Finland (Sala and Rantala, 2016), and United States (for the speech levels, Wang and Brill, 2021), where the measurement devices were placed at fixed locations.
Omnidirectional LA,eq values in the current study were around 20 dB lower than values reported in studies wherein children wore dosimeters (Persson Waye and Karlberg, 2021), and in McAllister et al. (2009) where children in daycare centers had a microphone placed near each ear. Compared to McAllister et al. (2009), where children were free to move around, the HATSs in the current study had fixed locations and with microphones at the entrance of the ear canal instead. This, combined with the overall quieter CRs in the current sample, may partly explain the lower mean binaural LA,eq values in the current sample of PRs for the adult and child HATSs of around 13 dB, and 14.5 dB, respectively, for the prominent ear values. The mean LA,eq values calculated using the adult HATS were higher than those for the child HATS, which is opposite to what was reported in McAllister et al. (2009), where they compared values of similar measurement methods using binaural measurements for adults (Södersten et al., 2002) and children. McAllister et al. (2009) had partly attributed their results to children being the primary noise sources, which is also relevant for the current sample. Hence, the counterintuitive finding of higher LA,eq for the adult compared to child HATS in the current study, which is most likely due to the particular transducer placement, is suggested as a question for future research. At the very least, this comparison highlights the issues in the selection of transducers for child-appropriate in-situ studies where the location of the transducers is fixed.
Moreover, LA,eq values calculated using omnidirectional microphone were significantly different from HATS, and the adult HATS was at least significantly different from child HATS for the prominent ear condition (Section 3.2 and Supplementary Table S18). Based on the octave-band spectra in Figure 5, differences between the adult and child HATSs (SPLs calculated using level summation for the left and right ear values) and the omnidirectional microphone are largely linked to the 6 dB introduced by the level summation till around 1 kHz, followed by a more complicated trend till 16 kHz. There can be many contributing factors here, including the peak (around 4 kHz) and notches (around 8 and 10 kHz) in the magnitude response of the adult HATS HRTFs. In terms of the prominent ear values for the adult and child HATSs, no differences to the omnidirectional microphone are observed up to 2 kHz. Differences around 4 kHz and beyond 8 kHz are again observable as in the room acoustic parameters, which is in line with the work by Fels et al. (2004) and Fels and Vorländer (2009), who explain these effects with the anthropometric differences between adults and children; however, there are no noticeable differences between the different room conditions (coupled rooms, acoustic treatment, and room types). Since SPL above 8 kHz diverged between the adult and child HATSs, it can be assumed that the fine structure of the ear played a role in the evaluation and that the LA,eq could be sensitive to differences introduced by the anthropometric sizes of the ear. Altogether, the spectral variation in the SPL between the different transducers points toward some benefit in using a child HATS over an adult HATS and/or an omnidirectional microphone for LA,eq values.
For the percentile levels, the LA10 and LA90 values in the current study were similar to the ones reported in Sala and Rantala (2016) and were within the range of values of previous studies summarized in Sala and Rantala (2016). These percentile levels were, however, not significantly different between the adult and child HATSs. For the level-based fluctuation parameters, while only NPL showed significant differences across the measurement methods (different transducers), the usefulness of such parameters will depend on whether they are able to explain children’s perception of the noise environment in CRs and PRs, which is suggested as a question for future studies.
4.3 Variation in Psychoacoustic Parameters
The use of psychoacoustic parameters is not common in CR acoustics literature. One of the aims of this study was to present results that may be useful for future studies, including ones that compare the performance and potential benefits of level-based and psychoacoustic parameters in relation to children’s perception of their acoustic environments. Hence, the discussion here will be limited to a preliminary comparison between the level-based and psychoacoustic parameters.
Fluctuation strength (FS) and roughness characterize amplitude modulations up to 20 Hz, and between 15–300 Hz, respectively. Roughness has been shown to be related to noise annoyance due to faster sound fluctuations, and FS has been shown to be related to auditory distraction (Schlittmeier et al., 2012). In the current study, the main finding related to these parameters is that they both show a significant decrease in values (R5, FSmean, and FS5) with increasing room volumes for the HATSs (Section 3.2.2), out of all the parameters tested (including level-based parameters). This finding broadly suggests decreasing amplitude fluctuations with increasing room volumes, which is expected, presumably if the number of children is not increasing disproportionately. However, this needs future studies where the number of children in a room is considered more systematically than the current study.
Mean sharpness values had significant differences between all the transducers. In terms of HATSs, this is consistent with previous findings (Fels et al., 2004) and the expectations of the current study, with higher values of high-frequency content measured with child HATS compared to adult HATS in accordance with anthropometric differences, as was discussed in Section 4.2. This observation is supported by the findings regarding the low–high-frequency ratio of LA,eq, though significant differences were only found between the omnidirectional transducer and the child HATS and between the HATSs. However, these results need validation in terms of children’s perception in future studies, where it would be possible to comment on whether the use of HATSs, which introduce measurement and analysis overheads, is sufficiently justified over the more traditional use of omnidirectional transducers, which further allow relatively convenient measurement setups.
Overall, the current results show very limited benefit in considering computationally expensive loudness and sharpness over the more traditional and easier to calculate level-based parameters, although there may be some benefit in considering fluctuation strength and roughness, which showed variation with increasing room values for the HATSs.
4.4 Limitations
The measurement methods in this study have several limitations that are generally related to logistical difficulties in conducting measurements with children and/or at educational institutions. For the room acoustic measurements, some of the doors to adjoining rooms were not closed since they are typically left open during daily activities. This was discussed in detail in Section 2.2 and Section 2.3, including the method to address nonlinear decays. Room acoustics measurements were not conducted during occupancy, which limits the characterization of rooms to unoccupied conditions only, and further limits comparisons with previous studies.
In terms of the in-situ measurements, a major limitation was the fixed locations of the transducers, which was to avoid too many disruptions to the normal activities of children. The close-by positioning of the transducers can lead to shadowing effects that were not examined in detail within this study, which is acknowledged as a limitation. Furthermore, the head directions of the HATSs were static and not changed during the measurement durations, so the effects introduced by head movements could not be analyzed within this study. These issues could be improved in a future study wherein several measurement locations including using a combination of HATS locations and measurements using microphones placed near children’s ears, etc., as in McAllister et al. (2009).
Moreover, the number of children in the rooms fluctuated during the day, which could not be monitored. Hence, detailed analyses using the number of children as a factor were not possible and are recommended for future studies. Additionally, the type of noises and associated activities were not specifically analyzed in this study. In further studies, the measurement method could be chosen to allow studying the impact of noise sources (e.g., speech-based and impact sounds). Finally, since only one example of adult and child HATSs was used, results are limited to these HATS. It is likely that using a different HATSs will lead to different results to an extent, which can be considered in a separate study.
CONCLUSION
This study presents pilot results from acoustic assessments in German primary schools and daycare centers with a focus on long-term measurements using an adult and a child HATS, and an omnidirectional microphone, besides room acoustics. Main conclusions are as follows:
1. The room acoustics in both CRs and PRs in Germany has a lot of scope for improvements to meet guidelines for “good acoustics” outlined in recent studies. The current findings point toward the use of typical room acoustics treatment for high-frequency sound absorption to control the RTs while ensuring high speech intelligibility.
2. Based on omnidirectional measurements, long-term LA,eq values in CRs and PRs are very similar (∼66 dB), which are in general lower and with a smaller range than similar measurements in other countries in Europe and the United States . Similar trends are reported for percentile levels (L10, L90).
3. There are some indications that psychoacoustic parameters (especially fluctuation strength and roughness) may be beneficial in complementing SPL-based parameters.
4. Overall, while the findings here suggest some benefit in considering child HATS over adult HATS and/or omnidirectional measurements in terms of characterizing in-situ noise measurements, especially in the higher frequencies where anthropomorphic details are important, these findings are specific to the current measurement method with fixed locations for the transducers including orientation for the HATSs. More research that considers various transducer locations and orientations is necessary to validate these findings.
5. The findings here, especially for points 3 and 4 above, are considered preliminary and need further studies that characterize children’s perception in relation to the wide range of parameters studied here that included room acoustics, level-based, and psychoacoustic parameters.
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Ref
A-HATS,,
C-HATSa,
A-HATSpom
C-HATSprom
Ref
A-HATS,,
C-HATS,,
A-HATSp o
C-HATSpom
Ref

Ref

Ref

Ref

Ref

Ref

Ref

Ref

Ref

Ref

Ref

Ref

Ref

Ref

Ref

Ref

Ref

Al

65.6 (61.8-68.8)
73.0 (70.7-76.1)
72.0 (69.5-75.5)
69.8 (66.7-76.7)
67.8 (65.0-71.4)
0.83 (0.80-0.86)
0.84 (0.81-0.86)
0.80 (0.78-0.84)
0.82 (0.80-0.85)
0.78 (0.76-0.82)
68.4 (63.9-71.6)
44.6 (37.5-51.4)
238 (20.1-30.3)
69.3 (65.3-72.0)
21.0 (17.1-26.9)
11.4 (7.5-15.3)
24.0 (17.5-29.4)
43(23-63)

1.50 (1.38-1.63)
2.00 (1.85-2.13)
1.19 (0.98-1.32)
003 (0.02-0.03)
005 (0.05-0.10)
001 (0.01-0.02)
0.09 (0.05-0.11)
0.18 (0.13-0.24)
0.03 (0.01-0.05)

Classrooms

65.7 (64.2-67.9)
72.3 (70.9-74.5)
708 (69.5-73.4)
6.6 (66.7-76.7)
66.9 (65.0-71.4)
0.84 (0.76-0.86)
0.84 (0.83-0.86)
0.80 (0.78-0.84)
0.83 (0.81-0.85)
0.79 (0.76-0.82)
68.5 (64.4-71.52)
43.9 (37.5-49.9)
246 (21.6-30.3)
69.5 (67.5-71.8)
218 (18.0-26.9)
11.9(9.3-15.3)
25.1 (20.8-29.4)
4.4 (27-6.3)
1.54 (1.38-1.63)
2.04 (1.88-2.13)
1.22 (0.98-1.32)
0.03 (0.02-0.03)
0.06 (0.05-0.10)
001 (0.01-0.02)
0.08 (0.05-0.09)
0.17 (0.13-0.19)
003 (0.01-0.04)

Playrooms

65.5 (61.8-68.9
736 (70.7-76.1)
729 (70.7-75.5)
700 (68.0 74.5)
68.5 (66.4-71.2)
0.82 (080-0.85)
0.83 (081-0.86)
0.80 (0.78-0.89
0.82 (0.80-0.84)
0.78 (0.76-0.82)
68.2 (63.9-71.6)
45.2 (38.1-51.4)
230 (20.1-26.9
60.1(66.3-72.0
20.3 (17.1-23.8)
108 (7.5-13.9)
22.9 (17.6-27.4)
42 (2.3-6.3
1.46 (1.40-1.51)
1.96 (1.85-2.00
1.15 (1.09-1.24)
0.03 (002-0.09
0.05 (0.05-0.05)
001 (001-0.02)
0.10 (0.08-0.11)
0.20 (0.17-0.24)
0.04 (0.03-0.05)

Note. Ref = omnidirectional microphone; A-HATS 4,/C-HATS 4, = adult and child HATS, with the averaging method; A-HATSpyon/C-HATS rom = aduit and child HATS, with the prominent-

aar method.
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Room Nenean Ns Neo Smean Ss Soo Rmean Rs Roo FSmean FSs FSso

(sone) (acum) (asper) (vacil
CRO1 121 245 45 157 218 127 0.03 0.05 0.01 0.09 0.19 0.04
CRO2 93 208 27 1.38 1.88 098 003 0.10 001 005 014 001
CRO3 15.3 29.4 63 1.85 200 1.28 003 005 002 008 016 004
CRO4 105 263 29 1.48 1.94 1.16 002 005 001 006 013 0.02
CRO5 1.7 235 50 1.54 208 1.23 003 005 001 007 015 003
CRO6 130 26.4 54 162 218 1.31 003 005 001 0.09 019 0.04
CRO7 10.1 222 34 1.67 206 1.24 002 005 001 007 0.18 001
CRO8 133 277 46 1.63 218 1.32 003 005 001 009 019 004
PRO9 13.1 26.1 58 1.47 1.93 118 003 005 002 0.10 021 0.04
PR10 9.1 20.3 30 1.49 203 1.16 0.02 0.05 0.01 0.10 0.22 0.04
PR11 125 255 5.1 151 198 1.24 003 005 001 011 024 005
PR12 133 259 6.0 1.47 1.90 1.19 0.03 0.05 0.02 0.10 0.19 0.05
PR13 75 17.5 23 146 206 1.10 002 005 001 008 0.19 003
PR14 139 27.4 6.3 1.42 1.85 1.15 0.03 0.05 0.02 0.10 021 0.04
PR15 82 190 25 1.48 204 1.14 002 005 001 009 020 003
PR16 85 19.4 29 1.48 203 1.14 0.02 0.05 0.01 0.10 0.20 0.04
PR17 96 221 33 1.40 1.88 1.09 0.02 0.05 0.01 0.10 0.21 0.03
PR18 125 255 52 1.45 1.91 147 003 005 001 0.08 017 0.04

Note. CR = classroom (orimary school, PR

layroom (daycare center).
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Room Lacq (dB) Laeavh) Lato (dB) Lago (dB) NCI (dB) NPL (dB) M eq (dB)

CRO1 65.9 0.82 69.0 459 232 700 201
CR0O2 64.2 0.85 64.4 376 269 67.5 26.6
CR0O3 67.9 0.80 756 49.9 217 75 18.0
CR04 65.8 0.84 69.1 38.9 303 718 269
CR0O5 64.3 0.86 67.4 45.8 216 67.1 185
CR06 65.8 0.85 69.3 477 216 68.8 181
CRO7 64.4 0.83 66.9 404 26.5 68.3 24.0
CRO8 67.3 0.83 705 45.3 252 7.0 219
PRO9 67.1 0.84 703 49.5 20.8 701 17.6
PR10 64.0 0.85 66.8 426 242 67.9 214
PR11 67.4 0.80 70.4 491 214 713 18.4
PR12 67.1 0.85 701 50.0 20.1 702 17w
PR13 618 0.80 63.9 381 258 65.3 237
PR14 68.8 0.82 716 51.4 20.2 720 17.4
PR15 63.4 0.80 66.0 39.6 263 68.5 238
PR16 64.1 0.83 66.2 4.7 24.4 67.5 224
PR17 64.4 0.84 67.2 422 249 68.0 222
PR18 67.0 0.83 69.8 48.1 217 g k] 189

Note. CR = classroom (primary school), PR

Jayrooms (day care center).





OPS/images/fbuil-08-688847-t004.jpg
Room acoustic parameters
Tao (8)
EDT (8)
Cso (dB)
Dso (%)
Ts(s)

ST

BB
Mid
BB
Mid
BB
Mid
BB
Mid
BB
Mid
Mean

Al

0.57 (0.35-0.97)
0.60 (0.34-1.10)
0.52 (0.31-0.90)
0.57 (0.32-1.06)
6.1(1.6-10.4)
5.0 (0.3-9.5)
76.5 (58.1-89.7)
73.6 (51.9-88.5)
0.04 (0.02-0.06)
0.04 (0.02-0.07)
0.74 (0.61-0.82)

Classrooms (CRs)

0.65 (0.50-0.97)
0.70 (0.49-1.10)
059 (0.42-0.90)
0,66 (0.44-1.06)
5.1(1.6-7.8)
39(03-6.7)
732 (58.1-83.2)
69.3 (51.9-81.8)
0.04 (0.03-0.06)
0.04 (0.03-0.07)
0.71 (061-0.78)

Playrooms (PRs)

0.49 (0.35-0.68)
0.49 (0.34-0.78)
045 (0.31-0.62)
0.47 (0.32-0.73)
7.2 (4.6-10.4)
6.1 (28-9.5)
79.7 (69.9-89.7)
77.9 (64.9-88.5)
0.03 (0.02-0.04)
003 (0.002-0.05)
0.77 (0.69-0.82)

Note. BB = broadband average over octave bands with center frequency range 125 Hz—16 kHz, mid = average over octave bands with 500 Hz, 1 kHz, and 2 kHz center frequencies.
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Room

CRO1
CRO2
CRO3
CR0O4
CR05
CR06
CRO7
CR08
PRO9
PR10
PR11
PR12
PR13
PR14
PR15
PR16
PR17
PR18

Neos

1
1
12
10
10
1
10
8

12
6

10
8

1
10
10
4

12
12

EDT (s) Cso (dB) Dso (%) ST
BB Mid BB Mid BB Mid BB Mid BB Mid Mean
050 049 042 0.44 78 67 832 818 003 003 o8
059 060 053 058 50 40 743 708 004 004 072
097 1.05 088 1.02 16 03 58.1 519 006 007 061
097 1.10 090 1.06 20 05 586 52.7 006 007 061
054 059 042 046 75 63 830 0.1 003 003 077
054 062 052 063 56 39 765 704 003 004 or
061 058 054 058 45 37 720 69.2 004 004 071
051 056 0.49 054 66 55 803 774 003 003 074
047 050 044 050 65 a7 785 740 003 004 075
042 041 037 036 88 85 8438 8.5 003 002 081
035 034 031 032 104 a5 89.7 85 002 002 082
047 049 046 048 64 50 781 752 003 004 076
056 058 0.48 054 66 49 783 743 003 004 075
045 042 044 045 73 59 785 774 003 003 079
0.48 0.49 0.42 0.45 76 63 825 802 003 003 078
047 047 044 044 70 67 783 784 003 003 079
053 0.46 0.48 0.46 67 6.4 789 798 003 003 076
068 078 062 073 46 28 699 64.9 004 005 069

Note. BB = broadband average over octave bands with center frequency range 125 Hz—16 kHz, mid = average over octave bands with 500 Hz, 1 kHz, and 2 kHz center freguencies.
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Study

Sala and Rantala,
2016 (others' studies)

Sala and Rantala,
2016 (own study)

Astolfi et al., 2019b
(‘good” acoustics)

Astolfi et al., 2019b
(‘bad’ acoustics)
Persson Waye and
Karlberg, (2021)

Persson Waye and
Karlberg, (2021)
Wang and Bil,
(2021)

Stdersten et al.
(2002)

McAliister et al.
(2009)

Summary of
conditions

Elementary school
classrooms

Preschool classrooms
40 schools, children
ages 7-12; 19 students
per dlassroom on
average

20 classrooms with an
average of 18 children
each, predominantly
6-7 years old

Same as above

Dosimeter results from
seven preschools in
Sweden for 56 chidren
aged 4-5 years old
before acoustic
intervention

After acoustic
intervention

220 K-12 classrooms.
Values averaged over
two SLM measurements
and over 6 days per
room. Average of 22
students per room

(8D: 2.7)

Binaural recordings in
10 daycare centers for
teachers of 1-6 year old
children

Binaural recordings of
10 chiidren (5 years old
each) in three daycare
centers

Laeq (dB)

42-100

60-85

69 (57-89)

60-75

62-72

85

83

Speech: 65 (SD:

2.5), noise: 47
(SD: 35)

76 (73-78)

83 (82-84)

Percentiles (dB) Reverberation
time (s)
Lago: 40-61 (Laos) 0.7 (0.2-1.27)
Laoo: 39-47 0.55 (0.41-0.85)

Lato: 68 (57-77), Laso: 55 0.55 (0.41-0.85)
(42-64), Lago: 42 (29-51)

- (0.5-0.8)

= 0.5 < value <0.8

Last 90 Lags: 87 0.3-05
Ls: 91 Lnzs: 86 Lower by 0.1s on
average to above

- 02-1.1)

ST, Cso (dB), Uso (dB)

Classrooms: ST = 0.68 (0.44-081),
schools for 6-year-olds: ST/ = 0.7
(0.59-092)

ST1=0.74 (0.65-0.81)

STI = 0.75 (0.65-0.81)

2.9dB <Cs0<7.6and -0.8 dB < Uso
<40

-22dB<Cs<27and-26dB <
Uso < 0.9
8<Cs<10

115Cs0<13

-2.0dB < Cyp < 144
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Room  Connected  Acoustic ~ Area  Height Additional Total  Background  Average number of people present

rooms treatment  (m?) (m) volumes volume noise Children Adults

(area (m?) * (m?) level _—

height (m)) (dBA) f m f m
CROI  No Yes 60.9 32 194.9 26.4 7 12 2 -
CRO2  No Yes 711 30 2133 267 0 17 1 -
CRO3  No No 69.3 32 2246 219 13 8 2 -
CRO4  No No 69.3 32 2246 280 13 15 1 -
CRO5S  No No 66.8 36 2405 320 9 13 2 -
CRO6  Sloped celing  No 56.7 34 56.7 x 1.9/2 246.5 252 14 9 1 -
CRO7  No Yes 827 30 248.2 256 24 0 1 -
CRO08  Sloped ceiing  Yes 613 30 61.3x23/2 254.4 25.1 7 13 1 -
PROS  No No 384 31 117.0 273 7 9 2 -
PRIO  Yes No 322 28  (28+162+83)x28 1648 224 10 6 2 1
PRIT  Yes No 54.9 28 77x28 172.8 30.0 9 10 3 -
PRI2  Yes No 58.7 32 53x32+31x20 209.7 257 8 6 2 -
PRI3  Yes No 455 37 12.0x 37 2105 34.0 4 2 2 -
PR14  Yes No 495 27 238x 2.7 194.3 222 7 10 3 -
PRI5S  No No 442 30 1326 297 7 7 2 -
PRI6  Yes No 44 27 (162 +9.4) x 2.7 187.5 232 7 5 2 -
PRI7  Yes No 724 28 19.7 x 28 2542 253 10 7 1 1
PRI  Yes No 496 40 204 x 40 280.1 219 8 5 2 -
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