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Sound levels from occupied classrooms have been gathered from 220 classrooms across four grade levels (3, 5, 8 and 11) over six school days each and processed with k-means clustering into speech and non-speech clusters. Three metrics describing the classroom acoustics, including the average daily A-weighted equivalent level for non-speech, the average daily difference between the A-weighted equivalent levels for speech and non-speech (a signal to noise ratio), and the mid-frequency averaged reverberation time, were analyzed against classroom-aggregated standardized reading and math achievement test scores, while controlling for classroom demographics including socioeconomic status. Interactions between the metrics and demographics were also tested. A statistically significant relationship was found between the average daily non-speech levels in classrooms and math test scores; higher daily non-speech levels were correlated with lower math test scores (p < 0.05). No statistically significant main effects of acoustic metrics were found on reading achievement. There were some significant differences and an interaction found between grades, but these may be due to uneven sample distributions as there were fewer grade 8 and 11 classrooms measured. Children learn in occupied classrooms, and the findings from this investigation based on data from occupied conditions suggest that designing for lower unoccupied sound levels can lead to occupied environments that are conducive to better student learning outcomes.
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1 INTRODUCTION
Acoustic conditions in K-12 classrooms affect the clarity and ease of verbal communication and consequently are expected to impact learning, language development, and development of cognitive skills in children (Leibold, 2017). As reviewed in this section, previous work has demonstrated how conditions with higher noise levels and/or excessive reverberation are related to worse performance by primary and secondary school students on speech intelligibility, reading or listening comprehension, short-term memory, and assorted reasoning tasks. Poor acoustic conditions have also been shown to lead to increased response times and greater listening effort. Fewer studies, though, have correlated in situ classroom acoustic conditions with student achievement on a large scale. This paper presents the results of such an investigation where acoustic metrics compiled over multiple school days from 220 K-12 classrooms are correlated with classroom-aggregated student achievement scores in math and reading taken at the end of the school year, controlling for student demographics such as socioeconomic status.
Earlier studies on classroom acoustics focused on determining preferable conditions and criteria for optimizing speech communication, often by measuring speech intelligibility in terms of the percent of words, phrases, or sentences recognized correctly (Picard and Bradley, 2001; Yang and Bradley, 2009; Wróblewski et al., 2012). Research conducted by Bistafa and Bradley (2000) suggested that ideal maximum classroom background noise levels are 25 dB below the voice level from 1 m away from the talker whereas acceptable classroom background noise levels are 20 dB below the voice level under the same conditions. From combining ideal maximum background noise levels and recommended reverberation times, they suggested a minimum signal-to-noise (SNR) of 15 dB for classrooms. Later Bradley and Sato (2008) revisited these conclusions and suggested that a 15 dB SNR might not be sufficient for younger students who need a higher level of speech intelligibility. Neuman et al. (2010) confirmed that younger children require higher SNR to perform at the same levels as those who are older.
Based on the accumulated body of knowledge particularly around the desired minimum SNR, the ANSI S12.60 standard gives guidance that the greatest 1-h average A-weighted background noise level measured in an unoccupied classroom with mechanical systems on should not exceed 35 dBA for a single mode mechanical system or 37 dBA for multiple mode mechanical systems with “multiple stages of cooling or heating, multiple or variable fan speeds, or ventilation only modes”. Additionally, the reverberation times at the mid-frequency octave bands of 500, 1,000, and 2,000 Hz should not exceed 0.6 s for classrooms smaller than 283 m3 (10,000 ft3). Previous research has demonstrated that the reverberation time recommendations are more easily met in classrooms than the unoccupied background noise level guidelines (Knecht et al., 2002; Shield and Dockrell, 2004; Nelson et al., 2007; Astolfi and Pellerey, 2008; Ronsse and Wang, 2010, 2013; Shield et al., 2015).
An underlying assumption has been that improving speech intelligibility leads to improved student learning and achievement; however, few studies prior to the ANSI standard’s introduction in 2002 showed a direct link between classroom acoustics and student learning outcomes. Bronzaft and McCarthy (1975) and Bronzaft (1981) are two early studies that showed statistically significant lower results of annual reading achievement tests in classrooms more heavily exposed to noise from passing trains. Investigations since the publication of ANSI S12.60 have provided more evidence that poor classroom acoustic conditions correlate to worse performance on tasks that require more comprehension than the recognition of words, phrases, or sentences. Studies have investigated children’s reading or listening comprehension performance, in which pupils demonstrate their understanding of meaning from cues (Klatte et al., 2010b; Valente et al., 2012; Klatte et al., 2013; Lewis et al., 2014; Klatte et al., 2017; Rudner et al., 2018; Connolly et al., 2019; Prodi et al., 2019). Some of these gathered and compared results from both speech recognition and speech comprehension tasks. For example, Klatte et al. (2010b) found that the performance of first and third graders on listening comprehension tasks was worse than on speech perception tests when exposed to background speech. Valente et al. (2012) also found that increasing background noise or reverberation resulted in worse performance on comprehension tasks but had minimal effect on sentence recognition tasks.
As found in adults (Kryter, 1985; Jones and Broadbent, 1998; Tiller et al., 2010; Lee et al., 2017), higher noise levels and/or excessive reverberation have been related to decreased performance also by children on various other tasks including short-term memory (Klatte et al., 2010a), basic math (Ljung et al., 2009; Caviola et al., 2021), and categorization or validation tasks (Meinhardt-Injac et al., 2015). In some of these studies, the students’ response times were captured and shown to be longer under worse acoustic conditions (Meinhardt-Injac et al., 2015; Puglisi et al., 2018; Connolly et al., 2019; Prodi et al., 2019). Furthermore, the relation between louder and/or more reverberant conditions and task performance is usually more strongly negative for younger students compared to older students or adults (ANSI, 2010; Klatte et al., 2010b; Neuman et al., 2010; Valente et al., 2012; Wróblewski et al., 2012; Klatte et al., 2013; Meinhardt-Injac et al., 2015; Prodi et al., 2019; Caviola et al., 2021), although a few studies have reported stronger effects on older students in their samples (Shield and Dockrell, 2008; Connolly et al., 2019). Negative effects are expected to be more pronounced for pupils with hearing impairments (McCreery et al., 2019) or for persons communicating in a non-native-language (Nelson et al., 2005; Cooke and Lecumberri, 2012). Peng and Wang found that adult speech comprehension performance was significantly worse (Peng and Wang, 2016) and listening effort significantly greater (Peng and Wang, 2019) for non-native English listeners compared to native English listeners when the background noise levels were above 48 dBA or the reverberation times were greater than 0.6 s.
The vast majority of studies reviewed above were conducted under controlled conditions during which subjects were asked to complete tasks over a short period of time (typically less than 1 h) while listening to auralizations presented via headphones in labs or in rooms with noise added via loudspeakers. Only a few studies have investigated student learning outcomes by considering standardized student achievement test scores. In the multi-national RANCH project, Stansfeld et al. (2005) found that exposure of schools to higher aircraft noise levels correlated with lower reading comprehension scores for students aged 9–10 years. The study controlled for student socioeconomic status (SES) in the statistical models. Math test scores were not analyzed in the investigation, though.
Rather than at school-level, classroom-level analyses of standardized test results for literacy, math, and science at grades 2 and 6 were reported by Shield and Dockrell (2008), due to external and internal noise sources found commonly at primary schools. Besides corroborating effects of external road traffic noise, they found statistically significant relationships between grade 2 math scores and grade 6 English scores with background noise levels in occupied and unoccupied classrooms; higher noise levels correlated with lower test scores. Many of the relationships lost statistical significance when SES factors were included, though. This may be due to the fact that the number of classrooms for which internal sound levels were available was not large (n = 16 for occupied, n = 14 for unoccupied).
Ronsse and Wang (2010) investigated 58 classrooms across 14 elementary schools within a school district located in Council Bluffs, Iowa, United States, and found that higher unoccupied background noise levels correlated with lower classroom-aggregated student achievement scores in reading, while controlling for SES. They analyzed a second set of measurements from another school district near Omaha, Nebraska, United States, surveying grade 3 (n = 34) and grade 5 classrooms (n = 33) at 14 schools. The findings were similar in that higher unoccupied background noise levels correlated with lower student achievement scores in reading and language subject areas, but the relationship lost significance when controlling for SES (Ronsse and Wang, 2013). In both of those studies, no statistically significant results were found with math scores, nor were any sound levels measured in occupied classrooms.
This paper presents analyses of standardized achievement test results in the math and reading areas across a larger number of classrooms (n = 220) from five different school districts in Iowa and Nebraska. Both primary and secondary school classrooms have been surveyed, specifically at grades 3, 5, 8 and 11. Sound levels were logged in the occupied classrooms over six complete school days, three times seasonally (fall, winter, spring) throughout an academic year. The logged levels have been processed into metrics that describe the classroom acoustic conditions, such as when speech was occurring, when it was not, and the experienced SNR. Reverberation times have also been calculated from impulse response measurements made in the unoccupied classrooms. Details on the assorted calculated metrics may be found in Wang and Brill (2021). Herein, results from statistically analyzing relationships between the classroom-aggregated acoustic metrics and student achievement data, while controlling for SES and other student demographics, are presented to understand better how classroom acoustic conditions relate to student achievement.
2 MATERIALS AND METHODS
In-situ indoor environmental measurements capturing information about acoustics, lighting, thermal comfort, and indoor air quality were conducted in 220 K-12 classrooms, 110 of which were measured during the 2015–2016 academic year and another 110 during 2016–2017. The sample was composed of 3rd, 5th, 8th, and 11th grade classrooms in 40 schools from five school districts in Iowa and Nebraska (Table 1). These classrooms represent third and fifth grade homeroom classrooms where both math and language arts are taught and subject specific eighth and eleventh grade classrooms to align with the achievement data collected. This paper isolates the acoustic measurements and achievement data; more details on the complete set of indoor environmental measurements may be found in Kuhlenengel et al. (2017) and Kabirikopaei et al. (2019).
TABLE 1 | Number of sampled classrooms, sorted by grade level and school district.
[image: Table 1]The measured classrooms ranged in volume from 101 to 331 m3, with a mean volume of 201 m3 and standard deviation of 32.4 m3. Classrooms were measured with 22 student occupants on average, ranging from 11 to 32 with a standard deviation of 2.7 pupils. Seven of the classrooms were in portable buildings; none were open plan designs. Classrooms were furnished, and their surface materials were typically gypsum board or concrete-masonry unit walls, thin carpet on floors, acoustical tiles on ceilings, and at least one exterior window.
Equivalent sound levels were measured with two BSWA 309 Type 2/Class 2 sound levels meters. The levels were recorded every 10 seconds with an integration period of 10 seconds. The two sound level meters were placed in locations representative of the teaching position (i.e., in the front of the classroom) and the farthest listening position. The meter at the teaching position was at work plane height (80 cm) enclosed in an open-air wire container along with other equipment. The second meter was attached to the ceiling above the farthest listening position to minimize its distraction to students in class. All meters were placed away from noise-making equipment like projector fans or ventilation outlets/inlets and operated on external battery packs. Meters were deployed in the classroom before school started and then collected the next day after school dismissal, capturing approximately 36 h of measurements. The logging measurements were repeated three times during one academic year in an attempt to capture seasonal differences resulting in measurements of sound levels over six school days. Meters were placed in the same locations for all three sets of measurements to ensure comparability.
Impulse responses were measured in each classroom under unoccupied conditions using the software EASERA, a Larson Davis 831 sound level meter, and an omnidirectional Larson Davis dodecahedron loudspeaker. The loudspeaker was positioned in the front of the classroom where an instructor would typically lead class, at least 1 m away from reflective surfaces. Two receiver positions were used: one at a seated student’s ear height in the middle of the classroom, and another at a seated student’s ear height at the farthest listening position. The swept sine method in EASERA was used to acquire the impulse response, with sweeps that were at least 1.2 s long and eight repetitions; EASERA then calculated assorted room acoustic metrics, such as the reverberation time (T20) in each octave band, following ISO 3382-2 (ISO, 2008).
For each measured classroom, the school districts provided the following demographic information aggregated at the classroom level: the percent of students in each classroom who 1) received free or reduced-price lunches (referred to as %FRL), 2) were designated as gifted learners (referred to as %Gifted), and 3) were designated as special education learners (referred to as %SPED). The first of these is commonly used as an indicator of socioeconomic status, which has been shown to have significant relation to student achievement, while a higher percentage of the latter two student categories in a classroom is likely to also impact test scores. Consequently these three demographic variables are controlled for in the statistical analyses. School districts in the United States are required to report the number of gifted pupils and the number of special education learners, but the specific definitions of these categories are often left up to the districts to decide. In the school districts that participated in this study, gifted students were typically defined as performing in the top 5% of their grade, while special education students were defined as those whose learning abilities are discrepant from their peers, often falling in identified categories outlined in the United States Individuals with Disabilities Education Act (US Department of Education, 2015). Figures 1–3 present box-plots of the classroom demographic values across the analyzed sample, where the median, 25th, and 75th percentiles are marked by the box, and the whiskers extend to the minimum and maximum data points.
[image: Figure 1]FIGURE 1 | Box plot of the percent of students in the measured classrooms (n = 216) receiving free or reduced-price lunches, shown by district.
[image: Figure 2]FIGURE 2 | Box plot of the percent of students in the measured classrooms (n = 216) designated as gifted learners, shown by district.
[image: Figure 3]FIGURE 3 | Box plot of the percent of students in the measured classrooms (n = 216) designated as special education learners, shown by district.
Students in each classroom completed state-wide achievement tests typically in April each year. For this study, achievement was quantified by the results from this state-wide standardized testing [either the Nebraska State Accountability (NeSA) assessment or the Iowa Test of Basic Skills (ITBS)] and not by assessments designed and administered by the researchers. These assessments measure proficiency in fundamental subject areas including math and reading, as compared to state and national standards, and are typically administered towards the end of the academic year in the classrooms in which students receive instruction. The school districts provided results on math achievement and reading achievement in terms of a classroom-level aggregate national percentile rank for each classroom. Districts scored the tests, converted the raw scores to standard scores based on state standards, and then converted the standard scores to a national percentile rank. Figures 4, 5 show box-plots of math achievement scores and reading achievement scores, respectively, by grade. The total sample size for the statistical analyses on math achievement was n = 178 and the total sample size for the statistical analyses on reading achievement was n = 180. The samples include all third and fifth grade classrooms as both subjects were taught in the same room, as well as the specific eighth and eleventh grade classrooms where math or English classes were held.
[image: Figure 4]FIGURE 4 | Box plot of the math achievement scores in terms of percentile ranks, averaged for each classroom (n = 178), shown by grade.
[image: Figure 5]FIGURE 5 | Box plot of the reading achievement scores in terms of percentile ranks, averaged for each classroom (n = 180), shown by grade.
This project was reviewed by the University of Nebraska—Lincoln’s Institutional Review Board, which determined that individual informed consent was not required as data were provided and analyzed at a classroom-aggregated level with no personally identifiable information.
2.1 Data Analysis
Four classrooms out of the 220 measured were not included in the analyzed sample set. Two of the high school classrooms that had been identified by our school district partners as math classrooms before the start of the school year were not included because they were reassigned to science classrooms which did not correspond to the assessment subjects. Analysis of Mahalanobis distances was used to identify other outliers in the data set, resulting in the exclusion of two other classrooms that were dedicated to special education learners.
Each sound level meter reported A, B, C, and Z-weighted equivalent levels at an interval of every 10 s, in addition to equivalent octave band levels with center frequencies ranging from 32 Hz to 8 kHz. Because the focus of this investigation is on sound levels experienced during the school day, only sound level data recorded during published academic hours for each school were used in the following analyses. An energy-average of the data from the two sound level meters within each classroom was taken at every time interval across the school day, and the energy-averaged data were then used to calculate assorted acoustic metrics for each school day. As with any data set and project of this size, there were occasional missing data, equipment malfunctions, and operator mistakes. Importing routines were programmed to create a log of missing files and missing data, as well as to flag possibly spurious data to be removed from subsequent averaging. Of the 216 classrooms, 83% had data logged over six complete school days on both sound level meters in the classroom, while 15% had missing data on one meter impacting one to 2 days, 0.5% had missing data on one meter impacting three to 4 days, and none had missing data on one meter impacting five to 6 days. In all cases, there were at least data logged on one meter over the six school days.
K-means clustering is an unsupervised statistical learning technique that partitions data into K number of clusters by minimizing the distance between observations within a cluster while maximizing the distance between the clusters (Alpaydin, 2020). For this study, k-means clustering was performed on the nine-dimensional octave band equivalent levels for each observation to provide more information for the partitioning. K = 2 was chosen to separate the recorded sound levels into two categories; Figure 6 graphs box plots of the two clusters, from which it is clear that one represents observations containing high levels across speech frequencies while the other does not. Wang and Brill (2021) provides more detail on the k-means clustering application to the logged data and how the clustered groups more accurately estimate speech levels and non-speech levels in the occupied classrooms than other metrics previously presented in the literature, such as from applying Gaussian mixture modeling or from daily equivalent and statistical levels. These clustered groups were then utilized to calculate the various metrics utilized in the statistical analysis.
[image: Figure 6]FIGURE 6 | Box plots of the spectra across the two data clusters obtained from k-means clustering, demonstrating that one cluster includes those data with higher levels in speech frequencies while the other does not.
Assorted acoustic metrics were calculated to assess the acoustic conditions of the classrooms in this investigation, including equivalent and percentile levels across a full occupied day, equivalent and percentile levels for the speech cluster and the non-speech cluster over the school day, the percent of time that speech or non-speech levels exceeded certain values in a day, assorted metrics over octave bands or frequency ranges, and more (Wang and Brill, 2021). Many of the metrics are strongly correlated with correlation coefficients above 0.8 and should consequently not be included together in a statistical model. Preliminary studies led the research team to use three main acoustic metrics in the statistical model: 1) a quantifier of the daily non-speech levels which serves as an estimate of the occupied ambient noise levels, taken to be the A-weighted equivalent sound level of the daily non-speech data (LAeqN), averaged over the six measured school days for each classroom; 2) a quantifier of the daily SNR between the speech and non-speech levels in the classroom, taken to be the daily difference between the A-weighted equivalent sound level of the daily speech data (LAeqS) and of the daily non-speech data (LAeqN) which will be labeled as “SNR” for the remainder of this paper, averaged over the six measured school days; and 3) a quantifier for room reverberance, taken to be the unoccupied mid-frequency reverberation time (T20m) averaged across the 500 Hz, 1 kHz, and 2 kHz octave bands. These three metrics align somewhat with the ANSI S12.60 classroom acoustics standard (ANSI, 2010), as the standard sets guidelines for unoccupied background noise levels and the reverberation times in mid-frequency octave bands, in the hopes of achieving an acceptable SNR of at least 15 dB in occupied conditions, as reported in this paper. Notably, the daily averages of a classroom’s speech levels, non-speech levels, and SNR were not found to vary greatly across the six measured school days measured, with average standard deviations of less than 2 dBA, and 3 dBA respectively (Wang and Brill, 2021).
2.2 Statistical Analysis
Descriptive statistics for the demographic variables, acoustic metrics, and student test outcomes are shown in Table 2. All of the variables follow a normal distribution except for the demographic ones. Histograms and other analyses of the measured LAeqS, LAeqN, and SNR are provided in Wang and Brill (2021). Pearson’s correlation coefficients between the acoustic metrics to be used as predictors in the regression model are provided in Table 3. In all statistical analyses presented in this paper, a statistically significant finding is one in which the p-value was less than 0.05. As expected, the average daily SNR significantly correlates to the average daily LAeqS and LAeqN levels, with correlation coefficients R = 0.46 and R = −0.66 respectively; this is understandable as the daily calculation of SNR is taken as the difference between the other two’s daily values. Note that between SNR and LAeqN, the correlation coefficient is negative and larger in magnitude than with LAeqS; as the average daily non-speech levels in classrooms increase, the average daily SNR that students experience decreases. The reverberation time T20m is only significantly correlated to LAeqN with a relatively low R = 0.14; note that the range of T20m in the sample was 0.29–0.84 s (Table 2), though, with the majority of rooms meeting ANSI S12.60 guidelines (Wang and Brill, 2021).
TABLE 2 | Descriptive statistics of the variables in this investigation. These include classroom demographics: the percent of students receiving free or reduced-price lunch (%FRL), the percent of gifted students (%Gifted), the percent of special education students (%SPED); acoustic metrics: the A-weighted equivalent levels of the speech (LAeqS) and non-speech clusters (LAeqN), the SNR taken as their daily difference, and the mid-frequency averaged reverberation time (T20m); and the test score outcomes in math and reading, given in terms of percentile ranks.
[image: Table 2]TABLE 3 | Correlations between the input acoustic variables in this investigation: LAeqS, LAeqN, SNR, T20m.
[image: Table 3]The software R 4.0.2 with the Lavaan package version 0.6-7 (Rosseel, 2012) was used to conduct the multivariate regression analyses of acoustic metrics on math and reading scores, while controlling for classroom demographics. Outcome residuals for math and reading scores were allowed to covary, necessitating a multivariate model. The three demographic descriptors (%FRL, %Gifted, and %SPED) as well as grade level were used as covariates. Non-independence of classrooms within schools was accounted for by applying robust cluster standard errors. First, interactions were explored by considering each demographic variable one at a time in separate sub-models. In the sub-models, demographic variables were permitted to moderate association of an acoustic metric and its effect on math or reading scores. Statistically significant interactions from the sub-models were then retained in the full model.
3 RESULTS
When exploring which interactions with demographic variables should be retained in the full model, four group differences were found to be statistically significant from using the Wald test: 1) LAeqN and grade level on math scores, 2) SNR and grade level on math scores, 3) SNR and grade level on reading scores, and 4) SNR and the percent of students receiving free or reduced-price lunch on math scores. These interactions were then probed in the full multivariate regression model. The SNR and %FRL interaction was not retained in the full model as it did not reach statistical significance. Final regression results on the math and reading scores are shown respectively in Tables 4, 5.
TABLE 4 | Results from the multivariate regression model (N = 178) with acoustic metrics as predictors, classroom demographic variables as covariates, and math test scores as outcomes. Grade results shown are against grade 3.
[image: Table 4]TABLE 5 | Results from the multivariate regression model (N = 180) with acoustic metrics as predictors, classroom demographic variables as covariates, and reading test scores as outcomes. Grade results shown are against grade 3.
[image: Table 5]As expected, the classroom demographic variables had statistically significant relationships with the math and reading test outcomes. Higher %FRL and higher %SPED values correlated with lower test scores, while higher %Gifted correlated with higher test scores. Controlling for these, the results indicate only one statistically significant main effect between LAeqN and math test scores; higher daily non-speech levels in a classroom correlated with lower math test scores. No other main effects between acoustic predictors and math or reading test outcomes reached statistical significance.
The entries in Tables 4, 5 pertaining to grade compare a higher grade’s results against those from grade 3. For math scores, only grade 11 indicates a significant difference from grade 3; Figure 4 illustrates that the distribution of grade 11 math scores extended higher and not as low in range as grade 3 math scores. This difference in distribution likely plays a role in the statistically significant interaction between SNR and grade 11 on math scores. As grade 11 did not have many low test scores, possibly due to the sample including less grade 11 classrooms, the authors suggest that this significant interaction between SNR and grade 11 is likely not indicative of a true relationship. Similarly for reading scores, grade 8 shows a statistically different result from grade 3, as well as an interaction with SNR. This result is again likely due to the distribution of grade 8 reading scores being quite different from that of grade 3 (Figure 5), which could be due to the lower number of grade 8 classrooms in the sample.
The R2 values associated with the regression results presented above are 0.644 for the math scores and 0.536 for the reading scores. When running the model without acoustic predictors but with all other demographic variables, the R2 values are 0.618 for the math results and 0.506 for the reading results. A comparison between these two models (without and with acoustic variables) indicates that the overall models are different at a statistically significant level (p < 0.01), as well as specifically for the math achievement prediction (χ2 = 20.47, df = 6, p < 0.01) and the reading achievement prediction (χ2 = 13.04, df = 6, p < 0.05). Adding in the acoustic variables did result in a model that accounted for more variance in the results at a statistically significant level.
4 DISCUSSION
A statistically significant relationship between the average daily non-speech levels in occupied classrooms and math test scores has been found from multivariate regression analysis based on data from 178 classrooms across four grade levels (3, 5, 8 and 11), with controls for classroom demographics. Higher daily non-speech levels are correlated with lower math test scores. This is the first time to the authors’ knowledge that a significant relationship between noise levels in classrooms and math achievement scores has been reported. Previous investigations involving standardized test scores have instead found significant relationship between higher noise levels and lower reading achievement scores. One of those studies did not report on any math scores (Stansfeld et al., 2005). The others (Shield and Dockrell, 2008; Ronsse and Wang, 2010, 2013) included only primary school students, had much smaller sample sizes (less than 70 classrooms) than the current paper, and found that some relationships lost significance when SES factors were included.
There has been other evidence in the literature, reporting effects of noise on children’s performance of math tasks. Ljung et al. (2009) ran tests that included basic math and math reasoning tasks on 187 12 or 13 year old pupils under different noise conditions within a classroom, and found that the road traffic noise condition did impair performance on the math task compared to the other noise conditions. Meinhardt-Injac et al. (2015) asked 21 second-graders and 25 sixth-graders to complete tasks including validations of math problem, while listening to different noise conditions over headphones; younger pupils did worse on the math validation task when exposed to irrelevant speech but not to classroom noise without speech. More recently, Caviola et al. (2021) reviewed the different skills and cognitive components related to math performance, when reporting on their study wherein 162 11–13 year olds were asked to complete a variety of math tasks under different noise conditions. Their results show that the younger pupils did perform worse when exposed to classroom noise than under quiet or traffic noise conditions, although as the task difficulty increased, the effect faded. While these previous studies have presented performance on short-term math tasks, rather than on standardized math tests that may be more indicative of math learning outcomes, they do support the finding in this paper of a relationship between non-speech levels in occupied classrooms and math achievement.
In the presented regression analyses, LAeqN is the metric that accounts for the most variance in the math test scores; LAeqN and SNR are significantly correlated (Table 3) with R = −0.66, so in these models LAeqN is accounting for most of the variance to which SNR may also have contributed. An interpretation of this is as follows: lower non-speech levels in occupied classrooms correlate with higher standardized math test scores. Those lower non-speech levels also significantly correlate with higher SNR conditions, which has been an overall goal of classroom acoustic design standards like ANSI S12.60 (ANSI, 2010). Consequently, designing classrooms for lower unoccupied noise levels that lead to lower non-speech levels in occupied classrooms and higher SNR in classrooms is recommended.
As Table 3 shows, there is a statistically significant correlation between the speech and non-speech levels whereby higher speech levels are correlated with higher non-speech levels (r = 0.35, p < 0.01). Linear regression analysis finds the relationship to show 0.29 dBA increase in speech levels for every 1 dBA increase in non-speech levels, but there is a lot of variance in speech levels that are not accounted for by the non-speech levels, due possibly for example to talker variability or vocal strength (Wang and Brill, 2021). Other recent studies have reported Lombard effects measured at the talker ranging from a +0.51 to +0.72 dBA increase in speech levels for every +1 dBA increase in noise levels (Sato and Bradley, 2008; Bottalico and Astolfi, 2012; Sarantopoulos et al., 2014). In applying any of these Lombard effect slopes, increasing noise levels results in lower SNR because speech levels increase in less than a one to one ratio.
The results in the presented analyses are interpreted to represent the chronic or accumulated effects of noise. Noise levels were not measured in the test rooms at the time students were taking these assessments, so it is not possible for this study to base any interpretations on the acute effect of noise. That does not mean that acute effects do not exist. The large number of classrooms was intentionally chosen to distill the chronic effects rather than the acute effects.
Grade has been used as a proxy for student age in this paper, and other studies have shown more strongly negative relationships between acoustic conditions and task performance for younger students compared to older students (Klatte et al., 2010b; Neuman et al., 2010; Valente et al., 2012; Wróblewski et al., 2012; Meinhardt-Injac et al., 2015; Prodi et al., 2019; Caviola et al., 2021). That conclusion cannot be made based on the regression models presented here. More investigations that span the grades covered in this investigation and both math and reading achievement test scores are needed.
5 CONCLUSION AND FUTURE WORK
Regression models have been run relating acoustic data gathered from 216 classrooms across four grade levels (3, 5, 8 and 11) with classroom-aggregated standardized math and reading test scores, while controlling for classroom demographics including socioeconomic status. A statistically significant relationship was found between the average daily non-speech levels in classrooms and math test scores; higher daily non-speech levels were correlated with lower math test scores (p < 0.05). No statistically significant main effects of acoustic metrics were found on reading achievement. There were some significant differences and an interaction found between grades, but the authors believe that they are due to uneven sample distributions across grade as there were fewer grade 8 and 11 classrooms measured.
One limitation to the current investigation is that other classroom demographics were not available for inclusion, such as the percent of students in each classroom with hearing impairments or those learning in a non-native language, so it is unclear how other demographics may relate to the results. Further investigations that include such demographics is recommended. Also, this investigation has primarily been a correlational study; thus, one should interpret the results of the presented multivariate regression models with caution. Causation cannot be assumed without further investigations in which acoustic conditions are deliberately changed and the effect on student achievement scores assessed while controlling for other factors that can impact test scores. Future studies should work with school districts to test changes or manipulations aimed at lowering non-speech levels in classrooms to see if improved student test scores are achieved; refer for example to Bronzaft (1981) and Massonnié et al. (2020). Another idea for future study is to consider studying achievement at the level of individual students, rather than aggregated at the classroom level. The 220 classrooms measured in this study represent rooms in which more than 7,000 students learned. Investigating how an individual’s exposure to sound levels throughout their school day and in other indoor spaces they occupy (home, recreational facilities, etc.) is related to their learning outcomes, while controlling for that person’s demographics, may be difficult but worthwhile.
This is the first investigation to the authors’ knowledge that has shown a significant relationship between non-speech levels in occupied classrooms and math achievement scores. Unlike previous studies, no significance was found with reading scores, but the current study differs from earlier ones in that both primary and secondary classrooms were included and three classroom demographics (percent of students receiving free or reduced-price lunches, percent gifted, and percent special education) were used as covariates. Furthermore, the results are based on detailed sound level data logged across six school days per classroom over an academic year, thereby more effectively capturing occupied acoustic conditions experienced by students in the classrooms. The logged data were separated using k-means clustering in nine dimensions into one group representing when speech occurs and another when speech does not. The daily averages of a classroom’s speech levels, non-speech levels, and SNR did not vary greatly across the 6 days measured across three seasons in a school year, with standard deviations of less than 3 dBA typically. So while K-12 classrooms are complex environments in which different teaching modalities are used, ranging from single instructor to individual work to small group activities (Shield and Dockrell, 2004), the daily values of acoustic metrics were not found to vary greatly in this study for a specific classroom occupied by a consistent instructor. Having found a statistically significant correlation between the average daily occupied non-speech levels with math achievement is a step forward towards better evidence-based classroom acoustics design.
Indeed, better evidence-based design of classrooms as a whole requires that acoustic conditions be considered in balance with other indoor environmental conditions, such as indoor air quality, thermal, and lighting. How do the relationships presented here with acoustics vary when other measured environmental metrics are included? Researchers are looking into this, and additional work along those lines is recommended so that the school design community can prioritize evidence-based design aimed at benefiting human well-being and performance.
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