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1 INTRODUCTION

Audience safety and wellbeing has recently entered the spotlight, largely due to the ongoing work of
the World Health Organization (WHO), namely their Make Listening Safe initiative®. A central focus
of this initiative is to develop an international regulatory framework for safe listening at live music
events, planned for release in 2021 (a comprehensive review of existing audience sound level
regulations and guidelines is presented in a recently published AES Technical Document? which has
fed into the WHO work). In order for this regularity framework to be effective and widely-adopted, it
not only has to specify appropriate noise dosage limits and core principles for sound system design
that should be followed, but also has to ensure that the noise exposure monitoring is practical for the
sound engineer mixing the show.

While very large events may have a dedicated professional on hand to monitor and manage sound
levels on- and off-site, most events’ sound level control will be generally left to the sound engineer. It
is therefore imperative that the sound level monitoring procedure is accessible and understandable
to sound engineers and allows them to manage sound levels effectively and efficiently while still
delivering the best possible listening experience to the audience.

This research focuses, therefore, on analyzing previously captured sound level measurements from
recent tour and festival dates of a popular international touring act, looking for any effects the local
sound level regulations may have had on overall sound level and live dynamic range. As all data
analyzed in this work was generated by the same sound engineer mixing the same international
touring act on (largely) the same sound system, differences in recorded levels will be due to a limited
set of variables, namely: sound level regulations, venue characteristics and other event-specific
circumstances. The first two parameters will be objectively examined while the third parameter will be
commented on, where necessary.

The paper starts in Section 2 with a brief background on sound level regulations across the globe and
related research, with suggested further reading, followed by a description of the data analysis
methods in Section 3. An in-depth presentation and analysis of the research findings is given in
Section 4 and the paper is concluded in Section 5.

Itis the hope of the authors that these findings, although only a small sample of the activities normally
carried out across the live event industry, will contribute to the development of practical and effective
sound level management protocols, acceptable for all key stakeholders at live events.

2 BACKGROUND

Sound level monitoring at live events has been the focus of various research projects®!3. These
studies generally include on-site measurements throughout the course of an event at the mix location
(front-of house, FOH) and in some cases also from audience members who have chosen to
participate by wearing noise dosimeters. The bulk of these studies are concerned with temporary
noise-induced hearing loss, but some look into the measurable effects of using sound level monitoring
software at such events®#,
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There are a number of related studies which focus on aspects of sound/noise level management and
monitoring at large-scale live events®>¢9 quantification of annoyance levels due to different noise
sources'*°, health risks associated with sound exposure typically encountered at live events and
aspects specifically related to low-frequency sound exposure (including infrasound)®1320-35, This
published research is important in terms of the complete set of challenges encountered at live events
but will not be expanded upon in this paper. Further reading of the referenced material is
recommended for those working/researching in this field.

Regarding sound level regulations across the world, there is significant variation. The only region with
clearly specified audience sound exposure regulations is Western Europe?. Inspecting the sound
pressure level (SPL) limits, as well as the specified measurement time window, across the existing
Western European regulations shows little agreement. Most limits are set around 100 dBA, but the
measurement time window ranges from one minute up to the event duration. Attending an event
which is limited to 100 dBA over one minute will be extremely different to attending an event which is
limited to 100 dBA measured over the entire duration of the event. The latter will be able to deliver
significant SPL peaks, likely resulting in a perceptually louder and more dynamic event.

This difference in measurement time window also can significantly impact the job of the sound
engineer. A short measurement time window (often less than 5 minutes) results in the sound engineer
having to constantly adjust the playback level to comply with the limit in place. This will inevitably
distract the sound engineer from focusing on the musical quality of the mix. A long measurement time
window (often 30 minutes or greater) generally does not cause such issues but fails to deliver timely
information regarding sound level limit violations, making compliance with local regulations difficult. It
is worth mentioning that the primary consideration of the sound engineer is in producing a high-quality
experience for the audience, who are ultimately the client at any event.

One issue here is the measurement using a simple moving average (SMA), giving equal weighting to
all sound level samples over the measurement time window. Another issue is the question of the most
appropriate measurement time window. While a 15-minute window is commonly used amongst sound
engineers, there is no known published medical data relating sound exposure measured in this
manner to hearing health. Most existing knowledge is based on a one-hour measurement window (all
using A-weighting — there is no significant published medical research focusing on C-weighted sound
exposure measurements and hearing health). Both issues are beyond the scope of this project (and
are the subject of separate ongoing projects) but are highlighted here to raise awareness of the
complexity of the situation.

3 METHODS

Data for this research was gathered over a four-year period at a combination of indoor arena/theatre
and outdoor open-air festival events. The indoor events varied in capacity between 2,500 — 25,000
people, while the open-air shows varied between 6,000 — 78,000 people, and as such they provide a
representative cross-section of venue sizes for international touring headline acts®.

The measurements were made at the FOH mixing position using a 10EaZy Class 1 measurement
system®’. Measurements were typically made at 35 — 45 m (at indoor shows) and 45 — 60 m (at open
air venues) from the sound system. In cases where measurements were made outside of these
parameters, they have been noted.

The measurement system was operated by one of the authors (Burton) as a guidance tool when
working as the sound engineer for the international touring act. The 10EaZy system was used at all
events as a secondary measurement system to monitor SPL levels independently of any other
measurement system that may have been used at the events, for the enforcement of noise exposure
regulations. The measurement system was also utilized to provide the author with an indication of the
SPL at the mix position for personal reference. The current SPL was always available but other
features such as the predictive level meter was disabled by setting the target level beyond the level
that would be achieved during the performance (105dBA). The meter logged LAeq and LCeq
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measurements at 1-minute intervals, allowing for straightforward conversion to greater measurement
time windows during data analysis for this research.

During the events where the data was collected every attempt was made to conform to the sound
level regulations in place. Venues with no regulations were mixed at a sound pressure level that was
felt by the author to be appropriate for the audience and venue size (typically 100 dB LAeq,15min).

Where secondary factors have affected the data in any significant way this has been noted by the
authors by way of explanation. It is felt that the data represents a robust reflection of the sound
pressure level across a wide range of venues around the world. The sound reinforcement systems
used were all appropriate for the size of venue where they were deployed and are not considered a
limiting factor to this study in any way. The control system and sound sources, as well as the source
material, were consistent across all events. This data represents a single act performing a musical
set that was also consistent across the shows, both in length and content, providing an ideal dataset
for analysis. The data collected captured a greater time frame than the performance period and
trimmed to contain only the musical performance period within the dataset (including the encore
period which was a consistent feature of the concerts and important for consideration in terms of both
dynamic and peak SPL).

The data analysis was performed by importing all 10EaZy lodfiles into Microsoft Excel, while adding
supplementary information such as venue capacity, venue type (indoor/outdoor), FOH location, SPL
limits (including measurement time windows) for A- and C-weighting and any special notes for each
event. The data in Excel was imported into Matlab for further analysis. Leq,1min data allowed for
scaling the measurement time window to any value equal to or above one minute.

For each set of data, LAeq and LCeq values were determined for the relevant measurement time
window. Additionally, LAmax and LCpeak values were inspected to determine live dynamic range.
Live dynamic range was estimated using a prototype data analysis technique aiming at maintaining
the natural musical level fluctuations within and between songs and removing the slower level
adjustments by the sound engineer. This was accomplished by applying a 2" order Butterworth high-
pass filter to the 1-minute time series data with a cutoff frequency corresponding to a time period of
1-minute (the data was interpolated to give a 1 Hz sample rate). This process removes the DC-offset
(in this case to be taken as mean sound pressure level from the event) as well as any level
adjustments by the sound engineer, thus preserving the musical dynamic range from the act, as
reinforced through the sound system. After the high-pass filter was applied, the live dynamic range
was calculated based on the difference between L10 and L90 (the SPL exceeded 10% and 90% of
the event, respectively). This was examined for A- and C-weighted data.

The purpose of inspecting the live dynamic range alongside the absolute sound level data was to
determine if certain level limits and/or integration times cause a change in live dynamic range of the
performance, which may affect the listening experience of the audience.

The impact of the following factors were inspected: venue type (indoor vs. outdoor), event type (tour
vs. festival), venue capacity, presence of LAeq limit, presence of LCeq limit, LAeq limit, LAeq time,
LCeq limit, and LCeq time. The results are presented and analyzed in the following section.

4 RESULTS AND ANALYSIS

Data was collected and analyzed from 130 events over a 5-year period (all by the same international
touring act with the same sound engineer mixing each show). Initial analysis was carried out by
plotting the Leq data versus time (with the appropriate measurement time window applied, according
to the level regulations in place at each venue) along with calculations for live dynamic range. 52 and
3 events out of 130 had LAeq and LCeq limits, respectively. For events with no limit in place, LAeq
was monitored and logged using a 15-minute measurement time window. All measurements were
made at the front-of-house mix position (FOH). An example event analysis is shown in Figure 4.1.
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Figure 4.1 Example individual event data analysis (the vertical scale is in dB). The legend entries
are in the format: weighting (A or C), measurement time window (minutes). DRaand DRc represent
the live dynamic range with A- and C-weighting, respectively.

The individual event analysis provided a preliminary inspection of a level regulation’s effects on sound
level and live dynamic range. A more detailed, statistical analysis is required, however, to draw any
clear and robust conclusions from the data. These analyses are presented in the following sections.

4.1 Venue characteristics

Before inspecting the influence of sound level regulations on the work of a live sound engineer, it is
instructive to look at the impact the venue has on the overall sound level and live dynamic range of
an event. Three characteristics were analyzed within this study: venue type (indoor or outdoor), event
type (tour date or festival) and venue capacity.

While inspecting the data over the 130 analyzed events, all tour dates were indoors while all festivals
were outdoors, aside from two outdoor tour dates and one indoor festival. For completeness, the
analysis results for these two factors are shown side-by-side in Figure 4.2, where it can be observed
that the data is nearly identical between the two graphs.
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Figure 4.2 L10 — L90 (live dynamic range, in dB) and average Leq,1min (dB) inspected in relation to
event type (tour or festival — 4 left plots) and venue type (indoors or outdoors — 4 right plots)

In respect to overall average sound level at events, there is a statistically significant difference for
LAeq,1min (p = 0.001), with tours being generally around 1 dBA louder than festivals. The same
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relationship holds true for indoor vs. outdoor venues (indoor events are roughly 1 dBA louder than
outdoor events, p = 0.002). The LCeq,1min data shows a similar 1 dBC difference between tours and
festivals as well as indoors and outdoors (p = 0.050 and p = 0.001, respectively).

A-weighted live dynamic range data showed a similar 1 dBA difference between tours and festivals
as well as indoors and outdoors (p = 3.99x10° and p = 1.46x10°%, respectively), with the festivals and
outdoors events exhibiting the greater live dynamic range. There was no significant relationship
between venue/event type and C-weighted live dynamic range.

Venue capacity was also inspected in relation to the average sound level and live dynamic range at
the events under analysis (Figure 4.3).
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Figure 4.3 L10 — L90 (live dynamic range, in dB) and average Leq,1min (dB) inspected in relation to
venue capacity (filled circles = indoor venues, empty circles = outdoor venues)

Live dynamic range (both A- and C-weighted) shows a slight upward trend with venue capacity.
Several possible explanations exist for this. First, the acoustics of larger venues may be less
problematic in terms of delivering the desired listening experience due to the sparsity and late arriving
nature of reflections. Additionally, it is likely that the act's on-stage sound level (instrument
amplification and personal monitoring system) will have less impact on the overall SPL at the FOH
mix position for events in larger venues. This is particularly noticeable at open-air venues where the
FOH mix position is normally further from the stage than in indoor venues. The effect of poor venue
acoustics is illustrated by inspecting two individual sets of event data: one from a venue specifically
designed for amplified music events and one designed with little to no consideration for acoustics, as
its primary use was as an ice arena (Figure 4.4).

Interestingly, the trend observed for average sound level (LAeq and LCeq) shows a steady decrease
with increasing venue capacity. Again, this could be explained as a result of less problematic
acoustics in the venues (especially considering that all of the venues above 25,000 capacity are
outdoors), but may also be a direct result of the higher live dynamic range of the show. Perhaps a
greater live dynamic range results in a lower preferred sound level. This would tie in nicely to previous
research, where it was shown that an increased system bandwidth results in lower preferred sound
levels®,. It is also worth considering that nearly all the outdoor events were music festivals, where the
act’s sound engineer would have less control over the sound system design and operation
characteristics as compared to the indoor tour dates.
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Figure 4.4 Example comparison of individual event data for a venue acoustically designed for
amplified music (left) and a venue designed without any acoustical considerations (right).

4.2 LAeqg limit

A-weighted equivalent sound level (LAeq) limits are the most encountered regulation at venues
across the world at present. The inspected data shows that most of these limits (in place at 53 out of
the 130 venues) are in Western Europe, with significantly less sound level regulations in other parts
of the world. This is in line with the findings in the previously mentioned AES Technical Document?.
As a first step in analyzing the effect (if any) of an LAeq limit is to compare the average sound level
and live dynamic range between events with and without such regulations (Figure 4.5).
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Figure 4.5 L10 — L90 (live dynamic range, in dB) and average Leq,1min (dB) inspected in relation to
the presence of an A-weighted equivalent sound level (LAeq) limit

There was only one statistically significant finding within this data, where it was clear that an LAeq
limit has a measurable effect on the average A-weighted sound level (LAeq,1min). In this case, the
events with a limit in place were approximately 2 dB lower in A-weighted sound level than those
without limits in place (p = 3.25x10°). This is as expected and shows that the limits are having some
form of effect on the overall level of the event. Critically, the LAeq limit has been shown to have no
significant effect on C-weighted sound levels as well as no effect on live dynamic range (A- or C-
weighted). This is encouraging, as it gives initial indication that the limit is only affecting sound levels
and not impacting the live dynamic range of an event.

In order to further progress this analysis, it was necessary to unpack the data from events with LAeq
limits in place to inspect the effect of the two variables within each regulation: level limit and
measurement time window (Figures 4.6 and 4.7).
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Figure 4.6 L10 — L90 (live dynamic range, in dB) and average Leq,1min (dB) inspected in relation to
the specific LAeq limit (dB)
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Figure 4.7 L10 — L90 (live dynamic raﬁngg, in dB) and average Leq,?Lm?n (dB) inspected in relation to
the specific LAeq measurement time window (minutes)

First, looking at the relationship between the specific LAeq limit and A-weighted average sound level
at an event, there is a strong statistical relationship (p = 1.60x107). For LAeq limits up to and including
101 dBA, the observed average A-weighted sound levels follow the limits (i.e. the data generally
clusters around the set limit). Limits set beyond 101 dBA, however, do not indicate a direct relationship
to the observed A-weighted sound level. The data shows that events with these high limits result in
lower levels as compared to events with limits at or below 101 dBA. One possible explanation is that
the sound engineer did not have to worry about complying with a sound level limit during these shows,
so mixed in a more relaxed mode, focusing primarily on the musicality of the mix. This is supported
by the data from events with no limit in place showing a mean A-weighted level around 100 dBA,
which appears to be the natural mix level for this engineer mixing this specific act. The specific LAeq
limit did not show any significant effect on the other three inspected metrics.

The LAeq limit on its own does not present a complete picture of the scenario of an event with a
sound level regulation in place. The measurement time window can potentially have a critical effect
on the impact of the LAeq limit. While there is statistical evidence that the measurement time window
has a measurable effect on LAeqg,1min and LCeq,1min (p = 3.76x107 and p = 7.42x10°°, respectively),
there are no clear observable trends, largely due to the fact that there is no correlation between the
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LAeq limit in place and the chosen measurement time window (which, again, is highlighted in the
recent AES Technical Document?).

There was no statistical significance found in relating live dynamic range (A- or C-weighted) to
measurement time window of the LAeq limit. This can be attributed to the sparsity of the data; there
are very few data points for measurement time windows of 1, 5 and 10 minutes. Manual observation
of the data, however, does indicate that there may be a slight increase in live dynamic range with
increasing measurement time window (for both weightings). A potential explanation for this
observation again relates to the sound engineer’s experience working with the LAeq limit in place.
Shorter measurement time windows mean that the engineer has less ability to use dynamics in the
overall mix, since the measurement configuration is too sensitive (if dynamics are desired in these
cases, the overall level would have to be reduced, which would likely be unacceptable). Longer
measurement time windows (15 minutes or more) do not show any noticeable trends, indicating that
these time frames allow the engineer to mix with the required dynamics. These trends hold true for
both A- and C-weighting, but again, it must be emphasized that the data is sparse, requiring further
research to confirm or refute these observations.

4.3 LCeq limit

At the time of writing, LCeq limits are rarely found in place at live events (and virtually non-existent
outside of Western Europe), which can be attributed to a lack of unbiased scientific research on the
relationship between low-frequency sound exposure at live events to hearing health!. Of the 130
events analyzed for this research, only three had LCeq limits in place. This sparsity of data prevented
any detailed analysis of LCeq limit level and measurement time window, as was carried out for the
LAeq limits. Only a broad analysis of the effect of the presence of an LCeq limit on the metrics under
inspection was possible (Figure 4.8).
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Figure 4.8 L10 — L90 (live dynamic range, in dB) and average Leq,1min (dB) inspected in relation to
the presence of a C-weighted equivalent sound level (LCeq) limit

While the analysis was performed on sparse data, it reveals some compelling trends that point to the
necessity of further research to explore the effect of LCeq limits in greater detail. First, the A-weighted
live dynamic range appears to be strongly influenced by the presence of an LCeq limit (p = 0.0184).
When an LCeq limit is in place, the A-weighted live dynamic range decreases by approximately 1.5
dB. A similar effect is observed in the C-weighted live dynamic range data, but with much less
statistical confidence (p = 0.424).

Looking at the average sound levels, the most telling finding is the impact on the average C-weighted
sound level. With an LCeq limit in place, the C-weighted sound level was nearly 5 dB lower than at
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events without an LCeq limit (p = 0.0003). An LAeq limit, for comparison, caused an A-weighted
sound level reduction of around 2 dB. LCeq limits were found to have a less significant measured
influence on the A-weighted sound levels, but still show roughly a 1 dB lower average A-weighted
sound level.

A practical explanation for the reduction in live dynamic range exists. When an LCeq limit is in place,
it is regularly the case that this will be the limiting factor in the operation of the sound system. The
sound engineer often will struggle to comply with this limit without negatively affecting the entire
event’s sound. For this data set, the act relied heavily on low-frequency content, therefore any LCeq
limit would prove problematic. A result of the sound engineer struggling to stay within the LCeq limit
is that the live dynamic range is reduced across all frequencies and the overall A-weighted level is
slightly below what is typical of this act’'s performances. In general, the listening experience is
potentially compromised at events with an LCeq limit in place. This is not to say an LCeq limit is not
necessary, but it does point to the current limits being arbitrary and unreasonable, largely thanks to
the absence of any reliable scientific findings on the subject?.

5 CONCLUSIONS

Sound level monitoring data collected from 130 events over a five-year span by the same international
touring act, mixed by the same sound engineer, was analyzed in respect to an event’s average sound
level and live dynamic range (A- and C-weighted), resulting in the following summarized findings:

e Tour dates are roughly 1 dB (A and C) louder than festivals. This is likely due a combination
of factors including increased familiarity and control of the sound system in conjunction with
the acoustic environment (see next point).

e OQOutdoors events have around 1 dBA greater live dynamic range than indoor events. This
could be attributed to the presence of problematic acoustics for indoor venues. There were
no observed differences for C-weighted live dynamic range.

e Live dynamic range (A and C) increases with venue capacity. This is almost certainly due to
the larger venues in this study being outdoor, so not suffering from acoustical issues, which
therefore causes this observation to collapse into the previous point.

e Average sound level (A and C) decreases with venue capacity. This may be due to acoustical
issues for the smaller indoor venues (venue acoustics & stage level). This requires further
research to verify.

e The presence of an LAeq limit reduces the A-weighted sound level by about 2 dB, but only
for events with limits at or below 101 dBA. There is no effect on live dynamic range.

e Short LAeq measurement time windows (below 10 minutes) appear to reduce live dynamic
range (A and C). More research is needed, due to the sparsity of the data.

e The presence of an LCeq limit reduces the A- and C-weighted sound levels by roughly 1 dB
and 5 dB, respectively.

e The presence of an LCeq limit reduces the live dynamic range (A and C) by approximately
1.5 dB. This is likely due to the sound engineer struggling to maintain compliance with the
LCeq limit.

Overall, this research should be considered a starting point to obtain a robust understanding on the
effect sound level regulations have on the work of a sound engineer at a live event. The data has
revealed some interesting trends, however, that the authors hope will inspire further collaborative
research in the area to lead to a long-term goal of developing practical, effective and safe live event
sound level regulations, acceptable to all key stakeholders.
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