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Abstract: Contemporary museums’ architecture often emphasizes visual aesthetics—large volumes,
open-plan layouts, and highly reflective finishes—resulting in acoustic challenges such as excessive
reverberation, poor speech intelligibility, elevated background noise, and reduced privacy. This
study quantifies the impact of surface-specific absorption treatments on acoustic metrics across eight
gallery spaces. Room impulse responses calibrated virtual models, which simulated nine absorption
scenarios (low, medium, high on ceilings, floors, and walls) and evaluated reverberation time (T20),
speech transmission index (STI), clarity (C50), distraction distance (rp), Spatial Decay Rate of Speech
(D2s), and Speech Level at 4m (Lpassm). Results indicate that going from concrete to a wood floor
yields the most rapid Tz reductions (up to —1.75 s), ceiling treatments deliver the greatest STI and Cso
gains (e.g., STI increases of +0.16), and high-absorption walls maximize privacy metrics (D2s and
Lpasam). A linear regression model further predicts STI from T, total absorption (Sabins), and room
volume with 84.9 % conditional R? enabling + 0.03 accuracy without specialized testing. These
findings provide empirically derived, surface-specific “first-move” guidelines for architects and
acousticians, underscoring the necessity of integrating acoustics early in museum design to balance
auditory and visual objectives and enhance visitor experience.
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1. Introduction

Museums are public spaces that, while not designed as specialized performance venues like
concert halls or recording studios, still require controlled acoustic environments. Classic galleries
evoke images of hushed halls where silence allows artworks to command attention. Contemporary
museums, however, increasingly incorporate experimentation, immersive, and multisensory
elements, such as audio guides, interactive installations, and dynamic pathways, which place
additional demands on acoustic control.

Contemporary museum architecture often embraces a “white-box” aesthetic—large, open-plan
galleries finished in highly reflective materials such as glass, polished concrete, marble, and masonry.
However, these elements, designed for striking visual impact, rarely account for acoustic side effects.
These effects include long reverberation times, poor speech intelligibility, diminished speech privacy,
and increased background noise [1-6] — all factors that compromise the visitor experience. Moreover,
the increasing use of multimedia technologies may further exacerbate all these problems [7].

Compounding these challenges, acoustic requirements in museums are complex and often
conflicting. For instance, museums must ensure high speech intelligibility for guided tours and
multimedia presentations, while also providing quiet zones that afford privacy and support
individual reflection. Because intelligibility and privacy are inversely related, the selection and
placement of finishing materials become critical to balancing these competing demands.

1.1. Previous Research and Literature Gap

Acoustic assessments in museums are most often conducted post-occupancy, frequently in the
first years of operation, and few of these consultant-led studies are published to guide future projects
[8]. Early research highlighted the importance of acoustic design in gallery environments and
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outlined core challenges unique to museums [9,10]. Subsequent investigations have largely focused
on in-situ measurements of reverberation time (RT), Speech Transmission Index (STI), and Clarity
(C50), across individual case studies, with a few works suggesting design recommendations to
improve the acoustic environment [11-15]. These suggestions often involve introducing new
materials or making minor modifications post-construction. However, these efforts generally fail to
address design strategies that could prevent acoustic issues from arising in the first place.

One notable approach to bridging this gap is the use of immersive environments to evaluate
soundscape preferences in museums [16]. This research found that soundscapes recorded in
exhibition spaces were frequently perceived as unfocused, distracting, and less engaging, with sound
masking systems proving to be an effective strategy for mitigating these issues [1]. Multi-criterion
approaches, such as the Index of Acoustic Quality in Museums (IAQM) [17] and the Global Acoustic
Quality Parameter (PQAM) [18], also integrate objective and subjective data to characterize museums
acoustically [17], but have limited outcomes, not offering actionable design solutions that can be
effectively implemented during the planning and construction phases. Similarly, subjective
assessments were conducted in a historical museum [19] and large-scale institutions like the Tate
Modern, highlighting correlations between acoustic comfort and room acoustics indicators in
sequential spaces [20], yet not translating findings into generalized guidelines.

Furthermore, formal standards tailored to museum acoustics remain virtually nonexistent.
Standards like ISO 22955:2021 define acoustic quality criteria for open-plan offices [21], however, no
equivalent normative framework addresses the demands of modern exhibition spaces. This absence
underscores the need for systematic research that translates room acoustic metrics into practical,
design-integrated solutions that can be implemented during the initial planning and construction
phases.

1.2. Acoustic Parameters

Reverberation time, typically estimated as T»g by fitting the decay curve from -5 dB to -25 dB
[22], is the most widely regulated acoustic descriptor. ISO 3382-2 defines validation procedures for
T, measurements, yet this metric ignores early reflections, a critical component of perceived room
acoustics. However, it is well known that two rooms with identical T, can sound different if their
early reflection patterns diverge [23]. Therefore, relying on reverberation time alone can yield poor
correlation with subjective experience. To capture the full aural character of a space, complementary
parameters that include early reflections are essential and have been investigated in several studies
[24-28]. For instance, studies in educational and office environments have demonstrated the
importance of Speech Clarity (Cso) and Speech Transmission Index (STI) for listener comfort and
distraction distance [29-34]:

e Speech clarity (Cso): defined as the energy ratio of early (< 50 ms) to late arriving sound, expressed in
decibels, and introduced in ISO 3382-1 [35].

e  Speech Transmission Index (STI): quantifies modulation loss due to reverberation and background
noise, providing a direct measure of intelligibility formalized in IEC 60268-16 [36].

Furthermore, museums share several acoustic requirements with open-plan offices to some
extent, both demand that speech intelligibility decrease with distance while maintaining adequate
clarity at a near field. Also, sources are typically non-directional due to free visitor movement, a
characteristic as well as addressed in the open-plan offices standard [37]. Without museum-specific
regulations, this study adopts the ISO 3382-3’s open-plan office metrics, which previous work has
investigated for its applicability in museums [38]. The single-number quantities prescribed in ISO
3382-3 analyzed in the research are:

e  Spatial Decay Rate of Speech (D2s): A-weighted speech attenuation (dB) when doubling the listener
distance from the source. Higher D2s indicates stronger attenuation.

e  Speech Level at 4m (Lpassm): A-weighted speech level at 4 m from the source. Lower values denote
better attenuation.

e  Distraction Distance (rp): distance at which STI falls below 0.50 —beyond this point, listeners perceive
limited intelligibility, indicating increased speech privacy.
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In general, optimal conditions feature high D2s, and Lpas, low Lpasam, and correspondingly
small ro [32,37]. While rp accounts for all room acoustic factors affecting speech intelligibility between
the source and the listener [32], analyzing ro alone can be misleading, as it can be artificially improved
by increasing background noise, potentially degrading overall comfort. Therefore, this research
considers all three parameters for a comprehensive assessment.

1.3. Finishing Materials in Museums

Contemporary museum interiors frequently employ fully reflective finishes—concrete,
masonry, or marble—to achieve a “white-box” aesthetic [2]. Acoustic treatments, when applied, are
often limited to wall panels in multimedia galleries or event atria. Accounting for the acoustic
implications of design decisions from the schematic design stage enables a holistic balance of
performance and aesthetics: scattering elements can redirect energy toward absorbent surfaces,
diffusers can mitigate flutter echoes without excessive sound-level loss, and absorbers can be
distributed to fine-tune reverberation times and speech clarity.

Studies in classrooms and performance venues demonstrate how the choice and placement of
diffusers and absorbers critically influence acoustic parameters [28,39,40]. The spatial distribution of
absorptive materials can also significantly alter clarity and privacy metrics [41]. Yet comparable
investigations in museum environments are limited in scope; for example, Barbo (2023) [42] evaluates
increased absorption in gallery rooms, yet the interventions are tailored for the four rooms studied,
which restricts the generalizability of its recommendations.

1.4. Aim, Research Questions, and Hypotheses

The present study systematically evaluates the acoustic performance of commonly used
finishing materials applied to ceilings, floors, and walls in eight museum galleries. Nine absorption
scenarios were tested in each room (low, medium, high on each surface), and the acoustic metrics
defined above (T2o, Cso, STL, D2s, Lp,as4m, rp) were measured for all scenarios in each room.

Specifically, the investigation pursues three aims: quantifying the material-and-surface effects
on room acoustics to transform assumptions into data-driven insights that support design decisions;
examining the trade-off between speech intelligibility and privacy to identify material and placement
strategies that optimize both competing demands; and translating the results into actionable
guidelines expressed in architectural terms to ensure that designers can apply the recommendations
directly within their workflows.

To frame these aims, four research questions guided the work: (1) How do varying levels of
absorption (low, medium, high) on ceilings, floors, and walls affect key acoustic parameters? (2) Does
the effect of increasing absorption on one surface (e.g., ceiling) differ from an equivalent increase on
another (e.g., floor or wall)? (3) Which surface treatment yields the greatest improvements in speech
intelligibility (STI, Cso) and speech privacy (Dzs, Lpassm, 10)? (4) Given the complexity of measuring
or calculating STI, can a regression model be used to predict STI with sufficient accuracy?

Accordingly, four hypotheses were tested. First (H1), it was hypothesized that increasing
absorption from low to high would produce significant reductions in T and Lpas4m alongside
corresponding increases in STI, Cso, rp, and Dzs, regardless of surface type. Second (H2), ceiling
treatments were expected to produce the largest gains in intelligibility metrics (STI, Csp), whereas
wall treatments would most effectively enhance privacy measures (Dzs, ro) (H3). Finally (H4), a
regression model based on Ta, total absorption, and room volume would predict STI, facilitating
calculations during the first stages of design.

2. Materials and Methods

2.1. Room Selection and Impulse-Response Measurements

Eight gallery spaces were selected across three museum buildings to represent a range of
volumes (400-1,400 m?), surface finishes, and plan configurations (See Figure 1). Room impulse
responses (RIRs) were recorded in each gallery using an omnidirectional dodecahedral loudspeaker
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and an ambisonics microphone (AMBEO VR 3D, Sennheiser) in A-format and later converted to B-
format using an A-B format plug-in (Sennheiser, AMBEO A-B format converter). Sweep signals were
emitted from two source positions in opposite corners and recorded at three receiver positions along
the main diagonal, resulting in six source-receiver combinations per room. RIRs were processed using
MATLARB to extract the acoustic parameters for model calibration.

2.2. Virtual Model Calibration and Acoustic Simulations

Floor plans and measured RIRs were used to construct and calibrate geometric room models in
Treble Technologies Acoustic Simulation Suite. Initial material absorption coefficients were assigned
using Treble’s material library data. Surface coefficients were then iteratively adjusted until
simulated Ty values matched measured values within +5% across the 63 Hz—8 kHz octave bands. For
each calibrated model, nine absorption scenarios were generated by independently assigning low,
medium, and high absorption coefficients to one surface at a time (ceiling, floor, or walls). Table 1
shows the material definitions for each absorption level. Simulated RIRs were computed at the same
three receiver and two source positions for each scenario and were analyzed to compute the acoustic
parameters. All parameters were calculated in one-third-octave bands from 63 Hz to 8 kHz and
averaged across receiver positions.
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Figure 1. Composite panoramas of the eight museum galleries investigated in this study. Sites M1, M2, M8, and
M9 are in the Massachusetts Museum of Contemporary Art (MASS MoCA). Room H9 is in the Hessel Museum
of Art. Galleries W1, W2, and W3 are in the Williams College Museum of Art. Each room illustrates the
commonly used finishing materials: masonry walls, concrete/wood floors, gyp/wood ceilings. All are open-plan
gallery style with artworks displayed on the wall.

Table 1. Weighted Sound Absorption Coefficients (aw) and octave-band values for the low, medium, and high
absorption treatments applied to ceilings, floors, and walls. Low absorption conditions use fully reflective
concrete/masonry; medium absorption conditions employ plywood ceiling panels, wood flooring, or 13 mm
gypsum board backed by 100 mm mineral wool; high conditions use microperforated ceiling panels, heavy
carpet over concrete floors, or 40 mm acoustic plaster walls.

Magnitude Location Material aw Absorption Coefficient
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63 125 250 500 1k 2k 4k 8k

Low All Fully reflective 001 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Concrete/masonry
Floor Wooden flooring 0.09 0.16 0.15 0.13 0.1 0.08 0.07 0.07 0.07
Medium Wall 0 mmGypboard+100 0 h 0 05 011 0.08 0.08 0.07 0.07 0.07
mm wool

Ceiling Plywood paneling lem  0.15 0.32 0.24 0.17 0.14 0.13 0.13 0.13 0.13

Floor Heavy carpet on concrete 0.4 0.18 0.18 0.2 0.27 0.44 0.63 0.59 0.35

Acoustic plaster 40mm
thick

Ceiling Micro-perforated panels 0.8 0.16 026 0.5 0.81 094 09 0.85 0.8

High Wall 0.7 026 041 0.62 0.74 0.78 0.75 0.63 0.45

2.3. Statistical Analysis

All acoustic metrics (T2, STI, Cso, D2s, Lpasam, D) were analyzed in a two-stage repeated-
measures framework using RStudio (v 2024.12.1). In the first stage, each parameter was evaluated via
a two-way within-subjects ANOVA with factors Location (ceiling, floor, wall) and Magnitude (low,
medium, high). Summary statistics are presented in Table 2. In the second stage, a one-way within-
subjects ANOVA was conducted on the nine combined conditions (ceiling-low, ceiling-medium,
ceiling-high, floor-low, ... wall-high) to test for differences among every specific absorption scenario.
Distributions and condition-level means for all metrics are displayed in Figures 2 and 3.

Repeated observations within each room increase statistical power by leveraging within-room
replication and simultaneously account for uncontrolled between-room variability (e.g., geometry,
volume, background noise) by treating rooms as a random effect.

Sphericity was assessed with Mauchly’s test and, where violated, Greenhouse-Geisser
corrections were applied. Significant effects (a = 0.05) were followed by Holm-adjusted pairwise
comparisons (Table 3) to locate differences among factor levels, and by simple-effects contrasts (Table
4) to quantify the magnitude of each absorption increment.

3. Results

3.1. Effect of Location and Magnitude on Each Acoustic Parameter

Table 2 shows that the main effect of absorption magnitude was highly significant for all six
metrics, with F-values ranging from F(2,14) = 74.8 for distraction distance (rp) to F(2,14) = 797 for
speech clarity (Cso) (all p <.001). The main effect of location also reached significance for most metrics,
indicating that treating ceilings, floors, or walls produces different acoustic outcomes, except for D,S
(F(2,14)=3.1, p = .077), suggesting that, on average, this privacy metric is less sensitive to where
absorption is placed.

Table 2. Effect of Location and Magnitude on each acoustic parameter.

Parameter Location F (2,14), p Magnitude F (2,14), p  Interaction F (4,28), p
T2 5.1, p=.021 83.8, p<.001 3.2, p=.028
STI 5.7, p=.050 122.9, p<.001 6.4, p<.001
Cso 3.5, p=.016 797, p <.001 7.4, p<.001
D 7.9, p=.005 74.8, p <.001 5.9, p=.0015
D.s 3.1, p=.077 233.8, p<.001 9.4, p<.001
Lpasam 8.1, p=.005 260.4, p <.001 14.6, p<.001

Critically, all six parameters exhibited significant Location x Magnitude interactions (all p <.03),
confirming that the efficacy of increasing absorption depends on which surface is treated. For
example, a given increase in absorption level on the ceiling does not produce the same Tz reduction
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or STI gain as an equivalent increase on the floor or wall. Detailed post-hoc comparisons and simple-
effects analyses to identify the most effective surfaces for each metric are presented in Section 3.3.

3.2. Condition ANOVA: Specific Scenario Comparisons

Figures 2 and 3 show the results for the ANOV As that were performed across the nine combined
absorption conditions for each acoustic metric. Design targets for each metric—indicated by the
dashed cyan lines were defined based on ISO 3383-3 [37] and previous research [18,17] as follows:
reverberation time (T) between 1.0 s and 1.5 s; speech clarity (Cso) between 0 dB and 5 dB; Speech
Transmission Index (STI) between 0.45 and 0.60; distraction distance (rp) below 5 m for high privacy
(or above 11 m for low privacy); spatial decay rate (D2s) between 2 dB and 5 dB; and A-weighted
speech level at 4 m (Lp,as4m) between 48 dBA and 52 dBA.

All ANOVA tests were highly significant, indicating that at least one condition differed from the
others for each metric. Confirming H1, with increasing absorption: Tz [500, 1k, 2k] declines (F (8,56)
=53.05, p = 1.06x1078), Cso [500, 1k, 2k] improves (F (8,56) = 57.14, p = 4.10x10-°), and STI increases (F
(8,56) =40.92, p = 1.16x10-2°. Regarding the privacy metrics, with a higher absorption: ro increases (F
(8,56) = 54.75, p = 4.93x107%), D2s improves (F (8,56) = 51.77, p = 4.17x1072%) and Lps4m decreases (F
(8,56) = 68.26, p = 4.46x10726).

Under low-absorption conditions, all median Tz values exceeded the recommended maximum
of 1.5 s, with concrete floors (FL) producing the highest variability (1.5-5.2 s) and masonry walls (WL)
yielding the lowest median (2.21 s). Introducing medium absorption on the ceiling (CM) effectively
brought T close to the 1.5 s threshold (median = 1.55 s), whereas equivalent mid-level treatments on
floors (FM) and walls (WM) remained above target. In the high-absorption scenarios (CH, FH, WH),
every condition fell within the 1.0-1.5 s band, and the WH case even dipped below 1.0 s with minimal
variability, suggesting that high-absorption walls are suited for galleries demanding tight
reverberation control.

F(8,56) = 53.05, p = 1.06x10-8 F(8,56) = 57.14, p = 4.10x10~° F(8,56) = 40.92, p = 1.16x10-2

SUHH e

CL FL WL CM FM WM CH FH WH CL FL WL CM FM WM CH FH WH CL FL WL CM FM WM CH FH WH
Acoustic Condition Acoustic Condition Acoustic Condition

(@) (b) (¢)

Figure 2. Distributions of key acoustic metrics under nine absorption conditions: low (CL, FL, WL), medium
(CM, FM, WM), and high (CH, FH, WH) applied to ceilings (C), floors (F), and walls (W). Violin plots show the
data averaged across six receiver positions in eight galleries (individual points color-coded by room); inset boxes
denote the median and interquartile range. Horizontal dashed cyan lines mark target values: 1.0 s and 1.5 s for
T2, 0 dB and 5 dB for Cs, and 0.45 and 0.60 for STI. ANOVA results are displayed above each graphic. (a)
Reverberation time (T2) [500, 1k, 2k]; (b) Speech clarity (Cso) [500, 1k, 2Kk]; (c) Speech Transmission Index (STT).

A similar progression was observed for clarity and intelligibility. Low-absorption Cs, values
clustered at or below 0 dB, indicating less distinction between direct and reverberant sound, and STI
remained under the 0.45 threshold. Medium absorption boosted both Cso and STI, but only the wood
ceiling treatment approached the lower thresholds (Csp = 0 dB, STI = 0.45). High-absorption most
conditions fall between the optimum STI values suggested, with just one outlier outside for the floor.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The microperforated ceiling (CH) gives the highest STI values, followed by the walls and the floor.
The CH also reached the highest Cso levels, followed by acoustic plaster walls (WH), but with higher
variability. The Carpet Floor (FH) is exactly between the proposed Cso threshold. These findings
reinforce H2: ceiling absorbers deliver the greatest STI and Cs improvements (ASTI = +0.16 for CH
vs. CL), followed by walls (ASTI = +0.10), then floors (ASTI = +0.13).

F(8,56) = 54.75, p = 4.93x10° F(8,56) = 51.77, p = 4.17x10"2 F(8,56) = 68.26, p = 4.46x1072°

rp (m)

w o
_
—

D, (dB)
N
LpAS4m (dB)
2
==
=T

48 -
CL FL WL CM FM WM CH FH WH CL FL WL CM FM WM CH FH WH CL FL WL CM FM WM CH FH WH
Acoustic Condition Acoustic Condition Acoustic Condition

(@) (b) (c)

Figure 3. Distributions of ISO 3382-3 single-number parameters under nine absorption scenarios: low (CL, FL,
WL), medium (CM, FM, WM), and high (CH, FH, WH) applied to ceilings (C), floors (F), and walls (W). Violin
plots show the average across six receiver positions in eight galleries (individual points color-coded by room);
inset boxes represent the median and interquartile range. Horizontal dashed lines mark reference values: 6 m
and 12 m for distraction distance, 2 dB and 5 dB for spatial decay rate, and 48 dBA and 52 dBA for speech level
at 4 m. ANOVA results are displayed above each panel. (a) Distraction distance (rp); (b) Spatial decay rate of
speech (D2s); (c) A-weighted speech level at 4 m (Lpas4m). .

Privacy metrics exhibited a more complex relationship (Figure 3). Low absorption yielded
median ro values below 5 m—indicative of inherently high speech privacy —while medium and high
absorption increased ro into the 5-11 m “transition” zone, reflecting clearer direct sound and reduced
masking. However, high absorption also produced steep spatial decay rates (D2s between 3 dB and 5
dB) and lowered speech levels at 4 m (Lpassm around 50 dBA), particularly under WH, which
delivered the strongest overall attenuation profile. Although rp alone can suggest reduced privacy at
high absorption, the combination of high Dzs, and low Lpassm confirms that high-absorption walls
most effectively prevent speech intrusion at moderate distances.

3.3. Pairwise Comparisons and Simple-Effects Contrasts

Holm-adjusted pairwise comparisons (Table 3) narrow the ANOVA results to clarify which pairs
of location and magnitude of absorption differ across metrics. Comparisons between ceiling and floor
treatments were significant for all parameters (Tz: p =.044; STI: p = .0054; Cso: p =.00021; rp: p =.0069;
D2: p =.0025; Lpasam: p =8.4x10-5), whereas no significant differences arose between ceiling and wall
treatments (all p > .05). Floor-wall contrasts likewise reached significance for each metric (Tx: p =
.0096; STI: p =.0447; Cso: p =.0339; 1p: p =.041; D2s: p =.0045; Lp,as4m: p =.0001), indicating that adding
absorption to floor differ acoustically from both ceilings and walls, while ceilings and walls behave
similarly when treated.

Magnitude contrasts confirmed that all absorption increments produced significant effects,
demonstrating that each increase in absorption level results in a statistically significant performance
gain. All steps (low-to-high, medium-to-high, and low-to-medium) yielded highly significant
changes across every metric (all p <.001), thereby corroborating the overall magnitude effect.
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Table 3. Holm-adjusted p-values for Location and Magnitude pairwise contrasts. Ceilings (C), floors (F), walls
(W); low (L), medium (M), high (H).

Comparison T2 STI Cso D D,S L,AS4m
Cvs.F 044 .0054 <.001 .0069 .0025 <.001
Location Cvs. W 1512 .5435 0682 7342 579 4697
Fvs. W .0096 0447 .0339 .041 .0045 <.001
Lvs.H <.001 <.001 <.001 <.001 <.001 <.001
Magnitude Mvs. H <.001 <.001 <.001 <.001 <.001 <.001
L vs.M <.001 <.001 <.001 <.001 <.001 <.001

Simple-effects contrasts (Table 4) quantified the magnitude of each absorption increment on each
surface. For ceilings, increasing absorption from low (bare concrete) to medium (wood panel)
reduced Ty by 0.96 s, increased STI by 0.05, improved Cso by 2.67 dB, and extended ro by 3.18 m. A
further step to high absorption (microperforated panel) yielded an additional 8.65 dB of clarity and
559 m of distraction-distance gain. The full low-to-high transition produced the largest
improvements across most metrics (ASTI = +0.15; ACsp = +11.32 dB; Arp = +8.77 m; AD2s = +2.09 dB;
ALpasam=-5.40 dB), except ATy, which was given by the floor. Confirming that ceiling absorbers are
most effective for speech intelligibility (supporting H2) and overall attenuation.

Table 4. Simple-effects contrasts by surface (Location) and absorption increment (Magnitude). Delta (A) is the
difference in the mean value when moving from one absorption level to another.

Location Contrast ATy (s) ASTI ACso (dB) Arp (m) AD:.s ALpasim
L-M 0.96 ** 0.05 ** 2.67 ** 3.18 ** 0.64 ** 1.74
Ceiling M-H 0.55 ** 0.09 ** 8.65 ** 5.59 1.45 3.66
H-L 1.52 ** 0.15 ** 11.32 ** 8.77 ** 2.09 ** 5.40 **
L-M 1.06 ** 0.05 1.80 1.20 0.50 1.91 **
Floor M-H 0.68 ** 0.08 5.48 6.08 ** 0.72 2.36
H-L 1.75 ** 0.13 7.29 7.28 1.21 4.26
L-M 0.21* 0.01* 0.57 * 0.28 * 0.17* 0.43*
Wall M-H 1.04 0.08 6.93 5.16 1.64 ** 4.38 **
H-L 1.26 0.09 7.50 5.43 1.81 4.81

* Contrast not statistically significant (p >.05). ** Largest observed step for that metric.

Floor treatments accounted for the steepest initial Tz drop: ATz = —-1.06 s when moving from
concrete to wood, with a further —0.68 s reduction from wood to carpet (total ATy =-1.75 s). These
findings underscore the pivotal role of floor treatments in rapid reverberation control. The low-to-
medium change also lowered Lpas4m by 1.91 dB, while the medium-to-high step produced a 6.08 m
increase in rp.

Wall treatments, the low-to-medium shift from masonry to gypsum-wool backing yielded only
marginal, non-significant changes (e.g., ATz = -0.21 s; ACsp = +0.57 dB; Arp = +0.28 m), indicating
limited benefit of that incremental treatment. In contrast, the medium-to-high upgrade to acoustic
plaster generated substantial privacy gains (AD2s = +1.64 dB; ALpasam = —4.38 dB) alongside
appreciable clarity improvements (ACsp = +6.93 dB; Arp = +5.16 m). This finding substantiates the
hypothesis that wall treatments are critical for optimizing speech privacy (H3).

Together, these contrasts demonstrate that while increased absorption enhances acoustic
performance, the scale and nature of the effect depend on both the surface treated and the absorption
level, providing the surface-specific guidance required for informed museum design.

3.4. STI Prediction

Hypothesis 4 posited that a regression on T, total absorption, and volume would predict STI
within + 0.03 units. To test this hypothesis, a linear mixed—effects model was fitted with STT as the
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outcome and Ta, total absorption (in Sabins), and room volume as fixed effects, plus a random
intercept for each room. The resulting equation is:
STIj; = 0.569 + 0.00025 Abs;; — 0.054 Ty, ; — 0.000048 Vol;;,

Abs;;and Vol;; denote the total absorption and volume for the condition i in the room j. All
three predictors were highly significant (p <.001), confirming their contributions to intelligibility. The
model explains 76.2 % of the variance in STI based on fixed effects alone (marginal R? = 0.762), and
84.9 % when room-to-room variability is included (conditional R? = 0.849). Figure 4 presents the
predicted STI surface over a practical range of absorption (0—400 Sabins) and volumes (300-1,500 m3),
illustrating how STI rises with increased absorption and falls with larger volume.

By substituting an estimated T, proposed material Sabins, and gallery volume into this
equation—or by reading directly from the contour plot—STI can be forecast within +0.03 units
accuracy, confirming H4. This approach obviates the need for time-consuming STI measurements or
calculations during preliminary design, enabling faster, evidence-based iterations that bridge
acoustic theory and real-world architectural practice.

Predicted
Marginal R? = 0.762 STI

Conditional R* = 0.849 |

1200

900

Room volume (m?)

600

300
0 100 200 300 400
Total sound absorption area (Sabins)

Figure 4. Predicted STI as a function of total absorption (0—400 Sabins) and room volume (300-1500 m?). Marginal
and conditional R? values are shown in the upper right.

4. Discussion

The present study has shown that targeted absorption on ceilings, floors, and walls yields
predictable, surface-specific improvements in key acoustic metrics, thereby confirming the working
hypotheses and extending descriptive case studies into actionable design guidance. As hypothesized
(H1), each incremental increase in absorption produced significant reductions in reverberation time
(T20) and speech level (Lpas4m) alongside corresponding gains in speech intelligibility (STI), clarity
(Cso), distraction distance (rp), and spatial decay rate (D2s).

Floor treatments emerged as the most effective “first move” for rapid reverberation control.
Transitioning from concrete to wood delivered an initial ATy of -1.06 s, and a further —0.68 s when
moving to carpet, for a total reduction of —1.75 s. Although these relative gains are the largest
observed, concrete floors began with the highest baseline T; meeting absolute design goals may still
require supplementary ceiling or wall absorption. Nevertheless, the pronounced impact of floor
finishes affirms their priority when rapid reverberation control is required.

Consistent with Hypothesis 2, ceiling absorbers improved Speech Transmission Index (STT) and
clarity (Csp) at each absorption increment. Although ceiling absorption can attenuate beneficial early
reflections, potentially reducing intelligibility [43], it also reduces late reflections, enhancing overall
clarity and controlling sound levels. The high-absorption ceiling configuration achieved dual
benefits: raised STI into the optimal 0.60-0.65 range and increased spatial decay rates (D2s) by 2.09
dB per doubling of distance. This combination is particularly valuable for museum environments
where: (1) increasing near-field clarity for guided tours and multimedia content, (2) reducing
cognitive fatigue by minimizing reverberant buildup, (3) limiting the propagation of ambient noise
from adjacent galleries, and (4) maintaining a far-field privacy for quiet contemplation.

High-absorption walls demonstrated the strongest effects on privacy metrics, as posited in
Hypothesis 3. Although medium-level gypsum-wool treatments yielded only marginal
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improvements, replacing them with high-absorption plaster increased D:s, and reduced distant
speech levels (Lpas4m) to within ideal ranges, even driving Tz below 1 s. These results extend
previous research [44] , which has suggested wall absorbers as a key privacy tool, by quantifying
their effectiveness relative to ceiling and floor solutions.

These surface-specific patterns were observed consistently across eight diverse gallery spaces,
despite variations in volume, layout, and baseline finishes. This suggests that the proposed “first-
move” recommendations—floor finishes for rapid reverberation control, ceiling treatments for
intelligibility, and high-absorption walls for privacy—can be broadly applied to museum
environments.

Furthermore, although increased absorption raised distraction distance (rp)—suggesting
reduced privacy — analyzing this metric alone can be misleading because the steeper decay (high
D2s) and lower levels at moderate distances (Lpass4m) ensure better overall privacy. These results
reinforce previous research that speech privacy is best judged by all the metrics together [32].

From an applied perspective, these findings carry important practical implications for museum
design. By quantifying the acoustic impact of ceiling, floor, and wall finishes across diverse galleries,
this work converts expert intuition into empirically grounded guidance. Acoustic consultants can
make educated guesses about the impact of different finishing materials, like choosing a fully
reflective ceiling versus a wood ceiling. However, quantifying these effects across multiple rooms
allows more assertive decisions. By translating technical metrics into data-driven recommendations,
designers can achieve acoustic targets more efficiently, even without a dedicated acoustician on the
project team.

Informing architects is particularly relevant given that museums are public spaces that are not
designed as specialized performance venues like concert halls, but still require controlled acoustics,
and acousticians frequently do not participate in the design process. As prior research indicates, few
museums undergo dedicated acoustic optimization, and when such assessments occur, they often
take place years after opening [8]. Early integration of these surface-specific guidelines, when
modifications such as altering floor materials are still feasible, minimizes the need for costly retrofits
and provides compelling evidence to persuade project teams to prioritize acoustic quality in museum
planning.

5. Conclusions

This study has established a quantitative, surface-specific framework for optimizing museum
acoustics through targeted absorption treatments. Floor finishes were identified as the most effective
“first-move” for rapid reverberation-time control, ceiling absorbers as the primary means to
maximize speech intelligibility and clarity, and high-absorption wall treatments as the optimal
strategy for enhancing speech privacy. A predictive regression model further enables early-stage STI
estimation from readily available parameters (T2, total Sabins, and room volume), eliminating the
need for specialized measurement equipment during schematic design.

Some limitations should be considered. First, only nine discrete absorption scenarios were
tested; real-world implementations may involve combinations of treatments beyond the single-
surface permutations studied here. Second, the tested scenarios focused on informing decisions for
new constructions, and more design solutions should be tested for retrofit interventions. For example,
ceilings are usually the easiest way to treat an existing museum room, so more ceiling design
solutions should be tested.

Moreover, the relationship between objective metrics and subjective visitor experience remains
to be validated through perceptual assessments. Future research should integrate immersive
listening tests and visitor surveys to correlate psychophysiological assessments and architectural
features. Finally, extensions of this work could explore hybrid treatment strategies —combining
absorbers, diffusers, and scattering elements—to develop comprehensive acoustic solutions tailored
to the evolving needs of contemporary museum environments.
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