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This study combines field measurements and ODEON simulations to explore the acoustic adaptation
mechanism of the Zhaomutang theatre in northeastern Jiangxi during opera performances and family
sacrifices. The theatre’s spatial sequence (stage, front patio, Xiangtang, rear patio, and Qintang)
creates a progressive sound field through volume control and material reflection, and coordinates
sound energy gain, early reflection, and reverberation attenuation. During the performance, the stage
and auditorium obtain moderate reverberation and lateral reflection, ensuring the fullness of the Gan
opera singing and speech intelligibility. During the sacrifice, the Qintang and rear patio achieve
semantic focus by shortening the sound propagation path and concentrating early sound energy. At
the same time, the peripheral space still maintains fundamental speech intelligibility and ritual
atmosphere. This reveals how traditional architecture dynamically adjusts multifunctional acoustics
through spatial sequence and material differentiation, thus filling the gap in the study of multi-scene

acoustics of ancestral temple theatres.

As one of the important carriers of Chinese civilization, traditional Chinese
opera integrates a variety of art forms such as vocal music, dance, martial
arts, and instrumental music, and has continued its vitality for hundreds of
years in the unique opera architectural space. Unlike the proscenium stage
or modern multifunctional theatre in the West, the performance space of
traditional Chinese opera presents significant regional diversity and func-
tional complexity'. Many such spaces exist, including temporary open-air
stages, hall-style theatres with gates, stages, and courtyards connected, and
multifunctional complex spaces inside an ancestral temple that can hold
sacrificial rituals and opera performances. In these different types of thea-
tres, the layout, material properties, and spatial scale of the building directly
affect the artistic expression of the opera performance and the realization of
the sacrificial ritual function by regulating key acoustic parameters such as
the reflection path of sound energy, reverberation time, and speech
intelligibility”.

In recent years, with the joint promotion of the protection of intangible
cultural heritage and the integrated development of cultural tourism, the
acoustic research of traditional opera venues has gradually become a hot
spot in architecture, acoustics, and cultural heritage’. This type of research
is dedicated to revealing the acoustic laws of historical buildings and pro-
vides a scientific basis for the digital protection, restoration, and adaptive
transformation of cultural heritage®"’. Internationally, a relatively complete
system has been formed for the acoustic research of historical performance

spaces'' ™. Researchers have revealed the relationship between theatre

geometry and material acoustic properties through pulse response mea-
surement, scaled model testing, and numerical simulation. For example, the
Epidaurus Theatre balances reverberation time and speech clarity without
sound reinforcement. Its semi-circular stepped stone stands and precise
reflection design meet the acoustic requirements of speeches and choruses'*.
The Bayreuth Festspielhaus adopts a fan-shaped floor plan and a sunken
orchestra pit, which improves the expressiveness of Wagner’s operas by
optimizing the surround feeling of the sound field"”. Research on Japanese
Kabuki theatres shows that their smaller space volume, wooden ceilings, and
tatami seating design achieve a compromise between speech clarity and
musical expressiveness by enhancing early reflected sound energy'’. At the
same time, Pérez-Aguilar et al.” analyzed the historical evolution of the
acoustic performance of the Banda Primitiva de Lliria theatre in Spain and
revealed the long-term impact of architectural renovation on the char-
acteristics of the sound field; Bevilacqua’s team'®™ used digital recon-
struction technology to systematically compare the acoustic differences
between the Teatro Pompei and the Teatro San Carlo in Naples in opera,
speech and concert scenes. These studies provide valuable references for
historical theatres’ protection and functional adaptation. However, most
focus on typical theatres in a single cultural context, and the research on the
dynamic regulation mechanism of acoustics in multifunctional coupled
spaces is still insufficient.
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In response to this international trend, China’s acoustic research on
traditional opera architecture has also experienced a transition from qua-
litative description to quantitative analysis. In the early stages of domestic
research, scholars focused on the opera stages of well-known operas such as
Peking Opera and Kunqu Opera. They explored the laws of direct sound
propagation in semi-enclosed or courtyard-style venues” . With the
maturity of field measurement and simulation technology, the acoustic
characteristics of regional opera stages such as Jin Opera, Yue Opera, and
Gan Opera have also gradually entered the vision research field”* . As the
research deepens, scholars have gradually realized that traditional Chinese
operas are often “one space, multiple scenes”: many historical theatres are
not only the stage for opera performances, but also the core venues for
activities such as family sacrifices, festivals, and gatherings. This multi-
functional characteristic puts higher requirements on acoustic design:
sacrificial rituals require high speech intelligibility and short reverberation
time***; while opera performances rely on moderate reverberation support
and music clarity. However, most of the current literature is based on a
single static scene, has not yet quantified the changes in the sound field
parameters of the same building under different usage modes, and lacks a
systematic explanation of the subspace coupling mechanism. This gap limits
the scientific decision-making of revitalizing and utilizing traditional operas.

Studying ancestral temple theatres in northeastern Jiangxi is important
in this context. As the third batch of national intangible cultural heritage
operas, Gan Opera has unique requirements for the acoustic environment of
the performance space due to its numerous roles, rich vocal cavities, and
flexible accompaniment. In addition, Leping City’s “ancient stage con-
struction skills” were included in the fourth batch of national intangible
cultural heritage. The layout of the ancestral temple theatre is very different
from that of the guild hall-style and temple-style theatres”. Zhaomutang
was built in the Ming Dynasty and is one of the most well-preserved pro-
totypes of the “stage built into the ancestral temple” in northeastern Jiangxi.
Its architecture adopts a vertical “three-entry” spatial sequence. A complex
acoustic coupling pattern is formed by raising the stage, setting wooden
beams, and adopting a hip roof ™. This spatial structure serves the perfor-
mance of Gan opera and meets the needs of family sacrifices. Its acoustic
performance provides a typical example of the “multi-scene sound field
reconstruction” of traditional theatres.

Given the above research gaps and the prototype value of Zhaomutang,
this study proposes the following research questions: (1) Can the ancestral
temple theatre achieve a dynamic balance between the acoustic needs of
opera performances and sacrificial rituals through spatial sequence and
material configuration? (2) How will the acoustic coupling relationship
between each subspace affect the spatial distribution and dynamic changes
of sound field parameters? To this end, this study uses the Zhaomutang
theatre as a typical case. It combines on-site impulse response measurement
with ODEON acoustic simulation to clarify the sound field distribution
characteristics of the ancestral temple theatre in the dual scenes of opera
performance and sacrifice. It reveals the regulatory mechanism of spatial
coupling on acoustic performance. The results of this study not only fill the
gap in the study of the multifunctional acoustic adaptability of traditional
ancestral temple theatres but also provide a generalizable paradigm for the
revitalization and utilization of historical spaces around the world.

Methods

Introduction and measurement of Zhaomutang theatre
Zhaomutang theatre is located in Yongshan Town, Leping City, Jiangxi
Province. It is a provincial cultural relic protection unit. It was first built in
the middle of the Ming Dynasty and was renovated during the Qing Dynasty
and the Republic of China. According to local chronicles, the northeastern
Jiangxi region has always been important to ancestor worship. When
families hold major ceremonies or spring and autumn sacrifices in the
ancestral temple, they often perform local operas such as Gan Opera to
“entertain their ancestors with drama” to enhance the solemnity of the
ceremony and the effect of entertaining the gods™. Under the influence of
this tradition, many ancestral temples added a stage based on the original

sacrificial space, gradually forming an architectural pattern of integrating
ancestral temples and stages”. As an early example of ancestral temple
theatres in northeastern Jiangxi, Zhaomutang’s architectural space form is
closely arranged around balancing the dual needs of opera performances
and sacrificial rituals.

The overall spatial sequence of Zhaomutang is a vertical “three-entry”
layout, which is composed of five core divisions: stage, front patio, Xiang-
tang, rear patio, and Qintang. The stage is located at the southernmost end,
with a height of about 2.8 m. The overhead space at the bottom also serves as
the entrance to the building, facing the front patio and the Xiangtang. The
top of the front patio is open and of moderate size. It can be used as a
gathering area for some audiences during opera performances and as a
crowd dispersal during sacrificial ceremonies. The Xiangtang is the largest
and has the highest clearance. Compared with the front patio, it is slightly
elevated. It is the main viewing space for large-scale family sacrificial cere-
monies and performances, and occupies the core position of the entire
functional system. The rear patio area is compact and mainly used for
transitional family rituals or small-scale gathering activities. The Qintang
has the highest terrain. Due to its relatively limited internal space and
clearance, it is often used to store ancestral tablets and hold family sacrifice
ceremonies. The Zhaomutang connects the stage, the Xiangtang, and the
Qintang in series through the central axis, and connects them with the side
corridors and the patio. This layout fits the local folk tradition of “enter-
taining ancestors with drama”. It shows the uniqueness and plasticity of the
ancestral temple theatre layout in terms of acoustic transmission and visual
organization.

Zhaomutang adopts a hybrid structural system of wooden beams and
masonry bases regarding building materials and structure. The column grid,
brackets, and beams are mainly made of wood, and the overall load-bearing
structure is completed by mortise and tenon joints; the exterior walls
and some load-bearing walls are mostly built with blue bricks, and the
stone base further enhances the stability and moisture-proof performance of
the building. The roof is a multi-slope hip roof style, covered with blue
tiles, and the brackets and eaves retain rich wood carvings, reflecting the
regional characteristics of the traditional ancestral temple architecture in
northeast Jiangxi in terms of structure and aesthetics. The ground of the
front and rear patios and corridors is mainly paved with stone slabs or
bricks to adapt to high-frequency use and traffic; the stage area is paved
with wooden floors and guardrails to meet the needs of actors’ performances
and safety protection. Figure 1 shows the aerial photos of Zhaomutang
and photos of the interior space; Fig. 2 and Table 1 give the specific
dimensions of each subspace based on the laser ranging results, providing
a geometric basis for subsequent acoustic measurement and simulation
analysis.

Acoustic parameter determination

The Zhaomutang has the dual functions of opera performance and family
sacrifice. Its spatial acoustic performance must achieve a dynamic balance
between the two types of activities with completely different perceptual
goals. Opera performances focus on the extension of singing and the rich-
ness of timbre, clear lines, self-auditory feedback of actors, and the audi-
ence’s sense of encirclement and immersion. Therefore, it is necessary to
comprehensively consider indicators such as early decay time (EDT),
reverberation time (T30), definition (Dsy), clarity (Cg), sound strength (G),
and lateral sound energy factor (LFg) to achieve a balanced compromise
between clarity, fullness, and spatial sense. Family sacrifices prioritize
ensuring semantic intelligibility and precise recitation rhythm, focusing on
four parameters: EDT, T3, Dsg, and speech transmission index (STI) to
evaluate the degree of support for the space for recitation intelligibility and
speech focusing effect.

(1) EDT measures the degree of enhancement of early reflected sound
inaspace. Itis the time for an impulse response to decay from 0 dB to-10 dB
and then linearly extrapolated to -60 dB. In an opera performance envir-
onment, a longer EDT helps to enhance the fullness of the sound, but a
longer EDT may make the lyrics unclear. Studies have shown that the EDT
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Fig. 1 | Photos of the Zhaomutang theatre. a Aerial view; b stage; ¢ front patio; d Xiantang; e rear patio and Qintang.

of a traditional opera stage is usually maintained between 0.8 and 1.3,
which can be considered both speech intelligibility and the sense of envel-
opment of the singing™. Since speech intelligibility is more important than
spatial perception for sacrificial ceremonies, EDT should be controlled in
the range of 0.6 to 1.0's to ensure that the ritual recitation can be clearly
understood”.

(2) T represents the duration of sound in an indoor space. The T3
value is usually obtained by measuring the time it takes for an impulse
response to decay from -5 dB to -35 dB and then linearly extrapolating to
-60 dB. The requirements for reverberation time in opera performances are
relatively loose, and 0.8-1.4 s is generally considered the ideal range, which
helps to enhance the fullness and continuity of the sound while ensuring the
intelligibility of the lyrics™. Since speech intelligibility is more important
than reverberation effect for family sacrificial scenes, T3, should be

controlled at 0.6-1.0 s to reduce the adverse effects of excessive reverberation
on speech intelligibility™.

(3) Dsp measures the proportion of sound energy arriving within 50 ms
of the total sound energy. Its mathematical expression is:

B ngsopz(t)dt
0T [ pA(dt

P(t) represents the instantaneous sound pressure of the impulse response at
the measurement point. The higher the Ds, value, the higher the speech
intelligibility. Studies have shown that in opera performances, D5, should be
kept between 0.45 and 0.65, which can ensure the intelligibility of the Iyrics
without excessively weakening the contribution of reverberation to the
musical expression™. The Ds value should be higher for family sacrificial

)
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activities to ensure the intelligibility of ritual speech transmission. It is
generally recommended to be no less than 0.50%.

(4) Cgp measures the ratio of the sound energy arriving within the first
80 ms to the energy arriving thereafter. The calculation formula is:

0.080 >
t)dt
Cgo = 101g=2 L0

7w @

When the Cy value is higher, the sound performance is clearer; when the
Cgo value is lower, the reverberation is stronger. In the opera performance
scene, Cgo should be controlled at 2-8 dB to ensure the clarity of the actors’
singing while maintaining moderate reverberation support”.

(5) G is used to measure the sound energy gain of the indoor space to
the sound source. It is defined as:

fgopz(t)dt

G=10Ig
o P (t)dt

(dB) (€)

Pyy(t) is the instantaneous sound pressure of the impulse response at a
distance of 10 m from the sound source in the free field. Opera performances
require a higher G value to enhance the voice intensity of the actors. Gen-
erally, a G value of 4-10dB is ideal to ensure that the audience can get
enough volume support™.

(6) LFg evaluates the spatial envelopment and apparent sound source
width potential. It is defined as the ratio of the lateral reflected sound energy
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Fig. 2 | Technical drawings of the Zhaomutang theatre. a plan view; b section view.

to the total sound energy in the first 80 ms:

0.080
_ 0.005Pi(t)dt

4)

Py (t) represents the instantaneous sound pressure of the hall impulse
response measured by an 8-shaped directional microphone. The higher the
LFjg, value, the stronger the sense of spatial envelopment the audience feels.
Opera performances require an appropriate LFg, value to enhance the sense
of presence and space on the stage.

(7) STI directly reflects the intelligibility of sentences and the clarity of
syllable boundaries. Its value range is 0-1. The higher the value, the better
the language intelligibility™. For family sacrifice scenes, STI should not be
less than 0.50 to ensure the speech content is clearly understood.

Acoustic parameter measurement

In order to calibrate the simulation model and verify the simulation accu-
racy, before the acoustic simulation analysis, this study conducted on-site
measurements of the acoustic parameters of the Zhaomutang in the empty
field during performances by the ISO 3382-1:2009 standard. The mea-
surements were performed using the 1002 Building Acoustics Measurement
System (AHAI, Hangzhou, Zhejiang, China), including the ISV 1101
Acoustic Measurement Analyzer, the AW A 14425 Free-Field Measurement
Microphone, the 2032 A Dodecahedron Loudspeaker, the 2044 A Power
Amplifier, a Tablet Computer, and a Wireless Router. In the experiment, a
pink noise signal was used to excite the loudspeaker, and the signal was
collected through the microphone. After A/D conversion, it was imported
into DIRAC (Briiel & Kjeer, Horsholm, Denmark) for sound quality para-
meter analysis. In order to reduce the impact of environmental noise on the
measurement, all measurements were scheduled to be carried out from
11 pm to early morning. Before the measurement, the 1002 system was used
to monitor the background noise level. The background noise levels in the
125-4000 Hz six octave bands were 27.7 dB, 26.5dB, 22.1dB, 24.3 dB,
21.6 dB, and 18.4 dB, respectively.

Figure 3 shows a photo of the on-site measurement, and the
arrangement of the sound source and measurement points is shown in Fig.
5. The sound source was set at the centre of the stage to simulate the location
of the primary sound source during an actual opera performance. A total of
28 measurement points were arranged in the auditorium, covering the front
patio (F1-F8), Xiangtang (X1-X12), rear patio (R1-R4), and Qintang
(Q1-Q4). The measurement of each measurement point was repeated 3
times, and the average value was taken as the result to reduce accidental
errors and ensure the repeatability and accuracy of the results.

Simulation model validation and optimization

In this study, ODEON (v 18.10) acoustic simulation software was used to
simulate the empty field acoustic characteristics of Zhaomutang to verify the
reliability of the simulation results and optimize the model parameters. First,
the three-dimensional model of the Zhaomutang theatre was constructed
using SketchUp (v 2022) software (see Fig. 5), then imported into ODEON
for acoustic calculation. The sound absorption coefficient and scattering

Table 1 | Basic dimensions of each subspace of the Zhaomutang theatre

Subspace East-west width (m) North-south width (m) Net height (m) Interior volume (m°) Elevation (m)
Stage 14.7 3.8 3.2 179 2.7

Front patio 14.7 (8.7)* 5.2 / / 0

Xiangtang 14.7 12.5 6.2 (9.5 1414 0.8

Rear patio 14.7 (6.2)° 2.7 / / 0.8

Qintang 14.7 6.3 44 407 1.5

“The width of the patio opening is 8.7 m, and the total width of the side corridor is 6 m.
°Here is a sloping roof, with a lowest point of 6.2 m and a highest point of 9.5 m.
“The width of the patio opening is 6.2 m, and the total width of the side corridor is 8.5m.
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Fig. 3 | Acoustic parameter measurement photos.
a Experimental arrangement at the stage;
b experimental arrangement at the auditorium.
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Table 2| The just noticeable difference (JND) for each acoustic
parameter

Acoustic parameter EDT
JND 5%

Dsp
0.05

Cso G
1dB 1dB

Table 3| Differences between simulated and measured values
of the overall acoustic parameters of the auditorium

EDT
0.78 JND

Acoustic parameter Dso

0.40 JND

030 G
0.13 JND 0.59 JND

Deviation

coefficient of the model boundary material (see Table 4) refer to the existing
literature data to ensure the accuracy of the model parameters. The simu-
lation parameter settings follow the software requirements: the maximum
number of reflections of the sound line is set to be higher than the number
required for accurate calculation, the impulse response length is set to be
long enough to ensure that the sound energy is completely attenuated, and
the accuracy of the internal edge length of the model is set to 0.1 m. The
simulation uses a point sound source (S1), the position of the receiving point
is consistent with the actual measurement point, and the environmental
conditions are set to be the same as the actual measurement environment
(temperature 26 °C, humidity 78%).

The accuracy of the simulation model is verified by comparing it
with the measured data, and the just noticeable difference (JND) is
used to evaluate the simulation deviation. According to the ISO
3382-1:2009 standard, the JND values of various acoustic parameters are
shown in Table 2”. When the difference between the simulated and mea-
sured values is less than 1 JND, the simulation accuracy can be considered
high". Table 3 shows the difference between the simulated value and the
measured value of each acoustic parameter of the auditorium (average value
of each measuring point). In general, the difference between the simulated
value and the measured value of each parameter of the auditorium is within
a reasonable range.

Figure 4 compares the difference between the measured and simulated
values of each receiving point: the scattered points represent the single point
deviation, and the box plot shows the difference distribution statistics.
Except for a few measuring points (such as F3, F4, F6, F7, F8,and R2, R3, R4)
whose deviations in individual parameters exceed 1 JND, the differences of
most measuring points are controlled within 1 JND. Except for F7 and F8,
the maximum EDT deviation of the remaining measuring points does not
exceed 1.5 IND; only a few measuring points of D5, Cgp, and G are higher
than 2 JND. The front and rear patios, where errors are relatively con-
centrated, have small spatial scales and open tops, which causes the coupled
acoustic field to fluctuate violently with frequency. At the same time, high-
frequency scattering and diffraction effects are simplified in the model, so
the simulation results in the high-frequency band tend to be low. Overall,
after scattering coefficient correction and mesh refinement, the ODEON
model is consistent with the measured results, providing a reliable simula-
tion basis for the subsequent quantitative analysis of the acoustic char-
acteristics of Zhaomutang.

3'5'_ [ 125%~75%
304 I 10%90%
A ] = Mean gyt OF4
£ 254 - | . PO
3 ] F3
2
S 2.0 ’
= | % Rad o Rd
S 137 g F6 ro P8
=) | Rz%m R3
S 1.0 o)
(5]
'fé | Czz L ?éjoc
£ 0.5 A T &
z | e I °
= 0.0 o)
*05 T T T T
EDT Dy, Cyo G

Fig. 4 | Differences between simulated and measured values of acoustic parameters
at each receiving point.

Sound field simulation settings

This study simulates and analyzes the sound field characteristics of Zhao-
mutang in opera performance and family sacrifice to quantitatively evaluate
the sound quality parameter performance under different space utilization
modes. As shown in Fig. 5, in the performance state, the sound source is set
at S1, simulating the position of the actor standing in the centre of the stage
to make a sound; the receiving points are arranged to cover the stage, front
patio, Xiangtang, rear patio and Qintang to comprehensively analyse the
propagation characteristics of sound in each space during the performance.
In the sacrifice state, the sound source is set at S2, corresponding to the
position where the host stands in the centre of the Qintang. The acoustic
performance of the stage area is not considered in the sacrifice scene, and the
arrangement of the receiving points in the remaining spaces is consistent
with the opera performance state.

Regarding the arrangement of measuring points, a total of 6
receiving points is set in the stage area to analyse the self-listening effect of
the actors at different performance positions. 28 receiving points are set in
the auditorium, distributed in each main subspace, to evaluate the impact
of direct sound, early reflection sound, and spatial coupling on the
audience’s auditory experience. Since the front patio is open and large, the
measuring point arrangement considers the axial propagation char-
acteristics from the stage to each point. It pays attention to the sound
energy attenuation in the lateral area. As the main viewing and perfor-
mance space, the Xiangtang has significant acoustic coupling with the
front patio, so more receiving points are arranged in this area to obtain
more detailed reflection path and reverberation characteristic data. The
spatial scale of the rear patio and the Qintang is small, so the density of
measurement points is reduced, but it still covers its main viewing and
performance area.

In terms of simulation settings, the sound source height is set to 1.6 m,
simulating the mouth height of the actors and the host of the sacrifice; the
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Fig. 5 | Distribution diagram of sound sources and

receiving points. a Plan layout; b three-
dimensional model. S1
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Table 4 | Sound absorption and reflection coefficients of performances, and avoids the high reverberation range caused by syllable
material parameters in the model overlap due to exceeding 1.2 s.
; ; - ; In terms of early sound energy distribution, the Dsj in the stage is
Material Sound absorption coefficient under the Scattering 0.65-0.75, and the Cg, is 6-8 dB, both significantly higher than the D5,
following frequencies (Hz) coefficient K N .
(0.50-0.60) and Cgy (3-5dB) in the auditorium. Ds, exceeding 0.50
SR VU VO TR indicates that at least half of the total sound energy arrives within 50 ms,
Clay tile roof 0.01 001 001 001 002 002 050 which can suppress the temporal masking effect; while Cgy exceeding
Ceiling 016 0.15 010 0.10 010 0.10 0.40 3 dB indicates that the early sound energy ratio is moderately high, which
D —— 010 007 005 005 005 005 030 can significantly enhance the penetration of music and singing. The
columns higher D5, and Cgy combination in the stage not only strengthens the
Bucket arch 019 043 044 040 042 040 040 actor’s self-auditory feedback but also reduces the masking of the singing
Plastering G0 Gol 062 GoR  GoR  aoe o by the 1gstrument; the Ds, _and _Céfo in the audlto_rlum are in th.e .1deal
brick wall overlapping area of speech intelligibility and music clarity, providing a
Woodenfloor ~ 012 008 005 005 004 004 0.10 clear and lingering listening experience. o

The gradient change of G value along the space highlights the layout
e I I T 0.7 O intention of each viewing and performance functional area: the G value of
Brick floor 0.01 001 002 002 002 002 0.05 the stage is as high as 16-17 dB, which is more than 10 dB higher than the
Audience 030 045 052 062 061 056 0.70 4-6dB in the auditorium, far exceeding the just noticeable difference of
Transmission 100 100 100 100 100 100 1.00 loudness (JND = 1 dB). From the perspective of psychoacoustics, the actors

interface

receiving point height is set to 1.2 m, corresponding to the ear height of the
audience and the participants. In the grid response calculation, the receiving
point spacing is set to 1.0 m to improve the spatial resolution and ensure
data accuracy. The acoustic parameters”™**"** of the model boundary
material is detailed in Table 4, and the remaining simulation parameters are
consistent with the settings in Section 2.4.

Results

Acoustic characteristics of performance state

Zhaomutang’s stage and auditorium present a clearly hierarchical and
mutually coupled acoustic pattern during the performance. The simu-
lation results shown in Fig. 6 use the frequency band as the horizontal axis,
take the average value of each measurement point as the broken line, and
the error bar represents the standard deviation (the same below), which
intuitively reveals the characteristics of the progressive change of sound
energy along the depth space sequence. First, from the perspective of time
domain response, the EDT and T3 of the stage are controlled at 0.6-0.7 s
and 0.6-0.8 s, respectively, while the auditorium is slightly higher, at
0.8-1.1 s and 0.8-1.0 s; the curve of the low-frequency band (125 Hz and
250 Hz) is slightly raised, reflecting the retention effect of wood and
masonry materials on low-frequency sound energy. This numerical range
continues the traditional demand for tail tone support in opera

are in a significant sound energy gain area and can clearly hear their own and
their companions’ voices, which is conducive to maintaining pitch and
rhythm; while the auditorium is in a loudness balance area to avoid the
accumulation of low-frequency sound energy and the decrease in clarity.
LFyg, also presents a similar gradient: the LFg, in the auditorium is controlled
between 0.20-0.25, which is in the appropriate range for generating a sense
of spatial envelopment and apparent sound source width; the higher LFg,
(0.25-0.30) in the stage provides the actors with stronger lateral early
reflections, strengthens the compactness of the ensemble and the accuracy
of spatial positioning, and is conducive to the coordination of multiple voice
chambers and percussion instruments.

To further reveal the acoustic characteristics of each subspace in the
auditorium, this study conducted a simulation analysis of the front patio,
Xijangtang, rear patio, and Qintang in six octave bands (see Fig. 7). The
results show that the front patio and Xiangtang are generally higher than the
rear patio and Qintang in terms of Dsy, Cgo, G, and LFg, which clarifies the
functional positioning of the front patio and Xiangtang as the main viewing
area. In contrast, the rear patio and Qintang gradually reduce their early
sound energy and lateral reflections as the propagation path is extended and
the coupling boundaries increase, and the clarity and sense of envelopment
decay in a step-by-step manner. This is consistent with the feedback from
the actual viewing experience, that is, “the sound image in the back row is
slightly narrowed, but the speech is still understandable.” The three-
dimensional sound field distribution shown in Fig. 8 further reflects this
gradient: D5, and Cy are significantly higher in the corridor areas on both
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Fig. 6 | Simulation results of stage and auditorium acoustic parameters under full performance. a EDT; b Tsg; ¢ Dsg; d Cgg; € G; f LFg.

sides than in the central axis area, indicating that the areas on both sides have
obtained more sufficient early reflected sound energy. This is mainly
because the clear height of the two sides is low, which can receive strong top
reflections, while the side walls and beams provide more lateral reflected
sound energy; LFg, reaches its highest point in the corridor space on both
sides of the front patio, and the central open area is relatively low, so that the
audience can get a sense of envelopment while maintaining the con-
centration of sound and image.

Overall, Zhaomutang achieves a layered configuration of acoustic
performance by vertically connecting the spatial sequence of “stage, front
patio, Xiangtang, rear patio, and Qintang”. More importantly, this acoustic
strategy does not pursue the optimality of a single indicator, but makes each
indicator form a multi-target feasible domain within the sensitive range of
psychoacoustics. Specifically, by constructing the sound energy and early
reflection gradients of “local peak (stage), medium platform (front patio and
Xiangtang), and far attenuation (rear patio and Qintang)”, “actor
enhancement (higher G and LFyg,), audience balance (medium G and LFyy),
overall moderate extension (appropriate T3y and EDT), and dual clarity of
speech and singing (coordination of Ds and Cg)” are unified into a multi-
objective feasible domain.

Acoustic characteristics of sacrificial state

When the sacrificial ceremony is in progress, the primary sound source
moves from the stage to the central axis of the Qintang, and the sound
field pattern changes accordingly. The simulation results (Fig. 9) show
that the EDT and T3, of the auditorium remain at 0.7-1.0 s in the fre-
quency band of 125-4000 Hz; the low frequency 125 Hz is slightly higher,
while the mid- and high-frequency bands are relatively stable. This shows
that the larger indoor volume of the theatre has a significant delay effect
on low-frequency sound waves. In contrast, the sound energy distribu-
tion is relatively uniform at higher frequencies, and the reverberation
time tends to be stable. Dsy generally falls between 0.55 and 0.70,

indicating that the auditorium has good speech intelligibility in the
sacrificial mode.

The comparison of the simulation results of each subspace (Fig. 10)
reveals the influence of spatial form on the sound field characteristics. The
EDT and T3, of the front patio and the Xiangtang are generally higher
than those of the rear patio and the Qintang, mainly because the front
patio and the Xiangtang are relatively open, with fewer sound wave
reflection paths, resulting in a relatively longer reverberation time. In
contrast, the rear patio and Qintang spaces are more closed, the sound
energy decays faster, and the reverberation time is significantly shortened.
This feature is conducive to improving speech recognition and meets the
acoustic requirements of the ancestral temple building in the sacrificial
function. The most significant change in the sacrificial sound field is the
substantial increase in the early sound energy ratio: the D5, of the Qintang
and rear patio reaches 0.75-0.85 and 0.65-0.75 respectively, which can
fully support the slow and solemn reading of sacrificial texts; although the
D5, of the Xiangtang and front patio is only 0.45-0.65, it can also ensure
the basic understanding of the semantics by the external listeners. The
three-dimensional sound field distribution diagram (Fig. 11) further
shows that the Dsy shows an obvious “high inside and low outside” gra-
dient along the spatial axis, which is consistent with the ritual order of
“emphasis on rituals inside and allow for external listening” in ancestral
temple buildings.

The simulation results of STT further verify the above semantic focus
pattern. The average STI values of the Qintang and rear patio reached 0.66
and 0.55, respectively, corresponding to the “Good” and “Fair” levels under
the IEC 60268-16 standard. In contrast, the STT values of the Xiangtang and
front patio dropped to 0.43 and 0.35, only reaching a basically under-
standable level. This means that the content of the priest’s recitation can be
clearly understood mainly within the Qintang and rear patio. However, the
peripheral audience can perceive the rhythm and tone of the recitation; they
need to rely on visual cues and environmental atmosphere to assist in
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Fig. 7 | Simulation results of acoustic parameters of each subspace in the auditorium under full performance. a EDT; b Ts¢; ¢ Dsg; d Cgo; € G; f LFg.

Fig. 8 | Three-dimensional distribution diagram of the auditorium sound field (1000 Hz) under full performance. a EDT; b Tsg; ¢ Dsg; d Cgg; € G; f LFg.

understanding its semantics. Combined with the Ds, index, the improve- A comprehensive analysis of the above results shows that there are
ment of STI is mainly due to the shortening of the propagation path and the  three characteristics of the sacrificial sound field: first, the sound source
concentration of early sound energy, rather than simply reducing movesforward tothe Qintangand the smaller volume of the Qintang greatly

reverberation.

increases the proportion of early sound energy, forming a core area with
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clear speech; second, the deep courtyard structure has a layered retention
effect on low-frequency reverberation and an active release of high-
frequency sound energy, which not only retains the solemn atmosphere of
the ceremony but also avoids the masking caused by too long tail sounds;
third, the axial gradient formed by D5, and STT creates a clear auditory
hierarchy for the participants, realizing the functional zoning of

straightforward recitation in the core of the Qintang and peripheral listening
in the periphery, without the need for electroacoustic equipment.

Discussion
This study, using the Zhaomutang in Leping City, northeastern Jiangxi
Province, as a case study, systematically reveals the acoustic adaptation
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mechanisms of ancestral temple theatres in the dual contexts of opera
performances and family sacrifices through a combination of on-site
impulse response measurements, ODEON 3D sound field simulation, and
JND threshold verification. A reproducible evaluation paradigm was
established. Key findings and discussions are as follows:

Zhaomutang and classical theatres worldwide exhibit significant
commonalities in acoustic organization: the sound field is constructed
around the energy matching of direct sound, early reflections, and late
reverberation. The ancient Greek theatre of Epidaurus, with its semi-circular
stands and stone steps, facilitates the progressive progression of direct sound
and early reflections along the theatre’s axis. With its sunken orchestra pit
and fan-shaped floor plan, the Bayreuth Festival theatre creates a uniform,
enveloping feeling for the main auditorium. Japanese Kabuki theatres utilize
flower paths and side aisles around the stage to enhance localized acoustic
energy, enabling actors to hear each other. Zhaomutang achieves the same
acoustical objectives through its unique vertical three-entry layout: the high
G (16-17 dB) and LFg, (0.25-0.30) in the stage area provide strong self-
auditory feedback for the performers; the moderate G (4-10 dB) and LFg,
(0.20-0.27) in the front patio and Xiangtang balance clarity and envelop-
ment; and the acoustic attenuation in the rear patio and Qintang effectively
prevents excessive reverberation. The significance of this case lies in its use of
the spatial layering of traditional Chinese patios and the complementary
nature of wood and stone materials, achieving core acoustic effects similar to
those of stone or concrete theatres without relying on modern acoustic
structures.

Zhaomutang’s core value lies in its passive and dynamic balance
between the distinct acoustic requirements of opera performances and
sacrificial rituals through spatial sequence and material configuration. The
depth sequence of “stage, front patio, Xiangtang, rear patio, and Qintang”
during an opera performance creates a sound energy gradient from strong to
weak. The stage area’s high sound gains and abundant lateral reflections
ensure auditory feedback for the actors. The front patio and Xiangtang
maintain moderate reverberation, sound energy intensity, and a sense of
spatial enclosure, ensuring the richness of Gan Opera singing and the speech
intelligibility. The rear patio and Qintang act as energy decay zones, sup-
pressing the accumulation of tail sounds. When the scene switches to
sacrificial mode and the sound source moves to the central axis of the
Qintang, the shortened propagation path and increased local spatial
enclosure significantly concentrate the early sound energy. The Ds, and STI
of the Qintang and rear patio increase significantly, forming a core area with
highly focused semantics. The Xiangtang and front patio are transition
zones, maintaining fundamental language intelligibility while diffusing the
ritual atmosphere. This aligns with the ritual order of “emphasizing ritual
within and allowing external audiences.” This passive strategy, which relies
entirely on sound source displacement, spatial volume hierarchy, material
reflective gradients, and open interfaces to achieve acoustic state switching,
provides a model for revitalizing historical buildings today, striving for
energy conservation and low carbon.

The “measurement, simulation, and verification” closed-loop
approach established in this study provides a scalable framework for
acoustic research in complex historical spaces. Simulation results identified
key factors supporting Zhaomutang’s existing acoustic performance: the
open courtyard design suppresses low-frequency retention, the differential
reflection between the timber structure and brick walls regulates the pro-
portion of early acoustic energy, and details such as the carved brackets and
woodwork enhance mid- and high-frequency diffusion. Based on this,
quantitatively guided, reversible micro-interventions can be implemented
to address specific needs. Removable sound-absorbing curtains could be
hung in the Xiantang, reducing T3, by ~0.10s and increasing Ds, by
approximately 0.05 to improve the intelligibility of sacrificial speech. To
enhance the musical effect of the rear seats during opera performances,
lightweight, removable reflective partitions could be added between the
Xiantang and the rear courtyard, projected to increase high-frequency Cgo
and G by approximately 0.3 dB and 0.4 dB, respectively. Such measures
adhere to the international principle of “minimal intervention and reversible

operation” in cultural heritage conservation and do not affect the main
structure.

This study also has certain limitations: the scattering effects of
decorative components such as brackets and wood carvings were sim-
plified in the modeling as homogeneous scattering coefficients, which
may lead to an underestimation of the diffusion characteristics of high-
frequency sound energy; and the study focuses solely on the Zhaomutang
case. Future work requires conducting comparative studies across mul-
tiple cases, combining subjective listening evaluations with reversible
acoustic intervention experiments, and developing a comprehensive
evaluation system that integrates objective acoustic parameters and
subjective perceptions to promote refined and intelligent cultural heritage
acoustic management.

Data availability

All data generated or analysed during this study are included in this pub-
lished article.
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