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Effects of spatial elements and sound sources on sound field
in Main Hall of Chinese Buddhist temple
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ABSTRACT:

In Chinese Han Buddhist temples, the Main Hall is the paramount indoor religious location, for which acoustic
quality is very important for several Buddhist rites held within; however, the sound field in the Main Hall has not yet
been analyzed scientifically. By combining sound field measurement with acoustic simulation, this study
investigated the effects of spatial elements and sound source characteristics in a Main Hall, revealing that both fabric
sound absorbers and Buddha statues mounted within had a pronounced effect on the sound field. Using an acoustic
model of the Main Hall of the Xiantong Temple as an example, when various fabric sound absorbers were removed,
the mid-frequency reverberation time (73(,,) and mid-frequency early decay time (EDT,,) increased by 32.3% and
46.8%, respectively. When fabric sound absorbers and Buddha statues were removed, the sound pressure level was
not significantly affected. The form of the roof did not significantly impact the indoor sound field. The directivity of
the sound sources did not significantly affect the T35, but did affect the EDT,, and the speech transmission index
(STD). When monks chanted sutras face-to-face, the STI was maximized. Additionally, changing the positions of

sound sources moderately affected the EDT and STI. © 2020 Acoustical Society of America.

https://doi.org/10.1121/10.0000758

(Received 18 July 2019; revised 30 January 2020; accepted 31 January 2020; published online 6 March 2020)

[Editor: Francesco Martellotta]

I. INTRODUCTION

Han Buddhism has been practiced for more than
2000 years in China. Han Buddhist temples have provided not
only good sites for the religious practice of monks and fol-
lowers but also served as important public activity spaces in
ancient China.' Generally, favorable acoustic and visual envi-
ronments play important roles in creating a religious atmo-
sphere for temples, and have promoted the development and
spread of Han Buddhism in China.? Because of the influence
of both China’s traditionally ritual and Buddhist cultures,
most Chinese Han Buddhist temples use an axisymmetric and
multi-courtyard layout, as illustrated in Fig. 1. In a Han
Buddhist temple, the largest and most important building is
the Main Hall, which is located along the central axis of the
temple and provides an important site for morning and eve-
ning chanting and religious rites. One consequence is that
indoor acoustic quality plays a critical role in the acoustic
environment of the temple. A traditional Main Hall is fitted
with many religious ornaments and Buddha statues placed at
the center and sides, which may affect the indoor sound field.
For the ritual activities of Han Buddhism, indoor sound sour-
ces are arranged in a distinctive way that differs from those of
other religions or nonreligious performance locations.

Many studies have focused on the influence of indoor
sound fields in religious sites and performance locales.
Analyzing indoor sound absorbers, Boren simulated and
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analyzed the indoor sound fields of two churches in Venice
during festivals, and found that the reverberation time (75(),
early decay time (EDT), and musical clarity (commonly
expressed by “Cgp,” which is defined as the logarithmic ratio
of early to late sound energy, where early refers to sound
arriving in the first 80 ms, and later refers to sound arriving
after this period) improved significantly due to crowds of
attendees, newly added seats, and wall ornaments, over their
characteristics when unoccupied during ordinary periods.’
Navarro suggested that the wooden ceiling of an early
Christian church had superior acoustic performance to the
vaulted roof of a Romanesque church.* Cirillo showed that
churches with a vaulted nave produce considerably longer
reverberation times, whereas a wooden ceiling with painted
canvases causes a significant reduction in the reverberation
time, particularly for middle and low frequencies.’
Comparable research has shown that the addition of strips of
polyester fiber to pew seats contributes to increased absorp-
tion.° Alonso showed that suspended textile materials
induce a significant effect on the reverberation time in a
church, mainly at an intermediate frequency.’

Research into lightweight tapestries hung vertically has
shown that different levels of sound absorption may be
obtained by simply changing the distance of the tapestries
from walls.® Total sound absorption is better related to the
number of persons present than to the area covered.’
Experimental results have shown a dependence on occupa-
tion density, posture, and the thermal resistance of clothing,
leading to the definition of a series of equations to predict
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FIG. 1. Site plan of the Xiantong Temple in Mount Wutai.

absorption coefficients as functions of frequency.'® The cor-
relation between sound field parameters and church materi-
als has also been studied via an analysis of several Roman
churches.'! Acoustic measurements were performed in six
churches to compare and analyze the intelligibility of speech
in occupied and unoccupied rooms.'? Girén et al. summa-
rized the principal contributions to the acoustics of ancient
occidental Christian churches in recent decades.'?

Studies of indoor sound diffusers have shown that they
absorb a portion of the sound energy, resulting in a decrease
in the sound pressure level (SPL), which is not easily notice-
able, and while diffusion contributed to early reflections and
enhanced speech intelligibility.'* Surface decorations, such
as balconies and coffered ceilings in old halls, can produce a
highly diffuse and blended sound experience, which is the
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acoustic hallmark of a traditional concert hall.'” Diffusers

can be used to maintain ambiance, promote even scattered
energy coverage, improve spaciousness, and remove ech-
oes.'® Further, spatial shapes can affect sound fields in reli-
gious sites, and in a study varying the dimensional ratios of
25 box-shaped churches, Berardi evaluated the dependence
of building shape and acoustics, proposing that the length-to-
width ratio has a significant influence on the values of both
Cyo and the center time (Ts).17 More subjectively, Carvalho
found that a feeling of intimacy is related to church volume.'®
Using an in situ measurement and a simulation, Indian
researchers analyzed the sound field characteristics of one of
the large hollow Buddhist Stupas in a Buddhist temple in
Nagpur and obtained the average reverberation times of the
Stupa at mid-frequencies. They were 5.6 and 9.7 s for occu-
pied and unoccupied conditions, respectively. Note, the mid-
frequency result is the average of values in the bands of 500
and 1000Hz, and denoted by subscript “m” in this paper.
Then, the effects of these characteristics on religious activi-
ties were investigated (e.g., Buddhist chanting).'® Further,
Sato and Koyasu conducted model room experiments to
investigate the effect of the shape and size of a room on its
sound field and presented that fluctuations of the reverbera-
tion time became small for irregular rooms when compared
with those of rectangular rooms.*°

A number of studies have also looked at the directivity
and location of sound sources in religious sites. By simulat-
ing several churches, Alvarez-Morales analyzed the effects
of different sound source locations on music clarity and
speech intelligibility.”' Speech intelligibility decreased in
all of the churches when the priest turned his back to the
audience compared with when he faced the audience.”?
Through acoustic measurements, Japanese researchers found
that changes in the location and directivity of sound sources
during chanting affected the speech transmission index
(STI) and interaural cross-correlation coefficient (IACC) of
the sound field in a temple.?® In Japanese churches, changes
in the direction could improve the intelligibility of speech.
By contrast, source location had relatively little effect on
acoustic parameter values.*

Previous studies of the acoustic environments and
sound fields in Han Buddhist temples have primarily con-
centrated on the musicological aspects of Buddhist music
and bell sounds.>>® Recently, studies have attempted to
analyze and interpret the acoustic environments of Han
Buddhist temples by focusing on sound characteristics and
soundscape. For example, Ge et al. investigated the acoustic
environment of the Jingci Temple near West Lake through
measurements and a questionnaire.”” Zhang et al. studied
the temple’s environmental quietness and soundscape, along
with respective subjective and objective influencing factors,
and analyzed sound preferences in Han Buddhist temples,
arguing that evaluations of acoustic environments and
sounds are affected by respondents’ personal characteristics
(e.g., religious beliefs).>*!

Generally, however, few studies have investigated the
sound field characteristics and acoustic factors of the indoor
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spaces of Main Halls in Han Buddhist temples. Even if tra-
ditional field measurements can be used to investigate
basic acoustic parameters of a traditional Main Hall, their
sound fields have varying scales and layouts, making char-
acterization difficult. Moreover, traditional Main Halls are
strictly protected as historical buildings, and alteration of
the facilities and layouts of their indoor spaces is not
allowed. This compounds the difficulty of making field
measurements in order to characterize their sound fields
adequately.

This study investigates the effects of spatial elements
and sound source characteristics on the sound field in the
Main Hall of a Han Buddhist temple. The effects of indoor
sound absorbers and diffusers, roof shapes, and the locations
and directivity of indoor sound sources on the sound field
are studied. The absorption and scattering coefficients of the
traditional materials enclosing the indoors were examined
through field measurement and simulation, and then an
acoustic model of a typical Main Hall in a Han Buddhist
temple was built. Finally, variation in the sound field was
analyzed by changing the spatial elements or the directivity
and locations of sound sources in the model.

Il. METHODS
A. Measured objects

To date, few studies have investigated the acoustic
characteristics of traditional Chinese building materials such
as their absorption and scattering coefficients. It is also diffi-
cult to carry out universally applicable studies under labora-
tory conditions. To ensure the accuracy of the acoustic
simulations of Main Halls, simulation data were compared
and adjusted with field measurement data to determine sim-
ulated absorption and scattering coefficients of building
materials. In Han Buddhist temples, which are places of reli-
gious practice, acoustic measurement is basically not
allowed. The Buddha statues and fabric Buddhist ornaments
could not be removed at random. Thus, it was impossible to
adopt conventional methods for the field measurement. >’
Therefore, three great halls of the Shenyang Imperial Palace
that share the same architectural style and materials as tradi-
tional Han Buddhist temples were selected for acoustic test
and simulation. As a world cultural heritage site, the
Shenyang Imperial Palace was originally built in 1625 and
is the largest ancient building complex in Northeast China.
To conduct an indoor sound field test, the three most repre-
sentative halls were selected: Chongzheng Hall (the building
has a flush gable roof, an interior volume of ~1610m’ with
a ridge 11.85m high, and a floor 20.5m long and 11 m
wide), Qingning Hall (the building has a flush gable roof, an
interior volume of ~1110m?® with a flat suspended ceiling
5.5m high, and a floor 17m long and 11.9m wide), and
Dazheng Hall (the plane is a regular octagon, 5.4 m on each
side, the interior volume is ~1370 m® with a suspended ceil-
ing average about 10.3 m high). At present, these three halls
are intact, and their indoor facilities were restored to their
original state during the Qing Dynasty.*>* Chongzheng
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Hall is the most important building in the Shenyang
Imperial Palace. As illustrated in Fig. 2(a), it has no sus-
pended ceiling but an exposed pitched roof. Figure 2(b)
illustrates a measured floor plan and the layout of the acous-
tic receivers.

Exterior view of Chongzheng Hall.
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Acoustic model of Chongzheng Hall.
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FIG. 2. (Color online) Current actual layout and acoustic model of
Chongzheng Hall, including the (a) exterior view, (b) floor plan and layout

of sound sources and receivers, and (c) acoustic model.
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B. Measurement process

The deployed instruments included a dodecahedral
sound source, sound level meters, and real-time signal ana-
lyzers. The sound level meters were calibrated beforehand
to control error to less than 0.3 dB. The acoustic parameters
measured were the reverberation time and SPL. Sound fields
were measured from 06:30 to 08:00 and from 17:30 to
20:00, when the three halls were unoccupied and the envi-
ronment was relatively quiet. The measurement process
basically followed the international standard ISO 3382-1.
One 1.5m high dodecahedral sound source was placed at
the center of each hall. In each hall, 5-6 receivers were set
up. The receivers were positioned at least 2 m apart. The dis-
tance from any receiver to the nearest reflecting surface was
at least 1 m. The measurement of reverberation time used
the interrupted noise method, that is, the source produced
100dB (or higher) pink noise that continued for more than
5s. After the sound field had achieved a steady state, the
source was switched off. Then, one 1 m high signal receiver
was used to record sound attenuation, and the reverberation
time in each receiver was calculated within a spectral range
of 125 Hz—4 kHz. The ISO 3382-1 standard requires that the
source level provides at least 45 dB above the background
level in the corresponding frequency band. Therefore, the
background noises in the three halls were measured repeat-
edly before the reverberation time and SPL measurement.
The results showed that the maximum background noise
level was less than 25 dB at each frequency, thereby satisfy-
ing the requirement. When measuring the SPL, the source
also produced a continuous 100dB (or higher) sound, and
the SPL at each receiver was recorded. To reduce measure-
ment errors, the SPL and reverberation time of each receiver
were measured at least three times, and their averages were
used. The measurement processes were essentially the same
between the three halls. Figure 3(a) illustrates the results of
T5p measurements at various points in Chongzheng Hall.
Figure 3(b) illustrates the measured average of T3, in the
three halls.

Note that two source positions were used in the mea-
surement process for each great hall. However, in the three
great halls, the average difference of the two sets of rever-
beration time data in each frequency band was less than 5%.
In order to simplify the research process, measurements
using the second source are not listed or used in the paper.
Also note, during measurements, the receivers were placed
at a height of 1 m rather than 1.2m as suggested by ISO
3382-1. A major consideration was that the receiver was at
the same height as the ears of the ministers when they knelt
on the ground to listen to the emperor’s speech in the great
halls of the Shenyang Imperial Palace.

C. Simulation verification process

In this study, acoustics were simulated with
ODEON13.02, a software package originally developed by
the Technical University of Denmark in 1984. By combin-
ing the image source, ray-tracing, and secondary sources
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FIG. 3. The results of T3, measurements in the three halls. (a) The results of
T5p measurements at various points in Chongzheng Hall. (b) The measured
average values of T in three halls.

methods, ODEON13 was used to conduct a computerized
acoustic simulation for the absorption, scattering, and dif-
fraction of sound waves, thus, providing comprehensive ref-
erence data for acoustic analysis.>>*® In the process of this
simulation, the software calculation settings were set to the
most accurate mode: “precision.” Quick and global estimate
functions were used to estimate the reverberation time of the
acoustic models. There were two important parameters in
the general setting of ODEONI13: “impulse response length”
and “number of late rays.” The former was advised to be
two-thirds of the longest estimated reverberation time, while
the latter initially adopted the value automatically assigned
by the software, and then repeatedly adjusted and gradually
increased until the calculated reverberation time was
roughly stable. Other parameters were set according to the
user manual recommendations. For example, transition
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order was set to two and the interior margin was set to
0.1 m, with this parameter being directly correlated with
model fitness.

The acoustic model for the Main Hall, first built with
Google Sketchup 2015 (California, USA), was fed to
ODEON13. The architectural components of ancient
Chinese buildings, such as the bucket arch and roof, are
very complex. Therefore, the acoustic model was simpli-
fied somewhat during modeling. In this study, three-
dimensional (3D) models were built for the three halls
using their dimensional measurements, and corresponding
sound sources and receivers were set up in the 3D models
according to the acoustic measurements. Figure 2(c) illus-
trates the sound field model for Chongzheng Hall.

For acoustic simulation, the key acoustic parameters of
the materials were the absorption and scattering coefficients.
Here, the absorption coefficient of the traditional building
materials was initially set according to the acoustic parame-
ters of similar materials cited from references in the acous-
tics literature,”’ ' and those absorption coefficients should
be accurate because they were obtained from multiple
experiments and verified by numerous studies. The scatter-
ing coefficient was set by observation of the outer surface
condition of the materials and the simplicity of the acoustic
model. Then, the simulated values of T, (the reverberation
time extrapolated from the time required for sound to decay
by 10dB, from —5dB to —15dB), T3, and SPL of the
acoustic model were compared to match the field measure-
ments of the three halls. That is, according to the difference
of reverberation time and SPL between measurement and
simulation of each receiver, the scattering coefficients of the
primary materials (those with large surface area such as
brick wall, bluestone ground, roof, and so on) and secondary
materials (those with small surface area such as glass win-
dow, wooden door leaf, Carven wooden screen, and so on)
were initially adjusted moderately. If the difference was not
narrowed, the sound absorption coefficient of primary and
secondary materials was replaced by another set of similar

materials from the acoustics literature. After several adjust-
ment cycles, approximate values of the acoustic absorption
and scattering coefficients of the common materials in the
ancient Chinese buildings were determined. Three halls
were selected to measure and simulate their sound fields,
and to cross-verify their results, ensuring the accuracy and
universality of the simulation.

Table I lists the approximate values of the acoustic
absorption and scattering coefficients of various indoor
materials that were determined by using the method
described above. Figure 4 illustrates the differences between
the simulated acoustic values based on the coefficients of
Table I and the measured sound-field values. For most
SPLs, the differences for each frequency range from —5 dB
to 5dB, with differences in the middle frequencies mostly
ranging from —3dB to 3 dB. For most reverberation times,
the ratio of the difference between the simulated and mea-
sured T3( to the measured T3q ranged from —20% to 20%,
and from —10% to 10% for middle frequencies, and the T
verification result is similar to that of T3(. In general, errors
were lower for middle and high frequencies than for low fre-
quencies. Our simulation accuracy had not entirely met the
common acoustic criteria, which requires the simulated error
be less than the just noticeable differences (JND) of this
parameter. However, we consider the errors in this study to
be within an acceptable range for the following reasons.
There were complexities, including poor spatial closedness
of the indoor sound field, a lack of related research such that
no standard acoustic parameters of materials in ancient
Chinese architecture could been used for reference, and
those ancient building materials and Buddhist ornaments
could not be removed for measurement in an acoustic labo-
ratory. In addition, the purpose of this research was mainly
to analyze the influence of the various sound absorbers and
Buddha statues on the sound field rather than to obtain
actual acoustic parameters.

In this simulation and verification process for character-
izing the sound fields, the following points should be noted:

TABLE I. Acoustic absorption and scattering coefficients of indoor materials in the acoustic model of the halls.

Acoustic absorption coefficient under following frequencies (Hz)

Material 125 250 500 1000 2000 4000 Scattering coefficient
Ordinary window glass (Ref. 37) 0.35 0.25 0.18 0.12 0.07 0.04 0.10
Plastered brick wall (Ref. 37) 0.013 0.015 0.02 0.03 0.04 0.05 0.05
Plain brick wall (Ref. 37) 0.03 0.03 0.03 0.04 0.05 0.07 0.05
Indoor hardwood material (Ref. 39) 0.05 0.05 0.05 0.05 0.05 0.05 0.05
Roof (without suspended ceiling; Ref. 40) 0.25 0.40 0.50 0.55 0.60 0.60 0.50
Roof (with flat suspended ceiling; Ref. 40) 0.16 0.15 0.10 0.10 0.10 0.10 0.40
Wooden door leaf (Ref. 39) 0.16 0.15 0.10 0.10 0.10 0.10 0.20
Carpet (Ref. 39) 0.13 0.22 0.33 0.46 0.59 0.53 0.10
Carven wooden screen (Ref. 40) 0.14 0.22 0.36 0.32 0.28 0.22 0.40
Bucket arc (Ref. 38) 0.32 0.47 0.51 0.58 0.62 0.63 0.50
Bluestone ground (Ref. 37) 0.01 0.01 0.015 0.02 0.02 0.02 0.05
Curtain (Ref. 41) 0.11 0.32 0.54 0.64 0.55 0.70 0.25
Buddha statue and backlight (Ref. 40) 0.14 0.22 0.36 0.32 0.28 0.22 0.60
Light textile cushion (Ref. 39) 0.33 0.55 0.64 0.58 0.61 0.58 0.05
1520  J. Acoust. Soc. Am. 147 (3), March 2020 Zhang et al.
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(1) The interiors of ancient Chinese buildings are intricate
and complex, thus, we have made appropriate simplifi-
cations in the acoustic models. As a result, the absorp-
tion and scattering coefficients for some materials in the
sound field simulation did not completely agree with
their acoustic characteristics. However, when those
parameters were applied together in an acoustic model,
the results of the sound field simulation were made as
consistent as possible with the measurements. The
absorption and scattering coefficients of the materials in
Table I are applicable only to the acoustic models built
in this study or indoor acoustic models of similar dimen-
sions for Chinese ancient buildings.

(2) The frequencies of human languages are dominated by
middle frequencies. In particular, chanting by monks is
concentrated in a range from 100 to 500 Hz.** While
some Buddhist instruments contained middle and high
frequencies. Considering this, the chanting and accompa-
niment of musical instruments were the primary sound
sources in the Main Halls. The middle frequencies were
chosen as representative data to simplify the research
process. When adjusting and fitting the simulated results,
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this study ensured that average values of the middle fre-
quencies approximated the measured results as much as
possible. The subsequent comparative analysis primarily
focuses on data from these frequencies.

D. Spatial and layout characteristics of a Main Hall

A traditional Main Hall is often constructed with a
wooden framework that is enclosed by brick, stone, or plank
walls, and is rectangular and fitted with various forms of
sloping roofs (e.g., flush gable, gable-and-hip, or hip).
Depending on the size of the temple, a traditional Main Hall
is composed of 3—11 standard widths. Its interior space can
be divided into spaces for the Buddha and worship.
Typically, one, three, five, or seven Buddha statues are
mounted. The central Buddha statues are large, and those
that are centrally placed tend to be furnished with fan-
shaped backlights. The side Buddha statues, such as the
Eighteen Arhats, are also placed along both gable walls.
Some Main Halls do not have suspended ceilings, whereas
others are fitted with flat suspended ceilings to ensure the
regularity of the indoor space. Main Halls have many cloth
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Buddhist ornaments, including canopies with streamers
above the Buddha, curtains over a cylindrical frame, pen-
nants, long narrow flags, and cushions for kowtowing and
praying on the ground. Such textile ornaments originated in
the times of Buddha Sakyamuni and are intended to high-
light the religious atmosphere inside Buddhist buildings and
create an ideal space for Buddhist practices. In addition, the
ornaments function as sound absorbers. Ancient Chinese
knew that sound-absorbing curtains and flags could be sus-
pended in various performance areas to reduce the reverber-
ation time and improve indoor acoustic quality.**

Monks and followers in a Main Hall are usually both
sound producers and receivers. Chanting is a primary sound
source, a combination of speaking and singing by monks,
and is accompanied by sounds generated by Buddhist musi-
cal instruments. The worship space typically faces the
Buddha statues directly. At the center of the worship space
is an offering table. During worship activities, monks and
followers often lie on both sides of the offering table, but
sometimes stand in rows and face the Buddha statue, kneel
to chant sutras, or, occasionally, the monks on both sides of
the offering table turn toward it and stand face-to-face to
chant sutras. These layouts and behaviors would affect the
sound field in a Main Hall.

E. Building a sound field model of a Main Hall

For the indoor sound field model of a Main Hall built in
this study, the size of the building, height of the Buddha
statues, and indoor layout were based on the Main Hall of
the Xiantong Temple, the largest temple on Mount Wutai,
which is one of China’s four Buddhist holy mountains, as
illustrated in Fig. 5(a). This Main Hall has a double-eave
gable-and-hip roof. The indoor space spans seven standard
widths with planar dimensions 35.2m x 25.5 m and an inte-
rior volume of approximately 5325m>. The ridge is 17.6m
high, and the Main Hall is fitted with a flat suspended ceil-
ing. Three central indoor Buddha statues are 4.8 m high,
while the fan-shaped backlight is 6.7 m tall. The three cen-
tral Buddha statues are all placed on a 1.9 m high altar, and
nine Arhat statues are mounted on each of the two sides of
the Main Hall against the gable walls. Around the central
Buddha statues are Buddhist decorations, such as canopies,
pennants, and long narrow flags, as illustrated in Fig. 5(b).

In the sound field model, eight receivers were set up in
a grid (2.5m x 3.5 m) in the worship area on each side of
the two offering tables. The receivers were distributed
across the chanting area of the monks and bypass pillars and
located more than 2m away from building boundaries and
pillars. This is indicated by points r1-8 on the left side of
the floor plan in Fig. 5(c). The receivers were placed 1.2m
above the ground, simulating the ear height of listeners who
knelt on the kowtow cushions during religious rites.

To simulate and analyze the indoor sound field of the
Main Hall, two types of sound sources were set. To analyze
various acoustic parameters, such as the T5o and SPL at dif-
ferent indoor locations, a nondirectional sound source
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Acoustic model for the Main Hall of Xiantong Temple.

(d)

FIG. 5. (Color online) Main Hall of the Xiantong Temple on Mount Wutai,
including the (a) exterior view, (b) interior view, (c) floor plan, and (d)
acoustic model.

denoted S1 was placed 1.5 m high. It was placed in front of
the altar to simulate the sonata sounds generated by lead
monks when chanting, as well as various Buddhist musical
instruments during religious rites such as morning and eve-
ning chanting. Previous studies have shown that sound
directivity can affect the acoustic environment in temples.*?
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During worship activities in the Buddhist Main Hall, the
general monks often change direction while chanting. To
simulate this situation, a directional sound source S2 was set
up in the chanting area of the monks on the other side of the
offering table, as illustrated in Figs. 5(c) and 5(d), to analyze
the variation in the sound field in four directions:

(1) S2D1: toward the receivers, where monks on both sides
stood face-to-face and chanted sutras, a common layout
when chanting;

(2) S2D2: toward the central Buddha statues;

(3) S2D3: toward the side Buddha statues on the nearest
gable wall with the sound source backed against the
receivers;

(4) S2D4: toward the front door of the Main Hall.

This simulated the manner in which different sound
source directions affected the sound field in the Main Hall.
Figures 6(a) and 6(b) illustrate a comparison of the directiv-
ity from the directional sound source S2D2 and that from a
human mouth; their characteristics are largely similar.
Figure 6 also illustrates that the backward sound pressure of
the directional sound source S2 decreases as the frequency
increases. Another nondirectional sound source, denoted S3,
was placed at the same position as S2 to compare the effect
of sound source location on the sound field. Sound source
S2 differed in directional characteristic, but was consistent
with S1 and S3 in height and sound power level.

To set the power levels of these three sound sources,
chanting sounds were generated by multiple people and
accompanied by Buddhist musical instruments. This sound
was recorded with an acoustic recorder at a position near the
sound sources during morning chanting in the Xiangguo
Temple of Kaifeng City. During chanting, no electroacous-
tic amplifier was used, and eight SPL values were recorded
within a frequency range of 63 Hz—8 kHz: 77.8, 54.1, 55.7,
56.4, 47.8, 39.5, 34.9, and 13.7 dB. Because the simulated
results of the indoor sound field parameters were to be com-
pared to one another, it was acceptable to use these SPL val-
ues as the sound power levels of the sound sources under
different frequencies.

The acoustic model for the Main Hall of the Xiantong
Temple used the absorption and scattering coefficients of
the interface materials listed in Table I. Accordingly, the
simulated indoor reverberation time was calculated and
compared with its measured value. The reverberation time
measurement in the Main Hall of the Xiantong Temple was
based on the integrated impulse response method because
the interrupted noise method was prohibited in this temple.
A balloon burst was used as the impulse source. Note that
the measured values of EDT or T, at 125 Hz varied greatly.
This may have been due to the lack of low frequency energy
in the balloon burst. Deemed as unreliable, we dismissed
this data. As illustrated in Fig. 7, the differences between
the values were small. Specifically, the values were similar
to each other in the 500, 1000, and 2000 Hz bands with the
percent relative error for 75y and EDT less than 10%. This
study focuses on analyzing mid-frequency data to assess the
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Distribution of sound pressure radiated from a human mouth. 2443
(b)

FIG. 6. Directivity of sound sources in the horizontal plane.(a) Distribution
of sound pressure radiated from S2D2. (b) Distribution of the sound pres-
sure radiated from a human mouth (Refs. 24, 43).

influence of various spatial elements on the sound field in
the Buddhist Main Hall. Thus, this acoustic model should be
sufficient for the following study.

F. Evaluation parameters for the sound field of the
Main Hall

In this study, the averages of calculated results from
eight receivers were used as the parameter values for the
sound field in the Main Hall. An A-weighted sound pressure
level [SPL(A)] was selected because it is similar to human
auditory ability, while averaged sound levels under mid-
frequencies (SPL,,) between the eight receivers were also
compared. Typically, humans can distinguish a SPL change
of 1dB, and a SPL change of 3dB or higher is very appar-
ent. Values of the T3y and EDT were used for the
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FIG. 7. Simulated and measured results of the reverberation time of the
Main Hall of the Xiantong Temple.

reverberation time, however, to date, very few studies have
attempted to determine suitable values for them in Main
Halls. The Main Hall was treated as both a performance and
religious space in this study. Churches and opera halls in
European and American countries likely share similar acous-
tic environments with Main Halls. For these types of build-
ings, optimal mid-frequency reverberation time may be
1.4-1.6 s.** Similarly, some studies have shown that in opera
halls, the optimal mid-frequency reverberation time may be
1.4-1.8 s.* Certainly, the Chinese Buddhist Main Hall dif-
fers greatly from Western churches and opera halls in terms
of size and spatial layout. Various other studies have sug-
gested that evaluations of the acoustic environments of Han
Buddhist temples vary significantly from one person to
another.*® Here, the indoor reverberation time of a Main Hall
was used to analyze and objectively compare the sound field
characteristics of Main Halls instead of directly evaluating
the advantages or disadvantages of their sound fields.

To compare sound fields, three additional acoustic
parameters were selected for reference—Cgy, STI, and
TIACC. The parameter Cgy was used to describe the degree
of music clarity and is expressed in dB. Typically, a longer
reverberation time means a lower Cgy value and, conse-
quently, a lower degree of music clarity. Cgg is usually mea-
sured as an average across the frequencies between 500 Hz
and 1 kHz and is denoted by Cg,,. It cannot be used to eval-
uate the acoustic quality of a hall, but can indicate whether
the music is very clear or whether the reverberation time is
extremely long.*® The STI is an objective parameter that
indicates the quality of speech transmission and is associ-
ated with speech intelligibility with a value ranging from
zero to one. In accordance with the international standard, if
the STI value is above 0.75, the speech intelligibility rating

TABLE II. JND for objective parameters.

is “excellent.” Values between 0.60 and 0.75 correspond to
“good,” between 0.45 and 0.60 correspond to “fair,”
between 0.30 and 0.45 correspond to “poor,” and less than
0.30 correspond to “bad.”*’

The IACC indicates the difference in sound that is audi-
ble to both ears and can be used to evaluate the spaciousness
of sound. The TACC is measured at a position reached by
sound within 80 ms after emission, usually expressed as an
average over three frequencies (i.e., 500Hz, 1kHz, and
2kHz), and denoted by TACCgs. A study of the acoustic
quality of multiple concert halls demonstrated that the value
of (1-IACCg;3) has a positive correlation with the subjective
sound evaluation by audiences and is a parameter that can
be used as a reference to evaluate the acoustic quality of
concert halls.*®

As a reference, the JND of each acoustic parameter are
listed in Table II, and based on the findings of previous stud-
ies 21334950 1 regard to the JND value for the STI index,
Bradley et al. proposed that if an improvement produces
less than a 0.1 increase in STI, it will probably not lead to
an obvious improvement in conditions for speech, and if
modifications to a room lead to no more than a 0.03 increase
in STI, the effect will probably be inaudible.’

lll. RESULTS AND DISCUSSION

An acoustic model for a Main Hall was constructed,
and the related absorption and scattering coefficients for
materials of the ancient Chinese buildings were correspond-
ingly input. By changing the model settings, such as sound
absorbers, Buddha statues, the spatial form of the roof, or
sound source directivity, the changes of sound field parame-
ters were analyzed to determine how the sound field in the
Main Hall of a Han Buddhist temple was impacted by spa-
tial elements and sound sources.

A. Effects of fabric sound absorbers on the sound
field

The fabric sound absorbers in the Main Hall included
those on the ground (e.g., kowtow cushions) and in the air
(e.g., textile Buddhist ornaments such as curtains above the
Buddha statues). When the nondirectional sound source S1
was set up and all of the fabric sound absorbers were
removed, the following changes were noted: indoor rever-
beration time (Fig. 8), the indoor T3, increased from 1.05 s
to 1.39s (increasing by 32.3%), and the EDT,, increased
from 0.92s to 1.35s (increasing by 46.8%). These are far
higher than the 5% increases in JND values of the reverbera-
tion time. It is evident that the sound absorbers affected the
indoor reverberation times.

Parameter G (0.5-1kHz) RT (0.5-1kHz) EDT (0.5-1kHz) STI Cgo (0.5-1kHz) TIACC g3 (0.5-2kHz)
IND 1dB 5% 5% 0.03 1-dB 0.075
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FIG. 8. Change in reverberation time in absence of sound absorbers.

After the fabric sound absorbers were removed,
(1-TACCg3) decreased from 0.648 to 0.486. The difference of
0.162 is greater than 0.075 (the JND value of the IACCgy),
indicating that the sound absorbers improved sound quality.
The Cgq,, value decreased from 4.45 to 2.19dB, and the STI
decreased from 0.58 to 0.53. Note both differences exceed that
of the corresponding change in the JND value. These changes
reveal that the sound absorbers in the Main Hall could affect
music clarity and speech intelligibility to a noticeable degree.
The average SPL(A) value increased from 34.2 to 35.6 dBA,
and the standard deviation of the SPL(A) decreased from 1.30
to 1.24 dBA. Evidently, the sound absorbers did not affect the
SPL significantly. In comparison, the sound absorbers in the
air affected the sound field more significantly than those on the
ground. When only the absorbers in the air were removed, the
T30, and EDT,, values increased by 17.3% and 25.1%, respec-
tively. However, when only the absorbers on the ground were
removed, the T3, and EDT,, values increased by 11.3% and
17.9%, respectively. This reverberation time result was consis-
tent with previous studies on conducted Venetian churches,
which proposed that sound absorbers, such as wall tapestries,
improved reverberation time in the church.> Another relevant
study provided an analysis of sound absorbers in the Indian
Deekshabhoomi Stupa,'® where the mid-frequency reverbera-
tion time increased by 73.2% from occupied (5.6 s) to unoccu-
pied (9.7s) conditions. The Indian Stupa was different from
the Chinese Buddhist Main Hall in terms of building volume,
architecture structures, and indoor materials. The characteris-
tics of the two sound fields varied considerably. The sound
field in the Indian Stupa had a reverberation time greater than
5's, while that of the sound field in the Chinese Buddhist Main
was less than 2s. This suggests that the Main Hall may be
more appropriate for speech-related activities.

B. Effects of Buddha statues on the sound field

The Buddha statues, including the central Buddha stat-
ues at the center of the hall and the side Buddha statues on
each side of the hall, act as both absorbers and diffusers.
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FIG. 9. Change in reverberation time in absence of Buddha statues.

Figure 9 illustrates the effects of the central and side
Buddha statues on the sound field of the hall. When S1 was
set up and all of the Buddha statues were removed, the aver-
age T3p, and EDT,, values increased by 9.2% and 10.6%,
respectively. Both are higher than the 5% increases in JND
values of reverberation time. This result corresponded with
a previous study on indoor diffusers in architectural
spaces.14 The central Buddha statues near the sound source,
similar to the altars in the Japanese Buddhist temple,
enhanced the early reflection.”® This reduced the chance of
having a hollow, muddy, and poorly defined sound due to
mitigated specularity and short echoes, thereby improving
the acoustic quality of the room.'*'® The side Buddha stat-
ues also enhanced reflection near the lateral wall, which was
equally important for the indoor sound field.'>*?

At the same time, (1-IACCg3) decreased by 0.07, a dif-
ference approximating the JND value (0.075), confirming
that the indoor acoustic quality decreased somewhat. The
SPL increased by 0.43 dBA, and the standard deviation of
the SPL decreased by 0.11 dBA. For mid-frequencies, the
average SPL increased by 0.13 dB, and the standard devia-
tion of the SPL decreased by 0.03 dB. Meanwhile, the STI
decreased by 0.01, and Cg,, changed from 4.45dB to
4.00dB. The values of these parameters varied slightly (all
less than JND). Further analysis showed that the central
Buddha statues affected the reverberation time more than
the side Buddha statues. If only the central Buddha statues
were removed, the T3(,, and EDT,, increased by 5.4% and
6.5%, respectively, while if only the side Buddha statues
were removed, the T3(,, and EDT,, increased by 2.1% and
3.8%, respectively.

C. Effects of the form of the roof on the sound field

Traditional Main Halls are typically fitted with flush
gable or gable-and-hip roofs, and some are internally fitted
with flat suspended ceilings, which can also be interpreted
as flat roofs. This study built three sound field models of a
Main Hall with identical volumes but different types of
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roofs. The placement of the indoor objects (e.g., Buddha stat-
ues) was identical to the setup replicating the acoustic absorp-
tion coefficient. When S1 was set up, the reverberation time
was longest with a flat roof. When the Main Hall with a flush
gable or gable-and-hip roof was analyzed, the T3, decreased
by 4.26% and 5.07%, the EDT,, decreased by 1.97% and
4.02%, the STI increased by 0.008 and 0.011, the Cgo,,
increased by 0.27dB and 0.54dB, (1-IACCg3) increased by
0.012 and 0.041, and the SPL decreased by 0.03 dBA and 0.05
dBA, respectively. The variation in both the average and stan-
dard deviation of the SPL,, were less than 0.11 dB. Almost
every difference is less than the JND value. For traditional
Main Halls of the same size and building materials, the form
of the roof did not significantly affect the sound field. The pos-
sible cause being that although the shape of the roof changed,
the indoor space was regular and the main walls, which reflect
sound waves, were still parallel. Thus, the sound field changed
little as compared to when the room shape became irregular.’
The result of this study is consistent with previous findings for
several Romanesque churches, which demonstrated that no
significant correlation was found between reverberation times
and the geometric parameters.'!

Given the same architecture, the indoor sound field
varied with or without a flat suspended ceiling because of
the change in spatial volume and the ceiling materials.
Figure 10 illustrates the interior of the Main Hall with and
without a flat suspended ceiling. Both roof materials were
wooden; however, the wooden surface of the flat suspended
ceiling was relatively smooth due to painting and its decora-
tion. The wooden surface of the pitched roof was generally
natural and rough, and structural elements, such as the beam
and purlin, were exposed. Figure 11 illustrates the variation
in the reverberation time using the acoustic model for the
Xiantong Temple. If the suspended ceiling was removed,
the average values of the T3(, and EDT,, decreased by
0.134s and 0.127s (12.7% and 13.9%), respectively, the
Cgon increased by 1.26dB, and (1-IACCg;) decreased by
0.084. All of these values were higher than the JND.
Previous studies have proposed that, compared with the
vaulted roofs in churches, the flat wooden or painted canvas
ceiling would cause a significant reduction in reverberation
time (previous studies in six churches in Italy and Spain
have shown that STI values were often in the “poor” rating
range for reverberation times that were too long®?), and
would improve the acoustic environment in the churches.*?
However, the results of this study determined that a flat sus-
pended ceiling in the Buddhist Main Hall might increase the
reverberation time. A possible explanation for this inconsis-
tency is that the wooden ceiling in churches might increase
sound absorption and/or reduce volume. Indeed, volume and
materials were the most important factors affecting rever-
beration time in churches.'' In the Chinese Buddhist Main
Hall, the complex sloping roof structure with its rough mate-
rial could cause the sound absorption and scattering coeffi-
cients to be larger than those of the flat wooden ceiling.
Thus, when a flat wooden ceiling was set in the Buddhist
Hall, the impact of increased reverberation time caused by
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Main hall with the flat suspended ceiling.

(@)

Main hall without the flat suspended ceiling.

(b)

FIG. 10. (Color online) Indoor picture of the Main Hall, including (a) with
the flat suspended ceiling and (b) without the flat suspended ceiling.

reduced sound absorption and reflection could have exceeded
the impact of the decreased reverberation time caused by the
reduced volume. The overall conclusion was that a suspended
ceiling increased the indoor reverberation time and affected
acoustic quality and music clarity.

After the suspended ceiling was removed, the SPL(A)
decreased by 0.24 dBA, while the average SPL,, decreased
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FIG. 11. Effects of a suspended ceiling on reverberation time.

by 0.79 dB. The STI increased by 0.025. These values were
lower than the JND. This evidence suggests that the sus-
pended ceiling had no significant effect on the SPL or
speech intelligibility.

D. Effects of directivity and locations of sound
sources on the sound field

The chanting generated by monks in the Main Hall
was a directional sound source. Represented by source S2,
as illustrated in Fig. 5(c), sound was sent in four directions:
S2D1, S2D2, S2D3, and S2D4. From the simulations of the
four modes, the variation in the T3, of the indoor receivers
was less than 0.03s (less than 2%), which is negligible.
Figure 12 illustrates the average EDT of each receiver. The
EDT,, was minimized (0.91 s) in the S2D1 direction, while
it was 1.03 s toward the S2D2, 1.12 s toward the S2D3, and
0.97 s toward the S2D4, increasing by 12.5%, 22.7%, and
6.2%, respectively, as compared with those in the S2Dl1
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FIG. 12. Effects of directivity of sound source S2 on EDT.
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direction. Seemingly, the EDT,, rather than the T3, was
primarily affected by the directivity of the sound sources in
the Main Hall.

The STI was highest (0.58) in the S2D1 direction and
decreased by 0.07 (S2D2), 0.11 (S2D3), and 0.04 (S2D4)
compared with the S2D1 direction. In the S2D1 direction,
when the monks stood face-to-face to chant, speech intelli-
gibility was the highest. In the S2D3 direction, when the
monks had their backs to the receivers when chanting,
speech intelligibility was the lowest. This result is consistent
with previous studies on churches and Japanese temples,
which showed that source direction clearly affected STI,
and vocal projection toward the congregation was more
intelligible.''*** Figure 13 illustrates a simulation dia-
gram for the STI in the S2D1 and S2D3 directions.
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FIG. 13. (Color online) Effects of directivity of sound sources on STI. (a)
S2D1, (b) S2D3.
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Cgom Was the highest (4.90 dB) toward the S2D1, lowest
(1.33dB) toward the S2D3, 3.46dB toward the S2D2, and
4.08 dB toward the S2D4. Thus, music clarity and speech
intelligibility were highest when the monks chanted sutras
face-to-face. The average SPL(A) of the receivers was high-
est in the S2D1 direction and lowest in the S2D3 direction.
The difference of SPL(A) between them was 2.15 dBA (and
3.15dB under mid-frequencies). In the four directions, the
variation in the standard deviation of SPL(A) was less than
0.60 dBA (less than 0.90dB under mid-frequencies). The
directivity of the sound sources had no significant effect on
(1-IACCg3). When the (1-IACCg3) averages of calculated
results from the eight receivers were compared in the cases
of the four different sound source directions, the difference
between its maximum and minimum values was less than
JND. This result is not consistent with previous studies,
which indicated that sound source direction had a clear
effect on the TACC in Japanese temples,” and also had a
clear effect on IACC at higher frequencies (2000 and
4000 Hz) in Japanese churches.>* One possible reason is that
the calculated results of (1-TACCg3) are mainly based on
mid-frequency (500, 1000 Hz) and 2000 Hz values, and in
different directions, as illustrated in Fig. 6(a), the sound
pressure change in terms of directional sound sources in the
mid-frequency is less than the change in the high frequency,
so the impact of the sound source directivity on (1-IACCg3)
is smaller than on IACC, for which calculated results
include high frequency values. Another possible reason is
that the spatial layout in the Chinese Buddhist Main Hall is
different from the layouts in Japanese churches and
Japanese Buddhist temples. Thus, there are more diffusers
(including the central and side Buddha statues) in the
Chinese Buddhist Main Hall, and therefore the sound field
characteristics in the Chinese Buddhist Main Hall differ
from those in Japanese religious buildings.

The variation in the values of the indoor sound field
parameters with the locations of the sound sources was ana-
lyzed. For nondirectional sources, S1 was placed at the cen-
ter of the hall, and S3 was placed on one side of the hall.
Compared with S1, the EDT,, of S3 increased from 0.92s to
1.01s (9.8%), the STI of S3 decreased from 0.58 to 0.53,
and (1-IACCg3) decreased from 0.648 to 0.572. These val-
ues were all greater than the JND. These data demonstrate
that the sound source set up at the center of the hall has
some positive effect on speech intelligibility. Note that also
located at position S1 were the primary musical instruments
as well as a core monk who led the chanting. When S3 was
set up, the T3, increased by 0.01s, the average SPL(A)
decreased by 1.9 dBA (SPL,, decreased by 2.3dB under
mid-frequencies), and Cgg, decreased from 4.45dB to
3.70dB. These values did not vary significantly. The loca-
tions of the sound sources affected the sound field in the
Main Hall to a certain extent. This result is similar to a pre-
vious study on sound source location in Japanese Buddhist
temples,> possibly because in the Main Hall sound reflec-
tions caused by the Buddha statues act as diffusers (corre-
sponding to the altar, and the like, in Japanese Buddhist
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FIG. 14. (Color online) Simulated results after current layout and sound
field elements were changed.

temples). The resulting reflections would change because of
the different locations of the sound sources, thus, affecting
the indoor reverberation components and binaural coher-
ence. Yet, another previous study suggests that sound source
location in Japanese churches had a relatively small effect
on sound field parameters.”* This may be because there
were no similar diffusers, such as Buddha statues, near the
sound source.

The nondirectional sound source S1 was set up in the cur-
rent complete indoor layout in the Main Hall, and the values
of the acoustic parameters were set to one. Figure 14 illustrates
the resulting ratios of the simulated values of the acoustic
parameters after the spatial elements and locations of the
sound sources that affected the sound field were changed.

IV. CONCLUSIONS

This paper analyzed the acoustic characteristics in the
Main Hall of a Han Buddhist temple. First, the sound fields
of three traditional Chinese halls were measured, and the
acoustic parameter values were determined using acoustic
simulation software. Next, an indoor acoustic model for a
typical Main Hall (the Main Hall of the Xiantong Temple in
Mount Wutai) was created, and the effects of indoor spatial
elements and the directivity and locations of sound sources
on the indoor sound field were analyzed. The findings of this
study can be summarized as follows:

(1) The spatial elements in the Main Hall had a clear effect
on the indoor sound field. After various fabric sound
absorbers (e.g., curtains, pennants, and cushions) in the
Main Hall were removed, the reverberation time
increased significantly, the T3q,, increased by 32.3%,
and the EDT,, increased by 46.8%. After the central and
side Buddha statues, which acted as sound absorbers
and diffusers, were removed from the Main Hall, the
reverberation time also slightly increased. In addition,
the fabric sound absorbers and Buddha statues had some
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positive effect on speech intelligibility and sound spa-
ciousness but did not significantly affect the indoor
SPLs.

(2) The form of the roof of the Main Hall did not signifi-
cantly affect the indoor SPL or reverberation time. Data
suggested that a flat suspended ceiling installed within
the Main Hall might slightly increase the reverberation
time.

(3) The directivity of the sound sources inside the Main
Hall clearly affected the indoor sound field. When
monks in the Main Hall stood face-to-face to chant, the
EDT,, was minimized and the STI was maximized. In
the three other directions tested, the EDT,, increased by
12.5%, 22.7%, and 6.2%, and the STI decreased by
0.07, 0.11, and 0.04. The locations of the sound sources
inside the Main Hall affected the EDT,, of the sound
field and speech intelligibility to an observable degree.

In summary, in the Main Hall of a Han Buddhist tem-
ple, the central and side Buddha statues and the fabric ele-
ments (Buddhist ornaments and cushions) affected the
indoor sound field to a discernable degree. The locations
and directivity of the sound sources also affected the indoor
sound field, whereas the form of the roof did not signifi-
cantly affect the indoor sound field.
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