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Abstract. In the field of architectural acoustics design, traditional optimization methods exhibit significant limitations when 
addressing complex acoustic challenges. Consequently, intelligent algorithm-based approaches for optimizing architectural 
acoustic environments have emerged, pioneering new pathways for architectural acoustics design. This paper thoroughly 
examines the research background and significance of this field, elucidating the practical relevance and potential value of 
the research topic. Through a comprehensive analysis of the current research landscape, it reveals the primary research 
content, existing issues, and future research directions. The core contribution of this paper lies in systematically organizing 
and summarizing the theoretical foundations, application cases, and future development trends of intelligent algorithm-
based architectural acoustic environment optimization methods. It provides valuable references and insights for subsequent 
research, helping to advance the further development and practical application of architectural acoustic environment 
optimization technologies, thereby enhancing the demand for high-quality architectural acoustic environments. 
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Introduction 
The acoustic environment of buildings, as a key element in architectural design, exerts a significant influence on 
people's physical and mental health as well as their quality of life [1-2]. A favorable acoustic environment not 
only enhances speech intelligibility and enriches musical enjoyment but also effectively reduces noise 
interference and harm, thereby improving work efficiency and learning outcomes [3]. However, traditional 
architectural acoustics design methods primarily rely on empirical formulas and simplified models, making it 
challenging to accurately address complex acoustic issues such as sound field distribution in large architectural 
spaces and the sound absorption effects of multiple material combinations[4-5]. 

With the rapid advancement of intelligent algorithms, their application in optimizing architectural acoustic 
environments has garnered increasing attention [6]. Leveraging their robust global search capabilities and 
adaptability to complex problems, intelligent algorithms can effectively address architectural acoustic 
optimization challenges that prove difficult for traditional methods, thereby providing novel approaches and 
tools for architectural acoustic design [7]. 

Currently, research on optimizing architectural acoustic environments using intelligent algorithms primarily 
focuses on the following areas: First, integrating acoustic modeling with intelligent algorithms to guide 
optimization design through accurate simulation of acoustic environments [8]. Second, developing optimization 
methods targeting key acoustic metrics such as noise control and reverberation time [9]. Third, implementing 
comprehensive optimization strategies that integrate acoustic design with architectural design [10]. Numerous 
scholars have proposed various optimization methods combining intelligent algorithms with acoustic models, 
exploring their application in acoustic optimization for different building types. These studies provide new 
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approaches and tools for architectural acoustic design, with some research outcomes already applied in practical 
engineering projects, yielding significant economic and social benefits [11]. 

However, despite some achievements, several challenges remain to be addressed. The computational efficiency 
of intelligent algorithms for large-scale acoustic problems needs improvement, data acquisition and model 
validation in practical engineering applications pose significant difficulties, and achieving a balance in multi-
objective optimization remains challenging [12]. 

This paper aims to systematically review intelligent algorithm-based methods and applications for optimizing 
architectural acoustic environments. It organizes current research findings, analyzes existing challenges, and 
outlines future development trends to provide reference for researchers and engineering practitioners. Specific 
contributions include: (1) A comprehensive overview of architectural acoustic environment elements and 
optimization objectives, laying a foundation for subsequent research; (2) It delves into intelligent algorithm-
based optimization methods for architectural acoustic environments, detailing the principles, advantages, 
disadvantages, and application cases of each approach; (3) By analyzing acoustic optimization case studies in 
public buildings, residential structures, and specialized facilities, it demonstrates the practical effectiveness and 
advantages of intelligent algorithms in engineering applications; (4) It summarizes the current research 
landscape and challenges, while projecting future development trends to guide subsequent research directions. 

Overview of Architectural Acoustics 
The architectural acoustic environment is a critical aspect of building design that cannot be overlooked, as it 
profoundly impacts auditory comfort, work efficiency, learning effectiveness, and physical and mental well-
being [12]. A well-designed acoustic environment not only enhances speech intelligibility and enriches musical 
enjoyment but also effectively reduces noise interference and harm to occupants [13]. This section will delve 
into the constituent elements and optimization objectives of architectural acoustic environments, providing a 
solid theoretical foundation for subsequent research. 

Environmental Factors in Architectural Acoustics 

The architectural acoustic environment is fundamentally shaped by a combination of critical factors, including 
noise levels, reverberation time, sound field distribution, and the characteristics of sound propagation [14]. 
These elements collectively determine the overall acoustic quality and functionality of a space, influencing both 
the auditory comfort and the effectiveness of sound transmission within the environment. A detailed analysis 
of the impact of these factors is summarized and presented in Table 1. 

Table 1. Environmental Factors in Building Acoustics and Their Effects 

Element Impact Description Key Control Points 

Noise Levels Interferes with people's lives and work damages 
the auditory system 

Control of external noise sources internal noise 
isolation 

Reverberation Time Affects speech intelligibility and musical enjoyment Arrangement of sound-absorbing materials 
spatial design 

Sound Field Distribution Causes localized areas of excessive or insufficient 
sound 

Design of reflective surfaces optimization of 
sound source position 

Sound Propagation 
Characteristics 

Affects acoustic design and noise control 
effectiveness Material selection spatial layout 

 

The analysis presented in Table 1 illustrates the critical role of various environmental factors in shaping the 
acoustic quality of buildings. Noise levels, reverberation time, sound field distribution, and sound propagation 
characteristics are interdependent elements that must be carefully considered to achieve optimal acoustic 
performance. For instance, controlling noise levels requires not only sound insulation but also strategic spatial 
design to minimize the intrusion of external noise. Similarly, managing reverberation time involves balancing 
material selection and spatial configuration to ensure that speech intelligibility and musical enjoyment are not 
compromised. These interrelations underscore the need for a systematic approach to architectural acoustic 
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design, where each factor is addressed comprehensively to create a balanced and functional acoustic 
environment. 

To better understand the interactions among key environmental factors in architectural acoustics, a schematic 
diagram (Figure 1) is provided. It visually illustrates how noise levels, reverberation time, sound field distribution, 
and sound propagation characteristics influence each other. This diagram serves as a foundation for designing 
optimized acoustic environments. 

Added Content with Formula: Generalized Reverberation Time Calculation 
In architectural acoustics, accurately predicting reverberation time (RT) in complex environments requires 
consideration of multiple materials, geometries, and sound wave interactions. To address this, the generalized 
reverberation time formula can be expressed as: 

𝑅𝑅𝑅𝑅 = 0.161⋅𝑉𝑉
∑  𝑛𝑛
𝑖𝑖=1  𝑆𝑆𝑖𝑖⋅𝛼𝛼𝑖𝑖⋅𝛽𝛽𝑖𝑖

 (1) 

Here:𝑉𝑉 is the volume of the space in cubic meters (𝑚𝑚3).𝑆𝑆𝑖𝑖  represents the surface area of the 𝑖𝑖-th material in 
square meters ( 𝑚𝑚2  ).𝛼𝛼𝑖𝑖  is the absorption coefficient of the 𝑖𝑖 -th material, accounting for its frequency 
response.𝛽𝛽𝑖𝑖  is a correction factor to account for irregular geometry and the angle of sound wave incidence. 

This formula extends the classical Sabine equation by introducing the correction factor 𝛽𝛽𝑖𝑖, which adjusts for the 
real-world complexities of non-planar surfaces and oblique sound wave incidence. Such adjustments are crucial 
for spaces like concert halls or atriums, where irregular geometries and diverse material properties influence 
sound behavior. By integrating 𝛽𝛽𝑖𝑖, the formula ensures a more realistic approximation of reverberation time, 
enabling precise optimization of acoustic environments. 

 
Figure 1 Schematic diagram of key environmental factors in building acoustics and their interactions. 

This diagram illustrates the complex interplay between noise levels, reverberation time, sound field distribution, 
and sound propagation characteristics. Each factor plays a crucial role in shaping the overall acoustic 
environment of a building. For example, high noise levels can negatively impact reverberation time, leading to 
reduced speech intelligibility and discomfort. Similarly, uneven sound field distribution and improper sound 
propagation control can result in acoustic dead zones or excessive sound reflections. By understanding these 
interactions, designers can adopt a more holistic approach to optimize architectural acoustics, ensuring that 
each factor is adequately addressed to enhance auditory comfort and functionality. 

Noise levels encompass external traffic noise, industrial noise, and human-generated noise within buildings [15-
17]. Excessively high noise levels can damage the human auditory system and disrupt normal daily life and work. 
Different building functions have varying noise level requirements; for instance, hospitals require quiet 
environments, while schools also need low noise levels to ensure effective teaching [18]. 

Reverberation time refers to the duration required for sound within a room to decay to a specified intensity 
level[19]. Excessively long reverberation times cause sound to trail off, impairing speech intelligibility; conversely, 
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too short a time makes sound dry and harsh. Different building types demand varying reverberation durations: 
concert halls require longer times to preserve musical richness and reverberation, while conference rooms need 
shorter times to ensure clear speech transmission[20]. 

Sound field distribution describes the propagation and distribution of sound within architectural spaces [21]. 
Uneven sound field distribution can result in excessively loud or soft sound levels in localized areas, 
compromising the overall quality of the acoustic environment. In large auditoriums, uneven sound field 
distribution may cause portions of the audience to experience difficulty hearing speeches or music clearly [22]. 

The characteristics of sound propagation involve the speed of sound transmission through different media, its 
attenuation patterns, and phenomena such as reflection, refraction, and diffraction [23]. Understanding these 
characteristics facilitates the implementation of appropriate acoustic measures for control and optimization, 
such as installing sound-absorbing materials or reflective surfaces to improve the acoustic environment. 

Building Acoustics Environmental Optimization Objectives 

Building acoustic environment optimization aims to enhance indoor acoustic quality through scientific design 
and appropriate material selection to meet the functional requirements of different buildings. Key optimization 
objectives include reducing noise interference, improving speech intelligibility, creating high-quality musical 
environments, and fulfilling specialized acoustic needs, as analyzed in Table 2. 

Table 2. Acoustic Optimization Targets for Different Building Types 

Building Type Optimization Objectives Key Design Considerations 

Public Buildings Improve speech intelligibility create high-quality music 
environment 

Control of reverberation time sound field 
uniformity 

Residential 
Buildings 

Reduce noise interference provide a quiet and comfortable living 
environment 

External sound insulation internal sound 
absorption 

Special Buildings Meet specific acoustic needs Sound insulation performance sound field 
control 

As shown in Table 2, the optimization objectives for different building types reflect the varying functional 
requirements and usage scenarios of these spaces. Public buildings, such as theaters and conference halls, 
prioritize speech intelligibility and sound field uniformity, while residential buildings focus on reducing noise 
interference to provide a quiet and comfortable living environment. Special buildings, like recording studios and 
hospitals, demand precise acoustic control to meet their specific functional needs. These objectives highlight 
the importance of tailoring acoustic optimization strategies to the unique characteristics of each building type. 
Achieving these goals often requires the integration of advanced simulation tools and acoustic modeling 
techniques to accurately predict and address the acoustic challenges specific to each scenario. 

Figure 2 presents a comparative analysis of acoustic optimization objectives for different types of buildings, 
including public, residential, and special buildings. This comparison highlights the varying requirements for noise 
reduction, speech intelligibility, and musical quality across building types, further showcasing the importance of 
tailored acoustic optimization strategies. 
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Figure 2 Comparison of acoustic optimization objectives for different building types. 

This comparison highlights the varying acoustic requirements for public, residential, and specialized buildings, 
emphasizing the need for tailored optimization strategies. Public buildings such as theaters and conference halls 
prioritize speech intelligibility and sound field uniformity, whereas residential spaces focus on minimizing noise 
interference to create a quiet, comfortable environment. Specialized buildings, like recording studios and 
hospitals, demand precise acoustic control to meet specific functional needs. These differences underline the 
importance of context-aware acoustic design, ensuring that optimization efforts align with the intended purpose 
of the building while maintaining cost efficiency and practical feasibility. 

As shown in Table 2, reducing noise interference involves implementing measures such as sound insulation and 
sound absorption to minimize the impact of external and internal noise on building interiors, thereby enhancing 
indoor quietness and comfort [24-26]. Specific acoustic material analyses are detailed in Table 3. Improving 
speech intelligibility entails optimizing reverberation time and sound field distribution to make speech signals 
clearer and more discernible, making it suitable for venues like conference rooms, classrooms, and theaters. 
Creating an optimal musical environment involves adjusting acoustic parameters—such as reverberation time 
and frequency response—according to the requirements of different music genres to achieve ideal listening 
experiences [27]. Specific analyses are detailed in Table 4. Scenarios with specialized acoustic demands include 
recording studios and hospitals. Recording studios require rooms with excellent sound insulation, uniform sound 
field distribution, and appropriate reverberation time to ensure recording quality [28]. Hospital wards, 
meanwhile, necessitate quiet environments through sound insulation and absorption measures to facilitate 
patient rest and recovery [29]. 

Table 3. Acoustic Material Performance Comparison 

Material Type Sound Absorption Coefficient Sound Insulation Level Applicable Scenarios 

Porous Sound-
Absorbing Materials 

High-frequency sound absorption good 
absorption coefficient up to 0.8-1.0 

Relatively low sound 
insulation about 20-30dB 

Wall sound absorption in 
conference rooms and concert 

halls 

Sound Insulation 
Materials Low sound absorption coefficient High sound insulation up 

to 40-60dB or more 
Sound insulation for partition 
walls and exterior windows 

 

The data in Table 3 highlights the distinct performance characteristics of various acoustic materials and their 
applications in different scenarios. Porous, sound-absorbing materials are highly effective in reducing high-
frequency noise, making them ideal for spaces like conference rooms and concert halls. In contrast, materials 
with superior sound insulation properties are better suited for partition walls and exterior windows, where 
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blocking noise transmission is critical. The careful selection and combination of these materials play a pivotal 
role in achieving the desired acoustic outcomes. Furthermore, understanding the trade-offs between sound 
absorption and insulation performance is essential for designing environments that balance quietness and 
acoustic clarity without compromising aesthetic or functional requirements. 

Table 4. Acoustic Design Parameter Range 

Parameter Value Range Optimization Recommendations 

Reverberation Time (Living Room) 0.3-0.5 seconds Adjust using sound-absorbing materials 

Reverberation Time (Theater) 1.5-2.0 seconds Combine spatial design and material selection 

Noise Level (Bedroom) ≤30dB Enhance sound insulation measures 

Noise Level (Office) ≤40dB Reasonable layout to reduce internal noise 

 

Table 4 provides valuable insights into the recommended ranges of key acoustic design parameters for various 
building types. For example, the suggested reverberation time for theaters ensures that musical performances 
retain their richness, while the shorter reverberation time for living rooms prioritizes clear speech 
communication. Similarly, noise level thresholds for bedrooms and offices emphasize the importance of creating 
environments conducive to relaxation and productivity, respectively. These parameters serve as benchmarks for 
designers, enabling them to make informed decisions when selecting materials and designing spaces. By 
adhering to these guidelines, it is possible to create acoustic environments that meet functional requirements 
while enhancing user comfort and satisfaction. 

Key Considerations in Acoustic Design 

In architectural acoustic design, beyond the aforementioned core elements and optimization objectives, 
multiple factors must be comprehensively considered to ensure the optimized acoustic environment meets 
practical usage requirements. These include: 1) Building Function and Purpose. Buildings with different functions 
exhibit significant variations in acoustic environment requirements. At the outset of acoustic design, clearly 
defining the building's function and purpose is a prerequisite for establishing acoustic objectives and selecting 
appropriate acoustic measures [30]; 2) Spatial layout and form. The spatial arrangement and architectural form 
directly influence sound wave propagation and reflection characteristics. A well-designed spatial layout and form 
can provide favorable conditions for acoustic optimization, reducing the difficulty and cost of subsequent 
acoustic treatments [31]; 3) Material Selection and Application. The performance characteristics of acoustic 
materials play a crucial role in optimizing the acoustic environment. When selecting acoustic materials, 
comprehensive consideration must be given to factors such as sound absorption coefficient, sound insulation 
rating, fire resistance, and environmental performance. This ensures the material properties align with acoustic 
design requirements while meeting building safety and environmental standards [32-34]. 4) Economic Costs and 
Budgeting. Optimizing acoustic environments typically involves significant economic investment, including 
procurement and installation of acoustic materials, as well as design and consulting fees. Practical projects must 
balance acoustic performance with economic costs by ensuring optimal results while maintaining reasonable 
expenditure [35]. 

For analyzing noise propagation and attenuation in enclosed architectural spaces, a complex model 
incorporating frequency-dependent absorption and diffraction effects is given as: 

𝐿𝐿𝑝𝑝(𝑓𝑓) = 𝐿𝐿𝑤𝑤 − 20 ⋅ log10 (𝑟𝑟) − 1
2
⋅ ln �𝜔𝜔⋅𝜂𝜂

𝜌𝜌⋅𝑐𝑐2
� − ∑  𝑛𝑛

𝑖𝑖=1
𝛼𝛼𝑖𝑖(𝑓𝑓)⋅𝑆𝑆𝑖𝑖
𝐴𝐴𝑒𝑒𝑒𝑒

 (2) 

The frequency-dependent sound pressure level at the receiver point, denoted as 𝐿𝐿𝑝𝑝(𝑓𝑓), is influenced by multiple 
factors, including the sound power level of the source ( 𝐿𝐿𝑤𝑤  ) and the distance between the source and the 
receiver (𝑟𝑟). The angular frequency of the sound wave, defined as 𝜔𝜔 = 2𝜋𝜋𝜋𝜋, also plays a critical role, where 𝑓𝑓 
is the frequency of the sound. Additionally, the viscosity of air (𝜂𝜂) contributes to sound energy dissipation, while 
the air density (𝜌𝜌)  and the speed of sound in air (c) further affect the propagation dynamics. The 
frequencydependent absorption coefficient of the 𝑖𝑖 -th material ( 𝛼𝛼𝑖𝑖(𝑓𝑓)  ) and the surface area of the 𝑖𝑖 -th 
material ( 𝑆𝑆𝑖𝑖  ) also interact with the equivalent absorption area ( 𝐴𝐴𝑒𝑒𝑒𝑒  ), collectively determining the attenuation 
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and distribution of sound pressure across the environment. This comprehensive relationship highlights the 
complex interplay of physical, material, and environmental factors in shaping acoustic behavior. 

This extended formula captures the intricate interactions of sound waves with architectural surfaces by explicitly 
modeling frequency-dependent absorption and air viscosity effects. The logarithmic term accounts for 
geometric spreading losses, while the summation term models the cumulative effect of multiple materials' 
absorption. This formula is particularly valuable for spaces like industrial plants or airports, where high-
frequency noise and large spatial dimensions require advanced acoustic optimization. 

Practical Strategies for Acoustic Environment Optimization 

To effectively optimize the architectural acoustic environment, designers and engineers can adopt the following 
practical strategies: 

First, acoustic design should be integrated into the overall planning during the early stages of architectural 
design, coordinated with other specialized disciplines. Through close collaboration with other fields such as 
architecture, structural engineering, and HVAC, the acoustic design solutions must be harmonized with the 
building's overall design to avoid extensive modifications and rework later due to acoustic issues [36]. 

Secondly, professional acoustic simulation software is employed to simulate and analyze the building's acoustic 
environment. By establishing acoustic models and inputting architectural design parameters along with acoustic 
material performance data, the acoustic performance within the building can be predicted, including noise levels, 
reverberation time, and sound field distribution [37]. Based on the simulation results, the acoustic design 
scheme is promptly adjusted to optimize acoustic measures, thereby enhancing the accuracy and reliability of 
the acoustic design. 

Following the completion of construction, conducting on-site acoustic testing is a critical step in verifying the 
effectiveness of the acoustic design. By utilizing specialized acoustic testing equipment, in-situ measurements 
of indoor acoustic parameters—such as noise levels, reverberation time, and sound insulation—are taken and 
compared against the acoustic design objectives for analysis [38]. 

Finally, as demands for acoustic environmental quality continue to rise and acoustic technologies advance, the 
optimization of architectural acoustic environments also requires ongoing refinement and innovation [39]. 
Keeping abreast of the latest research findings and cutting-edge technologies in the field of acoustics—such as 
the development of novel acoustic materials and the application of intelligent acoustic control systems [40]—
and integrating these appropriately into acoustic design will continuously elevate the level of acoustic 
environment optimization. 

Intelligent Algorithm-Based Method for Optimizing Architectural Acoustic 
Environments 

Acoustic Model Construction and Algorithm Integration 

The construction of acoustic models forms the foundation for optimizing architectural acoustic environments. 
Common acoustic models include geometric acoustic models [41], wave acoustic models [42], and statistical 
acoustic models [43]. Geometric acoustic models are suitable for high-frequency sound field simulations, 
treating sound as rays propagating and reflecting within a space. Wave acoustic models, based on wave 
equations, account for sound wave diffraction and interference phenomena, making them appropriate for low-
frequency sound field simulations. Statistical acoustic models, such as reverberation theory models, are 
primarily used to estimate parameters like the average reverberation time within a room. 

In practical applications, after selecting an appropriate acoustic model based on the specific problem, it must be 
integrated with intelligent algorithms. The integration process is as follows: 1) Identify optimization variables: 
Based on acoustic design objectives, determine adjustable design variables such as the position and thickness of 
sound-absorbing materials, the sound insulation performance of walls, and the shape and dimensions of the 
room; 2) Establish an interface between the acoustic model and the intelligent algorithm, mapping the acoustic 
model's inputs to the algorithm's parameters and using the acoustic model's outputs as the fitness function 
values for the intelligent algorithm; 3) Execute the intelligent algorithm, which evaluates the quality of different 
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design variable combinations based on fitness function values and iteratively optimizes the design variables to 
achieve optimal acoustic performance [44]. 

To provide a clearer understanding of the integration process between acoustic modeling and intelligent 
algorithms, Figure 3 illustrates the workflow. It highlights key steps such as identifying optimization variables, 
establishing interfaces, and executing intelligent algorithms for iterative optimization. 

 
Figure 3 Workflow of architectural acoustic environment optimization integrating acoustic modeling 

and intelligent algorithms. 

This workflow demonstrates the systematic integration of acoustic modeling with intelligent algorithms, offering 
a structured approach to optimizing building acoustics. The process begins with identifying key optimization 
variables, such as material properties and room dimensions, followed by establishing a seamless interface 
between the acoustic model and the intelligent algorithm. This enables iterative optimization to achieve desired 
acoustic outcomes. By leveraging intelligent algorithms like genetic algorithms or particle swarm optimization, 
this method provides more accurate and efficient solutions compared to traditional trial-and-error approaches, 
particularly for complex, multi-variable acoustic challenges. 

Noise Control Optimization Methods 

Optimization methods for noise control based on intelligent algorithms primarily address three aspects: noise 
sources, propagation paths, and reception points [45-47], as detailed below: 

Noise source control involves reducing the intensity of noise sources through methods such as optimizing 
equipment selection and adjusting equipment layout [45]. In industrial plant design, [48] employs intelligent 
algorithms to select low-noise equipment and determine optimal placement locations, thereby lowering noise 
levels within the facility. 

Transmission path control employs measures such as sound absorption, sound insulation, and noise reduction 
to block noise propagation [46]. Intelligent algorithms can optimize the placement and area of sound-absorbing 
materials, as well as design parameters for sound-insulating structures, such as wall thickness and material 
combinations [49]. Reference [50] employs intelligent algorithms to determine optimal sound insulation 
material combinations and wall structures in building partition wall design, enhancing sound insulation 
effectiveness. 

To optimize the placement and performance of acoustic barriers, a more comprehensive model for sound 
diffraction and barrier attenuation is proposed as: 

Δ𝐿𝐿(𝑓𝑓) = 10 ⋅ log10 �1 + 𝜆𝜆2

4⋅ℎ2
�+ 𝛾𝛾⋅cos (𝜃𝜃)

1+(𝑟𝑟/ℎ)2
 (3) 

The frequency-dependent attenuation provided by the barrier, denoted as Δ𝐿𝐿(𝑓𝑓), is determined by several 
interrelated factors. The wavelength of the sound wave, expressed as 𝜆𝜆 = 𝑐𝑐/𝑓𝑓, where 𝑐𝑐 is the speed of sound 
and 𝑓𝑓 is the sound frequency, plays a crucial role in defining diffraction behavior. The effective height of the 
barrier ( ℎ ) significantly influences its ability to block or diffract sound waves, while the material-dependent 
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reflection coefficient ( 𝛾𝛾 ) characterizes how much of the incident sound energy is reflected by the barrier surface. 
Additionally, the angle of incidence of the sound wave relative to the barrier ( 𝜃𝜃 ), measured in radians, affects 
the efficiency of sound redirection and attenuation. Finally, the distance from the sound source to the barrier 
(𝑟𝑟) contributes to the geometric spreading and diffraction effects, collectively shaping the overall attenuation 
performance of the barrier across different frequencies. 

This formula accounts for both diffraction effects around the barrier and the reflection effects due to the 
material properties. The inclusion of 𝛾𝛾  and 𝜃𝜃  enables the precise calculation of barrier performance under 
varying sound wave orientations and material characteristics. This approach is essential for noise control in 
urban environments or along highways, where barriers are used to minimize noise exposure for surrounding 
residential areas. 

Reception point protection involves implementing measures near noise receptors to reduce impact, such as 
installing sound enclosures or soundproof rooms [47]. Intelligent algorithms can optimize enclosure shape and 
material selection based on receptor location and noise propagation characteristics to achieve optimal noise 
reduction [51]. 

Methods for Optimizing Reverberation Time 

Reverberation time is a critical and widely studied metric in the field of architectural acoustics, as it plays a 
significant role in determining the auditory experience and acoustic performance of a space. The optimization 
of reverberation time involves various methods, which primarily focus on the careful selection and strategic 
arrangement of materials with specific acoustic properties, adjustments to the spatial configuration to better 
control sound reflections, and the implementation of other targeted approaches to achieve desired acoustic 
outcomes [52-54]. To provide a deeper understanding of these strategies, specific case studies detailing the 
methods and results of reverberation time optimization are comprehensively presented in Table 5. 

Table 5. Reverberation Time Optimization Case Study 

Case Optimization Method Optimization Effect 

Concert Hall Reverberation 
Time Optimization 

Using ant colony algorithm to optimize sound-
absorbing material layout and spatial design 

Reverberation time optimized from 1.8 seconds to 
1.6 seconds significant improvement in sound 

quality 

Conference Room 
Reverberation Time 

Optimization 

Using genetic algorithm to select suitable 
sound-absorbing materials and layout 

positions 

Reverberation time optimized from 0.6 seconds to 
0.4 seconds speech intelligibility improved 

The examples in Table 5 demonstrate how intelligent algorithms can optimize reverberation time for different 
building types. In concert halls, the use of ant colony algorithms to optimize the layout of sound-absorbing 
materials and spatial design led to a significant improvement in sound quality. Similarly, genetic algorithms 
applied to conference rooms enhanced speech intelligibility by reducing reverberation time. These case studies 
underscore the practical benefits of integrating intelligent algorithms with acoustic design, allowing for precise 
and efficient optimization of complex acoustic parameters. Such approaches not only improve the auditory 
experience but also provide valuable insights for future projects aiming to enhance acoustic performance in 
similar settings. 

Material selection and placement involve choosing appropriate sound-absorbing materials and strategically 
positioning them on interior walls, ceilings, and floors. Intelligent algorithms can optimize the type, thickness, 
and placement of these materials based on specific target reverberation times. In theater design, as documented 
in [52], intelligent algorithms determine the optimal layout of sound-absorbing materials across different zones, 
achieving reverberation times within the desired range. 

To calculate the energy decay profile of a room, a differential equation describing the sound energy loss over 
time is introduced: 

𝑑𝑑𝑑𝑑(𝑡𝑡)
𝑑𝑑𝑑𝑑

= −𝑐𝑐⋅𝐴𝐴
4𝑉𝑉
⋅ 𝐸𝐸(𝑡𝑡) (4) 

The sound energy density at a given time, denoted as 𝐸𝐸(𝑡𝑡) and measured in joules per cubic meter (𝐽𝐽/𝑚𝑚3), is 
governed by the dynamic relationship between the physical and acoustic properties of the space. The speed of 
sound in air ( 𝑐𝑐, measured in meters per second) determines the rate at which sound energy propagates, while 
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the total absorption area ( 𝐴𝐴, in square meters of absorption units) quantifies the capacity of the room's surfaces 
to absorb sound energy and reduce reflections. Additionally, the volume of the room ( 𝑉𝑉, in cubic meters) plays 
a critical role, as larger spaces allow sound energy to disperse more widely, reducing its density over time. 
Together, these factors interact to define the temporal decay of sound energy within the space, influencing the 
acoustic experience and the reverberation characteristics of the environment. 

This equation can be solved to give the exponential decay of sound energy: 

𝐸𝐸(𝑡𝑡) = 𝐸𝐸0 ⋅ exp �− 𝑐𝑐⋅𝐴𝐴
4𝑉𝑉
⋅ 𝑡𝑡� (5) 

Where 𝐸𝐸0 is the initial sound energy density. 

This model provides a time-domain representation of sound decay, enabling the calculation of reverberation 
time as the time required for 𝐸𝐸(𝑡𝑡) to drop to a defined threshold (e.g., -60 dB ). This equation is critical for 
designing spaces such as auditoriums, where precise control of sound energy decay ensures optimal auditory 
experiences. 

Spatial configuration adjustments alter a room's shape and dimensions, influencing sound wave reflections and 
propagation paths to modify reverberation time [53]. Intelligent algorithms can optimize spatial parameters 
such as adjusting room aspect ratios and installing diffusers to enhance reverberation effects [54]. 

To better demonstrate the effectiveness of intelligent algorithm-based methods in optimizing reverberation 
time, Figure 4 provides case study results. It shows the improvement in reverberation time for specific building 
types, such as concert halls and conference rooms, before and after optimization. 

 
Figure 4 Case study results of reverberation time optimization in different buildings. 

The results depicted in this figure demonstrate the effectiveness of intelligent algorithm-based methods in 
optimizing reverberation time across various building types. For instance, in concert halls, fine-tuning the 
placement of sound-absorbing materials and adjusting spatial configurations significantly enhances sound 
quality, preserving musical richness. Similarly, conference rooms benefit from reduced reverberation times, 
improving speech intelligibility for listeners. These case studies underscore the practical value of intelligent 
algorithms in achieving precise acoustic control, ensuring that optimization efforts align with the unique 
requirements of each architectural space. 

Integrated Optimization Method for Acoustic Design 

Integrated acoustic design optimization methods combine architectural acoustics with other disciplines such as 
architectural design and structural engineering, comprehensively considering factors including acoustic 
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performance, spatial utilization, and economic efficiency. Intelligent algorithms play a crucial role in solving 
these multi-objective optimization problems. 

During the architectural design phase, acoustic designers collaborate with architects, structural engineers, and 
other professionals to jointly determine the building's spatial layout, structural form, and material selection to 
meet acoustic and other disciplinary requirements [55]. Intelligent algorithms can comprehensively optimize 
parameters across multiple disciplines to identify optimal design solutions that satisfy multidisciplinary 
constraints. 

From the perspective of the entire life cycle—spanning architectural planning and design, construction, 
operation, and eventual demolition and recycling—consider optimizing the acoustic environment [56]. 
Intelligent algorithms can assist in evaluating the acoustic performance and economic costs of different design 
options throughout the entire life cycle, enabling the selection of the optimal design solution. 

Application Analysis of Building Acoustic Environment Optimization Based on 
Intelligent Algorithms 

Acoustic Optimization for Public Buildings 

Public buildings, due to their diverse functions and complex spatial configurations, impose special requirements 
on acoustic environments. The application of intelligent algorithms in acoustic optimization for public buildings 
can effectively enhance their acoustic quality and improve the auditory experience for occupants [57-59]. 

In theater acoustic optimization, intelligent algorithms enhance speech intelligibility and musical richness by 
optimizing seating arrangements, the placement of sound-absorbing materials on walls and ceilings, and stage 
acoustic design [57]. Following the application of genetic algorithms to optimize acoustic design schemes in [60], 
speech clarity in the audience area improved, and acoustic performance during musical performances was 
significantly enhanced. 

In concert hall acoustic optimization, intelligent algorithms are employed to adjust acoustic parameters such as 
reverberation time and sound field distribution, creating an acoustic environment suitable for various types of 
musical performances [58]. Following optimization via the particle swarm optimization algorithm in [61], the 
distribution of reverberation time across different frequencies became more uniform, resulting in more 
consistent acoustic effects throughout the audience seating areas. 

In conference hall acoustic optimization, the primary focus is on speech intelligibility and sound field uniformity 
[59]. By employing intelligent algorithms to optimize the placement of sound-absorbing materials and the hall's 
geometry, clear audibility of presentations is ensured from every seat. Following optimization with intelligent 
algorithms as described in [62], speech intelligibility significantly improved, eliminating the need for 
amplification equipment during meetings. 

To evaluate the spatial uniformity of sound fields in public buildings, the concept of spatial energy distribution 
variance is introduced: 

Variance = 1
𝑁𝑁
∑  𝑁𝑁
𝑖𝑖=1 �𝐿𝐿𝑝𝑝(𝑖𝑖) − 𝐿𝐿‾𝑝𝑝�

2
 (6) 

The number of measurement points in the space is denoted as 𝑁𝑁, where each point has a corresponding sound 
pressure level 𝐿𝐿𝑝𝑝(𝑖𝑖) (in dB ) at the 𝐢𝐢-th point. The mean sound pressure level across all points is represented as 
𝐿𝐿‾𝑝𝑝 (in dB ), calculated as the average of the individual sound pressure levels measured at all 𝑁𝑁 points. 

This formula quantifies the variance in sound pressure levels across a space, with lower variance indicating a 
more uniform sound field. By minimizing this variance during design, public buildings such as theaters or concert 
halls can achieve consistent auditory experiences for audiences seated at different locations. 

The above analysis highlights key aspects of acoustic optimization in architectural design, particularly in public 
buildings where acoustic performance is essential for functionality and user comfort. To provide a more detailed 
and practical understanding, a comparative case study focusing on various acoustic optimization strategies and 
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their outcomes in different types of public buildings has been conducted. The findings, which illustrate the 
effectiveness of these strategies in real-world applications, are comprehensively presented in Table 6. 

Table 6. Case Studies of Acoustic Optimization in Public Buildings 

Building Type Acoustic Issues Before Optimization Improvement Effects After Optimization 

Theater Poor speech intelligibility sound noisy in some 
areas 

Speech intelligibility improved acoustic performance 
significantly enhanced 

Concert Hall Uneven reverberation time uneven sound field 
distribution 

Reverberation time distribution uniform sound field 
consistency improved 

Conference 
Hall 

Insufficient speech intelligibility and sound field 
uniformity 

Speech intelligibility significantly improved 

 

As presented in Table 6, the optimization of acoustic environments in public buildings demonstrates the 
transformative impact of intelligent algorithm-based methods. In theaters, improvements in speech intelligibility 
and sound field distribution significantly enhanced the audience experience. Similarly, optimizing reverberation 
time and sound field consistency in concert halls ensured that musical performances were delivered with clarity 
and richness. In conference halls, enhanced speech intelligibility eliminated the need for additional amplification, 
creating a more natural auditory environment. These examples highlight the importance of precise acoustic 
design tailored to the unique requirements of each public space, ensuring functional and aesthetic harmony. 

Figure 5 compares the sound field distribution in a theater before and after acoustic optimization. The optimized 
design significantly improves sound field uniformity, enhancing both speech intelligibility and musical richness 
for the audience. 

 
Figure 5 Comparison of sound field distribution in a theater before and after acoustic optimization. 

This figure highlights the transformative impact of acoustic optimization on sound field distribution in a theater 
setting. Prior to optimization, the sound field exhibited uneven distribution, with certain areas experiencing 
excessive loudness or inadequate sound levels. After optimization, the sound field became more uniform, 
enhancing auditory experiences for all audience members, regardless of their seating location. This 
improvement demonstrates the capability of intelligent algorithms to analyze and address complex sound 
propagation issues, ensuring high-quality acoustic performance tailored to the specific needs of performance 
spaces. 

Acoustic Optimization of Residential Buildings 

A favorable acoustic environment is crucial for residential buildings, directly impacting residents' quality of life 
and physical and mental well-being. The application of intelligent algorithms in acoustic optimization for 
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residential buildings can create a quiet and comfortable living environment for residents. Acoustic optimization 
analysis for residential buildings is shown in Table 7. 

Table 7. Acoustic Optimization Analysis for Residential Buildings 

Building Type Acoustic Issues Before Optimization Improvement Effects After Optimization 

Residential 
Buildings 

Severe interference from external traffic noise noisy 
indoors 

Indoor noise reduced quietness and comfort 
improved 

Apartments Severe sound reflections long reverberation time Reverberation time shortened speech clarity 
improved 

 

Table 7 indicates that residential acoustic optimization primarily addresses disturbances caused by external 
traffic noise and neighborhood noise within living spaces [63]. By employing intelligent algorithms to optimize 
the sound insulation performance of exterior windows and partition walls, along with the placement of indoor 
sound-absorbing materials, the quietness and comfort of indoor environments are enhanced. Following acoustic 
optimization design based on intelligent algorithms as described in [64], indoor noise levels decreased, and 
residents' satisfaction with their living environment significantly improved. Apartment acoustic optimization 
involves enhancing the indoor acoustic environment within limited spaces through methods such as rational 
furniture arrangement and selection of appropriate acoustic decorative materials [65]. Intelligent algorithms can 
help determine optimal material layout schemes and furniture placement to achieve the best acoustic effects 
[66-68]. 

Special Building Acoustic Optimization 

Special buildings, such as recording studios, hospitals, and schools, impose extremely stringent requirements on 
their acoustic environments due to their highly specialized functions and unique operational needs. Achieving 
optimal acoustic performance in these spaces is critical, as it directly impacts the quality of the activities 
conducted within them. For instance, recording studios require precise control over background noise, 
frequency response, and reverberation to ensure high-quality audio recordings. Similarly, hospital environments 
necessitate quiet and restful conditions to aid in patient recovery, while schools rely on effective acoustic design 
to enhance speech intelligibility and improve teaching outcomes. 

The application of intelligent algorithms in the acoustic optimization of special buildings has proven to be an 
effective approach to addressing these complex demands [69-70]. By leveraging the computational power and 
adaptability of intelligent algorithms, designers can precisely model acoustic environments, optimize material 
selection, and adjust spatial configurations to meet specific performance criteria. These methods not only 
enhance the acoustic quality of these spaces but also provide cost-effective and efficient solutions that align 
with the functional requirements of each building type. A detailed acoustic optimization analysis for special 
buildings is presented in Table 8, showcasing practical examples and their corresponding improvements in 
acoustic performance. 

Table 8. Acoustic Optimization Analysis for Special Buildings in Shenzhen 

Building Type Acoustic Issues Before Optimization Improvement Effects After Optimization 

Recording 
Studio 

High background noise uneven frequency 
response 

Background noise reduced frequency response fluctuations 
controlled 

Hospital Ward Severe noise interference affecting patient 
recovery Noise in patient rooms reduced recovery environment improved 

School 
Classroom 

Low speech intelligibility affecting teaching 
effectiveness 

Speech intelligibility improved student listening efficiency 
significantly enhanced 

 

Table 8 indicates that acoustic optimization for recording studios demands exceptionally stringent acoustic 
environmental requirements, necessitating a noise-free, echo-free acoustic space with flat frequency response 
[71]. Intelligent algorithms can precisely optimize studio dimensions, selection and placement of sound-
absorbing materials, and design of acoustic diffusers to ensure high-quality recording outcomes [72]. Following 
optimization with intelligent algorithms as described in [73], background noise levels decreased, and fluctuations 
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in the frequency response curve were controlled within specified limits. Hospital acoustic optimization employs 
intelligent algorithms to optimize the design of soundproof doors and windows in hospital wards, along with the 
placement of interior sound-absorbing materials. This reduces noise levels within patient rooms while 
minimizing external noise interference [74]. School acoustic optimization employs intelligent algorithms to 
enhance classroom acoustic design, improving speech intelligibility and ensuring students clearly hear 
instructional content [75]. Literature [76] reports significantly increased student listening efficiency following 
classroom acoustic environment optimization using intelligent algorithms. 

Challenges 
Although research on optimizing architectural acoustic environments using intelligent algorithms has achieved 
certain results, several issues remain to be addressed, including computational efficiency, data acquisition and 
model validation, and balancing multi-objective optimization [77]. 

Computational Efficiency Issues 

Intelligent algorithms often involve substantial computational demands and extended processing times when 
addressing large-scale architectural acoustics optimization problems, thereby compromising their practical 
application efficiency. In the acoustic design of large building complexes, the involvement of numerous acoustic 
parameters and complex acoustic models can result in computational times for intelligent algorithms reaching 
several hours or even days, significantly hindering practical design work [77]. 

Data Acquisition and Model Validation 

Accurately obtaining relevant data on architectural acoustic environments is challenging, and there exists a 
certain degree of error between established acoustic models and actual acoustic conditions, making model 
validation complex [78]. In practical engineering, acquiring acoustic data requires extensive on-site 
measurements and experiments. This process is not only time-consuming and labor-intensive but also yields 
potentially inaccurate results due to limitations in measurement environments and conditions [79]. Furthermore, 
the complexity of architectural acoustic environments often prevents established acoustic models from fully and 
accurately reflecting reality. Validating these models demands substantial experimental data and sophisticated 
analytical methods [80]. 

Multi-Objective Optimization Balancing 

In integrated acoustic design optimization, balancing acoustic performance with other design objectives 
presents a challenging problem [81]. In architectural design, enhancing acoustic performance may require 
increasing the use of sound-absorbing materials or altering spatial layouts, which could lead to higher 
construction costs or reduced space utilization [82]. Therefore, achieving maximum economic efficiency and 
spatial utilization while meeting acoustic performance requirements remains a critical issue requiring resolution 
in current research. 

Conclusions and Outlook 
Intelligent algorithm-based methods for optimizing architectural acoustic environments demonstrate significant 
potential and value in both theory and practice. By integrating optimized acoustic models with intelligent 
algorithms, these approaches effectively address challenges such as noise control and reverberation time 
optimization within architectural acoustic environments, thereby enhancing the acoustic quality of buildings. 
Practical case studies indicate that these methods can provide customized acoustic optimization solutions for 
diverse building types, improving auditory experiences and overall quality of life. 

To enhance the computational efficiency and solution accuracy of building acoustic environment optimization 
methods, future research will focus on improving and innovating intelligent algorithms, promoting 
multidisciplinary integration, and expanding practical engineering applications. To further develop more 
efficient intelligent algorithms and improve their computational efficiency and solution accuracy for large-scale 
building acoustic optimization problems, new hybrid intelligent algorithms will be explored by integrating 
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emerging technologies such as deep learning. Strengthen interdisciplinary research integrating architectural 
acoustics with building physics, computer science, materials science, and other fields to broaden the scope and 
depth of intelligent algorithm-based architectural acoustic optimization applications. Establish a more robust 
acoustic model validation and data acquisition system to promote the adoption and dissemination of intelligent 
algorithm-based architectural acoustic optimization methods in a wider range of practical engineering projects. 
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