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Abstract  ̶  The research presented in this paper, firstly, aims to convey the importance of our acoustic 

environment through focusing on the effects of undesirable acoustic conditions on cognitive abilities in 

spaces where cognitive performance is of the utmost concern, our learning environments. Secondly, it 

aims to investigate current state-of-the-art acoustic simulation methods, available platforms, and their 

levels of interoperability with architectural BIM authoring software. Structured interviews were carried 

out with 7 Irish architects and architectural technologists to determine if a disconnection between 

architectural design and acoustic performance exists and to identify the advantages and disadvantages 

of current workflows for acoustic performance evaluation. Additionally, industry opinions were 

gathered on whether it is measurable that our acoustic environments are at a disadvantage as a result of 

the apparent gap in available integrated acoustic evaluation solutions for a BIM-enabled design 

workflow, and finally to investigate industry demand for better integration of acoustic evaluation tools 

with BIM authoring platforms. 

Keywords  ̶  Building Information Modelling, Aural Architecture, Psychoacoustics, Acoustic Simulation 

Technology, BIM Integration, Odeon Room Acoustics 
   

I INTRODUCTION 

We experience our built environment on many 

sensory levels, nevertheless, an overriding 

dominance of visual aesthetics in architectural 

design prevails. This pre-eminence of image greatly 

influences designers’ decisions upon geometries, 

spatial proportion, and materials which may bear 

consequences for a mostly overlooked but 

nonetheless crucial aspect of our built environment, 

the acoustic environment.  

Acoustic simulation tools have, for the most part, 

been considered by architects and designers to 

require levels of knowledge which lie beyond the 

purview of their expertise, deemed solely the 

apparatus of acousticians and acoustic consultants. 

In a sense this is true, acoustics is a deep and 

complicated field of physics requiring specialist 

knowledge and understanding to interpret the more 

involved parameters and intimate qualities of 

reflected and refracted sound. However, for the 

architectural designer, in depth analysis may not 

always be of necessity. Parameters which bear most 

significance on the quality of the acoustic 

environment such as Reverberation Time (RT), 

Signal-to-Noise Ratio’s (SNR), the Speech 

Transmission Index (STI), and Sound Pressure 

Levels (SPL’s) are among the most easily 

understood. Further to this, most acoustic 

simulation solutions provide the ability to listen to 

the acoustic environment of a proposed design, a 

process known as auralisation. This ability along 

with an understanding of basic acoustic principles 

can equip the designer with the means to evaluate 

the acoustic environment of a proposed design and 

enhance acoustic performance prior to construction. 

The most advantageous solutions would seek to 

leverage the power of building information 

modelling (BIM) through attaining a bi-directional 

exchange of building data between BIM authoring 

platforms and acoustic simulation software. 

II CONTEXT OF THE RESEARCH 

This research was carried out through a study of the 

current literature on the principles of Aural 

architecture, Psychoacoustics, and Building 

Acoustics. A literature review was then carried out 

to investigate the capabilities of current state-of-the-

art acoustic simulation software and levels of 

interoperability with BIM authoring platforms and 

an evaluation of one of the leading software 

packages is presented. Structured interviews were 

carried out with 7 Irish architects and architectural 

technologists to determine if a disconnection exists 

between architectural design and acoustic 

performance and also to Identify the advantages and 

disadvantages of current workflows for acoustic 

evaluation and gather industry opinions on whether 

it is felt that our acoustic environments are at a 

disadvantage as a result of the apparent gap in 
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available integrated acoustic evaluation solutions 

for a BIM-enabled design workflow.  

 

III OBJECTIVES & METHODOLOGIES 

Objective 1 To critically evaluate our 

relationship with our acoustic ecology, investigate 

how and why sounds affect us, and the impact it can 

have on our learning abilities. 

Methodology Literature review on Aural 

Architecture (the human experience of sound within 

a space) and Psychoacoustics (our psychological 

responses associated with sound). 

Objective 2 To investigate the causes of poor 

acoustic performance in buildings and what 

measures can be taken to mitigate these impacts. 

Methodology Literature review on spatial 

acoustics (sound within space), noise & building 

acoustics (control of noise within space). 

Objective 3 To investigate available state-of-

the-art acoustic simulation technologies and current 

levels of interoperability with BIM authoring 

platforms.  

Methodology A literature review on acoustic 

simulation methods is carried out to ascertain 

currently available acoustic simulation technology 

and the problems associated with attaining 

interoperability with BIM authoring software. An 

evaluation methodology is then used to critically 

appraise the practical use of a leading acoustic 

simulation program, the process for carrying out 

acoustic simulation, the results that can be obtained, 

and the benefits it could offer a BIM-enabled 

workflow if interoperability challenges can be 

overcome. 

Objective 4 To critically examine current 

design approaches in architectural design for 

acoustic performance evaluation. To determine if 

there is a disconnection between architectural 

design and acoustic performance. To investigate 

opinions on the importance of the acoustic 

environment in learning spaces, whether acoustic 

analysis is deemed necessary for such places, and 

are these spaces at a disadvantage by the apparent 

gap in the availability of an integrated acoustic 

evaluation solution for BIM authoring software.    

Methodology Thematic analysis using a hybrid 

approach of inductive and deductive coding and 

theme development will be used to pinpoint, 

examine, and record patterns of meaning from the 

data collected from structured interviews.  

IV LITERATURE REVIEW 

AURAL ARCHITECTURE 

All sound seeks its expression in the medium of 

space [1]. Every space, be it natural or man-made, 

spawns an aural architecture. The acoustical 

characteristics of space are determined by its spatial 

geometry, surfaces, objects, and materials. What 

determines the aural qualities of a space is the 

human experience of these acoustic aspects [2]. 

Aural architecture is the properties of space which 

can be experienced through listening. It is the 

formation of a real and unreal place that produces 

the emotional/affective, behavioural, and life-

related reactions of the sensitive living being [3].   

Humans have a native ability to sense spatial 

characteristics through listening. This auditory 

spatial awareness is an evolutionary artefact [4], a 

part of our genetic inheritance found to be 

significantly associated with the complexity of 

geographical conditions and survival demands [5] 

allowing us to thrive in socially complex groups [6]. 

This ability allows us to navigate our surroundings, 

identify the location of sound sources, compensate 

for the influence of spatial acoustics on 

communications, and appropriate selection of a 

target voice amongst a number of voices [7].  

Our perception of architecture is a multi-

sensory experience [8]. However, design processes 

for the design of spaces other than those requiring 

high acoustic performance gravitate more towards 

conveying artistic expression through the visual [9]. 

Orienting itself towards the designers and their 

intentions and away from occupancy [10] without 

nearly as much consideration towards its sonic 

component, aural architecture [11]. This overriding 

pre-eminence of image over the actual multisensory 

experience of space diminishes the full design 

potential and limits the depth of its study [12]. 

While commentators from many different 

disciplines will agree on the pre-eminence of vision 

in architectural design, we can only ponder what has 

been lost as a result of this visual dominance [13].     

Consequentially, ill-considered acoustic features 

such as geometry, proportion, and materials can 

promote undesirable acoustic conditions 

engendering a built environment that provides a 

saturated amount of poor-quality acoustic 

experiences in need of acoustic correction to be 

carried out in remedial fashion [2]. In the context of 

learning environments, a poor acoustically 

performing space fails to correspond to its function, 

potentially inhibiting our cognitive abilities [14], 

posing barriers to learning [15], and failing in its 

purpose. 

PSYCHOACOUSTICS 

Over the past century, researchers have carried out 

several studies on the psychological, physiological, 

and academic effects of noise [16]–[20]. The 

landmark study by Morgan (1917) first established 

the effects that noise can have on cognitive 

performance. Results from his experiment, which 

studied participants attempting to learn new 
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information in both quiet and noisy environments, 

found that the participants in a noisy environment 

showed a diminished attention span and were less 

likely to retain information than their counterparts.  

Since this publication, many researchers 

have continued to demonstrate the negative effects 

of auditory distraction on learning abilities. 

Although the literature seems to lack broader 

theoretical frameworks that can explain how 

auditory distraction occurs, studies have found that 

Chronic noise exposure impairs cognitive 

functioning [21] and noisy environments can lead to 

reading problems [22], [23]. More recently Shield 

and Dockrell (2003) carried out an extensive 

literature review relating to the effects of noise 

which covered factors affecting speech 

intelligibility, annoyance, and the effects of 

environmental and classroom noise on academic 

performance. They found evidence that classroom 

noise levels can be high, particularly in rooms 

without acoustic treatment with the main 

detrimental effect of noise being the degradation of 

speech intelligibility [24]. Although there appears to 

be a shortfall of available literature of studies on 

adult learners, a considerable amount of research on 

speech intelligibility points to children who, being 

in the process of acquiring vocabulary, are most 

affected [25]–[27]. However, Woodford, Prichard & 

Jones (1999) contend that this effect may be greater 

in higher education due to an accelerated pace of 

presentation of material, high prevalence of mild 

high-frequency hearing loss in this age group [28], 

and higher use of open-plan study environments in 

higher education [29].  

THE NATURE OF NOISE 

Noise is a class of sounds perceived to be 

unpleasant, unwanted, or disruptive to hearing [22], 

[30]. From a physics standpoint, sound and noise 

are the same phenomena. Psychologically, sound is 

a sensory perception originating as a mental event 

evoked by physiological processes in the auditory 

brain [31]. It is through our subjective perceptual 

analysis of sounds do we label a complex pattern of 

soundwaves as being noise.   

Background or ambient noise in learning 

environments are a combination of sounds 

emanating from outside of the building [32], from 

within the building, and from within the room [33]. 

The sounds of our anthrophony, biophony, and 

geophony [34] can act upon the building, entering 

the learning environment through open windows, 

poorly insulated windows, and the building 

envelope. Sounds from within the building can filter 

in through open doors and uninsulated partition 

walls [35]. The more immediate and distracting 

sounds emanate from within the room itself such as 

student activities [36] and HVAC systems [37], with 

sounds that contain intelligible language being 

particularly distracting [22].  

Working with adult listeners, Bradley 

(1986) found that noise was the more significant 

factor affecting speech intelligibility. While quality 

of intelligibility is governed by room acoustics and 

noise control, it can be most clearly examined with 

the signal-to-noise approach or signal-to-noise ratio 

(SNR) [39] and the speech transmission index 

(STI). While STI is a measure of the intelligibility 

of speech degraded by additive noise and 

reverberation, the SNR compares the level of a 

desired signal (tutors voice) to the level of 

background noise. Favourable or positive SNRs 

denote that the signal is louder than the background 

noise. For example, the American Speech-

Language Association (ASHA) found that to 

achieve a suitable SNR for children, tutors need to 

talk approximately 15 decibels (dB) louder than the 

background noise in the learning environment [40] 

while this figure can be as low as +6dB for adults 

listeners, although Bistafa & Bradley (2000) 

recommended that the SNR should be greater than 

+15dB. Assuming that the reverberation time is an 

optimal 0.4s to 0.5s an SNR of 25dB is ideal and 

20dB being an acceptable value at 1m in front of the 

speaker [41].  

SPATIAL ACOUSTICS 

The science of spatial acoustics is a complex subject 

due to soundwaves moving relatively slowly 

compared to that of light, sound having a far greater 

frequency range, and the wavelength of 

soundwaves covering a much broader range [6]. 

Soundwaves can behave in several ways in any 

given environment. The resulting spatial acoustics 

of a space is a compound of reflection, absorption, 

refraction, diffusion, and transmission [42].  

Reverberation is one of the most 

significant acoustic properties of a space. It gives a 

room its specific character and is one of the most 

common sources of sound distortion affecting 

speech intelligibility in learning environments [43]. 

Reverberation is a build-up of numerous reflections 

or multiple discreet echoes which has the effect of 

allowing sound to persist in space even after the 

original sound source has stopped. Waves from the 

sound source will repeatedly bounce off reflective 

surfaces such as walls, floors, ceilings, and objects 

until it eventually loses energy or has been absorbed 

by materials with sound absorptive qualities [42]. 

This dense build-up of overlapping soundwaves 

affects speech intelligibility, masking and smearing 

the direct signal with reverberant speech energy 

[44]. According to Shield & Dockrell (2006), two 

main aspects make up the acoustic environment of 

classrooms: noise and reverberation. This appears to 

be quite reductionistic as Halmrast (2015) presents 
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examples showing that standard room acoustic 

parameters such as the measurement of 

reverberation and signal to noise floor ratios do not 

reveal all interesting elements of perceived room 

acoustics. Stating that standardised measurement 

criteria might “mask” important information on the 

perception of room acoustics and their cognitive 

and psychoacoustic aspects [45]. 

BUILDING ACOUSTICS 

Building acoustics is the science of extenuating 

noise in buildings with the aims of controlling the 

characteristics of sound within a room through 

reverberation reduction, mitigation of external noise 

intrusion through exterior building skin 

augmentation, and inter-room noise transfer 

mitigation [39]. A buildings’ acoustical 

characteristics can be influenced by several factors 

such as geometry, volume, sound absorption, the 

transmission and reflection characteristics of 

building materials, internal or external generation of 

sound, airborne and structure-borne sound [35]. 

According to Mareddy (2017), there are four basic 

principles of noise control:  

• Sound insulation: prevents the transmis-

sion of noise via the introduction of a mass 

barrier of high-density materials such as 

brick, concrete, and metal. 

• Sound Absorption: a porous material 

such as open-cell foams and fibreglass 

which absorb sound by converting sound 

energy into heat within the material. 

• Vibration damping: A damping mecha-

nism extracts the vibration energy and dis-

sipates it as heat. 

• Vibration isolation: prevents the trans-

mission of vibration energy to a receiver 

by the introduction of a flexible element or 

physical break [46]. 

A high-performing learning environment relies 

heavily on an acoustic environment which affords a 

low noise floor and optimal reverberation times 

[47], benefitting the well-being and aiding the 

learning/teaching abilities of the students and the 

tutor [48], [49]. According to Gursel et al., (2009), 

achieving an optimally functioning building that 

fulfils the needs of the end-user necessitates 

identifying and quantifying the performance. The 

first and foremost concern in this approach is with 

how a building is required to perform and not with 

prescribing how it may be constructed [51]. 

Eastman et al., (2018) defines BIM as a modelling 

technology and associated set of processes to 

produce, communicate and analyse building 

models. As part of a company’s transition to a BIM-

enabled company, leveraging acoustic simulation 

technology to analyse and optimise acoustic 

performance is the next coherent and essential step 

towards achieving high-performance buildings. 

 

V ACOUSTIC SIMULATION TECHNOLOGY 

Advancements in computational capacity and 

developments in acoustic simulation methods are 

creating new possibilities for acoustic design and 

analysis [53]. These advancements can enable the 

designer to predict the acoustic performance of a 

project before construction and capacitate a re-

integration of acoustics in architectural design 

education and practice [54]. The development of 

integrated platforms that combine acoustic analyses 

and architectural modelling would allow for 

acoustic evaluations in early design phases and 

allow for greater collaboration among architectural 

and acoustic specialists [55]. 

The concept of computational room 

acoustic modelling was first envisioned nearly six 

decades ago when Schroeder (1962) presented his 

principal ideas at the 1962 International Congress 

on Acoustics. This paper laid out the methodology 

for what was much later to be called auralisation, 

the creation of audible acoustic sceneries from 

computer-generated data [57]. Early developments 

of this concept contained no audible components 

instead, it employed calculation strategies using 

pre-existing mathematical formulae such as the 

Sabine formula for reverberation time  𝑇 =

0.049(
𝑣

𝐴
)  and 𝐸(𝑡) = 𝐸(0)𝑥(1 − 𝑎)𝑛𝑡 to 

approximate sound energy travelling as a ray [58]. 

Since those initial ray tracing models, acoustic 

analysis and simulation software has evolved to 

provide more accurate predictions of complex 

acoustic phenomena such as diffraction and 

scattering [53], allowing practitioners to visually 

inspect spatial designs through superimposed 

acoustic heat-maps, reflection paths and their 

spatial distributions in time [59].  

Although acoustic simulation technologies 

originally emerged from ambitions to interrogate 

architectural acoustic performance and enable the 

construction of acoustically better environments 

[60], there is an increasing number of applications 

found for fields such as archeoacoustics [61], 

cognitive research [62], game audio [63], 

virtual/augmented reality [64] and music research 

[65]. Many of these applications employ different 

types of analysis for various purposes and can also 

provide the possibility to generate binaural signals 

based on head-related transfer functions (HRTFs) 

added into the numerical signal chain [66] rendering 

the results for auditory perceptual evaluation [67]. 

This process of pre-hearing is known as 

auralisation, a term first coined by Kleiner et al.,[66] 

however modern vernacular expands the term to 

encompass both the process of acoustic simulation 
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and the generation of its resulting binaural aspects 

[69].  

ACOUSTIC SIMULATION METHODS 

Techniques for room acoustic modelling can be 

categorised according to the underlying equation. 

The most accurate and insisted upon by research 

theorists are simulations that aim to solve the 

acoustic wave equation, a second-order partial 

differential equation describing the evolution of 

acoustic pressure as a function of position and time, 

or, the Helmholtz equation, representing a time-

independent form of the wave equation [67]. The 

arduous task of solving these complex equations 

remains a key challenge due to the vast amount of 

computational and memory requirements needed 

[70] as such simulations can result in millions of 

values of sound pressure and/or particle velocity per 

cubic metre [71]. Due to this, analytic solutions 

exist only in some rare cases [67]. To improve upon 

computational efficiency, solvers need to apply 

some form of discretisation of space and/or time 

factors using discontinuous Galerkin methods [72]. 

In general, these are known as wave-based 

simulations which use such methods as the Finite 

Difference in the Time Domain, Finite-Element, 

Equivalent Source, and boundary-Element Methods 

[67], [73], [74].  

Another approach to acoustic simulation 

and one most favoured among practitioners is 

geometrical acoustics (GA). Widely used in 

modelling mid and high-frequency behaviours of 

rooms, this approach is less computationally 

demanding, offering faster but less accurate results 

compared to that of wave-based techniques [60]. As 

stated by Miles [73], in practice, architectural 

spaces have far too many geometrical complexities 

to derive meaningful predictions of a sound field. 

Rather than performing painstakingly detailed 

estimates, it often suffices to estimate how the 

average sound levels are affected by changes in 

geometry and sound absorptive qualities of surfaces 

to provide guidance in design without the burden of 

complicated mathematics [73]. With GA methods, 

sound is assumed to propagate as rays and all 

phenomena caused by the wave nature of sound is 

neglected. These techniques have been in use for 

nearly 60 years since the influential works on ray-

tracing by Krokstad et al., [74]. With later 

advancements these now include a family of 

methods such as ray, cone & pyramid tracing, the 

image-source method [76]–[78], beam-tracing [79] 

and techniques for modelling diffuse reflections 

such as acoustic radiosity [80] and the diffusion 

equation [81], [82] amongst others. All of these 

techniques have their strengths and weaknesses and 

models exist that aim to hybridise the strengths of 

each technique through combining ray-tracing with 

that of image source methods [83] and ray-tracing 

with the energy transition method [84]. 

VI ODEON ROOM ACOUSTICS 

EVALUATION METHOD 

The purpose of this evaluation was to determine the 

functionality, usability, and performance of one of 

the most widely used acoustic simulation software 

platforms. Although not interoperable with BIM 

authoring software, anecdotally, the author 

identifies that the merit of this evaluation lies in 

uncovering the capabilities of this technology, 

comprehension of the results and, the benefits it 

may bring once interoperability is achieved in the 

future. For this research, training was undertaken in 

advance through a study of the Odeon user manual 

and video tutorials provided on the Odeon website. 

A model created in Autodesk Revit was imported 

into the acoustic simulation software to investigate 

the workflow for translating BIM data into the 

acoustic simulation environment. The software was 

then operated using a room model supplied with the 

trial version for the following aims. 

• To critically appraise the level of basic 

training needed to operate the software 

and obtain results. 

• To assess the workflow for exchanging 

building data between Revit and Odeon 

• To examine the process and additional 

manual input needed to ready the model 

for acoustic evaluation. 

• To Investigate what types of analysis can 

be carried out and the format of results ob-

tained. 

• To investigate the level of knowledge 

needed to understand the results.  

SCOPE & LIMITATIONS 

Apart from the import of a Revit model, this 

evaluation used a room model supplied with the 

software. Due to limitations in gaining access to 

fully licensed acoustic simulation software, the 

following evaluation was carried out using a trial 

version of the latest iteration of Odeon Room 

Acoustics version 16. This trial version allowed for 

acoustic analysis to be carried out for evaluation 

purposes only. Limitations of this version restricted 

measurement results to the 1000Hz band and did not 

allow for the calculation of acoustical results on 

new/own geometries.  

INTRODUCTION 

Originally targeted at solving acoustic problems in 

concert halls and opera halls, the Odeon A/S 

company was established in 1984 as a cooperation 

between the Technical University of Denmark and a 

group of consulting companies to provide reliable 
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acoustic predictions for both research in objective 

and subjective room acoustics and as a useful tool 

for acoustic consultants. The application has 

improved and extended its capabilities with each 

iteration to offer more reliable results, faster 

calculations, auralisation capabilities and more 

efficient methods of ray tracing, and improved 

calculation algorithms for sound scattering, early 

and late reflections and, sound transmission to name 

but a few. Released in June 2020, Odeon 16 is the 

latest version and is widely used by researchers 

[85]–[88] and consultants for its state-of-the-art 

calculation methods, accuracy, and ease of use. 

IMPORTING THE MODEL 

The starting point for the simulation is a 3D model 

of the room for which the acoustics are to be 

predicted. Geometry can be created within Odeon 

using the built-in parametric programming 

language and graphical extrusion modeler for cases 

where a 3D model is unavailable or to add more 

elements to an existing model such as acoustic 

diffusers or reflectors. Odeon also supports the 

import of .dxf, .3ds, .stl and .cad file types. To verify 

that building data can be properly imported, a 

simple model of a 22m x 16m classroom containing 

a door, windows and student desks were created in 

Revit is prepared and exported to .dxf making sure 

that solid geometry is exported as polymesh, an 

integer type in the .dfx file that Odeon will 

understand, and units set to millimetres. 

 
Figure 1. Interior and Exterior of the model 

prepared for export as a .dxf file from Autodesk 

Revit.  

 

On importing the .dxf file, Odeon converts and 

creates a parametric file and shows several options 

for importing the file such as units, coordinate 

systems, and geometry gap tolerances. These were 

kept at the default settings. The import of this 

model, which included the furniture, had to be 

aborted after a two-hour wait time due to too many 

small details and polymesh triangles inherent in the 

furniture models which had slowed down the 

processing time considerably. A new .dxf file was 

exported from Revit, only this time the furniture 

models were excluded which allowed for import 

into Odeon almost instantly.  

 

 
 

Figure 2. Graphical representation of the model in 

Odeon. 

 

As this is a trial version of the software, the import 

of own geometries can only be viewed within the 

acoustic analysis environment. For the rest of this 

objective, a room supplied with the software was 

used to carry out the acoustic analysis. 

PREPARING THE MODEL FOR ANALYSIS 

Once the geometry is imported (in this case a 

vendor-supplied room model was loaded) the first 

step was to set up the position of the sound source 

and receivers (the positions in the room for which 

the analysis will be carried out). Different types of 

sound sources in Odeon can be used to simulate 

sources in the real world such as array source for 

loudspeaker arrays, line source for longer sound 

sources such as pipes/ducts, and the multi-surface 

source which is practical for simulating noise 

intrusion through room boundaries. For this 

purpose, a single sound source was positioned 

centrally on the podium facing out into the room 

with a receiver placed at the rear of the room.  

 
Figure 3. Room model example with the sound 

source (red) and receivers (blue). 

 

The acoustical properties of the room were 

established by assigning materials with absorption 

and scattering coefficients to all surfaces in the 

model. These can be chosen from Odeon’s material 

list or new materials can be created using the 

supplier’s material data.  

Once materials were assigned to each face of the 

model using the material library Odeon provides an 

instant method for estimating the average 

reverberation time (RT) in the room based on 

Sabine, Eyring, and Arau-Puchades equations. 

These are not the methods used in the actual 

analysis as they are less accurate but can offer an 

instant estimate of the average RT to help optimize 

material choices when designing for a specific RT.  

P1P1

1

2

3

1
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When the room is prepared and ready for analysis 

the accuracy for the simulation must be set either 

using the suggested calculation presets or defining 

the impulse response length (depending on the RT 

of the room) and the number of late rays (result 

accuracy but also the amount of calculation time). 

CALCULATION 

Odeon derives a large number of acoustic 

parameters from both simulations and 

measurements. Many of which are calculated 

according to the ISO standard 3382, parts 1,2, and 3 

for room acoustics. This is achieved by simulating 

the impulse response between the source(s) selected 

and the receiver(s). Different simulation methods 

are used in combination for optimal performance 

and precision including the Image Source Method, 

Early Scattering Method, Raytracing, and Ray-

Radiosity Method. 

RESULTS 

The basic result of the calculation is the Room 

Impulse Response (RIR). This is the time history 

taken at the specified receiver location in the room, 

of the direct and reflected sound generated by the 

sound source. In Odeon the combination of RIR, 

sound source, and receiver are known as a point 

response. Point responses are the fundamental 

results of the detailed calculations/simulations. 

Simple room models may only require a single point 

response for analysis, however many point 

responses can be set-up for different combinations 

of sources and receivers. While the quick estimate 

tool is based on statistical formulae, the global 

estimate tool is based on raytracing and is useful for 

acquiring a first impression of the overall decay 

time and levels of absorption in the model. The 

following figures show a portion of the numerical 

and graphical representations of the results obtained 

from the simulation.  

 

 
Figure 4. Estimated global reverberation times 

showing sound level decay curves for each octave 

band. 

 

Figure 5. Numerical values for each parameter at 

each octave band. 

 

 

Figure 6. Bar chart showing sound energy per 

octave band for each of the three receiver positions. 

   

 

Figure 7. Rose chart showing the sound direction at 

different time intervals.  

 
Figure 8. Grid response showing sound pressure 

levels for frequencies between 3Hz to 8000Hz. 

CONCLUSION 

The author found that the manufacturer’s website 

provided a substantial level of support for training 

in both the operation of the software and the 

principles of room acoustics and that only a basic 

level of training was required to gather the above 

results. Useability was satisfactory although 

hampered by the use of ambiguous icons for various 

functions displayed on the somewhat outdated user 

interface. The application has powerful 

functionality for carrying out acoustic simulations 

and provides calculations for any required acoustic 

parameters. Due to Odeon’s optimized algorithms, 

calculation/rendering times for this simple model 
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were surprisingly short, taking only 12 seconds to 

produce the results but this time would be extended 

depending on the level of detail in the model. The 

application allows for the import of .dwg and .dxf 

files, among others, all of which contain 

geometrical data only and does not have 

interoperability with Autodesk Revit via IFC or any 

other means. Understanding and taking meaning 

from the results would, for some part, require 

further training, especially for the more involved 

parameters pertaining to ensemble conditions and 

the more intimate qualities of reflected/refracted 

sound. The most common parameters presented 

numerically such as STI, RT and SPL can be easily 

understood and provide the criterion which may be 

iteratively fine-tuned to meet required 

specifications via changes to materials and 

geometry. Along with providing numerical results, 

the acoustic environment may be portrayed both 

visually via colour coding the grid responses of 

multiple points of a chosen surface for various 

acoustic parameters and, through auralisation of the 

environment via applying the rooms impulse 

response to a chosen sound source and listening 

back at a specified location within the room. In 

conclusion, the application more than exceeded the 

authors' expectations in its ease of use, capability, 

and function for offering building designers useful 

feedback and insight into the acoustic environment 

of a given design and the multiple ways in which 

the results may be presented provides a useful 

means of communication amongst designers and to 

the client(s).   

VII BIM INTEGRATION 

As shown previously, the quality of our acoustic 

environments can have a great effect on our 

wellbeing, stress levels, cognitive performance, and 

overall comfort levels within a space. Providing the 

designers of our everyday spaces with the 

technological ability to assess the acoustical aspects 

of a proposed design can be operant in influencing 

designers to embrace acoustic design within their 

BIM-enabled workflow and pay greater attention to 

the effects of their design decisions upon the 

acoustic environment. 

BIM is a working methodology built upon 

collaboration, interoperability, and coordination for 

attaining a digital representation of the physical and 

functional characteristics of a building project. This 

is achieved in BIM-enabled building projects 

worldwide through adhering to the concepts and 

principles laid out in the ISO 19650 set of 

international standards for the management of 

building information largely generated through 

BIM authoring platforms developed by vendors 

such as Bentley, Autodesk, Graphisoft, and 

Nemetschek. 

The increasingly important role of building 

information modelling (BIM) to enhance 

performance-based design has, for many years, 

been an area in development. Extending this into the 

realm of acoustic performance simulation through 

integration with BIM authoring platforms would 

offer the designers of our built environment the 

ability to  

• Leverage building data already inherent in 

the BIM model to populate the acoustic 

model. 

• Interrogate acoustic performance in-house 

and within their design workflow. 

• Allow designers to make more informed 

decisions when designing for acoustic per-

formance. 

• Allow the designers and clients to directly 

experience the aural implications of design 

decisions and make more informed 

choices, thus, avoiding the cost of over-

specification and the consequences of un-

der-specification.  

• Help both architects and building owners 

to feel connected to the acoustical aspect 

of the design, enabling critical listening, 

opening up discussion of different acoustic 

treatments, design options and the overall 

sound of the space. 

• Help the design team to come to an agree-

ment on decisions that may have a signifi-

cant impact on costs and aesthetics. 

• Enable more control over the acoustic en-

vironment while improving upon work-

flow time and costs, culminating in higher 

acoustically performing buildings. 

 

The most widely used BIM authoring software 

platform for architectural design in Ireland is 

Autodesk Revit [89]. Revit supports various design 

tools to improve project productivity along with 

available third-party solutions to extend its 

modelling capabilities. One of which, MagiCAD, a 

BIM solution for MEP, offers the ability to calculate 

the sound levels within a room although this has 

some limitations. Calculations are for sound levels 

emitted from air terminals only and use the Sabine 

formula method, a formula known for its accuracy 

varying wildly for rooms of different shapes and 

sizes and can only be relied upon for rough 

estimates at best. Besides this ability to gather a 

rough estimate of sound levels emitted from air 

terminals, there is a shortfall in available analytical 

tools to estimate BPS concerning acoustic 

performance. This absence of an integrated acoustic 

evaluation environment for Autodesk Revit is a 

major setback considering that the iterative nature 

of designing towards required performance requires 

the availability of methods and tools that can be 
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easily used by designers that cover the selected 

performance criteria [90].   

Currently, acoustic analysis must be carried out 

using standalone third-party software which does 

not come without its drawbacks. Most available 

acoustic analysis programs are developed for 

acousticians, thus, limiting accessibility for users 

who may only have a basic understanding of 

architectural acoustics. Even with significant 

practice and acoustic training, numerical metrics 

can be difficult to relate to acoustic phenomena and 

frequently fail to capture acoustical issues that can 

arise [91] although the more essential parameters 

along with results presented graphically and aurally 

offer greater accessibility and understanding. 

According to Wu and Clayton (2013) and Jung 

et al., (2018), four sets of input data are needed for 

performing acoustic simulation: geometry (room 

volume, each face of the room and face area), finish 

materials (sound absorption coefficient at a series of 

octave band frequencies) sound source (position 

and power assuming it is omnidirectional) and 

audience (position in relation to the sound source). 

Due to interoperability issues [94], the current 

practice of transferring both geometric data from 

the BIM model to the acoustic simulation software 

is a unidirectional process requiring manual input to 

fix geometrical errors, simplify geometry and 

manually apply material properties which is time-

consuming and prone to errors. This interrupt 

between acoustic environment reaction and design 

action provides a barrier in observing, 

understanding, and controlling the acoustic 

environment in the early design stages especially 

when compared to the intuitiveness and 

effectiveness of spatial and aesthetic design.  

Curtailing the additional manual input needed 

through automating bi-directional transportation of 

both geometric and acoustical data between the 

BIM model and acoustic simulation environments 

such as Odeon, CATT-Acoustics, Comsol 

Multiphysics, and EASE, among others, is 

fundamental to facilitating the inspection of 

acoustical characteristics with little interruption of 

an iterative design workflow. A workflow that is 

dependent on initial acoustic analysis to be carried 

out and rapid “what-if” scenarios to be conducted. 

Recognised as the official international 

standard for open BIM, Industry Foundation 

Classes (IFC) is a platform-neutral, open file format 

used to describe, share, and exchange relevant 

building data between different software 

applications and aims to provide the level of 

interoperability required to achieve BIM’s full 

potential. However, in practice, IFC-based 

interoperability and data issues remain. Most of the 

commonly used state-of-the-art acoustic simulation 

software’s are not interoperable with IFC, instead, 

they employ proprietary data schemas to represent 

the analytical model. Table 1 presents a summary of 

the current state-of-the-art acoustic simulation tools 

and their levels of interoperability. 

 

Table 1 

Linking acoustic simulation tools with Autodesk 

Revit. 

 
 

In respect to the IFC Schema which was developed 

for procedural, contractual, and managerial 

purposes. Its use for the objective of acoustic 

simulation calls for a good deal of further 

development to extend its capabilities to include 

necessary data for acoustic analysis if the 

challenges presented by Mastino et al., [95] and 

listed in table 2 are to be overcome. 

 

Table 2 

Challenges for acoustic analysis in the field of 

BIM/IFC [95]  

 
 

Research that has been undertaken over the last 

decade on approaches to linking BIM data with 

acoustic simulation software has pursued different 

approaches. Kim et al., [96] presented possibilities 

for integrated acoustic analysis, however, this 

approach was neither IFC-based and the analysis 

software used in conjunction with Autodesk Revit 

(Ecotect Analysis) was discontinued by Autodesk in 

2015 [97]. Approaches using Dynamo, a visual 
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programming tool that extends the power of Revit 

by providing access to the Revit Application 

Programming Interface (API) has been utilised for 

the extraction of both geometrical and acoustic data 

from the BIM model. A decision-making 

framework was developed by Aguilera et al., [96] 

using a dynamo script to extract data and calculate 

RT and airborne sound insulation. Erfani et al., [97] 

developed a Dynamo script that could extract 

information from both Revit and the open material 

database project OpenMat to calculate RT and 

visualise the results back in Revit through colour 

coding rooms within a plan view. A promising 

approach by [92] used the Revit API, C# 

programming in visual studio, and Direct X toolkit 

to develop a software prototype that could carry out 

automated analysis of RT and sound intensity levels 

while [100] used the API of Comsol Multiphysics to 

develop an algorithm to extract geometry, 

absorption coefficients and speaker location 

directly from the IFC file. Although none of these 

approaches allow for bi-directionality of data 

therefore whenever the building model is updated 

and a new IFC file is regenerated, the updated input 

data for the acoustic analysis has to be re-introduced 

and the process started over. 

During the literature search, the author 

exhausted a wide range of keywords and could not 

find publications or current commercial software 

that could integrate enriched BIM data and acoustic 

simulation using a bi-directional system of data 

exchange and, to the knowledge of the author, 

connecting BIM with acoustic simulation remains a 

research issue. Based on the above findings, many 

proficient acoustic simulation tools are available but 

the ability to link other than geometrical data is 

missing. It seems that while efforts are being made 

to integrate acoustic analysis with BIM authoring 

software, more development work is required to 

overcome the challenges of extending the IFC 

schema, achieving improved functionality in 

reading and writing to the IFC file, and attaining a 

bi-directional exchange of building data.  

VIII INTERVIEWS 

Seven interviews were conducted with architects 

and architectural technologists from practices based 

around Dublin and Kildare. These practices were 

either using level 2 BIM, have some newer projects 

at level 2 BIM or currently making the transition to 

level 2 BIM. A semi-structured interview method 

using closed and open-ended questions was used to 

gather qualitative data. Requests for interviews and 

interview arrangements were conducted via email. 

The initial email provided information about the 

study contained in the research participant 

information sheet and upon agreement to take part 

in the study a further email was sent containing the 

interview questions and informed consent forms. 

Due to the current Covid-19 pandemic, all 

interviews were carried out using the Microsoft 

Teams collaboration platform at a time convenient 

to the interviewee. The interviews aimed to gain 

information and insights from people who are 

involved in the design of our built environments 

regarding current design approaches for acoustic 

performance evaluation, the disconnection of 

acoustic performance and architectural design, and 

industry need for acoustic simulation/BIM 

integration. For the following, the four architects 

will be listed as A01, A02, A03, and A04. The 

architectural technologists will be listed as AT01 

and AT02 and the senior executive technician listed 

as SET01. 

PRESENTATION OF FINDINGS 

All seven interviewees utilised Autodesk Revit as 

their main BIM authoring platform and had worked 

on projects where acoustic simulation had been 

implemented on contracts such as interior fit-out 

projects for major IT companies such as Facebook 

and Google, cinema design, conference centres, and 

housing schemes. Out of these, none had utilised 

acoustic simulation software in-house. 6 of the 

workflows for inspecting/evaluating acoustic 

performance directly involved an outsourced 

acoustic consultant, in the remaining case the 

responsibility was placed on the building contractor 

to carry out acoustic testing. The following table 

shows the responses when asked for their evaluation 

of this process. 

 

 
Figure 9. Evaluation of the current process for 

acoustic analysis. 

 

When questioned on the significance of acoustic 

environments in learning spaces, A01 and AT01 

believed they are important with the remaining 5 

stating that they would have very high importance, 

citing the main factor being levels of concentration 

affected by poor acoustics owing to the incorrect 

use of materials and spatial design. Moreover, all of 

the respondents stated that acoustic analysis would 

definitely be a necessity for the design of such 

places. 

  When asked if they believe that there is a 
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certain disconnection between architectural design 

and acoustic performance, all interviewees felt that 

this is the case with reasons for this being the 

architect’s depth of knowledge of acoustics, with 

acoustics being a separate specialised field, and the 

lack of available integrated acoustic simulation 

software solutions. The gap in the availability of 

acoustic evaluation technology was felt throughout 

all interviewees. AT01 stated that acoustics would 

be more prominent in architectural design if this 

technology was available. A02 explained that many 

architects would feel that they have sufficient skills 

to know how a room may perform in smaller scale 

spaces through the specification of materials with 

acoustic reasons in mind but may not for projects 

that are “in the middle” such as classrooms. They 

would feel that they are making a heavy demand by 

asking a client to pay for an acoustic specialist to be 

consulted as the client(s) may believe that this 

should be covered by the architectural profession, 

so if the architect had access to a tool that could give 

them even a basic feel for how a space might 

perform, it would be enthusiastically welcomed.  

All of the interviewees stated that our 

acoustic environments are at a disadvantage by the 

lack of an integrated acoustic evaluation solution 

for BIM authoring platforms and that having access 

to this technology would enable more informed 

design decisions made earlier in the design process 

and lead to better-performing environments. SET01 

stated that this could lead to lowered design costs 

and that acoustic specialists may not need to be 

consulted so often.  

A point raised by A02 was that, over the 

last 15 years, building standards have become 

somewhat tighter for housing projects regarding 

sound transmission between floors and apartment 

units. Architects currently rely upon technical 

details and manufacturers technical data to meet the 

required standards. A02 went on to state that this is 

an area where acoustic simulation software could 

provide a means of running sound transmission tests 

on a particular wall build-up to see if it meets 

building regulations and offer a way of seeing how 

this might be improved by changing materials and 

wall thicknesses. Figure 10 below shows the 

responses when queried on the benefits and 

drawbacks that they could foresee in the use of this 

technology. 

 

 

 
Figure 10. Benefits and drawbacks foreseen by 

using integrated acoustic simulation software. 

 

All interviewees responded positively when asked 

if this software would then be utilised to evaluate 

spaces that may have previously been overlooked. 

A01 stated that it would offer better calculations for 

acoustic levels in these areas and AT01 raised the 

point that, depending on functionality, simulations 

may be set up to run analysis ‘after hours’ on many 

rooms as a time-saving measure. Current state-of-

the-art acoustic simulation software can present 

simulation results in several ways, when asked what 

would be the most beneficial feedback that could be 

obtained for the designer SET01, AT02, A03 and 

A04 all agreed that the most beneficial of these 

would be quantitative values. As A04 stated, 

quantitative values are all you can accurately 

measure and write down in a specification so if your 

analysis is based on actual data you can measure this 

against the required performance specification.  

Many of the interviewees were surprised 

that there is an ability to listen to the acoustic 

environment through auralisation. AT02 stated that 

although quantitative analysis would be the most 

important feedback, auralisation would be 

beneficial in being able to change materials and get 

real-time feedback on how the acoustics perform in 

the space. AT01 believed that auralisation would be 

the most beneficial as it would offer feedback on 

how different surface materials in the design behave 

and lead to better-informed decisions. A04 believed 

this ability would be valuable for more traditional 

buildings and that if you are getting into a much 

‘higher-order building’, being able to physically 

listen to the acoustic quality of the space is probably 

important. A02 was of the opinion that the ability to 

listen to various design options of a room would be 

ideal and could also see that having the results 

displayed visually showing how the sound reflects 

and dissipates could be more beneficial to the 

architect as sheets of data and figures, while 

important, require a certain level of skill to 
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understand but these can always be sent on to a 

specialist for interpretation.  

Figure 11 shows the responses to the final 

question of the interview which was to ascertain 

what the main benefits would be by having the 

ability to investigate the acoustic environment of a 

proposed design within a design workflow.  

 

 
Figure 11. Benefits of being able to investigate the 

acoustic environment. 

 

IX CONCLUSION 

The acoustic environment is a crucial aspect of our 

multi-sensory experience of the built environment 

which suffers due to the pre-eminence of image in 

architectural design.  

It is well documented that undesirable 

acoustic conditions can have a great effect on our 

well-being and cognitive performance. Our spaces 

for learning, which should provide an environment 

that promotes concentration and communication, 

often fail in their purpose due to the acoustic 

environment being overlooked or ill-considered at 

the design stages.  

Factors such as high ambient noise levels, 

exterior noise intrusion mixed with excessive 

reverberation result in a poor acoustically 

performing environment, yet these factors may be 

extenuated using methods of exterior building skin 

augmentation, sound insulation, sound absorption, 

vibration isolation/damping, and the correct use of 

materials and acoustic treatment.  

Achieving a higher acoustically 

performing building requires more attentive design 

at an early stage. This can be greatly assisted 

through adopting acoustic simulation technology as 

an essential tool in the design workflow although, 

in practice, factors such as time, cost, attitudes 

towards, or a lack of understanding of, the 

importance of the acoustic environment by both 

architects and clients may pose barriers in its 

uptake.  

The findings suggest that acoustic 

simulation technology, although not being utilised 

directly by the designer, was deemed by all 

interviewees to be a necessity. They further suggest 

that a disconnection exists between architectural 

design and acoustic performance created in part by 

the lack of integrated acoustic evaluation 

technology and that the use of this technology 

would engender a greater prominence of acoustics 

in architectural design and lead to better 

acoustically performing environments.  

With the appropriate training, current 

acoustic simulation technology is both accessible 

and capable of providing the means to evaluate 

acoustic performance. Granting designers the 

ability to make more informed design decisions will 

inevitably lead to better-performing environments 

and therefore acoustic simulation technology 

should be utilised in architectural practice. 

However, securing its place amongst the arsenal of 

tools available to the designers of our built 

environment can only occur with greater integration 

of this technology into a BIM-enabled workflow 

along with a deeper understanding of our 

relationship with our acoustic ecology on the part of 

the designer.  

Unfortunately, this technology currently 

stands alone from any real integration with BIM due 

to challenges in attaining a bi-directional exchange 

of building data. Ensuring interoperability using the 

IFC format would require further development to 

combine building contractual and managerial 

aspects with that of physical and environmental data 

along with data required for the calculation of 

passive acoustic aspects. That being said, many 

researchers are currently making progress using 

various approaches to attain interoperability 

suggesting that the potential for integration between 

BIM and acoustic simulation technology may in 

time be realised. 

X ACKNOWLEDGEMENTS 

The author would like to extend heartfelt thanks to 

his supervisor, Kevin Furlong, for his invaluable 

advice and guidance, not only for the duration of the 

capstone experience, but also throughout the 

ABIMM course. The author would also like to 

extend sincere thanks and gratitude to Avril Behan 

and Deborah Brennan for their tuition and guidance 

throughout his time at TU Dublin. And finally, the 

author would like to express his deepest gratitude to 

his parents, Denise and Keith, for their tireless 

support and his partner Dee O’Shea for whom the 

completion of this research stands as testament to 

her unwavering support and encouragement.        

 

 

 

 

 

 



D17125113 Capstone Experience 

XI REFERENCES 

[1] B. Viola, “The Sound of One Line 

Scanning,” Sounds By Artist., vol. 1, pp. 

43–44, 1990. 

[2] C. Martinho, “Exploring Aural 

Architecture :,” Archaeoacoustics, vol. 3, 

no. April, pp. 126–136, 2007. 

[3] Ö. Kandemir and A. Ozcevik Bilen, “An 

Experience in Architectural Design Studio 

Regarding the Concept of Soundscape,” 

MEGARON / Yıldız Tech. Univ. Fac. 

Archit. E-Journal, vol. 15, no. 1, pp. 13–

24, 2019, doi: 

10.14744/megaron.2019.74317. 

[4] R. Kurzban, “Evolution and the Human 

Mind: Modularity, Language and Meta-

Cognition,” J. Linguist. Anthropol., vol. 

11, 2001, doi: 10.1525/jlin.2001.11.2.303. 

[5] A. Ardila, “Historical evolution of spatial 

abilities,” Behav. Neurol., vol. 6 2, pp. 83–

87, 1993. 

[6] B. Blesser and L. S. Salter, Spaces speak, 

are you listening? Massachusetts: MIT 

Press, 2009. 

[7] A. J. Kolarik, B. C. J. Moore, P. Zahorik, 

S. Cirstea, and S. Pardhan, “Auditory 

distance perception in humans: a review of 

cues, development, neuronal bases, and 

effects of sensory loss,” Attention, 

Perception, Psychophys., vol. 78, no. 2, pp. 

373–395, 2016, doi: 10.3758/s13414-015-

1015-1. 

[8] A. Barros and I. Rocha, “Multi-sensory 

Experience in the Creative Design of the 

Project: How to Materialize Them in 

Spatial Language,” in Architectural 

Draughtsmanship, 2018, pp. 173–185. 

[9] D. Onur and T. Zorlu, “An Experimental 

Study on the Relationship between 

Sensory Awareness and Creativity in 

Design Education,” no. 1, pp. 336–367, 

2015, doi: 10.14812/cufej.476612. 

[10] R. Imrie and K. Kullman, “Designing with 

Care and Caring with Design,” no. October 

2016, 2017. 

[11] J. Ahonen, “Blind as a bat:An investigative 

study into how aural architecture informs 

our spatial perception and context,” Aalto 

Universtiy, 2019. 

[12] T. Sheridan and K. Van Lengen, “Hearing 

architecture: Exploring and designing the 

aural environment,” Journal of 

Architectural Education, vol. 57, no. 2. pp. 

37–44, 2003, doi: 

10.1162/104648803770558978. 

[13] C. Spence, “Senses of place: architectural 

design for the multisensory mind,” Cogn. 

Res. Princ. Implic., vol. 5, no. 1, 2020, doi: 

10.1186/s41235-020-00243-4. 

[14] J. E. Peelle, “Listening effort: How the 

cognitive consequences of acoustic 

challenge are reflected in brain and 

behavior,” Ear Hear., vol. 39, no. 2, pp. 

204–214, 2018, doi: 

10.1097/AUD.0000000000000494. 

[15] S. L. Mattys, M. H. Davis, A. R. Bradlow, 

and S. K. Scott, “Speech recognition in 

adverse conditions: A review,” Lang. 

Cogn. Process., vol. 27, no. 7–8, pp. 953–

978, 2012, doi: 

10.1080/01690965.2012.705006. 

[16] G. W. T. H. Fleming, “The Effects of Noise 

upon Certain Psychological and 

Physiological Processes. (Arch, of 

Psychol., vol. xxiii, No. 147, February , 

1933.) Harmon, F. L.,” J. Ment. Sci., vol. 

79, no. 327, pp. 780–780, Oct. 1933, doi: 

10.1192/bjp.79.327.780-b. 

[17] D. Laird, “Experiments on the 

physiological cost of noise,” J. Natl. Inst. 

Ind. Psychol., vol. 4, no. 5, pp. 251–259, 

1927. 

[18] J. . Morgan, “The Effect of Sound 

Distraction upon Memory Author ( s ): 

John J . B . Morgan,” vol. 28, no. 2, pp. 

191–208, 1917. 

[19] L. Poyntz, “The Efficacy of Visual and 

Auditory Distractions for Preschool 

Children,” Child Dev., vol. 4, no. 1, p. 55, 

1933, doi: 10.2307/1125838. 

[20] K. D. Kryter, Physiological, Psychological 

and Social effects of noise. California: 

NASA Scientific and technical information 

branch, 1984. 

[21] M. M. Haines, S. Stansfeld, R. S. Job, B. 

Berglund, and J. Head, “Chronic aircraft 

noise exposure, stress responses, mental 

health and cognitive performance in school 

children,” Psychol. Med., vol. 31, pp. 265–

277, 2001, doi: 

10.1017/S0033291701003282. 

[22] M. R. Vasilev, J. A. Kirkby, and B. Angele, 

“Auditory Distraction During Reading: A 

Bayesian Meta-Analysis of a Continuing 

Controversy,” Perspect. Psychol. Sci., vol. 



D17125113 Capstone Experience 

13, no. 5, pp. 567–597, 2018, doi: 

10.1177/1745691617747398. 

[23] A. Bronzaft and D. McCarthy, “The Effect 

of Elevated Train Noise On Reading 

Ability,” Environ. Behav., vol. 7, pp. 517–

527, 1975, doi: 

10.1177/001391657500700406. 

[24] B. M. Shield and J. E. Dockrell, “The 

effects of noise on children at school: A 

review,” Build. Acoust., vol. 10, no. 2, pp. 

97–116, 2003, doi: 

10.1260/135101003768965960. 

[25] P. B. Nelson, “Children’s need for 

favorable acoustics in schools,” J. Acoust. 

Soc. Am., vol. 114, no. 4, p. 2313, 2003, 

doi: 10.1121/1.1634135. 

[26] L. Leibold, R. W. McCreery, and E. Buss, 

“Classroom acoustics and children’s 

speech perception,” J. Acoust. Soc. Am., 

vol. 141, no. 5, p. 3457, 2017, doi: 

10.1121/1.4987170. 

[27] W. Yang and J. S. Bradley, “Effects of 

room acoustics on the intelligibility of 

speech in classrooms for young children,” 

J. Acoust. Soc. Am., vol. 125, no. 2, pp. 

922–933, 2009, doi: 10.1121/1.3058900. 

[28] C. Woodford, C. Prichard, and R. Jones, 

“Listening conditions in higher education 

classrooms:One method of improving 

them,” Education, vol. 119, no. 1, 1999. 

[29] E. Braat-Eggen, M. Keus Van De Poll, M. 

Hornikx, and A. Kohlrausch, “Open-plan 

study environments: effects of background 

speech and reverberation time on a 

collaboration task,” in Euronoise 2018 

Crete, 2018. 

[30] T. C. Andringa and J. J. L. Lanser, “How 

pleasant sounds promote and annoying 

sounds impede health: A cognitive 

approach,” Int. J. Environ. Res. Public 

Health, vol. 10, no. 4, pp. 1439–1461, 

2013, doi: 10.3390/ijerph10041439. 

[31] F. M. Kessler, Community noise, vol. 2. 

2018. 

[32] S. A. Sanz, A. M. García, and A. García, 

“Road traffic noise around schools: a risk 

for pupil’s performance?,” Int. Arch. 

Occup. Environ. Health, vol. 65, no. 3, pp. 

205–207, 1993, doi: 10.1007/BF00381157. 

[33] L. T. Silva, I. S. Oliveira, and J. F. Silva, 

“The impact of urban noise on primary 

schools. Perceptive evaluation and 

objective assessment,” Appl. Acoust., vol. 

106, pp. 2–9, 2016, doi: 

10.1016/j.apacoust.2015.12.013. 

[34] B. Krause, The Great Animal Orchestra : 

Finding the Origins of Music in the 

World’s Wild Places. Little, Brown, 2013. 

[35] M. Long, Architectural Acoustics, Second 

ed. Elsevier Ltd., 2014. 

[36] J. E. Dockrell and B. M. Shield, 

“Acoustical barriers in classrooms : the 

impact of noise on performance in the 

classroom,” vol. 32, no. 3, pp. 509–525, 

2006, doi: 10.1080/01411920600635494. 

[37] F. Forouharmajd, P. Nassiri, M. R. 

Monazzam, and M. Yazdchi, “Estimating 

occupant satisfaction of HVAC system 

noise using quality assessment index,” 

Noise Heal., vol. 14, no. 59, pp. 135–139, 

2012, doi: 10.4103/1463-1741.99861. 

[38] J. S. Bradley, “Speech intelligibility studies 

in classrooms,” J. Acoust. Soc. Am., vol. 

80, no. 3, pp. 846–854, 1986, doi: 

10.1121/1.393908. 

[39] M. G. Ermann, Architectural Acoustics. 

New Jersey: John WIley & Sons, Inc, 

2015. 

[40] P. B. Nelson and E. J. Williams, 

“Guidelines for Addressing Acoustics in 

educational settings,” Br. J. Psychol., vol. 

15, no. 2, pp. 1–9, 2005. 

[41] S. Bistafa and J. Bradley, “Reverberation 

time and maximum background-noise 

level for classrooms from a comparative 

study of speech intelligibility metrics,” J. 

Acoust. Soc. Am., vol. 107, pp. 861–875, 

2000, doi: 10.1121/1.428268. 

[42] D. M. Howard and J. A. . Angus, Acoustics 

and Psychoacoustics, Fifth Edit. New 

York; London: Routledge, 2017. 

[43] E. Braat-Eggen, M. K. v.d. Poll, M. 

Hornikx, and A. Kohlrausch, “Auditory 

distraction in open-plan study 

environments: Effects of background 

speech and reverberation time on a 

collaboration task,” Appl. Acoust., vol. 

154, pp. 148–160, 2019, doi: 

10.1016/j.apacoust.2019.04.038. 

[44] R. Al Osman, H. R. Dajani, and C. 

Giguère, “Self-masking and overlap-

masking from reverberation using the 

speech-evoked auditory brainstem 

response,” J. Acoust. Soc. Am., vol. 142, 

no. 6, pp. EL555–EL560, 2017, doi: 

10.1121/1.5017522. 



D17125113 Capstone Experience 

[45] T. Halmrast, “Acoustics in Between : 

Perception of Sound in Rooms Beyond 

Standard Criteria,” vol. 25, no. 3, pp. 256–

271, 2015. 

[46] A. Mareddy, “EIA study planning and 

management,” 2017, pp. 31–60. 

[47] D. Sotirios and C. George, “The acoustics 

of learning environments and implications 

in communication and learning,” Int. 

Congr. Noise Control Eng. 2005, 

INTERNOISE 2005, vol. 4, no. March, pp. 

3372–3381, 2005. 

[48] D. Wróblewska, “Acoustical standards 

used in design of school spaces,” Acta 

Phys. Pol. A, vol. 118, no. 1, pp. 186–189, 

2010, doi: 10.12693/APhysPolA.118.186. 

[49] R. Persson, “A study of classroom 

acoustics and school teachers’ noise 

exposure, voice load and speaking time 

during teaching, and the effects on vocal 

and mental fatigue development,” Int. 

Arch. Occup. Environ. Heal., vol. 87, no. 

8, p. 851, 2014. 

[50] I. Gursel, S. Sariyildiz, Ö. Akin, and R. 

Stouffs, “Modeling and visualization of 

lifecycle building performance 

assessment,” Adv. Eng. Informatics, vol. 

23, no. 4, pp. 396–417, Oct. 2009, doi: 

10.1016/j.aei.2009.06.010. 

[51] E. J. Gibson, “Working with the 

Performance Approach in Building,” CIB 

Rep., vol. 64, pp. 4–30, 1982. 

[52] C. Eastman, P. Teicholz, R. Sacks, and K. 

Liston, BIM Handbook: A Guide to 

Building Information Modeling for 

Owners, Managers, Designers, Engineers, 

and Contractors. 2018. 

[53] P. Robinson, S. Siltanen, T. Lokki, and L. 

Savioja, “Concert hall geometry 

optimization with parametric modeling 

tools and wave-based acoustic 

simulations,” Build. Acoust., vol. 21, no. 1, 

pp. 55–64, 2014, doi: 10.1260/1351-

010X.21.1.55. 

[54] L. Harvey, B. M. Composition, and M. M. 

Composition, “The Auditory Centre : 

Research and Design of Acoustic 

Environments and Spatial Sound Projects,” 

2008. 

[55] E. Badino, L. Shtrepi, and A. Astolfi, 

“Acoustic Performance-Based Design: A 

Brief Overview of the Opportunities and 

Limits in Current Practice,” Acoustics, vol. 

2, no. 2, pp. 246–278, 2020, doi: 

10.3390/acoustics2020016. 

[56] M. R. Schroeder, “Natural Sounding 

Artificial Reverberation,” J. Audio Eng. 

Soc. Audio Eng. Soc, vol. 10, no. 3, pp. 

219–223, 1962. 

[57] M. Vorlander, Auralization: Fundamentals 

of Acoustics, Modelling, Simulation, 

Algorithms and Acoustic Virtual Reality. 

Berlin, Heidelberg: Springer International 

Publishing, 2008. 

[58] M. R. Schroeder, “Computer Models for 

Concert Hall Acoustics,” Am. J. Phys., vol. 

41, no. 4, pp. 461–471, 1973, doi: 

10.1119/1.1987272. 

[59] A. Milo, “The acoustic designer : Joining 

soundscape and architectural acoustics in 

architectural design education,” 2019, doi: 

10.1177/1351010X19893593. 

[60] L. Savioja and U. P. Svensson, “Overview 

of geometrical room acoustic modeling 

techniques,” J. Acoust. Soc. Am., vol. 138, 

no. 2, pp. 708–730, 2015, doi: 

10.1121/1.4926438. 

[61] B. N. J. Postma, S. Dubouilh, and B. F. G. 

Katz, “An archeoacoustic study of the 

history of the Palais du Trocadero (1878–

1937),” J. Acoust. Soc. Am., vol. 145, no. 

4, pp. 2810–2821, 2019, doi: 

10.1121/1.5095882. 

[62] I. Viaud-Delmon and O. Warusfel, “From 

ear to body: The auditory-motor loop in 

spatial cognition,” Front. Neurosci., vol. 8, 

no. SEP, pp. 1–9, 2014, doi: 

10.3389/fnins.2014.00283. 

[63] F. Rumsey, “Game Audio: Transforming 

Simulation and Interactivity,” J. Audio 

Eng. Soc, vol. 61, no. 7/8, pp. 609–612, 

2013. 

[64] I. J. Tashev, “Capture, Representation, and 

Rendering of 3D Audio for Virtual and 

Augmented Reality.,” Int. J. Inf. Technol. 

Secur., vol. 11, pp. 49–62, 2019. 

[65] G. Waddell, R. Perkins, and A. Williamon, 

“The evaluation simulator: A new 

approach to training music performance 

assessment,” Front. Psychol., vol. 10, no. 

APR, pp. 1–17, 2019, doi: 

10.3389/fpsyg.2019.00557. 

[66] F. Brinkmann, L. Aspöck, D. Ackermann, 

S. Lepa, M. Vorländer, and S. Weinzierl, 

“A round robin on room acoustical 

simulation and auralization,” J. Acoust. 



D17125113 Capstone Experience 

Soc. Am., vol. 145, no. 4, pp. 2746–2760, 

2019, doi: 10.1121/1.5096178. 

[67] L. Savioja and N. Xiang, “Introduction to 

the Special Issue on Room Acoustic 

Modeling and Auralization,” J. Acoust. 

Soc. Am., vol. 145, no. 4, pp. 2597–2600, 

2019, doi: 10.1121/1.5099017. 

[68] M. Kleiner, B.-I. Dalenbäck, and P. 

Svensson, “Auralization-An Overview,” J. 

Audio Eng. Soc, vol. 41, no. 11, pp. 861–

875, 1993. 

[69] J. E. Summers, “What exactly is meant by 

the term ‘auralization?,’” J. Acoust. Soc. 

Am., vol. 124, no. 2, pp. 697–697, 2008, 

doi: 10.1121/1.2945708. 

[70] R. Mehra, N. Raghuvanshi, L. Savioja, M. 

C. Lin, and D. Manocha, “An efficient 

GPU-based time domain solver for the 

acoustic wave equation,” Appl. Acoust., 

vol. 73, no. 2, pp. 83–94, 2012, doi: 

10.1016/j.apacoust.2011.05.012. 

[71] T. Sakuma, S. Sakamato, and T. Otsuru, 

Computational Simulation in Architectural 

and Environmental Acoustics. Springer 

International Publishing, 2014. 

[72] J. Remacle, J. Lambrechts, and B. Seny, 

“Blossom‐Quad: A non‐uniform 

quadrilateral mesh generator using a 

minimum‐cost perfect‐matching 

algorithm,” International, no. February, 

pp. 1102–1119, 2012, doi: 10.1002/nme. 

[73] B. Mondet, J. Brunskog, C. H. Jeong, C. L. 

Christensen, and J. H. Rindel, “Assessment 

of wave-based methods for room acoustic 

simulations,” Proc. Inst. Acoust., vol. 40, 

pp. 154–159, 2018. 

[74] M. Pathak and P. Joshi, “Numerical 

Solution of Acoustic Wave Equation Using 

Method of Lines *,” vol. 14, no. 4, pp. 

243–256, 2018. 

[75] R. N. Miles, Physical Approach to 

Engineering Acoustics. 2020. 

[76] A. Krokstad, S. Strom, and S. Sørsdal, 

“Calculating the acoustical room response 

by the use of a ray tracing technique,” J. 

Sound Vib., vol. 8, no. 1, pp. 118–125, 

1968, doi: 10.1016/0022-460X(68)90198-

3. 

[77] J. B. Allen and D. A. Berkley, “Image 

method for efficiently simulating small-

room acoustics,” J. Acoust. Soc. Am., vol. 

65, no. 4, pp. 943–950, 1979, doi: 

10.1121/1.382599. 

[78] J. Borish, “Extension of the image model 

to arbitrary polyhedra,” J. Acoust. Soc. 

Am., vol. 75, no. 6, pp. 1827–1836, 1984, 

doi: 10.1121/1.390983. 

[79] T. Funkhouser et al., “A beam tracing 

method for interactive architectural 

acoustics,” J. Acoust. Soc. Am., vol. 115, 

no. 2, pp. 739–756, 2004, doi: 

10.1121/1.1641020. 

[80] R. N. Miles, “Steady-state sound in an 

enclosure with diffusely reflecting 

boundary,” J. Acoust. Soc. Am., vol. 64, no. 

5, pp. 1424–1428, 1978, doi: 

10.1121/1.382119. 

[81] F. Olendorff, “Statistical Room-Acoustics 

as a Problem of Diffusion (A Proposal),” 

Acta Acust. united with Acust., vol. 21, no. 

4, pp. 236–245, 1969. 

[82] V. Valeau, J. Picaut, and M. Hodgson, “On 

the use of a diffusion equation for room-

acoustic prediction,” J. Acoust. Soc. Am., 

vol. 119, no. 3, pp. 1504–1513, 2006, doi: 

10.1121/1.2161433. 

[83] M. Vorlander, “Simulation of the transient 

and steady-state sound propagation in 

rooms using a new combined ray-

tracing/image-source algorithm,” J. 

Acoust. Soc. Am., vol. 86, no. 1, pp. 172–

178, 1989, doi: 10.1121/1.398336. 

[84] R. A. Tenenbaum, T. S. Camilo, J. C. B. 

Torres, and S. N. Y. Gerges, “Hybrid 

method for numerical simulation of room 

acoustics with auralization: Part 1 -

theoretical and numerical aspects,” J. 

Brazilian Soc. Mech. Sci. Eng., vol. 29, no. 

2, pp. 211–221, 2007, doi: 10.1590/S1678-

58782007000200012. 

[85] H. Lai and B. Hamilton, “Computer 

Modeling of Barrel-Vaulted Sanctuary 

Exhibiting Flutter Echo with Comparison 

to Measurements,” Acoustics, vol. 2, no. 1, 

pp. 87–109, 2020, doi: 

10.3390/acoustics2010007. 

[86] E. Bo, L. Shtrepi, D. P. Garcia, G. Barbato, 

F. Aletta, and A. Astolfi, “The accuracy of 

predicted acoustical parameters in ancient 

open-air theatres: A case study in 

Syracusae,” Appl. Sci., vol. 8, no. 8, 2018, 

doi: 10.3390/app8081393. 

[87] J. H. Rindel, “Acoustics in practice 

restaurant acoustics – Verbal 

communication in eating establishments,” 

Acoust. Pract., vol. 7, no. 1, pp. 1–14, 

2019. 



D17125113 Capstone Experience 

[88] L. Shtrepi, A. Astolfi, G. E. Puglisi, and M. 

C. Masoero, “Effects of the distance from 

a diffusive surface on the objective and 

perceptual evaluation of the sound field in 

a small simulated variable-acoustics hall,” 

Appl. Sci., vol. 7, no. 3, 2017, doi: 

10.3390/app7030224. 

[89] K. Deegan and M. Mathews, “BIM : 

Building Information Management ( not 

Modelling ) BIM : Building Information 

Management ( not Modelling ),” 2017. 

[90] C. J. Hopfe, Uncertainty and sensitivity 

analysis in building performance 

simulation for decision support and design 

optimization, vol. phd, no. 2009. 2009. 

[91] M. Azevedo and J. Sacks, “Auralization as 

an Architectural Design Tool,” Proc. EAA 

Jt. Symp. Auralization Ambisonics, no. 

April, pp. 162–168, 2014. 

[92] C. Wu and M. J. Clayton, “BIM-Based 

Acoustic Simulation Framework,” CIB 

W78 Int. Conf., no. June, pp. 99–108, 

2013. 

[93] N. Jung, T. Häkkinen, and M. Rekola, 

“Extending capabilities of bim to support 

performance based design,” J. Inf. Technol. 

Constr., vol. 23, no. October 2017, pp. 16–

52, 2018. 

[94] K. din Wong and Q. Fan, “Building 

information modelling (BIM) for 

sustainable building design,” Facilities, 

vol. 31, no. 3, pp. 138–157, 2013, doi: 

10.1108/02632771311299412. 

[95] C. C. Mastino, R. Baccoli, A. Frattolillo, 

M. Marini, A. Di Bella, and V. Da Pos, 

“The building information model and the 

IFC standard: Analysis of the 

characteristics necessary for the acoustic 

and energy simulation of buildings,” Build. 

Simul. Appl., vol. 2017-Febru, pp. 479–

486, 2017. 

[96] S. Kim, R. C. Coffeen, and P. Sanguinetti, 

“Interoperability Building Information 

Modeling and acoustical analysis software 

- A demonstration of a performing arts hall 

design process,” Proc. Meet. Acoust., vol. 

19, no. 2013, 2013, doi: 

10.1121/1.4800300. 

[97] Autodesk Support, “Ecotect Analysis 

Discontinuation FAQ,” Autodesk 

Knowledge Network, 2016. [Online]. 

Available: 

https://knowledge.autodesk.com/search-

result/caas/sfdcarticles/sfdcarticles/Ecotect

-Analysis-Discontinuation-FAQ.html. 

[Accessed: 05-Nov-2020]. 

[98] A. J. Aguilera. A, M. L. De la Hoz-Torres, 

M. D. Martínez-Aires, and D. P. Ruiz, 

“BIM-based framework for indoor 

acoustic conditioning in early stages of 

design,” INTER-NOISE 2019 MADRID - 

48th Int. Congr. Exhib. Noise Control Eng., 

2019. 

[99] K. Erfani, S. Mahabadipour, M. Nik-bakht, 

and J. Li, “BIM-based Simulation for 

Analysis of Reverberation Time,” Build. 

Simul., p. 5, 2019. 

[100] Y. Tan, Y. Fang, T. Zhou, Q. Wang, J. C. P. 

Cheng, and C. R. E. I. Autodesk; CTCI 

Advances systems Inc. CTCI Smart 

Engineering Corporation; CTCI 

Foundation; et al.; Fu Tsu Construction; 

RCS, “Improve Indoor acoustics 

performance by using building information 

modeling,” 34th Int. Symp. Autom. Robot. 

Constr. ISARC 2017, no. Isarc, pp. 959–

966, 2017. 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

   

 

  

 

 

 

 

 


	Should Acoustic Simulation Technology be Utilised in Architectural Practice? Does it have the Potential for BIM Integration?
	Recommended Citation

	Paper Title Here

