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This Special Issue on Room Acoustic Modeling and Auralization contains nineteen research papers.

A majority of the papers focus on various room acoustic simulation techniques, while the remaining

ones concentrate on auralization of either simulation or measurement results. Using room acoustic

simulation, the last paper in this issue presents a case study of the historic venue, Palais du

Trocadero in Paris, France.
VC 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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I. INTRODUCTION

Computational room acoustic modeling and auralization

were envisioned almost 60 years ago when Schroeder et al.
(1962) presented the principal ideas behind these concepts at

the 1962 International Congress on Acoustics. Recently,

Krokstad et al. (2015) also provided a historical review on

room-acoustic computer simulation using ray tracing.

At its early stage, room acoustic computer simulation

was developed without audible components (Schroeder,

1973; Krokstad et al., 1983). In binaural room simulation

(Blauert et al., 1990), auralization was already a part of

modeling, and the phrase itself implicitly reflects rendering

binaurally for auditory perceptual evaluation through room

acoustic modeling. In a more recent overview of reverbera-

tion techniques, V€alim€aki et al. (2012) convey that the

focus of room acoustic modeling is obtaining room

responses by computational simulation. Those responses

can then be rendered for auditory perception. In room-

acoustics, Kleiner et al. (1993) coined the term

“auralization,” which was motivated by “visualization” as

used for visual rendering. Summers (2008) notes that aural-

ization represents acoustic modeling as the agent that per-

forms the rendering for the purpose of auditory perception

and the sound events being rendered are created via simula-

tion. Vorl€ander (2007) expands the term to include any pro-

cess that renders audible data through simulation,

synthesis, or even measurements. In modern parlance, both

the process and the result of the process are termed as aur-

alization (Summers, 2008).

There are several approaches on room acoustic model-

ing; on a very high level the techniques can be categorized

according to the underlying equation. The most rigorous

simulations aim at solving the acoustic wave equation, a

second-order partial differential equation that describes the

behaviour of sound in an ideal medium, or, the Helmholtz

equation, its counterpart in the frequency domain. Solving

these equations is difficult, and analytic solutions exist only in

some rare cases. For this reason, practical solvers apply some

discretization of the space and/or time. In general, these are

called wave-based computational methods and this family of

methods includes such methods as the finite-difference time-

domain (FDTD), the finite-element (FEM), and the boundary-

element methods (BEM). The first papers to discuss use of

FDTD in room acoustics simulations date back to 1994

(Botteldooren, 1994), and there has been significant progress in

the ensuing years. Special attention has been paid, for example,

on how to model complex geometries (Bilbao, 2013).

Geometrical acoustics is another approach that is widely

used in room acoustic modeling. The basic assumption in geo-

metrical acoustics is that sound is supposed to act as rays, and

all the phenomena caused by the wave-nature of the sound are

neglected (Savioja and Svensson, 2015). In practice this

means that geometrical acoustics models are computationally

much more efficient but less accurate than the wave-based

models. These techniques have been in practical room acous-

tic modeling use for over 50 years as Krokstad et al. (1968)

published their seminal work on acoustic ray-tracing in 1968.

Another key method in this family is the image-source

method. While originally introduced in 1948 (Cremer, 1948),

the widespread adoptance of the technique can be credited to

Allen and Berkley (1979), and to Borish (1984) who extended

the technique to arbitrary polyhedra. Later advancements

include such techniques as beam-tracing that speeds-up the

computation of image sources (Funkhouser et al., 2004).

There are also techniques that enable modeling of diffuse

reflections such as the acoustic radiosity (Carroll and Miles,

1978; Miles, 1984) and the diffusion equation (Ollendorff,

1969; Valeau et al., 2006). All these techniques have their

advantages and disadvantages, and there are various hybrid

models that aim at combining the best parts of each technique,

such as combining ray-tracing and the image-source technique

(Vorl€ander, 1989). The room acoustic rendering equation is a

mathematical framework that covers all the geometrical

acoustics modeling techniques (Siltanen et al., 2007).
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II. CONTRIBUTIONS IN THIS SPECIAL ISSUE

This Special Issue contains nineteen research papers.

The majority focus on various room acoustic modeling tech-

niques while the remaining concentrate on auralization of

either simulation or measurement results. The last paper in

this issue presents a case study (Postma et al., 2019) of the

historic building Palais du Trocadero in Paris, France.

A. Room acoustic modeling

Reference solutions are essential when validating simu-

lation results. Raudales et al. (2019) present analytical solu-

tions to broadband sound fields in three cases that can be

used as benchmarks when validating simulations.

1. Wave-based models

Bilbao and Hamilton (2019) present a general frame-

work for time-domain simulations with arbitrary room

geometries and pay special attention to the boundary condi-

tions, as those are typically challenging in non-rectangular

geometries. Source and receiver directivities are essential

factors for accurate room acoustic auralization. In their

paper, Hargreaves et al. (2019) present a framework for

incorporating the directivities in auralization of BEM simu-

lations. Takeuchi et al. (2019) discuss modeling of source

directivity in FDTD simulations. The discontinuous

Galerkin method has been used since 1970s for solving par-

tial differential equations. Wang et al. (2019) discuss how

this method can be used in the simulation of room acoustics.

2. Diffraction and scattering

Pulkki and Svensson (2019) aim at perceptually plausi-

ble simulation of scattering from an object. They utilize

machine-learning to obtain parameters for a filter structure

to represent the scattering. The applied artificial neural net-

works can be trained both with simulated and measured data.

The quality of the output is close to that of the training data.

Rozynova and Xiang (2019) demonstrate that sound dif-

fraction around a rectangular rigid plate can be predicted

using the physical theory of diffraction with high computa-

tional efficiency. The physical theory of diffraction relies on

both geometrical and physical principles yet emphasizes the

physical one. One of the important features of this physical

acoustics approach is the ability to calculate the sound field

more accurately in shadow boundaries (Ufimtsev, 2006).

3. Geometrical acoustics

Geometrical acoustics techniques typically operate with

sound energies, but the image source method is able to han-

dle the sound pressure, and correspondingly the phase.

Boucher et al. (2019) have studied use of plane and spherical

wave reflection coefficients in the image source method and

conclude that the use of the spherical wave reflection coeffi-

cients provide more accurate results. The results are numeri-

cally more accurate and listening tests show that the

differences are audible in most cases involving small rooms.

B. Reverberation modeling

As regards late reverberation techniques, when the accu-

rate reverberation tails of room impulse responses are of sec-

ondary importance, artificial reverberation tails can be

appended for computational efficiency (Moorer, 1979). The

technique combines early portions of room impulse

responses modeled by pertinent simulation tools, including

geometrical acoustics modeling incorporating detailed bin-

aural receiving characteristics, with stochastic reverberation

tails originated by Moorer (1979). Martin et al. (1993)

extended Moorer’s approach for binaural auralization. They

mixed two largely decorrelated random noise signals to

obtain desirable energy decays and interaural cross-

correlation coefficients in the binaural room impulse

response tails. The artificial reverberation implemented in

this way represents a filter approach based on finite-length

impulse responses for auralization; that is in contrast to

Schroeder’s (Schroeder, 1962) all-pass filter approach. In

this Special Issue, Xiang et al. (2019) investigate the spatial

enveloping reverberance with respect to interaural decorrela-

tion coefficients between two channels of binaural room

impulse response tails. The spectra of the interaural decorre-

lation coefficients of binaural room impulse responses need

to be shaped to contain specific profiles that are crucial for

creating natural and enveloping perceived reverberance. A

simple mixing network for a reciprocal maximum-length

sequence pair is used for ease of generating artificial

reverberation.

1. Analytical and equation-based models

Diffusion equation-based modeling of reverberation

processes in enclosed spaces has recently drawn attention in

room-acoustic simulations. Originated by Ollendorff (1969)

for room-acoustic applications, room simulations are carried

out based on analytical equations, subject to rigorous bound-

ary conditions (Jing and Xiang, 2008a). Solutions of the dif-

fusion equation rely on a numerical finite element

framework achieved, for example, using the finite element

method (Valeau et al., 2006) and the finite difference time

domain scheme (Xiang et al., 2013). However, mean-free-

path lengths of the space under test dictate the required ele-

mentary meshing condition, independent of the wavelength

when modeling single-volume spaces. The numerical solu-

tion, therefore, requires much less computational burden.

Deeply rooted in Fick’s law (Jing and Xiang, 2008b), the dif-

fusion equation predicts sound energy fluxes more efficiently

than existing numerical tools. The recent decade has also

witnessed other equation-based approaches (Dujourdy et al.,
2017; Jing et al., 2010). In this Special Issue, S€u-G€ul et al.
(2019) applies the technique in historically significant mos-

ques. Diffusion equation modeling incorporates energy

absorption into the boundary conditions (Jing and Xiang,

2008a; Valeau et al., 2006); Navarro and Escolano (2019)

further discuss a mixed boundary condition for the diffusion

equation models. Note that diffusion equation modeling is

also able to incorporate mixed absorption/scattering bound-

aries (Foy et al., 2016). Embrechts (2019) discusses another

approach using an analytical model, the approach is able to
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incorporate both specular and diffuse reflections. Badeau

(2019) introduces a mathematical model that can be used to

generalize several formerly presented models.

C. Auralization

Auralization embodies both the modeling process and

the result of the process being rendered for auditory percep-

tual evaluations by human subjects (Kleiner et al., 1993;

Summers, 2008). This section introduces contributions on

auralization based on both simulation and measurement

results.

1. Auralization of simulation results

Brinkmann et al. (2019) describe round robin tests per-

taining to room acoustical simulation and auralization in

which perceptual evaluation of room acoustic simulations

has been reported for the first time.

Saarelma and Savioja (2019) have studied perception of

the dispersion error inherent in FDTD simulation results.

Earlier studies on the same topic have focused solely on the

direct sound without any reflections. In this paper, audibility

of the error with a single reflection is investigated and the

primary finding is that the dispersion error in a reflection is

more audible than the corresponding error in the direct

sound.

The wave-based methods are typically constrained to

low frequencies due to the excessive computational load

imposed by expanding the simulations to cover the full audi-

ble bandwidth. Southern et al. (2019) present a technique to

extrapolate spatial impulse responses to cover higher fre-

quencies as well. The technique is capable of handling both

measured and simulated responses.

2. Auralization based on measurements

Ahrens and Andersson (2019) have compared auraliza-

tions based on spherical microphone array recordings to

direct dummy-head recordings. One of their findings is that

those two are partially indistinguishable from each other at

spherical harmonics of eight order and higher.

Dick and Vigeant (2019) have investigated listener

envelopment utilizing a spherical microphone array and

third-order Ambisonics reproduction. Listener envelopment,

also addressed by Xiang et al. (2019), is a desirable attribute

of performance spaces that deserves attention in the field.

III. CONCLUDING REMARKS

Over the past five decades, room-acoustic modeling has

been undergoing a number of decisive breakthroughs to

arrive at the state-of-the art today. Computational resources

have been drastically advanced so that complex simulation

tasks, once impossible to achieve, can nowadays be accom-

plished. The contributions of this Special Issue cover a wide

variety of research efforts in modeling and auralization with

many of them providing new aspects and developments that

will inevitably move the field forward. Early round robin

tests and the one reported in this Special Issue still hint at

profound challenges for room-acoustics scientists and engi-

neers yet to come.
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