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XR – Virtual, Augmented, Mixed Reality

• Applications: entertainment, education, communications...
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Audio rendering for VR/MR/AR

Virtual Real

• Step 1: room acoustic synthesis
• Step 2: auralization, i.e. making the sound field audible

• Rendered room acoustics in
◦ VR: room acoustics of virtual space
◦ MR/AR: room acoustics of real space
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Why render room acoustics

• Rendering high-quality room acoustics is essential for
◦ auditory immersion
◦ sense of realism and presence
◦ spaciousness
◦ envelopment experience
◦ effective externalization
◦ convincing illusion of sound source distance
◦ rendering apparent source width
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Aims and scope of the Tutorial

• Overview of fundamental principles and state-of-the-art
methodologies in audio for XR:
◦ Synthesis of room acoustics
◦ Integration with headphones-based auralization
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Outline of the Tutorial

Room Acoustics Synthesis
Fundamentals of Room Acoustics
Perception of Room Acoustics
Room Acoustic Models

Binaural Rendering for XR
Binaural Rendering
Integration with Synthesized Room Acoustics in XR

Examples of open-source VR/AR Audio Rendering Software
Audio360
Resonance Audio
Steam Audio

Conclusions
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Outline of the Section

Room Acoustics Synthesis
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Wave equation

• Sound propagation governed by the PDE[2]:

4p− 1
c2
∂2p

∂t2
= s

p pressure, s source distribution, c speed of sound
• Initial and boundary conditions are needed to find a solution
• Example boundary condition:

∂p

∂t
= −cZw∇p · n

n orthogonal to the boundary, Zw wall impedance
• Equation admits closed form solution only in few cases
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Modal description of reverberation
• Monochromatic sound source, Helmholtz equation[2]:

4p̂+
(
ω

c

)2
p̂ = ŝ

• Solutions for point sources:

p̂ = A
∞∑
m=0

ψm(x′)ψm(x)
ω2 − ω2

m − 2jξmωm
each element of the summation is called “mode”, where ωm
modal frequencies, ψm(x) eigenfunctions, ξm imaginary part of
eigenvalue, x observation position, x′ source position
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Modal description of reverberation (cont’d)
• Density of modes increases as f 2 (Kuttruff, 2000)[2]

◦ Sparse distribution of modes at low frequencies
◦ Overlapping modes at high frequency into a random frequency

response

• Transition – Schroeder frequency [Schroeder, 1962][3]:
Fc = 2000

√
T60
V

Examples
• Bathroom V = 10 m3, T60 = 0.35 s ⇒ Fc = 374 Hz
• Concert hall V = 2700 m3, T60 = 2 s ⇒ Fc = 54 Hz
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Acoustic Impulse Response (AIR)
• Acoustic impulse response is (time-domain) solution of wave

equation for impulsive sound source
• Response to any input is obtained via convolution with AIR

(Rational Acoustics)

Components of AIR h(t) in rooms
• Direct line-of-sight (LOS)
• Early reflections: sparse low order reflections
• Late reverb: dense, higher order reflections, from all directions
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High level characteristics of AIR

Mixing time
• Transition between early reflections and late reverb

Reverberation time (T60)
• Time taken for cumulative sound energy to decay 60 dB below

its initial level

Direct-to-reverberant Energy Ratio (DRR)
• The ratio of the energies of early reflections and late reverb

Critical distance (Reverberation radius)
• The distance at which energies of the direct sound and

reverberation are equal
• Affects speech intelligibility
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Measured AIR samples

Link here to: https://youtu.be/hWaDaB2B9i8
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Distance attenuation
Spherical spreading; inverse square law; 6 dB drop for every
doubling of distance

Air absorption
Heat losses due to friction and relaxation processes; frequency
dependent
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Reflections

(Sonography folder)

• Sound wave hitting a boundary will generate a specular
reflection and, depending on the material, a more or less
energetic diffuse reflection

• In the process, energy will be lost, with losses dependent on
material and on frequency
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Source directivity

Late reverberation

Early reflections

Direct path

Figure adapted from Behler, 2006 [4]

• Real sound sources are never omnidirectional
• Depending on the position of observation the direct path level

and the ER pattern will change
• Critical distance: rc ≈ 0.1(gV/πT ) 1

2 (g is the directivity gain)
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Measuring source directivity

(Katz et al., 2006)[5]

• Typically requires an anechoic chamber (or that the direct path
response does not overlap with the first early reflection)

• Smaller static sources (e.g. loudspeakers) easier to measure
• CLF [6] or SOFA [7] can be used to store and deliver directivity

data
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Occlusion

(quora.com)

• Occlusions occur when the line of sight is blocked
• Sound waves can still travel around the edges: diffraction
• Waves with larger wavelengths result in more energy diffracted

around the edge
• Occlusions can be caused acoustically transparent materials
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Edge Diffraction

Left figure adapted from (Torres et al., 2001)[8]

• When a source is obstructed, diffraction component is the
earliest arriving wave

• Biot-Tolstoy-Medwin (BTM) model[9] provides a closed form
solution for infinite wedges
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Outline of the Section

Room Acoustics Synthesis
Fundamentals of Room Acoustics
Perception of Room Acoustics
Room Acoustic Models

Binaural Rendering for XR

Examples of open-source VR/AR Audio Rendering Software

Conclusions
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Perception of Sound in Rooms

(Rational Acoustics)

1. Early reflections: affect spaciousness, envelopment, and
apparent source width.

2. Late reverberation: precise structure not important, but
2.1 T60(ω): affects impression of size
2.2 Echo buildup density: affects the perceived texture of

reverberation
2.3 Mode density: if insufficient can yield metallic sound
2.4 direct-to-reverberant ratio...

• Governed by complex and not fully understood perceptual
phenomena[10, 11]
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Perception of Early Reflections
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Precedence Effect
The first arriving sound wave dominates directional localization
and most of the localization information conveyed in the
reflections is suppressed
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Perception of Early Reflections
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Disturbance  
(i.e. echo)

Perception of a single reflection incident from 40◦ azimuth with respect to the
frontal direct sound (Adapted from Barron, 1971[12])
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Perception of Reverberation

Perceptual attributes of reverberation (Kaplanis et. al. 2014)[10]
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Summary of fundamentals of room acoustics and
perception of room acoustics

• AIR in a room: LOS, early reflection and late reverb
• Wave equation gives physical model for propagation
• Wave equation requires initial and boundary conditions to find

solution, and solution hard to find in closed form
• Solution for point-like sound source yields modal description of

reverberation
• Modes well separated at low frequencies

• Room perception governed by complex phenomena
• Accurate rendering of early reflections is important
• We are not sensitive to precise structure of late reverb

De Sena, Hacıhabiboğlu, Cvetković Tutorial: Interactive Room Acoustics Synthesis for XR 26/77

26/77



Outline of the Section

Room Acoustics Synthesis
Fundamentals of Room Acoustics
Perception of Room Acoustics
Room Acoustic Models

Binaural Rendering for XR

Examples of open-source VR/AR Audio Rendering Software

Conclusions

De Sena, Hacıhabiboğlu, Cvetković Tutorial: Interactive Room Acoustics Synthesis for XR 27/77

27/77



Overview

• Excellent overview paper of past 50+ years of artificial
reverberation by Valimaki et al.[13, 14]
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