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ABSTRACT

Digital waveguide mesh models have provided an acarate and
efficient method d modelling the properties of many resonant
structures, including amustic spaces. 2-D redilinea and
triangular mesh structures have been used extensively in the past
to model plates and membranes and are presented here &
potential analogues to 2-D awmustic spaces. Impulse resporse
measurements are taken and comparisons are made regarding the
spedral content and the asciated properties when compared
with standard room amustic parameters. Enhanced mesh
structures are examined using frequency warping techniques and
high-resolution sampling rates. The 2-D triangular mesh is
shown to be cnsiderably superior to the redili nea mesh in terms
of the measurements taken, with a further significant
improvement being made by using the same mesh oversampled to
a much higher resolution to improve the bandwidth of the
measured impulse resporses.

1. INTRODUCTION

All sounds have assciated with them an environmental context
related to the amustic space within which they are head.
Composers have long used and manipulated these properties of
sounds in space & a fundamental part of their music. Many
methods have been used to simulate the aoustics of an enclosed
space and dgita waveguide mesh models have provided an
acarate and efficient method d modelling this physicdly
complex system [1], [2], [3], [4]. However, due to the high
sampling rate that is required to model even the smalest and
simplest acmusticdly interesting space a 3-D mesh suitable for
full audio bandwidth processng is often impradicd to
implement, resulting in prohibitively high computation times. A
partial compromise is ought by acarrately modelli ng an acmustic
spacein the two dmensiond plane only, in order to ascetain
whether or not a musicdly useful environmental context can be
successully synthesized [5].

This paper examines ©me of the properties of two such 2-D
waveguide mesh structures when used to model a simple
redangular 2-D representation d an enclosed space Both the
redilinea and triangular mesh structures have been used
extensively in the past to model plates and membranes [6], [7]
and are presented here & potential analogues to 2-D amustic
spaces. Impulse resporse measurements are taken and
comparisons are made regarding the spedral content and the

asciated properties when compared with standard room
austic parameters. Suggestions are dso made @ to how these
2-D models could be enhanced so as to improve the resultant
austic environmental context.

2. 2-DDIGITAL WAVEGUIDE MESH STRUCTURES

A waveguide is any medium in which wave motion can be
charaderised by the one-dimensionad wave eguation. In the
losdesscase, al solutions can be expressed in terms of |eft-going
and right-going travelli ng waves and can be simulated using a bi-
dirediona digita delay line. A digital waveguide mode is
obtained by sampling, bath in space ad time, the one-dirediona
travelling waves occuring in a system of ided losdesswaveguides
[8]. The sampling points in this cese ae cdled scatering
junctions, and are wnreded by bi-dirediona unit-delay digital
waveguides [9]. Figure 1 shows the general case of a scatering
junction Jwith N neighbous, i =1,2,...N.

Figure 1. A general scattering junction J with N
conreded waveguides for i = 1,2,...,N.

The sound pesaure in a waveguide is represented by p;, the
volume velocity by v; and the impedance of the waveguide by Z;.
The inpu to a waveguide is termed p;" and the output p;. The
signa p;," therefore represents the incoming signal to junction i
along the waveguide from the oppasite junction J.  Similarly, the
signal p; ; represents the outgoing signal from junctioni along the
waveguide to the oppasite junction J. The volume velocity v, is
equa to presare, p;, divided by impedance Z. The delay
elements are bi-dirediona and so the sound pesaure is defined as
the sum of itsinput and ouput:

p=p"+p (6h)
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At a losdess gatering junction with N conrneaed waveguides
the foll owing conditions must hold:
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Using these @ndtions the sound pessure & a scatering junction
can be expressd as:
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As the waveguides are eguivalent to hi-dirediona unit-delay
lines, the input to a scattering junction is equal to the output from
a neighbouing junction into the cnreding waveguide & the
previoustime step. Thiscan be expressd as:

p, =2 2)

+ -1 -

P =2 R, (©)

To model the propagation d a wave on the horizonta plane
within an enclosed space 2-D redilinea and triangular mesh
structures are @nstructed using unit delay waveguides and
losdess sdtering junctions with N = 4 and N = 6 in Equation 2
respedively. A signal representing acoustic presaure introduced
to a waveguide will propagate in either diredion aong the bi-
diredional delay lines urtil it comes to a junction. The signa
then scaters acording to the relative impedances of the
conreded waveguides. In the aurrent model al impedances are
set to be equal. Simple asorption can be modelled at a boundry
where ageneral scatering junction is replacal with the eguivalent
n-port junction (where n=12,...5), acwording to the
room/boundry geometry that the mesh model hasto fit. Figure 2
shows an example of the two mesh structures used to model a
smple 2-D enclosed space using both the redilinea and
triangular mesh topdogies.

Q
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Figure 2. A simple 2-D enclosed space andthe resultant
mesh structures used. (a) redilinear mesh topdogy;
(b) trianguar mesh topdogy.

3. THE WAVEVERB DIGITAL WAVEGUIDE MESH
REVERBERATION SYSTEM

The WaveVerb System has been developed to alow Room
Impulse Resporses (RIRs) to be generated from a 2-D
representation o an enclosed space using both redilinea and
triangular mesh topdogies, with an emphasis onits use & a high
level credive tool for the cmputer musician [10]. Figure 3
shows the user interface that alows the resultant wave
propagation to be monitored on a graphicd display with a
number of different views and redisations. This provides visual
feedbadk on the behaviour of the propegating wave and the
properties of the room itself at low mesh sampling rates. This
modue forms the basis of the WaveVerb system and alows the
user to make RIR measurements for various Surcelistener
positions.  Control is given over variables guch as room width,
length and mesh density. In this way the user does not require
any in depth knowledge of room amustics in order to generate a
RIR for areverberant effed - the parameters the user has control
over correlate reaily to red world variables sich as room size,
source locaion and oljed position. Wave phenomena such as
diffradion, refledions and interference ae natural consequences
of the model. A command line implementation d WaveVerb is
aso used withou the option for feedbadk or user interadion to
fadlitate full audio bandwidth processng at much higher mesh
sampling rates.

Default Settings:
i

(WxL): 440mx5.00m
(Wxl): 207x316

Figure 3. The WaveVerb System: The Wave Propagdion
Interface

4. MESHLIMITATIONSAND DISPERSION ERROR

There ae two main problems that tend to limit the aility of
waveguide mesh structures to propagate high frequencies
succesqully. The sampling rate of the mesh (in Hz), which is
determined by the spadng of the scattering junctions and the mesh
topdogy, isgiven by:

o2

update: T ©)
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Where c is the speed of sound (in ms?), and d is the distance
between scettering junctions (in m). The higher the frequency that
isrequired to be propagated by the structure, the denser the mesh
has to be in terms of the number of scatering junctions used, and
the more time it takes to cdculate and olain a satisfadory RIR.
This problem can be solved effedively by increasing the
computational power avail able for the mesh algorithm or by using
aparallel implementation[11].

The dfedive sampling rate, and so the wave of highest frequency
that can be propagated successully by the mesh, iswell below the
value given by fyse. An inherent problem with lattice type
structures such as the digital waveguide mesh is that they exhibit
frequency and angular dependent dispersion, whereas in the ided
cese dl wave frequencies travel at the same speeal in every
diredion. This property is dependent uponthe mesh topdogy as
well as the mesh density [12]. The dispersion error present in the
basic redili nea mesh can be improved uponby using a triangular
mesh constructed using 6-port scattering junctions. This topdogy
is the most efficient decomposition d the 2-D plane in terms of
the wmnsistency and minimisation o the dispersion error such that
it is amost totally independent of the diredion d propagation
[13]. The dispersion eror is therefore only a function o
frequency, rather than frequency and dredion o wave
propagation. The availability of increased computing speed
further minimises dispersion error that is dependent only on wave
frequency by using a mesh of a density sufficient enough to yield
aresult valid for the bandwidth required.

5. RESULTS

A number of RIR measurements for both triangular and redili nea
mesh topdogies were made for a 2-D representation d a
recangular room, 7.0m long and 60m wide, with a fixed source,
four different output points, and varied boundry absorption
condtions. To generate a satisfadory audio rate RIR, a mesh
sampling rate of at least 44.1kHz is required. Using Equation 4,
this can be obtained assuming ¢ = 343ms™ and d = 0.011m giving
fupdae = 44098Hz. A 2-second Room Impulse Resporse (RIR)
measurement was made in ead case.

5.1. Observation of Wavefronts and Dispersion Error

Figure 4 shows a plan view of the wavefronts on bah meshes 14
time steps after eadh mesh has been excited with a Gaussan
impulse gplied over 6 time steps. In Figure 4(a) the drcular
wavefront is clealy nonruniform, with “fuzzy” edges on the top,
bottom and sides. This is due to the diredion dependent
dispersion error present on the redilinea mesh. The wavefront
along the diagonals to the mesh (if it were to be super-imposed on
top o thisimage) are a¢ualy quite sharp and cefined. It can be
shown mathematicaly that thereis no dspersion onthe redili nea
mesh aong the diagonas to the mesh coordinate system.
However the top, bottom and sides of the wavefront are not so
well defined due to the dispersion error being maximum in these
diredions. The wavefront on the triangular mesh, however, is
much closer to being auniform circle.

(@ (b)

Figure 4. Wavefronts on, (a) redilinear mesh, and (b)
trianguar mesh, 14 time steps after an appied Gaussan

impulse.

5.2. Spectral Analysis

Figure 5 shows a spedra analysis for the output point furthest
away from the inpu, with uriformly low absorption condtions
aaossall boundries.

frequency, Hz

frequency, Hz
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Figure 5. Time \arying spedral andysis of RIR from a singe
output paint for, (top) redilinear mesh, and (bottom) trianguar
mesh.

Note that the triangular mesh exhibits a well defined cut-off point
being the natural upper limit of the mesh above which no
frequency can be succesdully propagated. This cut-off is related
to the mesh sampling rate, being equal to fy,gae/3, With fypgae =
44.1kHz. In the cae of the redilinea mesh there is a well
defined resonant pe&k present in dal frequency resporse
measurements at f,pqae/4, and it can be noted that the frequency
resporee adove this pe refledsthat below it. Thereason for this
“mirroring” is due to the fad that when a Diracimpulse is applied
as an inpu to the redilinea mesh, every other sample value is
equal to zero in the resultant RIR. This is because the path length
of every route between two arbitrary junctions is either an odd @
even number of waveguide dements, ead being a unit delay. In
the redili near mesh there does not exist a pair of junctions which
can be readed by both an odd and even number of unit
waveguide dements. Conversely in the triangular waveguide
mesh, there exists both an oddand even length path between any
two junctions. The implication d this property being that the
diasing present in the redili near mesh gives a frequency resporse
only valid up to fy,gae/4 rather than fy,444/3 in the cae of the
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triangular mesh (ignoring any additional frequency resporse
limitations due to dspersion error).

5.3. Reverberation Time M easurements

It can been seen from Figure 6 that the Reverberation Time (RTgg)
measurements for both topdogies are generally consistent aaoss
all of the output points. This agrees with the principle that the
reverberant sound pesent in a room shoud be diffuse — that is,
the reverberant sound visits dl parts of the room with equal
probability.

Reverberation Time Varying With Position
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Figure 6. Reveaberation Time Measurements varying
with ouput paoint paosition in the modelled room, for
baoth the trianguar mesh (upper set of measurements)
andthe redili near mesh (lower set of measurements).

Figure 7 shows the spatiall y averaged RTg, measurements varying
with total room absorption, rather than thase particular to a given
output point. This being a valid assumption die to the property
evidenced in Figure 6. Setting the ésorption level equaly at all
four walls to an appropriately low level produced the set of
results labelled as “Low Absorption”. Similarly, setting the
absorption level equaly at al four walls to an appropriately high
level produced the set of results labelled as “High Absorption 1'.
The fina set of results, labelled as “High Absorption 2 have
been generated using a diff erent absorption value & ead wall.

Mean Reverberation Times Varying with Level of Absorption
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Figure 7. Spdially Averaged Reveberation Time
Measurements, varying with levd of absorption in the
modell ed room.

Note firstly that as the @sorption increases the RTgg vaues fall,
aswould be expeded with ared room. It is aso evident that the
RTgo values for the triangular mesh are gproximately doulde
thase of the redilinea mesh. Given that the RIRs from the
redilinea mesh have every other sample value equal to zero it is

clea that there is a much lower average signal strength and hence
lessreverberant energy present. RIRs from the triangular mesh
have doute the number of non-zero samples and hence the RTgq
measurements are @rrespondngly longer — approximately twice
aslong as those from the redili nea mesh.

6. ENHANCED MESH STRUCTURES

It seams clea from the previous results that it is possble to
generate an RIR useful for generating a musicaly useful acoustic
environmental context. The triangular mesh has a wnsiderably
lower noise floor compared to the redili nea mesh athough with
higher levels of absorption it is posshle to deted changes due to
the position d the output point relative to the input. This again
tiesin with red world expedations as it becomes more difficult to
acarately place asound source in a highly reverberant field.
Sounds or notes with a percussve transient attadk result in a
dlight, yet noticeale, high frequency resonance This is in
agreament with the observed physicd behaviour of both mesh
structures in that they do nd respond well to high amplitude
impulsive signals as this introduces high frequency distortion.
However, the best amustic efed is demonstrated using RIR
measurements obtained from the triangular mesh with absorption
levels st to be different for ead wall, giving amore amplex and
randam soundield in the room. The resulting sounds are more
full and retural and do na conflict with hav the modelled space
shoud be perceived in terms of its geometricd feaures. These
results are further enhanced when a stereo RIR is used. However,
thereis gill evidenceof high frequency resonance

Clealy afull 3-D mesh structure based onatriangular topdogy —
or a dodecdhedra topdogy in 3D terms - would dofer a
significantly improved and more redistic environmental context,
with a full complement of modal frequencies present, but at the
expense of considerably higher computational overheads. A
useful next step is to examine patential strategies for improving
the quality of the results produced by the 2-D triangular mesh, to
seeif they can ofer apartial solution.

6.1. Frequency Warping

It has been shown that the dispersion error of the triangular mesh
- asit is effedively consistent acossall diredions of propagation
- can be reduced by using frequency warping techniques [14] and
[15]. This involves post processng the RIR generated by the
mesh using a warped FIR filter that frequency shifts the signal,
hence reducing the dispersion error. The FIR filter is
implemented using a first-order alpass transfer function to
replace eae urit delay element. The alpasstransfer function is
of the form:

— l A
A(z):lerT:_l ®)

Where A determines the extent of the frequency warping, being
uniform for ead allpassfilter used in the FIR filter construction.
The wefficients of the FIR filter are determined by the sample
values of the RIR that is to be warped. An opima warping
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fador for the range of frequencies from OHz to fpqae/4 Hz, Of A =
-0.109540is used [15].

The warped triangular mesh variation o the 2-D redangular
room modd andysed in Sedion 5is implemented by initialy
dewarping the inpu signal by a fador of -A, and applying the
result to a resampled mesh with dieirpies = D.d, Where D is
defined by:

D=—-o (6)

Being the phase delay at low frequencies caused by the warping
operation [15]. Finaly, the output RIR is warped using a facor
of A.

6.2. High Resolution Mesh Structures

The limitations of dispersion error and sampling rate relate to the
bandwidth over which the RIR can be said to be valid, which is
generally accepted as being up to fy,gae/4 (athough bah the
warped and nonwarped triangular mesh structures improve on
this for the same given sampling rate). Therefore abrute force
solution to the problem is to oversample the mesh sufficiently so
that the resultant RIR is valid over the required frequency range,
being in this case, 0-2205Hz. The mmputational overheal of
implementing this lution being still considerably lessthan a full
3-D solution, due to the total number of scatering junctions
involved.

The triangular mesh redangular room structure was resampled
using d = 0.0055 giving fypq4e = 88196Hz, approximately equal
to 2x 44.1kHz.

Reverberation Time Measurements - Comparing Warped and High Resolution
Triangular Meshes

: e
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Figure 8. Reveberation Time measurements for the
triangdar, high-resolution triangdar, and warped
trianguar mesh structures.

Figure 8 shows the RTgq measurements for a single output point
in the modell ed room for both of these enhanced mesh structures
when compared with the standard triangular mesh. Note that
there is a dose @rrelation in the low frequency region between
al three mesh implementations. This is as expeded die to the
high sampling rates used resulting in a highly acarate modd at

low frequencies[16]. However thereis adivergence d the higher
frequency bandwidths. This is most likely due to errors in the
RTeo value cdculation as both the triangular mesh and the warped
triangular mesh still exhibit a distinct cut-off point. Therefore the
only RIR that has a valid measurement aaoss the whole
bandwidth is the high-resolution mesh. Further, despite the faa
that the warped mesh produces a more linea RTg, result varying
with frequency, when convolved with anechoic audio, the RIR
measured from the high-resolution mesh sounds far superior, with
clea high frequency definition and a minimum traceof the high
frequency resonance mentioned previoudly.

Note that audio examples and further detail s regarding these mesh
models are avail able from the WWW URL address

http://ww- users. york. ac. uk/ ~dt n3/

7. Further Work

A number of further posshiliti es exist in developing these 2-D
waveguide mesh models for room amustics modelling. Future
work will include the development of layered 2-D mesh
structures to improve the modal density but without the overhead
of a full 3-D model, and an investigation into high-resolution
mesh structures for ealy refledion modelling. This would use a
high-resolution mesh to model the ealy part of the RIR and a
more generic method to model the late reverberant soundin a
more computationally efficient manner.

8. Conclusions

The properties of a number of 2-D full audio bandwidth
waveguide mesh structures have been examined and compared
when used to model asimple redangular 2-D representation o an
enclosed space The wavefronts present on the triangular and
redilinea mesh demonstrate the dfed of dispersion error that is
an inherent property of these models, and telp to show that it is
minimised for the triangular mesh topdogy. Spedra analyses of
RIRs measured from baoth the redilinea and triangular meshes
show the improved high frequency resporse of the latter, with
particular regard to the aliasing properties of the redili near mesh.
RTeomeasurements are consistent with red world expedations, to
which the triangular mesh gives the dosest match.

The triangular waveguide mesh has been enhanced using both
warped and hgh-resolution techniques, showing an improvement
in bah ceses, being particularly noticedle with the high-
resolution mesh when convolved with anechoic audio. Future
work will potentially develop and combine these tedhniques,
including the use of awarped high-resolution mesh structure.
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