Proceedings of the COST G-6 Conference on Digital Audio Effects (DAFX-00), Verona, Italy, December 7-9, 2000

2-D DIGITAL WAVEGUIDE MESH TOPOLOGIES IN ROOM

ACOUSTICS MODELLING

Damian T. Murphy and David M. Howard

Department of Electronics

Universityof York, Heslington, York, YO10 5DD, UK dtm3@ohm.york.ac.uk

ABSTRACT

Digital waveguide mesh models have provided an accurate and efficient method of modelling the properties of manyresonant structures, including acoustic spaces. 2-D rectilinear and triangular mesh structures have been used extensivelyin the past to model plates and membranes and are presented here as potential analogues to 2-D acoustic spaces. Impulse response measurements are taken and comparisons are made regarding the spectral content and the associated properties when compared with standard roomacoustic parameters. Enhanced mesh structures are examined using frequencywarping techniques and high-resolution sampling rates. The 2-D triangular mesh is shown to be considerablysuperior to the rectilinear mesh in terms of the measurements taken, with a further significant improvement being made byusing the same mesh oversampled to a much higher resolution to improve the bandwidth of the measured impulse responses.

1. INTRODUCTION

All sounds have associated with theman environmental context related to the acoustic space within which theyare heard.

Composers have long used and manipulated these properties of sounds in space as a fundamental part of their music. Many methods have been used to simulate the acoustics of an enclosed space, and digital waveguide mesh models have provided an accurate and efficient method of modelling this physically complex system[1], [2], [3], [4]. However, due to the high sampling rate that is required to model even the smallest and simplest acousticallyinteresting space, a 3-D mesh suitable for full audio bandwidth processing is often impractical to implement, resulting in prohibitivelyhigh computation times. A partial compromise is sought byaccurately modelling an acoustic space in the two dimensional plane only, in order to ascertain whether or not a musicallyuseful environmental context can be successfullysynthesized [5].

This paper examines some of the properties of two such 2-D waveguide mesh structures when used to model a simple rectangular 2-D representation of an enclosed space. Both the rectilinear and triangular mesh structures have been used extensivelyin the past to model plates and membranes [6], [7] and are presented here as potential analogues to 2-D acoustic spaces. Impulse response measurements are taken and comparisons are made regarding the spectral content and the

associated properties when compared with standard room acoustic parameters. Suggestions are also made as to how these

2-D models could be enhanced so as to improve the resultant acoustic environmental context.

2. 2-D DIGITAL WAVEGUIDE M ESH STRUCTURES

A waveguide is anymediumin which wave motion can be characterised bythe one-dimensional wave equation. In the lossless case, all solutions can be expressed in terms of left-going and right-going travelling waves and can be simulated using a bidirectional digital delayline. A digital waveguide model is obtained bysampling, both in space and time, the one-directional travelling waves occuring in a systemof ideal lossless waveguides

[8]. The sampling points in this case are called scattering junctions, and are connected bybi-directional unit-delay digital waveguides [9]. Figure 1 shows the general case of a scattering junction J with N neighbours, i = 1,2 ,� N .

The sound pressure in a waveguide is represented by p i

, the volume velocityby v i

and the impedance of the waveguide by Z i

.

The input to a waveguide is termed p i

+ and the output p i

- . The signal p i ,J

+ therefore represents the incoming signal to junction i along the waveguide fromthe opposite junction J . Similarly, the signal p i ,J

- represents the outgoing signal fromjunction i along the waveguide to the opposite junction J . The volume velocity v i

is equal to pressure, p i

, divided byimpedance, Z i

. The delay elements are bi-directional and so the sound pressure is defined as the sumof its input and output:

J

N

2

1

i

3 p

J ,1

+ p

J ,1

- p

1 ,J

- p

1 ,J

+

p

J ,i

-

p

J ,i

+

p

i ,J

- p

i ,J

+

Figure 1. A general scattering junction J with N

connected waveguides for i = 1,2 ,�,N.

- + + =

i i p p p (1)

Proceedings of the COST G-6 Conference on Digital Audio Effects (DAFX-00), Verona, Italy, December 7-9, 2000

At a lossless scattering junction with N connected waveguides

the following conditions must hold:

1.

å å

= =

- + =

N

i

N

i i i v v

1 1

2.

N i p p p p = = = = ... ...

2 1

Using these conditions the sound pressure at a scattering junction

can be expressed as:

As the waveguides are equivalent to bi-directional unit-delay

lines, the input to a scattering junction is equal to the output from

a neighbouring junction into the connecting waveguide at the

previous time step. This can be expressed as:

To model the propagation of a wave on the horizontal plane

within an enclosed space, 2-D rectilinear and triangular mesh

structures are constructed using unit delay waveguides and

lossless scattering junctions with N = 4 and N = 6 in Equation 2

respectively. A signal representing acoustic pressure introduced

to a waveguide will propagate in either direction along the bi-

directional delaylines until it comes to a junction. The signal

then scatters according to the relative impedances of the

connected waveguides. In the current model all impedances are

set to be equal. Simple absorption can be modelled at a boundary

where a general scattering junction is replaced with the equivalent

n -port junction (where n =1,2 ,�5), according to the

room/boundarygeometrythat the mesh model has to fit. Figure 2

shows an example of the two mesh structures used to model a

simple 2-D enclosed space using both the rectilinear and

triangular mesh topologies.

3. THE WAVEVERB DIGITAL WAVEGUIDE MESH

REVERBERATION SYSTEM

The WaveVerb Systemhas been developed to allow Room

Impulse Responses ( RIRs) to be generated froma 2-D

representation of an enclosed space using both rectilinear and

triangular mesh topologies, with an emphasis on its use as a high

level creative tool for the computer musician [10]. Figure 3

shows the user interface that allows the resultant wave

propagation to be monitored on a graphical displaywith a

number of different views and realisations. This provides visual

feedback on the behaviour of the propagating wave and the

properties of the roomitself at low mesh sampling rates. This

module forms the basis of the WaveVerb systemand allows the

user to make RIR measurements for various source-listener

positions. Control is given over variables such as roomwidth,

length and mesh density. In this waythe user does not require

anyin depth knowledge of roomacoustics in order to generate a

RIR for a reverberant effect - the parameters the user has control

over correlate readilyto real world variables such as roomsize,

source location and object position. Wave phenomena such as

diffraction, reflections and interference are natural consequences

of the model. A command line implementation of WaveVerb is

also used without the option for feedback or user interaction to

facilitate full audio bandwidth processing at much higher mesh

sampling rates.

4. MESH LIMITATIONS AND DISPERSION ERROR

There are two main problems that tend to limit the abilityof

waveguide mesh structures to propagate high frequencies

successfully. The sampling rate of the mesh (in Hz), which is

determined bythe spacing of the scattering junctions and the mesh

topology, is given by:

- - + =

J i i J p z p

,

1

,

(3) å å +

=

N

i i

N

i i i

J

Z

Z p

p

1

2 (2)

d d

Figure 2. A simple 2-D enclosed space and the resultant

mesh structures used. (a) rectilinear mesh topology;

(b) triangular mesh topology.

Figure 3. The WaveVerb System: The Wave Propagation

Interface d

c f update

2

= (4)

( a) ( b)

Proceedings of the COST G-6 Conference on Digital Audio Effects (DAFX-00), Verona, Italy, December 7-9, 2000

DAFX- 3

Where c is the speed of sound (in ms -1 ), and d is the distance between scattering junctions (in m ). The higher the frequencythat is required to be propagated bythe structure, the denser the mesh has to be in terms of the number of scattering junctions used, and the more time it takes to calculate and obtain a satisfactoryRIR.

This problemcan be solved effectivelybyincreasing the computational power available for the mesh algorithmor byusing a parallel implementation [11].

The effective sampling rate, and so the wave of highest frequency that can be propagated successfullybythe mesh, is well below the value given by f update

. An inherent problemwith lattice type structures such as the digital waveguide mesh is that theyexhibit frequencyand angular dependent dispersion, whereas in the ideal case all wave frequencies travel at the same speed in every direction. This propertyis dependent upon the mesh topologyas well as the mesh density[12]. The dispersion error present in the basic rectilinear mesh can be improved upon byusing a triangular mesh constructed using 6-port scattering junctions. This topology is the most efficient decomposition of the 2-D plane in terms of the consistencyand minimisation of the dispersion error such that it is almost totallyindependent of the direction of propagation

[13]. The dispersion error is therefore onlya function of frequency, rather than frequencyand direction of wave propagation. The availabilityof increased computing speed further minimises dispersion error that is dependent onlyon wave frequencybyusing a mesh of a densitysufficient enough to yield a result valid for the bandwidth required.

5. RESULTS

A number of RIR measurements for both triangular and rectilinear mesh topologies were made for a 2-D representation of a rectangular room, 7.0mlong and 6.0mwide, with a fixed source, four different output points, and varied boundaryabsorption conditions. To generate a satisfactoryaudio rate RIR, a mesh sampling rate of at least 44.1kHz is required. Using Equation 4, this can be obtained assuming c = 343 ms -1 and d = 0.011 m giving f update

= 44098Hz. A 2-second RoomImpulse Response (RIR) measurement was made in each case.

5.1. Observation of Wavefronts and Dispersion Error

Figure 4 shows a plan view of the wavefronts on both meshes 14 time steps after each mesh has been excited with a Gaussian impulse applied over 6 time steps. In Figure 4(a) the circular wavefront is clearlynon-uniform, with ^fuzzy~ edges on the top, bottomand sides. This is due to the direction dependent dispersion error present on the rectilinear mesh. The wavefront along the diagonals to the mesh (if it were to be super-imposed on top of this image) are actuallyquite sharp and defined. It can be shown mathematicallythat there is no dispersion on the rectilinear mesh along the diagonals to the mesh coordinate system.

However the top, bottomand sides of the wavefront are not so well defined due to the dispersion error being maximumin these directions. The wavefront on the triangular mesh, however, is much closer to being a uniformcircle.

5.2. Spectral Analysis

Figure 5 shows a spectral analysis for the output point furthest awayfromthe input, with uniformlylow absorption conditions across all boundaries.

Note that the triangular mesh exhibits a well defined cut-off point being the natural upper limit of the mesh above which no frequencycan be successfullypropagated. This cut-off is related to the mesh sampling rate, being equal to f update

/3, with f update

=

44.1kHz. In the case of the rectilinear mesh there is a well defined resonant peak present in all frequencyresponse measurements at f update

/4, and it can be noted that the frequency response above this peak reflects that below it. The reason for this

^mirroring~ is due to the fact that when a Dirac impulse is applied as an input to the rectilinear mesh, everyother sample value is equal to zero in the resultant RIR. This is because the path length of everyroute between two arbitraryjunctions is either an odd or even number of waveguide elements, each being a unit delay. In the rectilinear mesh there does not exist a pair of junctions which can be reached byboth an odd and even number of unit waveguide elements. Converselyin the triangular waveguide mesh, there exists both an odd and even length path between any two junctions. The implication of this propertybeing that the aliasing present in the rectilinear mesh gives a frequencyresponse onlyvalid up to f update

/4 rather than f update

/3 in the case of the

( a) ( b)

Figure 4. Wavefronts on, (a) rectilinear mesh, and (b) triangular mesh, 14 time steps after an applied Gaussian impulse.

frequency, Hz

Figure 5. Time varying spectral analysis of RIR from a single output point for, (top) rectilinear mesh, and (bottom) triangular mesh.

time, s

Proceedings of the COST G-6 Conference on Digital Audio Effects (DAFX-00), Verona, Italy, December 7-9, 2000

DAFX- 4

triangular mesh (ignoring anyadditional frequencyresponse limitations due to dispersion error).

5.3. Reverberation Time Measurements

It can been seen fromFigure 6 that the Reverberation Time ( RT

60

) measurements for both topologies are generallyconsistent across all of the output points. This agrees with the principle that the reverberant sound present in a roomshould be diffuse ˘ that is, the reverberant sound visits all parts of the roomwith equal probability.

Figure 7 shows the spatiallyaveraged RT

60

measurements varying with total roomabsorption, rather than those particular to a given output point. This being a valid assumption due to the property evidenced in Figure 6. Setting the absorption level equallyat all four walls to an appropriatelylow level produced the set of results labelled as ^Low Absorption~. Similarly, setting the absorption level equallyat all four walls to an appropriatelyhigh level produced the set of results labelled as ^High Absorption 1~.

The final set of results, labelled as ^High Absorption 2~ have been generated using a different absorption value at each wall.

Note firstlythat as the absorption increases the RT

60

values fall, as would be expected with a real room. It is also evident that the

RT

60

values for the triangular mesh are approximatelydouble those of the rectilinear mesh. Given that the RIRs fromthe rectilinear mesh have everyother sample value equal to zero it is

clear that there is a much lower average signal strength and hence less reverberant energypresent. RIRs fromthe triangular mesh have double the number of non-zero samples and hence the RT

60 measurements are correspondinglylonger ˘ approximatelytwice as long as those fromthe rectilinear mesh.

6. ENHANCED MESH STRUCTURES

It seems clear fromthe previous results that it is possible to generate an RIR useful for generating a musicallyuseful acoustic environmental context. The triangular mesh has a considerably lower noise floor compared to the rectilinear mesh although with higher levels of absorption it is possible to detect changes due to the position of the output point relative to the input. This again ties in with real world expectations as it becomes more difficult to accuratelyplace a sound source in a highlyreverberant field.

Sounds or notes with a percussive transient attack result in a slight, yet noticeable, high frequencyresonance. This is in agreement with the observed physical behaviour of both mesh structures in that theydo not respond well to high amplitude impulsive signals as this introduces high frequencydistortion.

However, the best acoustic effect is demonstrated using RIR measurements obtained fromthe triangular mesh with absorption levels set to be different for each wall, giving a more complex and random soundfield in the room. The resulting sounds are more full and natural and do not conflict with how the modelled space should be perceived in terms of its geometrical features. These results are further enhanced when a stereo RIR is used. However, there is still evidence of high frequencyresonance.

Clearlya full 3-D mesh structure based on a triangular topology˘ or a dodecahedral topologyin 3-D terms - would offer a significantlyimproved and more realistic environmental context, with a full complement of modal frequencies present, but at the expense of considerablyhigher computational overheads. A useful next step is to examine potential strategies for improving the qualityof the results produced bythe 2-D triangular mesh, to see if theycan offer a partial solution.

6.1. Frequency Warping

It has been shown that the dispersion error of the triangular mesh

- as it is effectivelyconsistent across all directions of propagation

- can be reduced byusing frequencywarping techniques [14] and

[15]. This involves post processing the RIR generated bythe mesh using a warped FIR filter that frequencyshifts the signal, hence reducing the dispersion error. The FIR filter is implemented using a first-order allpass transfer function to replace each unit delayelement. The allpass transfer function is of the form:

Where l determines the extent of the frequencywarping, being uniformfor each allpass filter used in the FIR filter construction.

The coefficients of the FIR filter are determined bythe sample values of the RIR that is to be warped. An optimal warping

Reverberation Time Varying With Position

0

0.5

1

1.5

2

2.5

3

3.5

31.5 63 125 250 500 1K 2K 4K 8K

Frequen cy (Hz)

Time (s)

Position 1 - Rect Position 2 - Rect Position 3 - Rect Position 4 - Rect

Position 1 - Tri Position 2 - Tri Position 3 - Tri Position 4 - Tri

Figure 6. Reverberation Time Measurements varying with output point position in the modelled room, for both the triangular mesh (upper set of measurements) and the rectilinear mesh (lower set of measurements).

Me anRe v e rbe rationT ime sVarying with Le v e l of Absorption

0

0.5

1

1.5

2

2.5

3

31.5 63 125 250 500 1K 2K 4K

Fre que ncy (Hz )

Low Abs orption - Rect Low Abs orption - Tri High Abs orption 1- R ect

High Abs orption 1- Tri High Abs oprtion 2- R ect High Abs orption - Tri

Figure 7.

Spatially Averaged Reverberation Time

Measurements, varying with level of absorption in the modelled room. ( )

1

1

1 -

-

+

+

= z

z z A

l l

(5)

Proceedings of the COST G-6 Conference on Digital Audio Effects (DAFX-00), Verona, Italy, December 7-9, 2000

factor for the range of frequencies from0Hz to f

update

/4 Hz, of l =

-0.109540 is used [15].

The warped triangular mesh variation of the 2-D rectangular

room model analysed in Section 5 is implemented byinitially

dewarping the input signal bya factor of - l , and applying the

result to a resampled mesh with d

resampled

= D . d , where D is

defined by:

Being the phase delayat low frequencies caused bythe warping

operation [15]. Finally, the output RIR is warped using a factor

of l .

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

generallyaccepted as being up to f

update

/4 (although both the

warped and non-warped triangular mesh structures improve on

this for the same given sampling rate). Therefore a brute force

solution to the problemis to oversample the mesh sufficientlyso

that the resultant RIR is valid over the required frequencyrange,

being in this case, 0-22050Hz. The computational overhead of

implementing this solution being still considerablyless than a full

3-D solution, due to the total number of scattering junctions

involved.

The triangular mesh rectangular roomstructure was resampled

using d = 0.0055, giving f

update

= 88196Hz, approximatelyequal

to 2 x 44.1kHz.

Figure 8 shows the RT

60 measurements for a single output point

in the modelled roomfor both of these enhanced mesh structures

when compared with the standard triangular mesh. Note that

there is a close correlation in the low frequencyregion between

all three mesh implementations. This is as expected due to the

high sampling rates used resulting in a highlyaccurate model at low frequencies [16]. However there is a divergence at the higher

frequencybandwidths. This is most likelydue to errors in the

RT

60 value calculation as both the triangular mesh and the warped

triangular mesh still exhibit a distinct cut-off point. Therefore the

onlyRIR that has a valid measurement across the whole

bandwidth is the high-resolution mesh. Further, despite the fact

that the warped mesh produces a more linear RT

60 result varying

with frequency, when convolved with anechoic audio, the RIR

measured fromthe high-resolution mesh sounds far superior, with

clear high frequencydefinition and a minimumtrace of the high

frequencyresonance mentioned previously.

Note that audio examples and further details regarding these mesh

models are available fromthe WWW URL address:

http://www-users.york.ac.uk/~dtm3/

7. Further Work

A number of further possibilities exist in developing these 2-D

waveguide mesh models for roomacoustics modelling. Future

work will include the development of layered 2-D mesh

structures to improve the modal densitybut without the overhead

of a full 3-D model, and an investigation into high-resolution

mesh structures for earlyreflection modelling. This would use a

high-resolution mesh to model the earlypart of the RIR and a

more generic method to model the late reverberant sound in a

more computationallyefficient 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 a simple rectangular 2-D representation of an

enclosed space. The wavefronts present on the triangular and

rectilinear mesh demonstrate the effect of dispersion error that is

an inherent propertyof these models, and help to show that it is

minimised for the triangular mesh topology. Spectral analyses of

RIRs measured fromboth the rectilinear and triangular meshes

show the improved high frequencyresponse of the latter, with

particular regard to the aliasing properties of the rectilinear mesh.

RT

60 measurements are consistent with real world expectations, to

which the triangular mesh gives the closest match.

The triangular waveguide mesh has been enhanced using both

warped and high-resolution techniques, showing an improvement

in both cases, being particularlynoticeable with the high-

resolution mesh when convolved with anechoic audio. Future

work will potentiallydevelop and combine these techniques,

including the use of a warped high-resolution mesh structure.

9. Acknow ledgement

The authors are grateful to Mr. Gui Campos of the Universityof

York for manyhelpful discussions, Dr. Lauri Savioja of Helsinki

Universityof Technologyfor advice over Email and Angelo

Farina, Associated P rofessor of Technical P hysics at the l l

+

-

=

1

1

D (6)

Re v e rbera tion Tim e Me as ure me nts - Com pa ring W a rpe d a nd High Res olution

Triangular Me shes

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

31.5 63 125 250 500 1K 2K 4K 8K 16K

Frequency (Hz )

Time (s)

Warped RIR NormalRIR HighResoluti onMesh

Figure 8. Reverberation Time measurements for the

triangular, high-resolution triangular, and warped

triangular mesh structures.

Proceedings of the COST G-6 Conference on Digital Audio Effects (DAFX-00), Verona, Italy, December 7-9, 2000

Universityof P arma for the use of the Acoustical P arameters

Module of his Aurora software.

10. Refereneces

[1] Savioja, L., Rinne, T. J., and Takala, T., ^Simulation of

RoomAcoustics with a 3-D Finite Difference Mesh ~,

Proceedings of the International Computer Music

Conference , pp. 463-466, Denmark, 1994.

[2] L. Savioja, J. Backman, A. Järvinen and T. Takala,

^ Waveguide Mesh Method for Low-FrequencySimulation

of RoomAcoustics ~, Proceedings of the International

Congress on Acoustics , Trondheim, Norway, Vol. 2, pp.

637-641, June 26-30, 1995.

[3] L. Savioja, A. Järvinen, K. Melkas and K. Saarinen,

^Determination of the Low Frequency Behaviour of an IEC

Listening Room ~, Proceedings of the Nordic Acoustical

Meeting , Helsinki, Finland, pp. 55-58, June 12-14, 1996.

[4] Savioja, L., Karjalainen, M., and Takala, T., ^DSP

Formulation of a Finite Difference Method for Room

Acoustics Simulation~, Proceedings of NORSIG´96 IEEE

Nordic Signal Processing Symposium , pp. 455-458, Espoo,

Finland, Sept 24-27, 1996.

[5] Murphy, D. T., and Howard D. M., ^P hysically modelling

the acoustics of a roomusing a digital waveguide mesh~,

Proceedings of the 25 th Euromicro Conference , pp 82-89,

Milan, Italy, Sept. 8-10, 1999.

[6] Fontana, F., and Rocchesso, D., ^A New Formulation of the

2D-Waveguide Mesh for P ercussion Instruments ~,

Proceedings of the XI Colloquium on Musical Informatics ,

pp. 27-30, Bologna, Italy, November 1995.

[7] Laird, J., Masri, P ., and Canagarajah, C. N., ^Efficient and

Accurate Synthesis of Circular Membranes Using Digital

Waveguides~, Proceedings of the IEE Colloquium on Audio

and music technology: The creative challenge of DSP , IEE

Digest 98/470, pp. 12/1-12/6, 1998.

[8] Van Duyne, S. A. and Smith, J. O., ^P hysical Modeling with

the 2-D Digital Waveguide Mesh ~, Proceedings of the

International Computer Music Conference , pp. 40-47,

Tokyo, Japan, 1993.

[9] Smith, J. O., ^P hysical modelling using digital waveguides ~,

Computer Music Journal , Vol. 16, No. 4, pp. 74-87, Winter

1992.

[10] Murphy, D. T., and Howard D. M., ^The WaveVerb Multi-

Channel RoomAcoustics Modelling System~, Proceedings

of the International Computer Music Conference , pp 472-

475, Hong Kong, Oct. 22-27, 1999.

[11] Campos, G., and Howard, D., ^ On the Comput ation Time of

Three-Dimensional Digital Waveguide Mesh Acoustic

Models~, Pr oceedings of the 26th Euromicro Conference ,

Maastricht, Holland, 5-7 Sept., vol. II, pp 332-339, 2000 .

[12] Van Duyne, S. A. and Smith, J. O., ^The Tetrahedral Digital

Waveguide Mesh~, Proceedings of the IEEE Workshop on

the Application of Signal Processing to Audio and

Acoustics , pp. 1-4, Mohonk, 1995.

[13] Van Duyne, S. A. and Smith J. O., ^The 3D Tetrahedral

Digital Waveguide Mesh with Musical Applications~,

Proceedings of the International Computer Music

Conference , pp. 9-16, Hong Kong, 1996.

[14] Savioja, L., and Välimäki, V., ^Reduction of the dispersion

error in the triangular digital waveguide mesh using

frequencywarping ~, IEEE Signal Processing Letters , Vol.

6, No. 3, pp. 58-60, Mar. 1999.

[15] Savioja, L., and Välimäki, V., ^Reducing the dispersion

error in the Digital Waveguide Mesh Using Interpolation

and Frequency-Warping techniques~ , IEEE Transactions om

Speech and Audio Porcessing , Vol. 8, No. 2, pp. 184-194,

Mar. 2000.

[16] Murphy, D. T., and Howard D. M., ^ Modelling and

directionallyencoding the acoustics of a room~, Electronics

Letters , Vol 34, No 9, 1998, pp 864-865.