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ABSTRACT

This paper concerns the implementation of a 3D transmission line
matrix (TLM) algorithm based on a tetrahedral mesh structure
and visualization of room acoustics simulation. Although a well
known method, TLM algorithms implemented in 3D are less com-
monly found in the literature. We have implemented the TLM
method using a tetrahedral mesh of pressure nodes with trans-
mission lines lying superimposed on nearest neighbour bonds of
a tetrahedral atomic lattice. Results of simulations are compared
with those of a standard 3D cartesian mesh and a 2D mesh im-
plementation of TLM. An important feature is a useful graphics
interface designed for user-friendly control of room acoustics sim-
ulation and visualization in arbitrary shaped rooms containing ob-
jects of arbitrary size and number. The paper includes brief discus-
sions of results of using different techniques for modeling totally
absorptive or partially absorptive boundaries.

1. INTRODUCTION

Significant effort has been directed to applications of the trans-
mission line matrix (TLM) method in the field of room acoustics
simulation. Discussions have focused on topics ranging from the
implementation of different boundary conditions [1] to the means
of minimizing numerical problems inherent in the discrete TLM
approach, such as dispersion effects [2], to means of incorporat-
ing boundaries that are not coincident with discrete mesh nodes
[3]. The advances made in these directions increase the poten-
tial of the TLM method as a method for quantitative study of room
acoustics. This is becoming all the more important as computer re-
sources improve and as new areas of application appear. One of the
modern areas of application is auralization (the audio counterpart
of visualization), in which the artificial reproduction of sound in a
simulated environment is accomplished by a convolution of a pure
sound signal (representing a given event) and the impulse response
of a simulated room. This area of application has a considerable
commercial market value for the computer games industry and re-
volves around coupling realistic audio effects to virtual graphics
effects. Naturally, this must be achieved in real-time and must take
into account as large a proportion of the frequency spectrum as
possible and must also be able to accomodate mobile sources and
receivers. These three requirements limit the usefulness of geo-
metric acoustics techniques (such as ray-tracing and beam-tracing
[4, 5, 6, 7]). Even though geometric techniques may be quicker
to model early reflections, the TLM method, with its ability to
incorporate full room reverberation effects including interference,

diffraction and frequency effects as well as mobile sources, can
represent a potentially viable alternative.

Theoretical studies of the TLM method in terms of defining
the quality of acoustic wave reproduction, quantitative accuracy,
physical limitations, error analysis, etc, have predominantly been
based on the 2D TLM case, either explicitly or with that case im-
plicitly in mind [1, 2, 3, 8, 9, 10]. Furthermore, applications to
real systems based on implementation of the 2D TLM method still
appear in the literature [11, 12]. Practical examples of 3D im-
plementation are not as prevalent, though some examples can be
found [13, 14]. The two strongest reasons for the relatively lit-
tle effort devoted to 3D TLM modeling are, firstly, the increased
simulation time involved with updating a 3D mesh of points and
secondly the difficulty of eliciting or extracting information from
the 3D results. In this paper we argue that the latter need no longer
be a problem with the present availability of computer graphics
software, while the former will become less significant with the
continuing advance in computer power. Indeed it is now apt to
question whether the greater emphasis on 2D simulations should
continue. In this paper we discuss two 3D implementations of the
TLM method and reflect on their relation to 2D versions.

The obvious generalization to 3D of the most common 2D
TLM implementation involves an extension of the square lattice
of nodes and equal length transmission lines to a regular cartesian
cubic lattice of nodes, each connected to its nearest neighbours by
6 transmission lines. Naturally, this can and does lead to an un-
desirable increase in computation time. To minimize this increase
we have implemented the TLM on an alternate, tetrahedral lattice
structure. Here, the 3D array of nodes are once again connected
by 4 transmission lines. To justify the numerical effort we rely
on the analysis of Van Duyne and Smith III [15, 16] who have,
unknown to us at the time of implementation, also considered the
notion of a tetrahedral lattice as an alternative and shown that the
TLM method on a tetrahedral lattice is locally equivalent to the 3D
acoustic wave equation. We compare results of our 3D tetrahedral
TLM implementation with those of a 3D cartesian implemented
scheme as well as with results of 2D cartesian implementation. We
apply our numerical simulation(s) to a realistic model of a concert
hall as presented in [12].

2. 3-D TRANSMISSION LINE MATRIX

2.1. Basic Principles

We imagine space to be divided up into a discrete mesh of nodes,
each connected with its nearest neighbours by means of digital, bi-
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Figure 1: Schematic of a waveguide junction. Along one of the

waveguides, an incident signal, p(()i), is partially reflected back
along the same waveguide, pgT), and partially transmitted along

the reamining waveguides, pi.

directional waveguides. The waveguides allow the transmission of
acoustic signals in two directions. At a node several waveguides
meet which gives rise to an impedance mismatch between any one
of the waveguides and the remainder. This mismatch is a source of
reflection at the junction end of the waveguide.

The transport behavior of signals along waveguides and at
waveguide junctions can be determined assuming that the cross-
sectional dimensions of the waveguides are such that only plane
wave signals propagate. The plane wave approximation leads to a
simple proportionality relation between acoustic pressure, p, and
volume velocity, v, in terms of acoustic impedance, p/v = +Z,
where the positive/negative signs depend on direction.

Suppose we have the general situation depicted in Figure 1.

An input signal along waveguide, 0, meets a junction and ex-
periences a partial reflection. The total pressure along this waveg-
uide is the sum of these two pressure signals, p(()i) + p((f), while
the volume velocity is v{” + v”. The partially transmitted en-
ergy is divided up into signals which carry along the remaining
waveguides, p;.

The total transported material must be conserved. For a con-
stant density fluid and constant cross-sectional waveguides this
gives the condition that the volume velocity must be conserved

N
U(()l) + U(()T) = Z vj. (1)
j=1

Furthermore, the pressures at the junction must be equal

Py +py) =pr=p2=--=pn. ©)
This gives rise to the junction pressure relation
O ) _ NP 1
M+m=;i/;z~ 3)

The reflection and transmission coefficients for the signal in waveg-

uide 0, are
1 N1
oz 27
Py “0 =14 1
R p(i)i 1 N1 T=1—-R @)
0 _+Z_
Zo =1 Zj

For waveguides of identical characteristic impedance these reduce
to

_1-N 2N

1N 1+ N ©)

For a 2D cartesian mesh with each nodes being the junction for
N + 1 = 4 equal-impedance waveguides, the pressure transmis-
sion coefficient per waveguide, ¢ = T//N = 1/2 and the pressure
reflection coefficient, R = —1/2. For incident waves along all 4
waveguides at junction, K, this result generalizes to a signal trans-
mission described by the scattering matrix,

-1 1 1 1
1 1 —1 1 1
SZD - 5 1 1 -1 1 ) (6)
1 1 1 -1
while the total pressure at junction, K, can be expressed as
N+1 v N4
=2y 2L —.
Pr Z Z; Z Z; (7
Jj=1 j=1

2.2. Boundary Effects

Scattering matrix (6) cannot be used at boundaries. Not only is
signal scattering along certain directions prevented, there are dif-
ferent acoustic properties at a boundary. Boundary properties con-
sidered here are perfectly reflecting, perfectly absorbing, and par-
tially absorbing-partially reflecting boundaries. In the reflecting
cases, only specular reflection is considered for which incoming
signals to boundary nodes are returned along the same waveguide
with opposite sign (for diffuse reflection one can invoke the ideas
of Laird, et. al. [3]). With partial absorption we have only used the
simple method of multiplying the incident waveguide signal with
a reflection coefficient, « € [0,1] to obtain the reflected signal
traveling back along the same waveguide. This implies use of the
matrix

1 0 0 0
0 -1 0 0
Sa=a| o o 1 o
0 0 0 -1

In the case of total absorption we have implemented and tested
several methods ranging in complexity. The simplest approach
is to set the above reflection coefficient, o, to zero. This is well
known to give a good but not ideal representation of absorbing
boundary conditions, with ghost reflections prevailing. A second
option, Berenger’s perfectly matched layer [17, 18], is to surround
the physical boundaries with additional layers of nodes each of
which behave as a normal interior node except with a scattering
matrix Sg = $S2p with 8 € (0,1). This allows signals to ex-
tend outside the simulation space, tapering off gradually. We have
found this method works well in 2D but becomes prohibitive in
3D due to the significant number of nodes that must be introduced.
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Figure 2: Tetrahedral lattice

Finally, we have implemented the Taylor series approximation ap-
proach [1], whereby a Taylor series expansion is used to estimate
the signal strength to be input into a boundary node, based on sig-
nals at neighbouring nodes at previous iterations. We remark that
the algorithm as presented in [1] seems best suited to a 2D carte-
sian mesh, while questions arise as to how to implement the algo-
rithm in 3D, especially for the tetrahedral geometry.

Variations on these themes must be considered for objects ex-
isting inside the room itself (e.g., tables, chairs, people, etc.). For
example, an absorptive 3D object or even a 2D object (such as a
thick heavy curtain) would be difficult to model using the Berenger
method which is designed for exterior boundaries (additional sites
are introduced outside the simulation space). Here the simplest
approach has been taken for all interior cases: use of the scattering
matrix, So With o € [0, 1].

2.3. 3D Cartesian Lattice

In 3D the space filling generalization of the 2D square matrix usu-
ally employed, involves a 3D array of nodes each connected to
nearest neighbors via 6 bi-directional, equal-length waveguides.
Apart from the increase in number of nodes, the added effort of
shunting signals along the extra waveguides increases the com-
putational demand, thereby decreasing the effectivity of the TLM
algorithm. Here, using (5) with N = 5, we have R = —2/3 and
t = T/N = 1/3. The scattering matrix for this case of six trans-
mission lines is then a 6 X 6 matrix, Ssp., with diagonal elements
R = —2/3 and off-diagonal elements ¢ = 1/3.

2.4. 3D Tetrahedral Lattice

Past experience with 3D space-filling lattice structures [19, 20],
has led us to consider the tetrahedral lattice structure of diamond,
which has a coordination number of 4. Thus, if the TLM were
based on a tetrahedral mesh with waveguide junctions placed on
the atomic lattice sites, then each junction or node could be con-
nected to its nearest neighbours via 4 waveguides of equal length.
Scattering then again involves (6). This should in priniciple intro-
duce a computational saving compared to the 3D cartesian lattice,

back to the state enjoyed by the 2D simulation. The qualifier that
these waveguides are of equal length implies that the signals will
be transmitted in along arbitrary waveguides with the same speed.
Artificial anisotropy in wavespeed is thus reduced [2, 15, 16, 22].
In addition, comparing the elements of the scattering matrices,
Sep and Ssp., we see that the number of operations involved in
the tetrahedral case is also reduced since only division (by 2) is
involved as opposed to division (by 3) and multiplication (by —2).
Furthermore, division by 2 can be implemented as a right-shift in
binary arithmetic [21, 23] with some minor additional computa-
tional saving. Finally, to model a given volume requires fewer
tetrahedral nodes than cartesian nodes with the same Al. For ex-
ample, to model a 1m?2 box with Al = 0.01m, a cartesian mesh
requires 1/ (0.01)> = 1,000, 000 nodes; a tetrahedral mesh re-
quires only 1/ ((2 - 0.01sin (54.45°))% (2 - 0.01 cos (54.45%))) ~
649, 519 nodes, a saving of roughly a factor of 1/3.

Taking the waveguide length to be Al, the positions of the
nearest neighbour junctions to a given junction can be determined
knowing that the angle between waveguides is 109.5°. One fact
not previously advertised in the literature is the single greatest dis-
advantage of the tetrahedral mesh. This is that the mesh naturally
distinguishes between two different types of nodes, depending on
the orientation of their neighbours. In Figure 2 we see that the
nearest neighbour directions from node A are (in counterclose-
wise direction about z—axis) (1,—1,—1),(1,1,1),(-1,1,-1)
and (—1, —1, 1), while the nearest neighbour directions from node
B are (1,-1,1),(1,1,-1),(-1,1,1) and (—1,—1,—1). The
neighbours of node B are rotated 90° about the z—axis with re-
spect to neighbours of node A. These two node types lie on dif-
ferent planes. Nodes lying on the same plane as node A will bear
the same relation to their neighbors as A does to its. This fea-
ture repeats every second plane: the plane containing node C' is
structurally identical to the plane containing node A. Likewise,
the plane with node D is identical to the plane with node B. This
periodicity can be utilized in the programming of the TLM scatter-
ing process by defining two different scattering processes, one for
each type of node [23].

As mentioned three possible boundary types: perfectly reflec-
ing, perfectly absorbing (transparent) and partially absorbing were
considered. Reflecting and even partially reflecting boundary con-
ditions are sufficiently easy to implement and are quite accurate.
For partially reflecting walls, the error associated with ghost re-
flections are relatively minor compared to the dominating reflected
signal strength. For perfectly absorbing walls we have experienced
significant complications with our interpretation of Murphy and
Howard’s scheme [1]. The Taylor series ABC on the tetrahedral
lattice did not produce the desired result. We expect that in the
original formulation the method relied to some extent on orienta-
tion of the boundary: lying parallel to one of the coordinate axes
and perpendicular to the other. This is not the situation in our 3D
implementation. Work aiming to adapt the idea to the present case
is continuing.

2.5. Graphics Interface

One of the difficulties incurred with implementing a 3D simula-
tion is in assessing acoustic information. Simple pressure -vs-
time plots associated with specific points in the available 3D space,
as we show below, are necessary for a true quantitative analysis.
However, these are limited in scope. In particular, it is difficult
to know apriori what space points need to be considered for sam-
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Figure 3: Screen dump of the final programme’s graphical inter-
face. Screen shows the structure inherent in the concert hall model
studied by Morton (2001).

pling of information. This is especially true if the virtual room
is complex in shape and totally lacking in symmetry. This prob-
lem can be remedied if one is able to visualize the entire acoustic
field. Then one can quickly ascertain in which regions interesting
phenomena occur and where quantitative focus should be placed.
Figure 3 shows a graphic interface we have created in tandem with
our TLM simulation [24]. With this interface one can obtain both
an overall view of the acoustic field in three dimensions (the large
window in the screendump) and quantitative pressure - vs- time
plots (lower window) as recorded by any number of virtual micro-
phones positioned in xyz—space according to user specifications
(data shown either as acoustic pressure in Pa or pressure level in
dB). The interface also allows the latter information to be saved
as raw data for further audio or analytical processing. In the main
window, the room, whose shape and size is specified by the user,
can be rotated about any axis through the central point in order
to be able to see the acoustic field everywhere - there are no blind
spots. Finally, apart from room shape and size, the interface allows
the user to introduce arbitrary objects to the room. The surfaces of
these objects can be modeled as having any degree of absorption
capability from perfectly absorbing to perfectly reflecting. Since
the visualization takes a significant fraction of the total simula-
tion time, it is also possible to turn off this feature to speed up the
simulation while allowing continued flow of data from the virtual
microphones. The latter data can be plotted, saved as raw data or
used in audio playback.

This user-friendly interface has the potential to be used for
commercial purposes, e.g., by designers and architects in the con-
struction industry, for research by acousticians, as well as for teach-
ing purposes to students of physics and mechanics (studying wave
phenomena), engineering (in particular, for acoustic engineering)
as well as students of music.

I'This is currently being used at this university for students of media
technology and for students of music production.

3. RESULTS

3.1. Comparison of 3D Cartesian and 3D Tetrahedral Meshes

In Section 2.2 we gave reasons for why a saving in computational
time would be expected in comparisons between the 3D cartesian
and tetrahedral mesh-based TLM modeling. This expectation was
realised in all our simulations. As an example, Table 1 shows re-
sults of a simple simulation where sound in a rectangular prism
shaped room of dimensions 2.0 x 2.0 x 1.0 was simulated using
TLM on both 3D cartesian and 3D tetrahedral meshes. In both
cases, the nearest neighbour internode distance was kept constant
at 0.02 m. With or without the added computational cost of visu-
alizing the simulation, the tetrahedral TLM performs considerably
faster that the 3D cartesian algorithm, by approximately a factor of
2.2 This factor also applies to the visualization component, which
in relation to total time taken is 25%. The differences in simulation
time are mostly due to the fewer number of nodes to be updated,
but also the fewer waveguide/node scattering operations to be per-
formed.

3D Tetrahedral | 3D Cartesian
Number of nodes 313,200 500, 000
Internode distance (m) 0.02 0.02
TLM iteration time (s) 0.490 0.843
Visualization time (s) 0.121 0.264
Total iteration time (s) 0.611 1.107

Table 1. Comparison between TLM simulation using cartesian and
tetrahedral meshes for a room of size 2.0 x 2.0 x 1.0 = 4.0 m>.

Other comparisons can be found in [23]. More detailed results
addressing a quantitative comparison between the tetrahedral 3D
model and analytic data for a rectangular geometry will be pub-
lished elsewhere, as will discussions of spatial dispersion [2, 22].

3.2. 2D -vs - 3D Room Acoustics Simulation - A Practical Ex-
ample

Clearly, a 2D simulation will not produce the same result as a 3D
simulation. A 2D model can be thought of as a 3D model, being
infinite in the third dimension, in which case information about
the effect of boundaries in this third dimension is lost. A pres-
sure point source in 2D is then re-interpreted as a /ine source in
3D and pressure values are quoted in units of pressure per unit
length. Alternatively, a 2D model can be considered when con-
finement in a given direction is extreme compared with the other
two. With either interpretation it is inappropriate to compare di-
rectly quantitative 2D and 3D pressures in extended 3D situations.
Consequently, quantitative information provided by a 2D simula-
tion is also inappropriate for assessing the acoustic properties of
a real world environment. Since 2D simulations are used to study
acoustic behavior in 3D systems [11, 12], it is legitimate to even
question the relevance of qualitative information produced. We
address these issues using a particular case study.

Here, we demonstrate the disparity between 2D and 3D TLM
models using the example of a concert hall studied by Morton [12].

2 All calculations were run on a Pentium III 1000 Mhz PC with 512 Mb
RAM and 30 Gb ROM. The significance with the information given lies,
however, more with the difference in simulation times rather than absolute
times.
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Figure 4: Screen dump of 2D cross-section of concert hall as mod-
eled by Morton (2001). The red (left most) dot denotes a virtual
sound source, remaining points counted 1-8 from lefi-to-right, de-
note virtual, pressure-sensitive microphones.

Figure 5: Screen dump of full 3D model of concert hall modeled (in
2D) by Morton (2001). The spatial limits in the lateral direction
as well as sloping roof/ceiling are clearly seen. Source and virtual
microphone positions are as in Figure 4.

The hall, whose original purpose was as a sports venue, doubles as
a concert hall for theatres and musical performances. Morton’s
simulations aimed at modeling solutions to the inherent acoustic
problems of the 34 x 18 x 16 m? hall. The 2D model of the hall
employed by Morton and the true 3D shape of the hall are shown
in Figures 4 and 5, respectively. Materials such as wood, fibre-
board and concrete are used in its construction and furnishings; the
concrete walls are draped by heavy curtains during performances.
Relevant acoustic data are provided by Morton [12].

To perform our comparison, Morton’s 2D simulations were
reproduced by us using information on acoustic and structural fea-
tures of the concert hall as provided by Morton. Unfortunately,
some details (in terms of dimensions, absorption properties, espe-
cially of objects in the room) were not provided, which made quan-
titative comparison between our respective 2D simulations some-
what difficult. Nevertheless, a reasonably accurate reproduction
was achieved (see [23] for details). To allow for greater flexibility
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Figure 6: Comparison of pressure signals as recorded by virtual
microphone #3 (18.1, 10.0, 1.9) from 2D and 3D (tetrahedral) sim-
ulations. Large amplitude (pink) curve: 2D simulation; low am-

plitude (black) curve: 3D simulation.
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Figure 7: Comparison of pressure level (dB) as recorded by vir-
tual microphone #3 (18.1, 10.0, 1.9) from 2D and 3D (tetrahedral)
simulations. Data is as otherwise given in Figure 6.

in our comparison between 2D and 3D simulations, we used our
own implemented 2D model, rather than rely on data provided by
Morton. Times quoted in the figures are based on iteration time
(different for 2D and 3D) multiplied by number of iterations.

In both models a Gaussian pulse is sent out from a virtual
source placed on a stage fixture. Recordings were made by 8 vir-
tual microphones placed at increasing distances from the stage as
shown in Figures 4 and 5. Typical quantitative comparisons of
acoustic pressures and pressure levels are shown in Figures 6 and
7. Again, the 2D and 3D magnitudes are not comparable. Overall,
the 3D decays much more rapidly than in 2D, as expected. Clearly,
2D models would give a false prognosis of reverberation times for
areal structure. With regard to detail, there are few similarities be-
tween the results shown in Figures 6 and 7. This is in contrast to a
comparison between 2D and 3D simulations of a straight rectangu-
lar prism [23]. The simpler geometry there led to more similarly
structured curves making for easier identification of contributing
reflections (both included and absent in 2D). Here, the more com-
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plex geometry with the sloping roof gives rise to a complicated
reflection scenario. Only the strong reflections from the back wall
of the hall (second strong peaks in Figure 7) and similar ones from
the front are discernible.

4. SUMMARY AND CONCLUSIONS

With the continued advance in computer performance we are likely
to see an increased usage of room acoustics simulation methods for
architectural purposes, music instrument design, as well as the ex-
panding new front of virtual environments. The 2D TLM method
has always intimated the potential of TLM as a contender for three
dimensional applications. However, in comparison with 2D, 3D
acoustic implementations have not been so forthcoming, due partly
to a more involved programming task, partly to the increased sim-
ulation time and partly the problem of extracting information from
a simulation. We have here demonstrated that this potential can
indeed be realised in practice by using a judicious choice of dis-
crete mesh and newly available computer graphics methods. Our
results confirm the fact that the tetrahedral mesh, despite the in-
herent programming complexity, is superior to the cubic mesh in
terms of computational time as well as total mesh size. 3D visual-
ization adds the dimension of allowing one to see the acoustic field
during the simulation and decide where special attention need be
directed. 2D TLM models fail to represent real room acoustics for
rooms of complex form. They can, however, give some qualitative
information for simple box-shaped rooms (data not shown).

Further steps can be taken to improve the performance of the
3D tetrahedral TLM algorithm, primarily by exploiting the natural
existence of two interconnecting classes of nodes. It is possible to
utilize the two sets of matrices in a parallelized code to speed up
computation time. A second important issue is that of the bound-
ary conditions. More efficient approaches, better suited to the cur-
rent tetrahedral system, must be applied.
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