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ABSTRACT

Physical accuracy of virtual acoustics receives increasing attention
due to renewed interest in virtual and augmented reality applica-
tions. So far, the modeling of vibrating objects as point sources
is a common simplification which neglects effects caused by their
spatial extent. In this contribution, we propose a technique for the
interconnection of a distributed source to a room model, based on
a modal representation of source and room. In particular, we de-
rive a connection matrix that describes the coupling between the
modes of the source and the room modes in an analytical form.
Therefore, we consider the example of a string that is oscillating
in a room. Both, room and string rely on well established phys-
ical descriptions that are modeled in terms of transfer functions.
The derived connection of string and room defines the coupling
between the characteristic string and room modes. The proposed
structure is analyzed by numerical evaluations and sound examples
on the supplementary website.

1. INTRODUCTION

In virtual acoustics, sound sources are commonly idealized as point
sources from which sound radiates away in spherical waves. To
add more spatial detail to an omnidirectional source, directivity
patterns that govern the direction-dependent radiation characteris-
tics are superposed [1,2]. For a source placed in an enclosed space,
the direct path and the excitation of the space depend on the radi-
ation pattern and the source position. In this work, we investigate
this phenomenon by not relying on the point source idealization
and instead model a spatially distributed vibrating object. As an
example, we take an oscillating string placed within a rectangular
room (see Fig. 1b) as opposed to a point source radiating the string
sound (see Fig. 1a). The string example highlights another aspect
of this work: We do not consider arbitrary oscillations, but use the
knowledge that strings and rooms behave according to their phys-
ical properties constituting specific harmonic modes which them-
selves are spatially extended shapes [3].

A central contribution of this work is the derivation of a rela-
tion between the source and room modes. As such, this work con-
tributes to the physical accuracy of virtual acoustics applications.
There are a plethora of vibrating objects which are large relative to
human-size, and the missing consideration of near-field effects in
their modeling can easily be audible [4]. In particular, virtual and
augmented reality (VR/AR) possibly benefits from high-quality
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realism as complex interactions between sound sources and the
surrounding space can often be explored by the audience freely.
Similarly, virtual musical acoustic instruments psychoacoustically
benefit from modeling their spatial characteristics [5].

In this paper we propose a technique for the interconnection of
distributed sources to a room model. The established connection
structures are based on a modal representation of the source and
the room, i.e., it defines the coupling of the modes of the source
and the room modes. As a simple example we consider the oscil-
lation of a one-dimensional (1D) string in a two-dimensional (2D)
room. We note that string and room model are based on earlier
publications of the authors [6, 7]. To the authors’ best knowledge,
an analytical connection structure that defines the mode coupling
of source (string) and room has not been reported, yet. The string
and the room are modeled by a transfer function approach that
leads to a description in terms of state-space descriptions (SSDs),
where the underlying modeling technique is based on modal ex-
pansion [8] and is well known in the context of sound synthe-
sis [6, 9–11]. The models of the string and room model, are in-
terconnected by adapting techniques from control theory [12, 13].
The obtained connection structure reveals to be a matrix that de-
fines the relation between string and room modes which exhibits
a strong dependency on the position and the spatial extend of the
string in the room. The proposed method is related to the incor-
poration of complex boundary conditions by feedback loops as
proposed by the authors in [6, 14] and to the coupling of several
instrument parts, e.g., string-bridge coupling [15].

The paper is structured as follows: Section 2 presents the con-
sidered scenarios, i.e., a string and a point in a 2D room. The ap-
plied modeling technique is defined in Sec. 3 and applied to derive
a room model in Sec. 4 and a string model in Sec. 5. Section 6 es-
tablishes a connection between the string and the room model for
both opposed scenarios. The obtained connection structure is ana-
lyzed in Sec. 7 by numerical evaluations. Finally, Sec. 8 concludes
the paper and addresses several further works.

2. PROBLEM DESCRIPTION

Before the models of the room and the string and finally their inter-
connection is established, the geometrical relations of the opposed
scenarios of a string in a room and a point in a room are presented.
The exact scenarios that are considered in this paper, are shown in
Fig. 1. On the left-hand side Fig. 1a, the oscillation of a string is
picked up at a certain position ξo and emitted into the room via
a point source. Contrarily, the right-hand side Fig. 1b shows the
scenario of a string that is oscillating in the room.

In the following, the oscillation of the string is described in
terms of its velocity vs(ξ, t) on a 1D spatial domain with ξ ∈ [0, `]
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(a) Point in a Room
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(b) String in a Room

Figure 1: Figure (a) shows the excitation of a room (right) with a string signal vs(ξo, t) (left) which is picked from a single point ξo (dashed
line) and inserted as a point source fpoint (red ×). Figure (b) shows the excitation of a room with a string signal vs(ξ, t) inserted as a
distributed line source fstring. Animated versions of both scenarios can be found online on [16].
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Figure 2: Geometric representation of both scenarios in Fig. 1.
Blue: Line source causing a pressure gradient in normal direction
n (see Fig. 1b). Red: Point source causing an omnidirectional
pressure gradient in the room at a certain position (see Fig. 1a).

and time t. The room is defined on a 2D spatial domain with x =
[x, y]T and is bounded by fully reflective walls (see Fig. 2).

2.1. Point in a Room

The point source in the room (see Fig. 1a) is spatially defined by a
2D delta impulse at position xpoint = [xp, yp]T

δ(x− xp)δ(y − yp), (1)

which is graphically shown in red in Fig. 2. Together with a tem-
poral behaviour of the source, i.e., the picked up velocity of the
string oscillation vs(ξo, t), the point excitation function fpoint of
the room is defined as

fpoint(x, t) = γp vs(ξo, t) δ(x− xp)δ(y − yp). (2)

The coupling parameter γp is introduced to match the units be-
tween the string velocity vs and the sound pressure in the room.
Problem dependent, the parameter γ may be related to physical
quantities such as acoustic impedance.

2.2. String in a Room

The oscillation of a string of length ` with velocity vs(ξ, t) in the
room (see Fig. 1b) is defined by a 2D line impulse

δ(nTx− cn) = δ(nxx+ nyy − cn), (3)

with normal vector n and

cn =
1

`
det
([
x0 x1
y0 y1

])
, n =

[
nx
ny

]
=

1

`

[
y1 − y0
x0 − x1

]
. (4)

The geometrical relation between the line impulse and the room is
shown in blue in Fig. 2. The 1D nature of the string oscillation is
preserved in the 2D room environment by assigning the spatially
1D velocity vs(ξ, t) of the string to a spatially 2D function that
serves as a weight function for the line impulse in (3)

vs(x(ξ), y(ξ), t)=

{
vs(ξ, t) x1 ≤ x ≤ x0, y0 ≤ y ≤ y1
0 else

, (5)

where the connection between 2D room coordinates x, y and co-
ordinate ξ along the string is given by coordinate transformation

x(ξ) = x0 + ξ(x1 − x0), y(ξ) = y0 + ξ(y1 − y0). (6)

Finally, the excitation of the 2D room by a 1D string of length ` is
defined by

fstring(x, t) = γv vs(x(ξ), y(ξ), t) δ(nTx− cn). (7)

Analogously to (2), a coupling parameter γv is introduced.

2.3. Modeling by Transfer Functions

As described in the Introduction, the main focus of this contribu-
tion lies on the modeling of the complete interconnected system of
the string in the room and to find an expression for the coupling of
the individual modes of the string and the room.

The string (see Sec. 5) and the room (see Sec. 4) are separately
modeled in terms of transfer functions. Abstractly, the velocity of
the string Vs and the sound pressure P of the room are defined
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