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Punctual sound source propagation



Acoustic modelization

Following the conservation law, the energy of a punctual sound
source centered at origin is given by :

E =
∫

Sr

~I · ~ds (= δ0),

where Sr is a r-radius sphere and ~I is the acoustic intensity (flow)
accros the sphere, such as :

~I =
~r

4π|~r|3 .

Useful property : Energy is constant along solid angles :

Eσ =
∫

σ

~r
4π|~r|3 ·

~ds = Ωσ

4π .



Solid angles basis

For a spherical partition, such as entire surface is subdivided into
N elementary parts :

S =
N∑

n=1
σn,

energy can be rewriten into :

E =
N∑

i=1
Ei = 1

4π

N∑
i=1

Ωi .

Useful property : Solid angles form a basis for propagation
directions.



Discretization

Solid angles are geometric objects that can be represented by
N rays, defined by :
I Starting point : xi ,
I Direction vector (unitary) : ~ui ,
I Energy : Ωi ,

in order to form beams.

For example, with a 3-D omnidirectional source σ(x0) centered at
the point x0 = (x0, y0, z0) :
I xi = (x0, y0, z0),
I ~ui = (ux

i , u
y
i , uz

i ) uniformly spread over S2,
I Ωi = 4π

N .



3D energy measurement
Coupled to spherical source σ(x0), we define a spherical
measurement ν(xm, a), centered at a listening point xm of
radius a. Energy of the measure is given statistically by a beam,
formed by the n rays crossing ν(xm, a) :

Eν ≈
n
N

(
= 1

4π

n∑
i=1

Ωi

)
.

We can show in 3D that :

n
N ≈

πa2

4π|xs − xm|2
,

wich leads to the distance evaluation :

|xs − xm| ≈
a
2

√
N
n .



Geometrical reminders

Using parametric representation, each ray i is described by :

xi + δ~ui with δ ∈ R.

Considering the carthesian representation for the measurement
sphere ν(xm, a) :

(x− xm)2 − a2 = 0 ∀x ∈ ν,

quadratic equations in δ has to be solved to define the beam :

|~u|2δ2 + 2(xi − xm) · ~uδ + |xi − xm|2 − a2 = 0.

Measured rays are given by positive discriminant and positive
solutions δ+ and δ−.



2D case
I Punctual source energy :

E =
∫

C(t)

~r
2π|~r(t)|2 ·

~ds.

I Energy is constant along angle α :

Eσ =
∫

σ

~r
2π|~r(t)|2 ·

~ds = 1
2πα.

I An omnidirectional source has an energy repartition given by :

αi = 2π
N .

I Energy is measured by circle ν(xm, a) following :

Eν ≈
n
N ≈

2a
2π|xs − xm|

⇒ |xs − xm| ≈
a
π

N
n .



Numerical application

N = 100 rays, measurement radius
a = 0.2m and sound speed c = 340m/s

n dist (m) time (ms)
1000 0.0064 < 1
100 0.064 < 1
10 0.64 2
1 6.4 20

Note : Maximum reverberation time computable is 20ms.



Numerical application

N = 10 000 rays, measurement radius
a = 0.2m and sound speed c = 340m/s

n dist (m) time (ms)
1000 0.64 1.8
100 6.4 18
10 64 180
1 640 1800

Note : Maximum reverberation time computable is now 2s.



Numerical application

N = 10 000 rays, measurement radius
a = 0.2m and sound speed c = 340m/s

n dist (m) time (ms)
1000 0.64 1.8
100 6.4 18
10 64 180
1 640 1800



Specular reflections

Following high frequency approximation, we consider only specular
reflexions with material absorption when a ray encounter an
obstacle :

Eref (f ) = Einc(f )(1− β(f )).



Wall absorption coefficients

Examples of absorption coefficients β(f ) in function of frequency.



Geometrical reminders (2D)
Discretizing the room with a lineic mesh of edges, each ray i and
edge e can respectively be represented by right (Ai ) and (Be) :

(Ai ) : Ai + δ~ui with δ ∈ R,
(Be) : Be + λ~ve with λ ∈ R.

Intersections between N rays and M edges conduct to solve MxN
equations :

~OA + δ~u = ~OB + λ~v,

equivalent to linear systems :(
ux −vx
uy −vy

)(
δ
λ

)
=
(

Bx − Ax
By − Ay

)
.

Solutions are unique ⇐⇒ 0 < λ ≤ 1, δ > 0 and minimal.



Geometrical reminders (3D)

Discretizing the room with a surfacic mesh of triangles, triangle e
can be represented by plane (Ce), such as :

(Ce) : Ce + λ~ve + µ~we , with λ, µ ∈ R.

Intersections between N rays and M triangles conduct to solve
MxN linear equations :

~OA + δ~u = ~OC + λ~v + µ~w,

equivalent to linear systems : ux −vx −wx
uy −vy −wy
uz −vz −wz


 δ
λ
µ

 =

 Cx − Ax
Cy − Ay
Cz − Az

 .
Solutions are unique ⇐⇒ 0 < λ, µ ≤ 1 and δ > 0 and minimal.



Geometrical reminders (nD)

Once each ray i is paired with an unique element e of the mesh, all
coefficient δi are determined. Specular reflections lead to update
rays parameters, such as :
I Starting point : xi = xi + δi~ui
I Direction vector : ~ui = (~ui · ~Te)~Te − (~ui · ~ne)~ne
I Energy : Ωi (f ) = Ωi (f )(1− βe(f )).

where ~Te stand for the tangantial basis of each element and ~ne the
associated normal.

Note : Using this geometric approach, mesh no needs to be
compliant and oriented...



Multiple reflections

In case of m reflections from source to measure, energy measured
is given by the law :

Eµ(f ) = n
N

m∏
e

(1− βe(f )).



Air absorption coefficients
For long distance (time) propagation, air absorption has to be
considered. For example, considering a ray starting from a source
point xs to a measurement point xm :

Eµ(f ) = n
N e−m(f )|xs−xm|

m∏
e

(1− βe(f )).

where absorption coeffiscient m(f ) is measured or computed by
physical laws :

Air absorption depending on relative humidity (%), octave bands.



Source-image, representation and energy

E is
µ (f ) =

( n
N

)(
e−m(f )|xs−xm|

)( m∏
e

(1− βe(f ))
)



Room Impulse Response

Source-image can be computed recursively, until beams become
statistically unmeasurables by a ray basis :

(2D) : |xs − xm| ≤
a
π

N
n0
,

(3D) : |xs − xm| ≈
a
2

√
N
n0
,

with n0 fixed by users. Finally, it gives P couples of :
I Spatial poistion : xi,
I Energy in band-frequency : Ei (f ).

Converting spatial position to arrival time (ti = c|xi|), a finite
impulse response of the room is computed.



Room Impulse Response

Moreover, converting energy to signal pressure (pi (f ) =
√

Ei),
convolution with audio signal gives the room acoustics rendering.



Rir computation with openRir2D (100 rays)
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Rir computation with openRir2D (100 rays)



Rir computation with openRir2D (100 rays)



Rir computation with openRir2D (100 rays)



Rir computation with openRir2D (100 rays)



Rir computation with openRir2D (100 rays)



Rir computation with openRir2D (10 000 rays)



Rir computation with openRir2D (10 000 rays)



Rir computation with openRir2D (10 000 rays)



Rir computation with openRir2D (10 000 rays)



Rir computation with openRir2D (10 000 rays)



Rir computation with openRir2D



Rir computation with openRir2D

2Droom.wav big2Droom.wav

Execute script roomImpulseResponse.m associated to openRir2D.



Exercise
Using openRir2D, what is happening for an unitary circular
room, perfecly reflecting, when measure and source are
centered ?



Solution

Image sources for a perfectly
reflecting circular room.

Focalisation gives a comb of
dirac, traducing the energy
conservation.

This solution were computed with N = 104 rays, M = 103 edges,
microphone radius a = 0.2m and statistics fixed at n0 = 100.
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