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Punctual sound source propagation
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Acoustic modelization

Following the conservation law, the energy of a punctual sound
source centered at origin is given by :
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E= [ T-ds (=),
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where S, is a r-radius sphere and [ is the acoustic intensity (flow)
accros the sphere, such as :
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Useful property : Energy is constant along solid angles :
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Solid angles basis

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

N
S = Z On,
n=1
energy can be rewriten into :
N 1N
E=) E=-—)Q
i—1 Am

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 :

» Starting point : x;,
» Direction vector (unitary) : uj,
» Energy : Q;,

in order to form beams.

For example, with a 3-D omnidirectional source o(xg) centered at
the point xg = (xo0, ¥0, 20) :

> x; = (0, Y0, 20),

> U; = (uX, u?, u?) uniformly spread over S,

> Q=7



3D energy measurement

Coupled to spherical source o(xg), we define a spherical
measurement v(xm, a), centered at a listening point x,, of
radius a. Energy of the measure is given statistically by a beam,
formed by the n rays crossing v(xm, a) :

n 1 <
E, ~—|=— Qi .
-~ (e e)

We can show in 3D that :

n 7'('32

~

N~ 4rx|xs — x|

wich leads to the distance evaluation :

a [N
|Xs — Xpm| & 5’/;.



Geometrical reminders

Using parametric representation, each ray i is described by :
X; +ou; with §eR.

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

(X —xm)>—a>=0 Vxecu,
quadratic equations in ¢ has to be solved to define the beam :
G262 4 2(x; — Xpm) - U0 + |X; — xm|? — 2> = 0.

Measured rays are given by positive discriminant and positive
solutions 6 and 6.



2D case

» Punctual source energy :
r -
E = = N5 dS
c(r) 27 [F(t)[?
» Energy is constant along angle « :
r - 1
E = / — = 5 dS = —«
7)o 2nm|F(t)]2 27
» An omnidirectional source has an energy repartition given by :

_27r

N

Q;

» Energy is measured by circle v(x,, a) following :

n 2a aN
~ = [Xs — Xm| & ——.
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Numerical application

n | dist (m) | time (ms)
1000 | 0.0064 <1
100 0.064 <1

10 0.64 2

1 6.4 20

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

Note : Maximum reverberation time computable is 20ms.




Numerical application

2D omnidirectional source and circular measure
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02| n | dist (m) | time (ms)
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N =10 000 rays, measurement radius
a = 0.2m and sound speed ¢ = 340m/s

Note : Maximum reverberation time computable is now 2s.




Numerical application

Decrease in energy

b Analytical
%'201 i n | dist (m) | time (ms)
Pl ! | 1000 | 0.64 1.8
R 100 | 6.4 18
£ | 10 64 180
= | 1 640 1800

Source-measure distance

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




Specular reflections

Specular Reflection Diffuse Reflection

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

Eref(f) = Einc(f)(]- - /B(f))
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Wall absorption coefficients

Absorption of Reflected Sound at Various Frequencies
Material 125H: 250Hz 500Hz 1kHz 2KHz 4 kHz
Brick s B4 s ™
Carpet (on concrete wifoam rubberpad) 8% 24%  BTHR 69%  T1%  73%
Drapes heawy velou) W% 35%  55%  T2% 0%  65%
Drywall (13" on 2uds) 29%  10% 5% 4% TR 9%
Linolewum fon concrete) L BRSO BRI B
Paneling (%" en 20ds) M % AT o | s
Plaster {rough fiaish, over fath) M% 0% 8% 5% e 9%
Window Glass 3% 5% 0 8% 1% 7% 4%
Wood 1 oux s o oW 4

Examples of absorption coefficients 5(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 (A;) and (B.) :

(A,) . A; +0u;  with 0 € R,
(Be) : Be+ A with AeR.

Intersections between N rays and M edges conduct to solve MxN
equations :
OA + 6u = OB + \v,

equivalent to linear systems :

Uy —Vyx 0\ [ Bx—Ax
u, —vy AN\ B —A )

Solutions are unique <= 0< A <1, 6 > 0 and minimal.



Geometrical reminders (3D)

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

(Ce) : Co + We + puwe, with A\ u€eR.

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

OA + 6 = OC + AV + uw,

equivalent to linear systems :

Uy —Vy —Wy ) Cx — Ax
u, —v, —w, Al =] G —-A
U, —Vy, —Wy I G, — A,

Solutions are unique <= 0 < A\, x <1 and § > 0 and minimal.



Geometrical reminders (nD)

Once each ray i is paired with an unique element e of the mesh, all
coefficient d; are determined. Specular reflections lead to update
rays parameters, such as :

> Starting point : x; = X; + ;U;

> Direction vector : ii; = (ii; - Te)Te — (0 - fie)fe

» Energy : Q;(f) = Qi(f)(1 — Be(f))-
where T stand for the tangantial basis of each element and n, the
associated normal.

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



Multiple reflections

Source

Measurement
sphere

\

—>
-2
n

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

m

Eu(f) = 5 [1(1 = 5e(£)):

e



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 X, :

E.(F) = ROl [[(1 - ().

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

0,05 . —— 62.5Hz
/ 125Hz
004t 250Hz
0,03 | .‘“ 500Hz
0.02 [/ h 1000Hz
' ‘ —— | —— 2000Hz
0,01 B —— 4000Hz
— | ____ 8000Hz
0
1 1 1 1 1 1
20 40 60 80 100 120

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



Source-image, representation and energy

% Image-source

Last impacts

Source
Measurement|
sphere

=

:\1/¢ "

EB(F) = (%) (e—m(fnxs—Xml) (ﬁ(l —/Be(f))>



Room Impulse Response

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

aN

2D) — < ——
(2D) |Xs xm‘_ﬂ'n()7

a [N
3D) — Xm| & =4 —,
(D) fxexal = 54/

with ng fixed by users. Finally, it gives P couples of :

» Spatial poistion : x;,

» Energy in band-frequency : E;(f).
Converting spatial position to arrival time (t; = c|x;|), a finite
impulse response of the room is computed.



Room Impulse Response
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Moreover, converting energy to signal pressure (pi(f) = Vv E;),
convolution with audio signal gives the room acoustics rendering.



Rir computation with openRir2D (100 rays)

Ray-Tracing
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Rir computation with openRir2D (100 rays)

Ray-Tracing
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Rir computation with openRir2D (100 rays)

Ray-Tracing




Rir computation with openRir2D (100 rays)

Ray-Tracing
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Rir computation with openRir2D (100 rays)

Ray-Tracing
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Rir computation with openRir2D (100 rays)

Ray-Tracing
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Rir computation with openRir2D (100 rays)

Ray-Tracing
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Rir computation with openRir2D (100 rays)

Ray-Tracing
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Rir computation with openRir2D (100 rays)

Ray-Tracing




Rir computation with openRir2D (100 rays)

Ray-Tracing




Rir computation with openRir2D (10 000 rays)

Image sources

21
6 G
<L
al

> 3
51
!
or O
At

8 10



Rir computation with openRir2D (10 000 rays)

Image sources




Rir computation with openRir2D (10 000 rays)

Image sources




Rir computation with openRir2D (10 000 rays)

Image sources




Rir computation with openRir2D (10 000 rays)

Image sources




Rir computation with openRir2D

Image sources
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Rir computation with openRir2D

Final room impulse response
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Execute script roomlmpulseResponse.m associated to openRir2D.



Exercise

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

Circular room

151




Solution

Pulsation (energy conservation)

Circular room

Energy (lin)
°

Y
b b b N R O RN wW s W

0 1 2 3 4 5 6
-6 -4 -2 0 2 4 6 Distance (m)
X

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

Image sources for a perfectly
reflecting circular room.

This solution were computed with N = 10* rays, M = 103 edges,
microphone radius a = 0.2m and statistics fixed at ng = 100.



	Acoustic energy
	Room acoustic

