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ABSTRACT

This paper proposes to use Matching Pursuit, in order tosinve
tigate some statistical foundations of Room Acoustics hsas
the temporal distribution of arrivals, and the estimatiémixing
time. As this has never been experimentally explored, thigdys
is a first step towards a validation of the ergodic theory wére
beration. The use of Matching Pursuit is implicit, sinceretation

requires a short analysis window, while on the other handoal go
frequency resolution requires a long window. This limiatleads
to choose another approach, based on the inter-correlzgiareen
the RIR and the direct sound itself (sectldn 2). This sectien
tails the choice of a stopping criteria, and presents a ndetlich
can be useful for detecting the direct sound of RIRs (withayt
knowledge of its properties). For RIR measurements cawigd
with balloons bursts or pistol shots, it becomes difficulidentify

between the impulse response and the direct sound is assumeq:|ear|y temporal boundaries when the sound source is notded

The compensation for the energy decay is necessary to atitain
tionnary signals. Methods for determining the best the taadp
boundaries of the direct sound, for choosing an appropsizte-
ping criteria based on the similarity between acousticdicies of
the original RIR and those of the synthesized signal, anaéXer
perimentally defining the mixing time constitute the scopéhcs
study.

1. INTRODUCTION

This paper proposes a method for studying the temporallulistr
tion of the arrivals of Room Impulse Responses (RIRs). Thke th
ory, developed and presented|ih [d]] [2] has never been erperi
tally validated yet. This aim of this work is to lead towardettier
understanding of the physical and statistical behavioth@prop-
agation of energy in halls.

Assuming a high correlation between the RIR and the diragtdo
with due consideration to the filtering of the room, Matchiy-
suit [3] appears to be well suited for this purpose. As a fieg.s
a dictionnary of atoms has to be defined that matches exdmely t
signal. The atoms are represented, in this case, by the doand
itself. The determination of its exact temporal boundaigesf im-
portance for a perfect match. Moreover, the knowledge ofithe
rect sound provides useful information on the sound sousetf i
and allows to whiten the RIR. This study, by presenting a weth
for detecting the direct sound, contributes to the charaetizon

of some frequently used sound sources in room acousticsumeas
ments [[4], such as balloon bursts or pistol shots. A basiccguh
of this problem would consist in computing the Short Time fi@u
Transform of a RIR, and to detect temporal or spectral chafaye
the beginning and the end of the motive. Nevertheless,taiten
must be paid to the drawback of this method, that is, its tesol
tion. Indeed, the time resolution is proportional to thesefive
duration of the analysis window. Similarly, the effectivequency
resolution is proportional to the effective band-width lo¢ analy-
sis window. Consequentlyteade-off between time and frequency
resolution has to be made. On the one hand, a good time riesolut

in the near field, or in an anechoic chamber. Moreover, thaalis
identification by hand of these boundaries may vary from expe
to expert, since the background noise often disturbs thdaigh

ity of the signal. The Matching Pursuit run on a RIR provides
original results. The base of coefficients obtained usingchlag
Pursuit can be seen as a weigth distribution of arrivals @RIR
(an arrival being a sound ray which has undergone one or more
reflections on its way from the source to the receiliér [1]cti®a

B exposes theoretical reviews of some statistical conegptsom
acoustics, and compares the temporal density of arrivaiyete
from experiments using Matching Pursuit, to the thebty [2].

The presented results are derived from one hundred measntem
of RIRs in salle Pleyel carried out with pistol shdis [5].

2. MATCHING PURSUIT APPLIED TORIR

2.1. Theoretical reviews

A RIR can be seen as a linear base of occurence of the direatl sou
reproduced in time, and filtered by the surfaces of the halezn

in Figure[dl. For this latter reason, it is believed that Matgh
Pursuit can help for understanding more deeply the ardbiteof
aRIR, since this algorithm introduced by [3] provides imhation,
which can be seen as maxima of correlation[Ed.11) [6] betwwen
signals: the RIR and the direct sound (the atom).

In theory, any signat can be perfectly decomposed in a linear
base of atoms for an infinity of iterations. In practice, thmisnber
must be finite and a stopping criterium has to be set. The eitho
propose to use the signal/noise ratf\(R) in dB of x over the
residual R).

Algorithm of Matching Pursut——

Input:z € RY D = {¢,7}
Output 7k, a" k=1...(n—1)

n=20
Rz —
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Repeat:
Voml — argmazser|(R"z, ¢4))| (1)
a(n) — [(R"z,¢_wm))] )
opt
Rz — Rz —a™¢ () ©)
'Yopt
n—n-+1 (4)
s =31"0a®e (5)
Yopt

with & being the original RIRR the residualz(™ the synthesized
signal,(.) the scalar product, ang}, the dictionary of atoms.

2.2. Stopping criterium
2.2.1. Finding an appropriate value

The quality of the decomposition af in atoms depends on the
value of SNR, that is, the stopping criteria. On the one hand,
for a too low SN R, the residual has a too high energy level and
the rebuilt signak:(™ is an impoverished approximation of On
the other hand, a too higi NR leads to a high number of it-
erations, that becomes useless over a certain value, sifités
almost identical tac.

Comparing the acoustical indices, used in Room Acousiits [7
calculated onx to those calculated on™ for different values of

a SNR allows to set the stopping criterium on a solid physical
background. The acoustical indices presented here arevbe r
beration times aR0dB (RTx0), 30dB (RT30), the Early Decay
Time at10dB (EDTio), and the Central Timel(:). Figurel®
shows the variations in percent between indices calculated
and those calculated ari™ for different values ofS N R, for an
impulse response, in which the visual identification of tireact
sound is obvious (Figufd 1). This RIR presents the partiityla
that the direct sound (pistol shot) is immediatly followeg the
first reflection. This way, the identification of temporal bdaries

of the direct sound is facilitated.

According to Figurgl?, a conveniestN R would be20d B, since
variations of acoustical indices lie und&¥. Figure[ shows a
RIR and the linear base of coefficients.

Dirc? souhd  First reflection '
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Time (s)

Figure 1: Experimental RIR for which determining the direct
sound is obvious.

2.2.2. Detection of the direct sound

Matching Pursuit can also be used for determining the tinta-du
tion of impulses of experimental RIRs, with stopping ciiten of
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Figure 2: Variations in % oRT», RT30, EDT andT¢ versus
SNRindB.
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Figure 3:Matching Pursuit ran on an experimental RIRY R =
20dB). -(top): Experimental RIR -(bottom): Linear base of coef-
ficients, which correspond to the arrivals.

SNR = 20dB (as seen in sectida Z.2.1). An efficient decompo-
sition of a signalz in a linear base of atoms (i.e the direct sound)
can only be achieved if the atom has an exact temporal and spec
tral definition. Looking for the lowest number of iteraticiogeach

the stopping criterium is equivalent to looking for the beshpo-

ral boundaries of the direct sound. This is achieved by usiggd
searching method on the first and the last indices of the atdnis.
method is thought to provide a higher precision in time thae o
based orST F'T (sectiorl).

3. DETECTION OF ARRIVALS

The rest of the paper focuses on all trajectories emitteoh feo
given fixed source position and reaching a given fixed recgive
sition after some given elapsed time. These trajectoriesalted
arrivals [1], because they correspond to the differentalsiof
sound at the receiver position when an impulse is emitted fre
source. In room acoustics, the time distribution of thesivals
plays an important role since it is directly linked to the ulge
response. Indeed, the RIR is built by the superpositionlahal
pulses emitted by the source at the same time, and reactdmg-th
ceiver after travelling through the room. In other wordg, RIR is
composed of the succession of all arrivals, with due conatite
for their respective amplitudes. In a mixing room, that neeaith
an irregular shape, the energy is equidistributed in theaftdr
sufficient time has elapsed, i.e after the mixing tifde [2hcgiad-
jacent trajectories in a mixing room diverge at an expoiéndte,
intensity reduces exponentially along any trajectory.réfae, to
conserve the energy, the number of arrivals must competisate
divergence. Hence, the number of arrivals is assumed teaser
exponentially with time in any mixing room. However, at treglg
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stage, the image sources are regularly distributed in spatene
can assume a power low distributidmn [2].

3.1. Robustnessof Matching Pursuit on a model of RIRs

This section aims at testing the robustness of Matchinguitus
IRs using a model of IR presented [f [2] [8]. This model asssime
that the arrivals are distributed in time according to a Swispro-
cess, with a parameter which is time dependent. The cumelati
number of arrivals is a cubic function of time (Figlile 4). kipi
simple input parameters, such as the reverberation tireenttan
absorption, and the volume of the hall, the time arrivalebsgen-
erated. The IR of the considered hall is synthesized by deimg

a pistol shot with the linear base of arrivals calculated/iogsly.
Surprisingly, applying Matching Pursuit (with knowledgéthe
atom) to the synthesized IR does not return the exact lireese bf
arrivals derived from the model (Figutk 4). Explanatioresgiven

in the following.
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Figure 4: Cumulative numbers of the arrival§’(V A) generated
by the stochastical model of IR (without compensation ofggne
decay). -dashed: model -plain: the atom is a pistol shotdbtile
atom is a dirac.

3.2. Towardsavalidation of the statistical theory

Based on sectiofi 3.1, the linear base of coefficients (Fiure
derived from Matching Pursuit run on experimental RIRs,ase
sumed to represent the temporal distribution of arrivals.

3.2.1. Without compensating for the energy decay

The cumulative number of arrival§€'(N A) normalized by the to-
tal number of arrivals, plotted in Figufg 5, represents dimese

of the Cumulative Distribution Functio(D F'). In other words,
the C'N A describes the time evolution of the probability to detect
arrivals in the RIR.

Figurel® underlines the decreasing of probability to dedect
rivals at the end of the RIR. This is an artefact of Matchingskit.
Indeed, as Matching Pursuit selects the maximum of coroelait
each iteration, itis obvious that it has a high probabilitpé found
at the beginning of the RIR (Figul¢ 3). Thus, the probabittitde-
tect arrivals is directly linked to the local energy of thgrsil. As
this latter decreases exponentially, one can expect tHeapiiity
to decrease exponentially too.

Measurements in salle Pleyel have been carried o2 fatiffer-
ent source-receiver positions, hence 2arRIRs. By calculating

L L L
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Time (s)

Figure 5:CDF, for an experimental RIR (without compensation
of the energy decay).

the logarithm ofl — CDF for the 21 RIRs (Figurdb), the mean
reverberation decay of the room is recover&(~ 2.0s). This
observation highlights that th@ D F’ is linked to the energy of the
signal.

Figure 6: plain: Logarithm of ( — CDF) of the arrivals of21
experimental RIRs (without compensation of the energyyleca
dashed: mean logarithmic decay decay of the RIRs.

3.2.2. Compensating for the energy decay

As seen in sectiof3.4.1, arrivals have a higher probaititipe
found in the beginning of the RIR, than in the tail. Energy eom
pensation, by making the signal stationary and ergodicyress
equal weight to all parts of the RIR and thus equiprobabditge-
tecting arrivals. This is observed in Figlile 7, where it esponds

to the almost constant slope of theD F'.

However, the beginning of the RIR presents a different bielay

in agreement with theory, which predicts a lower number of ar
rivals after the direct sound, than for the diffuse soundifidihis
difference of behaviour allows to define the mixing time as th
time where this difference occurs. Indeed, mixing pregis-
presses the equiprobability of arrivals, as defined by Kry#aj.
The mixing time is then defined as the time at which the process
becomes ergodic, taking into account the time propagatiom f
the source position to the receiver position.

First tests show that the mixing time depends on the atorhjgha
on the temporal and spectral properties of the direct sokialife
B). But this goes beyond the scope of the present paper.
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Figure 7:C' D F's. -dash: theoretical' DF (= t3) -plain: Average
of CDF for 21 RIRs (with compensation of the energy decay).
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Figure 8: C' N A of a theoretical RIR. -dash: theoretical N A -
plain: estimated” N A (the atom is a pistol shot) -bold: estimated
CN A (the atom is a dirac) (with compensation of the energy de-

cay).

4. DISCUSSION

As seen previously, the stopping criterium is importangcsiits
value specifies the approximation of the original signad: iigher
the SN R, the larger is the number of coefficients. For instance,
coefficients of small amplitudes are thought to represemstat-
tering occuring between arrivals, specially after the fieffection.
This latter point raises the question of using a threshofulieq
on the linear base of coefficients, so that small coefficiargsnot
taken into account. Moreover, as tlieDF' defines the mixing
time, further studies should be carried out on the robustioés
such an estimator, specially for varying values of W& R, and
for different atoms size. It remains to link this experinsresti-
mation of the mixing time to the theory of arrivals, which Mae
the topic of a future paper. Finally, an analysis on octavelbas
thought to be an original manner to discriminate the phemome
of diffusion at high frequencies, on the one hand, and algivi®
information about the filtering of the room, on the other hand

5. CONCLUSIONS

This study uses a well known technique, Matching Pursuitleto
termine the time of arrivals in RIRs. This leads to first seappro-
priate stopping criteria, and second to define as precisepoa-
sible the temporal boundaries of the direct sound, whichsedu
as the atom of the dictionnary. The stopping criterium isosem
by minimizing the difference between the acoustical inglickthe
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original RIR and the synthesized one. Further studies shoei-
ceptively evaluate, using listening tests, the relevarfcguoh a
stopping criteria. This would lead to choose either anotadre,

or another stopping criteria.

Temporal boundaries of the direct sound are estimated b loo
ing at the speed of convergence of Matching Pursuit. In other
words, the lowest the number of iterations, the best arectingo-

ral boundaries of the direct sound. This seems to be an efficie
method to characterize frequently used sound sources imRoo
Acoustics, that should be achieved in a future work.

On the other hand, Matching Pursuit provides another vision
RIRs. Indeed, the linear base of coefficients obtained aze se
as the arrivals of the RIR. The cumulative number of arrivgls
confrontated to the theory. The exponential decrease ofjgme-
cessitates a compensation, in order to obtain a stationgingls
The mixing time is then defined as the time at which the signal
becomes stationary. It remains to generalize this estiniatather
rooms, using some different atoms, and to finally confrenthe
results to the theory. Moreover, more investigation shbeldthade
with filtering the RIR and using threshold on the linear baseoe
efficients, derived from Matching Pursuit.
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