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An as diffuse as possible acoustic field is pursued when performing measurements that makeuse of areverberant room. The diffusivity descriptors that are commonly used to qualify the actual sound field in such ar oom are calculated in the room volume, away from boundaries. This is somewhat contradictory with the fact that for sound insulation and sound absorption measurements as examples, specimens are placed at room boundaries either aw all or the floor.This work presents acharacterization of the sound pressure field at the boundaries of ar everberant room in order to evaluate the diffusivity of the excitation at these specificl ocations. Ab oundary diffuse field indexisproposed, numerically evaluated and then tested in tworeverberant chambers in steady state conditions. It is shown that this indexa llows evaluating the boundary diffusivity in ag iven reverberant room according to its geometry and other relevant parameters, such as the sound source location or the presence of sound diffusers.

Introduction

Ar everberant room is used in several standardized measurements, such as the sound absorption of materials [START_REF]Acoustics -m easurement of sound absorption in areverberation room[END_REF][START_REF]ASTM C423-09a: Standard test method for sound absorption and sound absorption coefficients by the reverberation room method[END_REF], the sound power of noise sources [START_REF]Acoustics -determination of sound power levels of noise sources using sound pressure -p recision methods for reverberation rooms[END_REF] or the sound insulation of partitions [START_REF]Acoustics -laboratory measurement of sound insulation of building elements -p art 2: Measurement of airborne sound insulation[END_REF][START_REF]Acoustics -m easurement of sound insulation in buildings and of building elements using sound intensity -part 1: Laboratory measurements[END_REF][START_REF] Astm E | Standard test method for laboratory measurement of airborne sound transmission loss of building partitions and elements using sound intensity[END_REF][START_REF]Standard test method for laboratory measurement of airborne sound transmission loss of building partitions and elements[END_REF]. Acommon assumption to all these measurements is that the sound field in the room is perfectly diffuse. Following Sabine'st heory and formalism [START_REF] Sabine | Collected papers on acoustics[END_REF], this hypothesis wass hown to be satisfied above the cut-off frequencyo ft he room [START_REF] Schroeder | The 'Schroeder frequency' revisited[END_REF] when room modes separation becomes small so that modes begin to overlap. Simple relationships can be then established as between the sound decay rate in the room and the room volume and an equivalent sound absorption area, or between the spatially averaged mean square pressure and the sound intensity in the room. Improvements to Sabine'stheory to better takeinto account room geometry,damping distribution or variation of the absorption coefficient with incidence angle were proposed by Eyring [START_REF] Eyring | Reverberation time in 'dead' rooms[END_REF][START_REF] Eyring | Reverberation time measurements in coupled rooms[END_REF], or Millington [START_REF] Millington | Am odified formula for reverberation[END_REF], but auniform sound field wasstill assumed above the cut-off frequency.

From both theoretical and experimental views, completely diffuse conditions are impossible to reach. Ensuring and qualifying effective sound diffusion in the room becomes of crucial importance, since the previously mentioned relationships will be biased if the actual conditions divergef rom the perfect diffuse field assumption. Standards [START_REF]Acoustics -laboratory measurement of sound insulation of building elements -p art 2: Measurement of airborne sound insulation[END_REF][START_REF]Acoustics -m easurement of sound insulation in buildings and of building elements using sound intensity -part 1: Laboratory measurements[END_REF][START_REF]Acoustics -m easurement of sound absorption in areverberation room[END_REF][START_REF]Acoustics -determination of sound power levels of noise sources using sound pressure -p recision methods for reverberation rooms[END_REF][START_REF]ASTM C423-09a: Standard test method for sound absorption and sound absorption coefficients by the reverberation room method[END_REF][START_REF] Astm E | Standard test method for laboratory measurement of airborne sound transmission loss of building partitions and elements using sound intensity[END_REF][START_REF]Standard test method for laboratory measurement of airborne sound transmission loss of building partitions and elements[END_REF] thus include several recommendations and tests to qualify the performance of a givenr everberant room. Ac onsiderable number of special devices wasp roposed and tested to improve diffusivity such as hanging, rotating, corner or boundary diffusers [START_REF] Balachandran | Random sound field in reverberation chambers[END_REF][START_REF] Dodd | Some aspects of the theory of diffusion and diffusers[END_REF][START_REF] Ebbing | Experimental evaluation of moving sound diffusers for reverberant rooms[END_REF][START_REF] Boldlund | As tudy of diffusion in reverberation chambers provided with special devices[END_REF][START_REF] Bradley | Effect of boundary diffusers in ar everberation chamber: Standardized diffuse field quantifiers[END_REF][START_REF] Bradley | Snow: Improvedsound field reverberance and diffusivity in ar everberation chamber though implementation of resonant-diffusing wall panels[END_REF]. Nevertheless, several studies [START_REF] Fausti | An intercomparison of laboratory measurements of airborne sound insulation of lightweight plasterboard walls[END_REF][START_REF] Bravo | Va riability of lowf requencys ound transmission measurements[END_REF][START_REF] Jones | Intercomparisons of laboratory determinations of airborne sound transmission loss[END_REF][START_REF] Warnock | rlander: Inter-laboratory comparison of lowfrequencysound transmission -finite element studies[END_REF][START_REF] Vo Rlander | Inter-laboratory comparison of lowf requencys ound transmission -c onventional and intensity measurements[END_REF][START_REF] Dijckmans | Ve rmeir: Numerical investigation of the repeatability and reproducibility of laboratory sound insulation measurements[END_REF] have shown the variability of transmission loss measurements between different laboratories at lowf requency, and also surprisingly at high frequencyw here ad i ff use field independent of excitation conditions would be expected as well as ag ood interlaboratory reproducibility of measurements. Similar issues were reported for sound absorption coefficient measurements [START_REF] Balachandran | Random sound field in reverberation chambers[END_REF][START_REF] Kosten | International comparison measurements in the reverberation room[END_REF][START_REF] Benedetto | The effect of stationary diffusers in the measurement of sound absorption coefficients in areverberant room :ane xperimental study[END_REF][START_REF] Davy | Qualification of room diffusion for absorption measurements[END_REF][START_REF] Halliwell | Inter-laboratory variability of sound absorption measurement[END_REF][START_REF] Nash | On the reproducibility of measuring random incidence sound absorption[END_REF] and studied by simulations using aray tracing method [START_REF] Dammig | Model investigations into sound fields in reverberation rooms[END_REF][START_REF] Toyoda | Effects of room shape and diffusing treatment on the measurement of sound absorption coefficient in areverberation room[END_REF], with important variations of sound absorption coefficients according to excitation conditions such as room absorption, room shape and the number of diffusers in the room.

Several definitions of ad i ff use acoustic field [START_REF] Schultz | Diffusion in reverberant rooms[END_REF] and corresponding diffusivity indicators have been proposed. Ausual definition is that uniform sound pressure at all locations in the reverberant room should be obtained (the sound pressure leveld oes not vary with receiverp osition). Another definition is that the propagation of sound in anyd irection is equiprobable and phase relation between sound wavesi sr andom so that theya re uncorrelated. Finally,analternate formulation is that at anyposition in the room, sound energy is incident from all directions with equal intensities.

In practice afirst method to verify the diffuseness relies on the measurement of sound pressure at different locations in ar everberant room, in order to check the spatial uniformity assumption (which is proposed in standards test procedures, see AnnexA 2i n [START_REF]Standard test method for laboratory measurement of airborne sound transmission loss of building partitions and elements[END_REF] for example). Another possibility is to verify that all directions of propagation are equiprobable, and the use of ar otating directional microphone [START_REF] Spring | The measurement of sound diffusion indexi ns mall rooms[END_REF] and an Ambisonic microphone [START_REF] Bassett | Using an ambisonic microphone for measurement of the diffuse state in ar everberant room[END_REF] wastested. Amicrophone array measurement system wasa lso proposed by Gover [START_REF] Gover | Microphone array measurement system for analysis of directional and spatial variations of sound fields[END_REF], where directional and spatial variations of sound fields were examined.

Among these methods, one of the most studied ways to verify the diffuseness of the sound field has been the estimation of the cross correlation function or of its Fourier transform, the cross-spectral density function. The crosscorrelation function wast heoretically found to followa sinc function behavior for ap erfect diffuse acoustic field [START_REF] Cook | Measurement of correlation coefficients reverberant sound fields[END_REF][START_REF] Rafaely | Spatial-temporal correlation of adiffuse sound field[END_REF], which writes sin(k 0 x)/k 0 x where k 0 is the acoustic wavenumber and x is the vector distance between two points (statistical properties of such ar everberant sound field are for example givenin [START_REF] Waterhouse | Statistical properties of reverberant sound fields[END_REF][START_REF] Waterhouse | Noise measurement in reverberant rooms[END_REF]). Experimental estimations of the cross-correlation function were mainly conducted using twom icrophones [START_REF] Cook | Measurement of correlation coefficients reverberant sound fields[END_REF][START_REF] Balachandran | Random sound field in reverberation chambers[END_REF][START_REF] Morrow | Point-to-point correlation of sound pressures in reverberation chambers[END_REF][START_REF] Chun | Experimental investigation of spatial correlation in broadband reverberant sound fields[END_REF] (usually with one still microphone and amobile one, so that x can be varied)o ru sing microphone arrays [START_REF] Arguillat | Measured wavenumber: Frequencys pectrum associated with acoustic and aerodynamic wall pressure fluctuations[END_REF][START_REF] Robin | Investigating the sound field characteristics in ar everberant room using 2D cross-spectral density measurement[END_REF], and good agreement with theoretical predictions wasg enerally obtained. However, the satisfaction of the sinc function criterion has been provent ob ean ecessary,b ut not as u ffi cient condition to verify the effective realization of ad i ff use sound field [START_REF] Boldlund | An ew quantity for comparative measurements concerning the diffusion of stationary sound fields[END_REF]. This function has nevertheless been useful to model ad i ff use excitation when the exact excitation distribution is unknown [START_REF] Coyette | An efficient method for evaluating diffuse field joint acceptance functions for cylindrical and truncated conical geometries[END_REF]. It wasa lso used for defining the target pressure field when synthetizing a diffuse field on as urface with an array of loudspeakers [START_REF] Elliott | The synthesis of spatially correlated random pressure fields[END_REF][START_REF] Robin | Experimental vibroacoustic testing of plane panels using synthesized random pressure fields[END_REF]. In Nélisse and Nicolas [START_REF] Nelisse | Characterization of adiffuse field in areverberant room[END_REF], the diffuse field in reverberant rooms has been characterized with the correlation function and spatial uniformity both evaluated with a classical modal approach, and aminimum of 20-30 modes in the considered frequencybandwidth wasrecommended to reach adequate diffuseness following the twoevaluated descriptors. Finally,t he measurement of coherence functions instead of correlation functions wasa lso proposed, using an intensity probe which allows calculating the coherence between sound pressure or particle velocity components [START_REF] Jacobsen | The coherence of reverberant sound fields[END_REF], or using microphones only [START_REF] Kuster | Spatial correlation and coherence in reverberant acoustic fields: Extension to microphones with arbitrary first-order directivity[END_REF].

Acommon characteristic to these indicators is that they always target verifying diffusion in the volume of the room butn ever at boundaries where diffusivity is usually restricted to alimit incidence angle. Besides, due to intensification zones at boundaries [START_REF] Waterhouse | Interference patterns in reverberant sound fields[END_REF] the diffuse field distribution at room boundaries can not be assimilated to the distribution inside the volume. Also, all these indicators provide aq ualitative information concerning ap ossible degree of diffusion butn oq uantitative and practical information to help taking into account anyd eviation of the actual pressure field from the theoretical one. Only recently,al aboratory correction wasp roposed to consider non-uniform intensity distributions overa ngles of incidence for transmission loss measurements [START_REF] Lynch | Ap roposed correction for incident sound intensity distribution for diffuse field panel excitation and transmission loss simulations[END_REF].

In the present work, ac lassical modal expansion is used to study the sound field distribution and its diffusivity in ar ectangular room, particularly at boundaries. Modal decoupling is used as as implification since considered damping loss coefficients are small [START_REF] Franzoni | As tudy of damping effects on spatial distribution and levelofreverberant sound in arectangular acoustic cavity[END_REF]. Sabine's assumptions for adiffuse sound field are evaluated, and a free wave model is also used to simply illustrate important facts at boundaries since both eigenmodes and free-wave models were found consistent to describe diffuse acoustic fields [START_REF] Waterhouse | Diffuse sound fields: Eigenmode and free-wavemodels[END_REF].

Anew descriptor adapted to characterize the sound field diffusivity at boundaries is defined and called Boundary Diffuse Field Index(BDFI). Its averaged value overameasurement surface can be related to al imit incidence angle or to the presence of correlated plane waves, and its standard deviation can be related to the spatial sound distribution overas urface. This descriptor is first evaluated with the classical modal method. Then measurements of the BDFI in twor everberant chambers are presented in steady state conditions.

Acoustic Field Model

Several kinds of model can be used to describe the sound pressure field inside ar oom. Fors mall rooms, am odal expansion is usually employed, while wave models are generally preferred for large rooms with large reverberation times. In this section, both models are presented and used to characterize arectangular reverberant room of dimensions L x × L y × L z ,w hich is illustrated in Figure 1 with coordinate axes and respective positions of an acoustic source and aw indow( which utility will be precised later).

The different configurations that will be used for calculations and measurements are detailed in Table I, following the notations giveninFigure 1. On one side, configurations Cc oncern simulated reverberant rooms, in which were varied source position (C1a to C1d)o rw indowp osition (C1a, C1e and C1f)while the dimensions of the room were kept constant. Cases C2 and C3 were based on fixed relative source and windowpositions, while room dimensions were nowv aried. On the other side, configurations Eand Gconcern tests performed in tworeal reverberant rooms. Windowpositions were fixed for both experimental cases, while source position wasv aried. Note that room Gw as equipped with diffusers that were uninstalled once in the case of configuration G1, while room Ehad no diffusers. It is also precised that windowpositions were mainly chosen so as to be centered on one wall of the room, and source positions were arbitrarily determined so as to span very different cases, since in laboratory experiments, the position of at est object is usually unchanged (especially for sound insulation tests for which the opening between two rooms can be hardly varied)b ut the source position can be easily modified if ever needed. Finally,t he discretization values N x and N y giveninthe last column of Table I correspond to the number of considered patches in the x and y directions for simulations, and then the number of microphones positions for measurements.

Classical Modal Expansion

The reverberant and boundary sound pressures in agiven reverberant room are calculated with the classical modal expansion of the room pressure (time dependence e jωt is omitted for sakeofsimplicity) P (x, y, z) = p,q,r A pqr ψ pqr (x, y, z), [START_REF]Acoustics -m easurement of sound absorption in areverberation room[END_REF] where p, q, r are positive integers. In this expansion, a pqr mode is defined by an amplitude A pqr ,anorm N pqr ,awave number k pqr ,and amode shape ψ pqr

A pqr = V r ψ pqr (x, y, z)S(x, y, z)dV k * 2 -k 2 pqr N pqr , ( 2 
)
N pqr = V r ψ 2 pqr (x, y, z)dV, ( 3 
)
with V r the room volume, S(x, y, z)t he source distribution, and k * the complexa coustic wave number that takes into account acoustic damping η r such as k * = ω/(c (1 + jη r )).A coustic damping can also be related to the room reverberation time T r thanks to the relation η r = 2.2/(f.Tr), with f the frequency. The cut-off frequency f c ,o rS chroeder frequency [START_REF] Schroeder | The 'Schroeder frequency' revisited[END_REF], of the room is finally calculated following f c = 2000 (T r /V r ). Forar ectangular room with rigid boundary conditions and excited by an omnidirectional point source located at x 0 , y 0 , z 0 (see Figure 1),the mode shape, the source distribution, and the modal wavenumber respectively write

ψ pqr (x, y, z) = cos pπ L x x cos qπ L y y cos rπ L z z , (4) S(x, y, z) = S 0 δ(x -x 0 )δ(y -y 0 )δ(z -z 0 ), ( 5 
)
k pqr = pπ L x 2 + qπ L y 2 + rπ L z 2 . ( 6 
)
The spatially-averaged square room pressure P 2 r ,r elated to the source power and the room absorption, is obtained by averaging the squared pressure overthe room volume

P 2 r = p,q,r V r |A 2 pqr | ψ pqr (x, y, z) 2 dV V r . ( 7 
)
Finally,t he local boundary pressure (at y = 0f or example), also called blocked pressure P b ,isobtained by averaging the pressure on asmall boundary surface S i .

P b i = Si p,q,r
A pqr ψ pqr (x, 0,z) dxdz

S i . ( 8 
)
This local pressure can be used as an applied external surface force in afi nite element model or in ap atch transfer function model for estimating the transmission loss of double panels, as in [START_REF] Chazot | Prediction of transmission loss of double panels with apatch-mobility method[END_REF][START_REF] Chazot | Transmission loss of double panels filled with porogranular materials[END_REF]. Contrarily to the spatiallyaveraged square room pressure, this local boundary pressure is not mean squared overt he surface S i to keep the physical meaning and the phase information of this deterministic pressure. Howeveronly the numerical blocked pressures are averaged overap atch surface to get ac onsistent value of the local pressure instead of ap ressure value on as ingle point. In the measurements the local blocked pressures are just averaged overthe microphones diaphragm surface. Afi rst comparison between al ocal boundary pressure and the spatially-averaged square room pressure, respectively,i sp resented in Figures 2a,b for room configuration C1a (see Table I).The spatially-averaged square room pressure dynamic range decreases with increasing modal density (Figure 2a), while the blocked pressure exhibits a very high dynamic range (Figure 2b). This dynamic range difference with blocked pressures is related to the different integration domains. Indeed, blocked pressures are just averaged oversmall patch surfaces, whereas the room pressure is averaged overthe room volume.

Figures 2c-f compare calculated blocked pressure distributions for twowindowpositions (C1a and C1e)and averaged on twothird octave bands (250 Hz and 1600 Hz center frequencies). As expected, higher homogeneity is obtained when frequencyincreases. Forthe 250 Hz third octave band (Figures 2c,d), acoustic wavelengths are indeed too large to get adiffuse field. However, even if the acoustic field is more homogeneous at 1600 Hz (Figures 2e,f) one can still observes ome pressure patterns with sound pressure leveldifferences around 3dB. This shows that alink between uniformity and diffusivity is not always straightforward, even above the cut off frequencyofthe room (here 529 Hz)when the number of modes is theoretically sufficient to get au niform diffuse field. In the following some elements are provided in order to evaluate diffusivity and uniformity of boundary pressure fields.

Free Wave model

Ap erfect diffuse field is assumed according to Sabine's theory with an isotropic sound field consisting of incident uncorrelated plane wavescoming from all directions. The square reverberant pressure P 2 r is therefore related to incident plane waveswith similar amplitude P i as

P 2 r = Ω P 2 i dΩ= 2 π 0 π 0 P 2 i sin(θ)dθdϕ=4πP 2 i . ( 9 
)
Local square boundary pressure P 2 b is obtained by limiting the solid angle to ah alf space, and by taking into account reflected wavesu nder the assumption of perfectly rigid walls,

P 2 b = Ω/2 (2P i ) 2 dΩ= π 0 π 0 4P 2 i sin(θ)dθdϕ = 8πP 2 i = 2P 2 r . ( 10 
)
This equation illustrates the classical sound pressure increase of 3dB in adiffuse field at boundaries (i.e. pressure doubling). It is also possible to use alimit incidence angle to suppress grazing waves. Figure 3presents the variations of the ratio P 2 b /P 2 r according to this limit incidence angle. In simulations, al imit angle value of 78 deg( 'field incidence')i sc ommonly used. In this case av alue of 1.6i s obtained for the P 2 b /P 2 r ratio.

Boundary Diffuse Field Index

The limit incident angle used to fit am odel with an experiment, even at high frequencya nd for large rooms, provesthat the isotropycondition of the diffuse field near boundaries is not fulfilled. This section presents aw ay to evaluate this diffusivity according to Sabine'sd escription (isotropic field and uncorrelated waves). Ap erfect diffuse field according to Sabine'sa ssumptions yields ar atio of 2b etween the boundary pressure and the room pressure (see Equation 10). From the classical modal expansion, it is possible to evaluate this ratio locally by using the spatially-averaged squared room pressure (Equation 7) and the local squared boundary pressure overapatch surface (from Equation 8).This ratio can be seen as an indexofdiffusivity at boundaries, and is therefore called the Boundary Diffuse Field Index,

BDFI = P b i 2 P 2 r . ( 11 
)
This indexc an be estimated with the classical modal expansion or measured directly with microphones inside the reverberant room. Note howeverthat the local value of the Boundary Diffuse Field Indexisnot statistically pertinent and should not be compared directly to Equation [START_REF] Eyring | Reverberation time in 'dead' rooms[END_REF].

It is indeed important to evaluate its mean value and its standard deviation overalarge surface corresponding to a givenmeasurement window(as an example, the surface of apanel for which the transmission loss is to be measured) to evaluate the diffusivity of the sound field on this area

BDFI = N i=1 P b i 2 N.P 2 r , (12) 
σ = 1 N N i=1 P b i 2 P 2 r -BDFI 2 . ( 13 
)
Only this averaged BDFI is significant and can be compared with the ratio obtained in Equation [START_REF] Eyring | Reverberation time in 'dead' rooms[END_REF].H ere the room pressure is assumed to be spatially uniform. In practice, several fixed microphones or am oving microphone are generally used to measure the mean sound pressure in the room. An example of Boundary Diffuse Field Indexa veraged overal arge surface with 400 patches (that is N x × N y patches for simulation cases in Table I) is presented in the upper part of Figure 4. Large variations overfrequencyare visible especially in the lowfrequencydomain where obtained values greatly differ from the theoretical value obtained with the plane wavessummation in Equation [START_REF] Eyring | Reverberation time in 'dead' rooms[END_REF]. This large dynamic range is surprising since as ignificant surface is employed, butt he variations tend to decrease with increasing frequencyand move towards amean value of approximately 1.75 which is in good agreement with the free wave model when alimit angle of approximately 85 degi su sed. Note that this limit angle is usually used as as imple wayt ot une an umerical model butd oes not explain all the differences that can be observed between an umerical model and the measurements. These differences can also be due to finite size effects that modify the radiation impedance, possible structural coupling with the acoustic field, and even niche effects concerning transmission loss measurements.

Frequencya veraging overt hird octave bands wasu sed to derive amore representative index. An example of fre- quencya veraged Boundary Diffuse Field Indices calculated overal arge surface with 400 patches is presented in the lower part of Figure 4, with mean values and standard deviations presented on third octave bands from 125 to 1600 Hz. Averaged BDFIs tend to values of 1.75 with astandard deviation of 0.35. Thereby,the perfect diffusivity assumed with the plane wave summation is globally not reached. ABDFI greater than 2isrelated to correlated waves, while aB DFI lower than 2i sr elated to am aximum incidence angle lower than the 90 degideal value. In fact the twop henomenons can interact in opposite ways and cannot be distinguished. Comparison with the theoretical value of ap erfect diffuse field only illustrates the main phenomenon. In practice, at lowfrequencythe BDFI can exhibit very high or very lowv alues since the modal behaviour of the room is dominant. Howevertransmission loss and absorption measurements are still made in these lowf requencies even if the diffuse field asumption is not verified anymore. This is one of the reasons that explain the problems of repeatability and reproducibility often encountered in such measurements. In these cases it would be interesting to normalize the excitation conditions to get aBDFI around 2atlow frequencytopotentially improve the repeatability and reproducibility.Onthe other hand, at high frequencyadiffuse sound field is expected. Typically, the Schroeder cut off frequency( here 529 Hz)i su sually taken as the limit between the modal behaviour and the diffuse field. In this later case, values lower than 2c ould be related to alimit incidence angle in experiments ('field incidence', with alimit incidence angle of 78 deg).Using this previous value in Equation [START_REF] Eyring | Reverberation time in 'dead' rooms[END_REF],the theoretical BDFI equals 1.6 (see Figure 3),w hich is close to the high frequencylimit obtained with the modal analysis. Again, the BDFI could help taking into account deviations between theory and practice nowabove the Schroeder frequency.

Standard deviations presented in the lower part of Figure 4c an also be used to evaluate the homogeneity of the boundary sound field. At lowfrequencythe BDFI distribution is quite smooth due to large wavelengths. This leads to lowstandard deviations of the BDFIs. At medium frequency, at the interface between the modal behavior and the diffuse field, the wavelengths are smaller butt he boundary pressure field is not yet uniform. This is observed by the large standard deviations of the BDFIs. At high frequency, the boundary diffuse field should be more uniform and characterized by BDFIs with lower standard deviations. This is not well observed in the lower part of Figure 4. We can then conclude that this boundary pressure field is not perfectly diffuse.

It is therefore important to distinguish the sound field uniformity,a nd its diffusivity that is related to properties of isotropy. Forinstance, adding supplementary sound absorption will improve the sound field uniformity butn ot necessarily its diffusivity since the number of wave reflections decreases with increasing room absorption.

Parametric study

The classical modal expansion is nowused to evaluate the influence of excitation conditions on boundary diffusivity. In this study the patch size is limited by the criterion used in finite element models to get the wavelength patterns, ie. one quarter of an acoustic wavelength.

Figure 5schematically describes the configurations that are nownumerically studied (see details in Table I).Mean BDFI values and their standard deviations obtained with the four source positions C1a-C1b-C1c-C1d are presented in Figure 6a and showthat the boundary pressure field diffusivity is very sensitive to the source location at lowfrequency. This is due to the modal behavior of the room. On the contrary,a bove 500 Hz the obtained mean BDFIs tend to similar values around 1.8 and confirm ap ossible lack of grazing wavesthat can be taken into account with the limit incidence angle. On one hand, the greater direct field contribution for the C1d source position tends to increase the mean BDFI at high frequency. On the other hand, the amplifying effect givenbyasource near awall, i.e. C1b, leads also to an increase of the mean BDFI at lowfrequency. Spatial standard deviations are presented in Figure 6b.Their values do not necessarily decrease above the cut-off frequency, and are also very dependant on the source location at lowfrequency.

The case of three different windowp ositions (configurations C1a-C1e-C1f)h as been tested, and corresponding results are giveninFigure 7. Large BDFIs differences related to the room modal behavior are still visible at low frequency. The mean BDFIs tend to avalue of 1.8 at high frequency, while the standard deviations values tend to 0.5. Finally,the higher direct field contribution on windowC1e is also visible with higher BDFI values. The effect of different room configurations is finally presented in Figure 8, for C1a-C2-C3 room configurations. The mean BDFIs tend to alower value of 1.6 at high frequency. This corresponds to an acoustic field limited in grazing waves. When the measuring windowbelongs to a wall with as maller area, the grazing wavese ff ect is reduced and leads to ad ecrease of the BDFI values. This phenomenon is represented by rooms C2 and C3 with smaller sections and lower BDFIs above the 630Hz third octave band. Standard devitations are also lower for these rooms. The boundary field is indeed more uniform here because of modes in the section with higher wave numbers.

This parametric study highlights the respective effects of the source position, the windowposition and the room dimensions on the BDFI and its standard deviation. From this short study we can conclude that the necessary conditions to reach ad i ff use field are the following :s table mean BDFIs values around 1.8, and stable BDFI standard deviations below0.5. Howeverthese necessary conditions are not sufficient to insure aad i ff use field at boundaries. It is always important to look at the BDFI distribution in space to verify whether it is uniform and random or if it exhibits some patterns. Besides, in the analysis one must always keep in mind the size of the windowcompared to the acoustic wavelength and to the wall dimensions.

Experimental study

Experimental setup

Though the model gave agood understanding of particular phenomena at boundaries thanks to the Boundary Diffuse Field Index, aspecificexperimental study is still necessary to evaluate the relevance of this indexi nap ractical situation. Measurements were thus made in twor everberant rooms in order to derive the corresponding Boundary Dif- fuse Field Indices (Equation 12)a nd standard deviations (Equation 13).

Afi rst series of measurements wasc onducted in the reverberant room of Université de technologie de Compiègne (France), and corresponds to configurations E1, E2, E3 and E4 detailed in Table Iand recalled in Figure 9. Note that no diffusers were installed in the room. An omnipower omnidirectional sound source in ad odecahedral configuration wasu sed (Bruel &K jaer 4292 type). For these measurements, arotating microphone (1/2inch microphone, Bruel &Kjaer 4190 type)w as used to measure the spatially-averaged square room pressure, while another microphone (1/2i nch microphone, Bruel &K jaer 4190 type)was translated using motorized axes in front of awall surface discretized into 30x20 patches. This blocked pressure measurement wasm ade at less than 1cmf rom the wall and time signals were averaged over10seconds. The frequencyanalysis wasmade between 0and 2000 Hz with afrequencystep of 2.5Hz.

Another series of measurements wasc onducted in the reverberant room of Groupe d'Acoustique de l'Université de Sherbrooke( Canada), and corresponds to configurations G1 and G2, detailed in Table Iand presented in Figure 12. Several hanging and corner diffusers were installed in the room. Fort hese measurements, a1 / 2i nch rotating GRAS microphone wasused to estimate the spatiallyaveraged square room pressure, while the spatial blocked pressure wasn ow estimated using am icrophone array.I t wascomposed of 81 (9 × 9) 1/4inch microphones (Bruel &Kjaer 4958 type)s paced by 10 cm in both longitudinal and transversal directions, giving as quare array of side length 0.8m.M icrophone capsules were positioned at a height 1cmf rom the wall surface, and time signals were measured over3 0s econds using as ampling frequency F s = 8192 Hz, and the frequencya nalysis wasm ade between 0a nd 2000 Hz with af requencys tep of 2Hz. An acoustic excitation wasgenerated in the reverberant room using one lowand mid frequencies speaker (JBLEon)for awhite noise input in the 50-2000 Hz frequencyrange.

Forboth measurements, local BDFIs were obtained using measured autospectra at the rotating microphone for the squared-room pressure P 2 r and at the boundary microphones positions for the wall blocked pressures | P b i | 2 . The mean BDFI and the standard deviations were then calculated overthe measurement surface from these local BDFIs. Note that preliminary measurements were made to verify that am icrophone placed at 1cmf rom the wall provided similar local BDFI results compared with those obtained using aflush mounted microphone on the wall up to the highest frequencyofinterest (i.e. 2kHz).

Experimental BDFI results forc onfigurations E1, E2, E3 and E4

Comparative results between calculated and measured BDFIs with the room configuration E1 are presented in the upper part of Figure 10. Experiments and theory both provide mean BDFI values between 1.5 and 2.5 above the 250Hz third octave band. Larger differences appear at low frequency. This is mainly due to differences in evaluating the room pressure. In theory it is averaged overt he room volume, including the source and the intensification zones at boundaries, while in practice it is averaged with amoving probe. This is the main reason whythe measured BD-FIs are overestimated compared to the calculated BDFIs.

The model assumes also an omnidirectional point source At lowf requencyamodal behaviour is well observed as expected, while at higher frequency, even above the cut off frequency, some more uniform patterns are visible. Hence, thanks to the BDFI mean values and standard deviations, different kinds of phenomena can be detected, even with at hird octave analysis :t he modal behaviour,as pecific pressure pattern related to the acoustic wavelength, an important direct source contribution, or the effect of an intensification zone.

Finally the BDFIs and standard deviations measured with the four source positions E1-E2-E3-E4 are presented in the lower part of Figure 10. The classical cut off frequencya t6 30 Hz is clearly visible here with mean BD-FIs stable around 2, and standard deviations stable around 0.3. Howeverthis cut off frequencyisnot sufficient to ensure agood diffuse field since the standard deviations values around 0.3 shows ome strong BDFI patterns (ass een previously in Figure 11 on the third octave centered at 1250 Hz).

Experimental BDFI results forc onfigurations G1 and G2

Figure 12a schematically recalls the source positions and room dimensions for configuration G1 and G2. Pictures of the experiments are also giveni nF igures 12b-f. Two specifict ests were made for the twoc onsidered source positions. Forc onfiguration G2 (when the source is installed at the center of the room), the loudspeaker was turned in front of the wall opposite to the microphone array,t hen turned in front of the microphone array to voluntarily increase the direct field contribution and the presence of correlated waves. Figures 12c,d showthe twoconsidered orientations of the sound source. The hanging diffusers placed in the room were also uninstalled for ameasurement made with the source at position G1 to verify that their effect could be evaluated using the BDFI. Figures 12e,f showthe room from the viewpoint of G1 source position with the diffusers present and uninstalled, respectively.

Figure 13 presents an experimental comparison between the measured mean room pressure and mean blocked pressure (atthe center microphone array). As wasshown in the case of numerical results in Figure 2, the mean blocked pressure exhibits very large variations compared to the mean room pressure, and ahigher mean value.

The mean BDFIs obtained in configurations G1 and G2 (back-sided and front-sided speaker,f rom the measurement windowv iew) and their spatial standard deviations are presented in the upper part of Figure 15. Configurations G1 and G2 (back-sided)provide very similar results above the 500 Hz third octave frequencyband.

Also, the expected effect of turning the loudspeaker so that it faces the microphone array (i.e. increase of the direct field contribution and correlated waves) is very well illustrated with the G2 front-sided speaker case. The mean BDFI value nowexceeds avalue of 2innearly all the con- sidered third octave bands compared to when the speaker wasplaced in front of the opposite wall. Fort he three considered cases and above the 315 Hz third octave band, standard deviations are stable and do not exceed av alue of 0.4, and exhibit similar behavior compared to the standard deviation results previously obtained for the measurements at UTC.

Finally,lower part of Figure 15 presents the results obtained for the G1 source position, with and without hanging diffusers in the room.

The presence of the diffusers clearly smoothens the values of obtained BDFI around avalue of 2under the 630 Hz third octave band, and lowers the standard deviation which shows improvement of the sound field spatial homogeneity.This result, i.e. to expand the diffuse field at lower frequencies, is the expected result with such devices. However,these sound diffusers provides marginal improvement of the diffusivity at the room boundaries above the 630 Hz third octave band, as illustrated by similar BDFI and standard deviation values whether theywere installed or not. 

Conclusion

Several parameters can change the diffusivity of aboundary sound field. The position of the measurement window on the wall have great importance due to intensification zones at the edges and corners of the room. Loudspeaker location in the room can also be as ignificant parameter especially if the direct source contribution becomes important, and the presence of diffusers have also alarge influence on the boundary diffusivity at lowfrequency. The Boundary Diffuse Field Indexpresented in this article enables to study,e ither theoretically or experimentally,t he global diffusivity of aboundary sound field due to all these phenomena. The BDFI distribution observed with ac artographya te ach frequencyb and, and characterized with am ean value and as tandard deviation on the measurement windowp rovides several interesting informations. Twop articular aspects have hence been highlighted with this index: the isotropyofthe field characterized by alimit incidence angle, and the correlation of incident waves.

The interest of the BDFI is nowtobeemployed as adiagnostic tool to characterize, to normalize, or to improve reverberant room facilities, knowing that ap erfect room should showv ery lowB DFIs standard deviations for homogeneity reasons of the boundary pressure field, and a mean BDFI close to av alue of 2t oc onfirm ap erfect isotropyofthe boundary pressure field.

Further work involves relating the BDFI to transmission loss or sound absorption measurements.

Figure 1 .

 1 Figure 1. As chematic of the studied rectangular reverberant room of dimensions L x × L y × L z -t he source location is denoted by S,a nd the greya rea denotes am easurement window located in awall at y = 0.

Figure 2 .

 2 Figure 2. (a) Room pressure using Equation (7) for room configuration C1a. (b)C alculated blocked pressure using Equation (8) for room configuration C1a. (c) Windowlocation C1a -250 Hz third octave.(d) Windowlocation C1e -250 Hz third octave.(e) Window location C1a -1600 Hz third octave.(f) Windowlocation C1e -1600 Hz third octave.For all figures, source magnitude S 0 = 2Pa.

Figure 3 .

 3 Figure 3. Influence of the incidence angle over the ratio P 2 b /P 2 r .
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 4 Figure 4. Configuration C1a :( Upper)C alculated mean BDFI -(Lower)F requencya veraged mean BDFIs and standard deviations (indicated by error bars).
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 56 Figure 5. Schematics of tested configurations, detailed in TableI.
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 7 Figure 7. Windowp osition influence on the mean values and standard deviations of the calculated BDFIs over 400 patches -Configs. C1a C1e C1f
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 89 Figure 8. Room influence on the mean values and standard deviations of the calculated BDFIs over400 patches -Configs. C1a C2 C3

Figure 10 .

 10 Figure 10. Comparison of measured and calculated BDFIs with the classical modal expansion for room configurations E1 ( Calculated BDFI Measured BDFI)-Comparison of measured BDFIs for several room configurations, E1 E2 E3 E4.

Figure 11 .

 11 Figure 11. Comparison of calculated (a,c,e)and measured (b,d,f) xy spatial BDFI distributions on three third octave bands, (a,b): 400 Hz, (c,d): 800 Hz, (e,f): 1250 Hz. Room configuration E1.

Figure 12 .

 12 Figure 12. Measurement at GAUS lab: (a) Source positions in the xy plane with z 0 = 1.5m and L z = 3m -(b) Picture of measurement with source position G1 -( c) Pictureofmeasurement with source position G2 with the loudspeaker turned to the opposite wall from the measurement window-(d) Pictureofmeasurement with source position G2 with the loudspeaker turned in front of the microphone array -(e) Viewpoint of the room from source position G1 with diffusers installed -(e) Viewpoint of the room from source position G1 with diffusers uninstalled.

Figure 13 .

 13 Figure 13. Source position G1 -M ean squared sound pressure leveli nt he room measured with the rotating microphone (a), compared to the mean squared sound pressure levelatablocked pressure measurement point, here the center microphone of the array (b).

Figure 14 .

 14 Figure 14. xy spatial BDFI distribution on third octave bands -Room configuration G1. (a) 400 Hz, (b)800 Hz, (c) 1250 Hz.

Figure 15 .

 15 Figure 15. Measurement results on third octave bands for the source positions G1 and G2 :( a) Mean BDFI values and (b) BDFI Standard deviation -R esults for the source position G1 with diffusers installed and uninstalled: (c) Mean BDFI values and (d) BDFI Standard deviation.

Table I .

 I Details of tested configurations (SIunits).

	Name	Room Size	Cut off frequencyS ource	Windowcenter	Windowsize	Discretization
		L x ,L y ,L z	f c		x 0 ,y 0 ,z 0	x c ,z c	l x ,l z	N x ,N z
					Simulation cases
	C1a	7, 4, 35 29 Hz	1, 3, 1.75	3.5, 1.50 . 75, 0.75	20, 20
	C1b	7, 4, 35 29 Hz	2, 3.5, 1.75	3.5, 1.50 . 75, 0.75	20, 20
	C1c	7, 4, 35 29 Hz	1, 1, 1.75	3.5, 1.50 . 75, 0.75	20, 20
	C1d	7, 4, 35 29 Hz	2, 0.5, 1.75	3.5, 1.50 . 75, 0.75	20, 20
	C1e	7, 4, 35 29 Hz	1, 3, 1.75	1.75, 1.50 . 75, 0.75	20, 20
	C1f	7, 4, 35 29 Hz	1, 3, 1.75	5.25, 1.50 . 75, 0.75	20, 20
	C2	4, 7, 35 29 Hz	1, 6, 1.75	2, 1.50 . 75, 0.75	20, 20
	C3	6, 5, 2.55 45 Hz	1, 4, 1.75	3, 1.25	0.75, 0.75	20, 20
					Experimental cases
	E1	5.3, 2.7, 36 68 Hz	4.85, 2.25, 1.72 . 37, 1.35	0.97, 0.67	30, 20
	E2	5.3, 2.7, 36 68 Hz	4.85, 0.35, 1.72 . 37, 1.35	0.97, 0.67	30, 20
	E3	5.3, 2.7, 36 68 Hz	4.2, 0.9, 1.72 . 37, 1.35	0.97, 0.67	30, 20
	E4	5.3, 2.7, 36 68 Hz	4.6, 1.4, 1.72 . 37, 1.35	0.97, 0.67	30, 20
	G1	7.5, 6.2, 34 10 Hz	6.6, 5.3, 1.53 . 75, 10 . 8 , 0 . 89 , 9
	G2	7.5, 6.2, 34 10 Hz	3.75, 3.1, 1.53 . 75, 10 . 8 , 0 . 89 , 9
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