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I.1 Research context

For decades, numerical simulations of ro om acoustic phenomena have b een develop ed and are now rather prolific in the Architectural Acoustics community. These tools are often used by acoustic consultants for predicting acoustic properties of new constructions and renovations. In addition to providing numerical results, the data can also be transformed to auditory information, resulting in auralizations of the computer model [START_REF] Kleiner | Auralization: an overview[END_REF].

In research, auralizations have been extensively used in environmental noise [START_REF] Georgiou | Modeling for auralization of urban environments[END_REF][START_REF] Stienen | Auralization of urban environmentsconcepts towards new applications[END_REF], auditory perception [START_REF] Southern | Sounding out smart cities: Auralization and soundscape monitoring for environmental sound design[END_REF]Pätynen and Lokki, 2010a;[START_REF] Lokki | Physically-based auralization -design, implementation, and evaluation[END_REF], room acoustics (Savioja and Svensson, 2015a;[START_REF] Vorländer | Auralization: Fundamentals of Acoustics, Modelling, Simulation, Algorithms, and Acoustic Virtual Reality[END_REF], or archaeological studies [START_REF] Postma | Serious auralizations[END_REF][START_REF] Alvarez-Morales | Virtual reality in church acoustics: visual and acoustic experience in the cathedral of Seville, Spain[END_REF]. Virtual reality technologies have increased the degree of immersion that auralization provide with the addition of visual renderings [START_REF] Poirier-Quinot | Augmented auralization : Complimenting auralizations with immersive virtual reality technologies[END_REF][START_REF] Vorländer | Virtual reality for architectural acoustics[END_REF], with potential many applications to come with the decrease in cost and improvements in portability and ergonomy of AR/VR technologies [START_REF] Green | Environmental sound monitoring using machine learning on mobile devices[END_REF].
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Some sectors of the industry have clearly adopted these AR/VR technologies, as they proved to increase productivity and improve the processes (e.g. aeronautics, video-games [START_REF] Eschen | Augmented and virtual reality for inspection and maintenance processes in the aviation industry[END_REF], and auralization could benefit from this adoption, notably in architecture. The use of auralization in acoustic design by acoustic consultants has only scarcely been reported, consequently very little data exist on the actual use of auralization by acoustic consultants for acoustic design [START_REF] Hochgraf | Auralization as a tool for acoustical design of restaurants and public spaces[END_REF][START_REF] Azevedo | Auralization as an architectural design tool[END_REF].

I.2 Objectives

This project does not address the computational foundations or methods of simulating room acoustic phenomena, but focuses on the use of such calculations, simulations, and their presentation in the context of acoustic design. Therefore, the definition of auralization that is chosen in this thesis is left broad, encompassing all audible renderings that acousticians could use to auralize a space, from simple sound design to highly faithful auralizations using measured impulse responses [START_REF] Vorländer | Auralization: Fundamentals of Acoustics, Modelling, Simulation, Algorithms, and Acoustic Virtual Reality[END_REF].

Auralizations have been shown to be ecologically valid, with evaluations showing that simulated auralizations were subjectively not distinguisable from measured ones on a wide set of attributes [START_REF] Postma | Serious auralizations[END_REF][START_REF] Lokki | Creating interactive virtual auditory environments[END_REF], and could potentially improve the processess if adequately used in architectural acoustic design. In this context, the aim of this thesis is to explore the use of auralization for acoustic design by acoustic consultants and the viability of using this technology in actual architectural projects. As the final aim is to make design choices, one of the requirements is to produce reliable auralizations, with stable auditory perception with auralizations rendered over different interfaces. In this way, two main objectives are defined:

• Studying the uses of auralization by acoustic consultants, the level of integration of the technology, the tools used, as well as the common encountered difficulties.

• Assessing the impact of rendering systems on auralization perception, including the sound reproduction method and the visual rendering interface for use in multimodal environments.
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I.3 Thesis organization

Chapter II begins with a brief history of room acoustics, followed by some key elements regarding room acoustic modeling, auralization creation, rendering, and evaluation.

The second part of this chapter presents the theory that supports subsequent studies, and present a few examples of architectural projects that have used auralization, with key acoustic design aspects.

Chapter III presents a survey targeting acoustic consultants, exploring their use of auralizations and their common practice in acoustic design. The survey, which is supported by the technology acceptability theory, comprises two parts: a questionnaire answered by 74 consultants around the world, followed by nine interviews, providing more details and concrete experiences of architectural projects using auralization.

Chapter IV presents in-situ observation and analysis of the use of auralization in a specific project conducted in collaboration with an acoustic consultant firm (Theatre Projects), in order to highlight, in contrast to the declared uses of the survey, the effectively observed uses of this technology.

Chapter V presents a perceptual experiment to assess, in the context of VR multimodal environments, the impact of the VR visual rendering device on the auditory perception of auralizations. This experiment compared a HMD to a portable-CAVE system, resulting in consistent judgments across VR devices. To further validate the obtained results in future studies, an anechoic audio and 3D-video database is presented, extending the range of available stimuli for use in multimodal listening tests.

Chapter VI presents a second perceptual experiment to assess the impact of the sound reproduction method on the auditory perception of auralizations, in audio-only environments. The compared systems are a binauralized Ambisonic rendering over headphones versus an Ambisonic rendering over loudspeakers of simulated auralizations, using anechoic recordings of small jazz ensembles conducted in Chapter V.

Finally, Chapter VII resumes the contributions of this thesis, followed by perspectives and recommendations regarding the use of auralization in acoustic design.

Chapter II On ne connaît bien une science que lorsqu'on en connaît l'histoire.

State of the art

Auguste Comte

II.1 Introduction

Hoffmann et al. (2018)h a v er e c e n t l ys u g g e s t e dt h a tp r e h i s t o r i cc a v ea r te m e r g e di n

Iberia substantially earlier than previously thought, with evidence of art older than 64.8 thousand years. The archaeoacoustic community has been interested in the relationships between parietal art and the acoustic properties of caves, mainly from 6C h a p t e r I I . S t a t e o f t h e a r t the upper Paleoloithic period (between 50000 and 10000 years BC). Acoustic measurements and analyses have been performed in caves from the Franco-Cantabrian region in western Europe, suggesting relationships between location, shape and color of the painted motifs, and the acoustic characteristics of the studied caves (Potel and Bruneau, 2006;[START_REF] Reznikoff | Sound resonance in prehistoric times: A study of paleolithic painted caves and rocks[END_REF][START_REF] Fazenda | Cave acoustics in prehistory: exploring the association of palaeolithic visual motids and acoustic response[END_REF].

In particular, [START_REF] Reznikoff | Sound resonance in prehistoric times: A study of paleolithic painted caves and rocks[END_REF]f o r m u l a t e dt h r e ep r i n c i p l e sa f t e rs t u d y i n gs e v e r a l caves in France: "The density of paintings in a location is proportional to the intensity of the resonance in this location.." (P1), "Most ideal resonant locations are adorned with paintings or signs." (P2), and "Certain signs are accounted for only in relation to sound." (P3). A more systematic approach with modern acoustic measurement techniques has been applied in five caves of northern Spain, and is presented in [START_REF] Fazenda | Cave acoustics in prehistory: exploring the association of palaeolithic visual motids and acoustic response[END_REF]. Their acoustic measurements that consisted in the measurement of impulse responses (see Sec. II.2.1.1)a n dt h ee x t r a c t i o no f2 3o bj e c t i v ep a r a m e t e r s ,w e r e based on standard guidelines (ISO-3382-1, 2009), and required a number of adaptations due to the nature of the measured site (specific position and type of source (loudspeaker) and receiver (microphones) within the cave; their distance from motifs;

the presence or absence of motifs; the type of motif; how many of each type were present; colors; distance to the original entrance; chronological information). Results

in [START_REF] Fazenda | Cave acoustics in prehistory: exploring the association of palaeolithic visual motids and acoustic response[END_REF]b r i n gc o m p l e m e n t a r yi n f o r m a t i o n ,a st h e i rd a t as u g g e s tw e a k evidence of statistical association supporting the notion that motifs, and particularly dots and lines, are more likely to be found at places with resonances, which was the most confident conclusion of [START_REF] Reznikoff | Sound resonance in prehistoric times: A study of paleolithic painted caves and rocks[END_REF]. Also, their data suggest that motifs in general, regardless of type, color, or period, are less likely to be found at places with high reverberation. Although this study provided an extensive set of parameters and analyses, the authors encourage the community to reiterate such investigations to increase the size and quality of the dataset.

Major advances occured with the construction of Greek theaters; the wellpreserved Epidaure theater (pictured in Fig. II.1), was constructed during the IVth century BC and discovered in the Peloponnese in 1881. It has the traditional semi-circular shape of Greek amphitheaters, including 34 rows of stone seats (to which the Romans later added 21 rows). Its acoustics work for mul-tiple purposes, including speech, solo or unison singing, chanting, and for solo musical instruments, is likely due to the detailed layout of the seat rows that produce many early reflections with a low reverberation time [START_REF] Shankland | Acoustics of Greek theatres[END_REF]. [START_REF] Farnetani | On the acoustics of ancient Greek and Roman theaters[END_REF][START_REF] Lokki | Acoustics of Epidaurus. studies with room acoustics modelling methods[END_REF]. A detailed review of the acoustics of such theaters is provided in [START_REF] Declercq | Acoustic diffraction effects at the hellenistic amphitheater of epidaurus: Seat rows responsible for the marvelous acoustics[END_REF].

In his famous book De Architectura, Marcus Vitruvius Pollio presented in the Ist century BC the state of the art in architecture, showing evidence for their awareness of the physical existence of sound waves (as already hypothesized by Aristotle and Chrysippe), and the primordial importance of clarity and intelligibility, as he put it:

"Therefore the ancient architects following the footsteps of nature, traced the voice as it rose, and carried out the ascent of the theater seats. By the rules of mathematics and the method of music, they sought to make the voices from the stage rise more clearly and sweetly to the spectators ears. For just as organs which have bronze plates or horn sounding boards are brought to the clear sound of string instruments, so by the arrangement of theaters in accordance with the science of harmony, the ancients increased the power of the voice." (Vitruvii Pollionis). Vitruvius is also famous as this 8C h a p t e r I I . S t a t e o f t h e a r t book provided the only evidence of a possible acoustical origin and basis for the pots discovered in the walls of churches supposedly used for attenuating or amplifying certain frequencies, a topic that has been controversial in the archaeoacoustic community [START_REF] Valiere | Acoustic pots in ancient and medieval buildings: Literary analysis of ancient texts and comparison with recent observations in french churches[END_REF].

During the 17 th ,1 8 th ,a n d1 9 th centuries, room acoustic design was driven by the "echo theory", a room acoustic theory that arose with the design goal of avoiding echoes occurring by quantifying the perceptual threshold between direct sound and 1 st order reflections (rays that arrive at the listener point after only one reflection, whether specular or diffuse) [START_REF] Postma | A history of the use of reflections arrival time in pre-sabinian concert hall design[END_REF]. The room acoustic design of the large 19 th century concert hall Palais du Trocadéro (1878 to 1937)w a sb a s e do n this theory. [START_REF] Postma | An archeoacoustic study of the history of the palais du trocadéro (1878-1937)[END_REF]d e m o n s t r a t e dt h r o u g hc a l i b r a t e ds i m u l a t i o n st h a t design decisions based on this theory were taken during the renovation that occurred in 1909, while the acoustic conditions remained poor due to the many curved surfaces that produced sound focusing and echoes.

The "father" of architectural acoustics as a sicence, Wallace Clément Sabine (1868Sabine ( -1919) [START_REF] Sabine | Architectural acoustics. Part. I. Reverberation[END_REF] This lecture theater had been designed to emulate a classical Greek theater, following

Vitrivius' written instructions, to improve intelligibility while maintaining the sound level of the direct sound from the speaker to the listener's ears [START_REF] Beranek | Concert Halls and Opera Houses[END_REF]. The lectern was placed above the level of the front row of the audience, and as in the design of Greek theaters, a reflecting wall was placed at the rear of it. Sabine worked during the night to ensure background noise was as low as possible, and used a single organ pipe tuned at 512 Hz for performing his reverberation time measurements (as microphones did not exist yet, the means to judge the sound level decrease was the human ear and a stopwatch). His goal was to relate the characteristics of the room to the duration of the reverberation. By progressively covering the auditorium's wooden seats with soft cushions, he showed the inverse proportionality between reverberation time and the number of covered seats. Finally, after repeating these experiments in eleven other rooms, with volumes ranging from 35 to 9300 m 3 ,h ed e r i v e da ne q u a t i o n

Chapter II. State of the art [START_REF] Schröeder | Novel Uses of Digital Computers in Room Acoustics[END_REF]p r e s e n t e dt h em a i nc o n c e p t so fr o o ma c o u s t i cs i m u l a t i o n st h a t were initially developed without audible components (mainly resulting in the simulation of the acoustic response of a room from a signal point of view), while [START_REF] Kleiner | Auralization: an overview[END_REF]in troducedthetermauralizationtodescribethesoundequiv alen tofvisualization, namely the audible rendering of said acoustic simulations, that, in common parlance, represents both the process and the result of the process [START_REF] Vorländer | Auralization: Fundamentals of Acoustics, Modelling, Simulation, Algorithms, and Acoustic Virtual Reality[END_REF].

The term was, however, defined almost 80 years before in the musical community by Tobias Matthay [START_REF] Matthay | Musical Interpretation, its Laws and Principles, and their Application in Teaching and Performing.T h eB o s t o nM u s i cC o mpany[END_REF], who, describing his musical interpretations, noted the "ability keenly to visualize, or auralize things apart from their actual physical happening outside of us" . The first attempts to produce auralizations started with the use of small scale models [START_REF] Spandock | Raumakutische modellversuche[END_REF][START_REF] Summers | What exactly is meant by the term auralization?[END_REF].

This section begins by describing the required components for the creation of auralizations, followed by a description of the various methods employed in the simulation of room acoustic and the various parameters that can be extracted from these simulations. The last part of this section is dedicated to the rendering and evaluation of auralization.

II.2.1 Auralization creation

II.2.1.1 From echograms to RIRs

In GA, the preliminary step before obtaining an impulse response is usually to address the energy and propagation delay of each sound ray, in addition to the visibility of the contribution as observed from the listener position (Savioja and Svensson, 2015a).

For a given p oint source, the ray contribution is:

p 2 ⇡ V is. ⇥ 1 r 2 , (II.2)
where the visibility factor V is. is 1 when the source-receiver (S-R) path is unobstructed, and 0 for an obstructed path, and r is the (S-R) distance, which produces a propagation delay t = r/c, c being the speed of sound. Energy and pressure based echogram modeling techniques exist. Energy-based modeling simply sums the contributions in discretized time slots, with the frequency dependence taken into account by studying II.2. Room acoustics modeling and auralization 13 is the echo density, V is the volume of the room expressed in cubic meters, and t is time in seconds, t mixing representing the theoretical mixing time as proposed by [START_REF] Polack | La transmission de l'énergie sonore dans les salles[END_REF]:

D(t)=4π
t 2 V and t mixing = p V (II.4)

II.2.1.2 Measurement and analysis

Over the years, several improvements have been made in the measurements of impulse responses, including the different involved components: the source signal, the microphone types and number of channels, as well as the post-processing steps applied to obtain the temporal impulse response [START_REF] Farina | Advancements in impulse response measurements by sine sweeps[END_REF][START_REF] Pätynen | Investigations on the ballon as an impulse source[END_REF]. Requirements and technical details for conducting acoustic measurements and analysis can be found in ISO-3382-1 (2009).

A critical source of error when conducting acoustic measurements primarily concerns the source signal. In the past and still today, balloon bursts or pistols have been used for measuring the response to the created impulse [START_REF] Pätynen | Investigations on the ballon as an impulse source[END_REF]. More modern techniques, that enable to increase the signal-to-noise ratio (SNR) include [START_REF] Stan | Comparison of different impulse response measurement techniques[END_REF]:

• MLS method (Maximum-Length-Sequence, pseudo-randow white noise) [START_REF] Antonello | Room impulse response interpolation using a sparse spatio-temporal representation of the sound field[END_REF].

• TDS (Time-Delay spectrometry -a linear sine sweep, known as "stretched pulse" in Japan and "chirp" in Europe) method (B&K, 1983).

• ESS (Exponentional Sine Sweep method) method, that provides several advantages, both in terms of SNR and non-linear system management (see the good review in [START_REF] Tylka | A method of measuring low-noise acoustical impulse responses athigh sampling rates[END_REF]).

While several deconvolution techniques exist, the ESS method using non-circular deconvolution is usually preferred, due to theoretical and practical considerations [START_REF] Farina | Advancements in impulse response measurements by sine sweeps[END_REF][START_REF] Amengual | Investigations on the influence of acoustics on live music performance using virtual acoustic methods[END_REF]. This technique allows for clean separation of harmonic distortion products [START_REF] Wefers | Partitioned convolution algorithms for real-time auralization[END_REF].

Multichannel impulse responses are increasingly used, due to availability of recent 3D microphones (http://www.core-sound.com/OctoMic/1.php, https:// brahmamic.com/products/2nd-order/, https://mhacoustics.com/home, https: //www.zylia.co/), and the increasing number of developed Spherical Microphone Arrays (SMA) and studies using them [START_REF] Morgenstern | Design framework for spherical microphone and loudspeaker arrays in a multipleinput multiple-output system[END_REF]. These enable a higher angular resolution, improving perceptual localization performance, as well as the immersion and presence in the simulations [START_REF] Ahrens | Perceptual evaluation of headphone auralization of rooms captured with spherical microphone arrays with respect to spaciousness and timbre[END_REF].

Several research projects have included spatial RIR (SRIR) measurements, providing useful databases, such as University of York's OpenAir [START_REF] Brown | Openairlib: A javascript library for the acoustics of spaces[END_REF]a n d MARDY [START_REF] Wen | Evaluation of speech dereverberation algorithms using the mardy database[END_REF]), Aachen's IKS [START_REF] Liebich | Acoustic path database for ANC in-ear headphone development[END_REF], or Queen Mary's RIR Data set [START_REF] Stewart | Database of omnidirectional and bformat impulse responses[END_REF].

II.2.1.3 RIR uncertainties

Both the measurements and the analysis of spatial RIRs can lead to significant differences in the provided parameters, questioning the reliability of both measurements and simulations [START_REF] Yadav | Reliability and repeatability of iso 3382-3 metrics Bibliography based on repeated acoustic measurements in open-plan offices[END_REF][START_REF] Katz | International round robin on room acoustical impulse response analysis software[END_REF][START_REF] Witew | Assessment of the uncertainty in room acoustical measurements[END_REF].

The analysis of RIRs includes the following steps: detecting the beginning of the impulse response, detecting the noise floor of the RIR, octave/third-octave band filtering, and computation of the EDC (energy-decay curve) provided by the Schröeder backward integration curve [START_REF] Xiang | Schröoeder integration: Foundation for advanced sound energy decay analysis[END_REF]. The filter design choice, the measurement errors, as well as the order of the processing steps have a critical impact on the reliability of the extracted parameters, and henceforth ultimately on the reliability of the produced auralization. Several studies have investigated these factors of variability [START_REF] Pelorson | On the variability of room acoustical parameters: Reproducibility and statistical validity[END_REF][START_REF] De Vries | Spatial fluctuations in measures for spaciousness[END_REF]. A final interesting point mentioned in [START_REF] Lokki | Throw away that standard and listen: your two ears work better[END_REF] is that many RIR measurements are conducted with omnidirectional sources, that do not represent the radiation characteristics of any of existing instrument. As highlighted in [START_REF] Lokki | Throw away that standard and listen: your two ears work better[END_REF]a n dBlauert and Raake (2015), the parameters defined in the ISO-3382 (see definitions in Sec. II.2.3.1), averaged over listener positions, are inadequate, as spatial variations occur even with small displacements. Moreover, spatial room acoustic parameters, that can be extracted from SRIR should be defined and standardized (using for instance Spatial Decomposition Method (SDM), and so enabling frequency-spatio-temporal analysis of RIRs, SDM being a method based on the decomposition of spatial impulse responses into a set of image-sources [START_REF] Tervo | Spatial decomposition method for room impulse responses[END_REF][START_REF] Kaplanis | Perception and preference of reverberation in small listening rooms for multi-loudspeaker reproduction[END_REF]).

All these aspects suggest the requirement to update this RIR measurement standard, and define more precisely each parameter and step involved. More reliable measurement comparisons between halls could be made with such an update [START_REF] Vigeant | Repeatability of spatial measures using figure-of-eight microphones[END_REF][START_REF] Lokki | Throw away that standard and listen: your two ears work better[END_REF].

II.2.1.4 Source material

As important as the quality and reliability of the impulse response, is the quality of the raw source used in the auralization. This would ideally be anechoically recorded.

Besides the quality, the content of these anechoic stimuli play a major role in the ultimate realism of the simulations regarding context: these should be selected depending on the project, the use of the spaces, the presence of background noise, speech, or even background noises [START_REF] Hochgraf | Auralization as a tool for acoustical design of restaurants and public spaces[END_REF].

When the conditions do not allow to conduct anechoic recordings, closemicrophones can be used instead, which provide a high direct-to-reverberant ratio (DRR) [START_REF] Katz | Experience with a virtual reality auralization of notre-dame cathedral[END_REF]. While several public sources of anechoic recordings exist, small jazz ensembles have not yet been anechoically recorded, which is proposed in Chapter V.2.

II.2.1.5 Convolution

Considering linear time-invariant systems, an auralization can be obtained from the convolution between an anechoic signal and a (multi-channel) impulse response, as shown in Eq. II.5, where a i (t) represents the channel i of the signal to be auralized, s(t) the original source signal, and h i (t) the RIR channel i, i representing the channel number:

a i (t)=s(t) ⇤ h i (t) (II.5)

Chapter II. State of the art

Convolution in the time-domain is computationnally more expensive than its multiplication counterpart in the frequency domain, resulting in N 2 versus N.log(N )

operations, an improvement due to the use of the Fast Fourier Transform (FFT) algorithm [START_REF] Vorländer | Auralization: Fundamentals of Acoustics, Modelling, Simulation, Algorithms, and Acoustic Virtual Reality[END_REF]. Several techniques exist for enabling real-time convolution; these are based on hybrid time and frequency domain convolution [START_REF] Gardner | Efficient convolution without input-output delay[END_REF][START_REF] Wefers | Partitioned convolution algorithms for real-time auralization[END_REF]: an early portion of the split RIR is time-domain convolved while the rest of the blocks of the RIR are convolved in the frequency domain.

II.2.2 Simulation techniques

II.2.2.1 Scale models

Acoustical scale modeling is based on the principle that all physical dimensions, including the wavelengths, are reduced by a scale factor. [START_REF] Spandock | Raumakutische modellversuche[END_REF], at the Technical High School of Munich, pioneered the use of scale models, building a 3D-model at 1:5 scale, and utilizing a wax drum at 60 rev/min (RPM) to record a sound signal, which was played back at 300 RPM and radiated into the model. Sound in the model was recorded at this high speed and then played back at the low speed. As described in [START_REF] Sommer | Sound in miniature[END_REF], in more detail, the individual steps worked out for model work by

Spandock are these: first, a given piece of music is recorded on tape at normal speed in a very dry room (with absorbant materials on the surfaces of the room). Assuming the model is at a scale of 1 to 10, this tape is now played back inside the model at 10 times its normal speed, using an ultrasonic speaker, which is recorded by means of an ultrasonic microphone, onto another magnetic tape running at 10 times the normal speed. This second tape can then be played back at normal speed, enabling to listen through speakers or earphones how music in the full-scale concert hall would sound [START_REF] Sommer | Sound in miniature[END_REF].

For instance, a recent French pro ject [START_REF] Day | The philarmonie de paris -acoustic design and commissioning[END_REF]Katz et al., 2015a) improvement in computer processing power. This family, not detailed here, includes finite-difference-time-domain (FDTD) methods [START_REF] Botteldooren | Acoustical finite difference time domain simulation in a quasi cartesian grid[END_REF][START_REF] Savioja | Simulation of room acoustics with a 3d finite difference mesh[END_REF], the finite-element and boundary-element methods, the digital waveguide mesh (DWM) [START_REF] Murphy | Acoustic modeling using the digital waveguide mesh[END_REF], or the pseudo-spectral time-domain method (PSTD) [START_REF] Hornikx | The extended Fourier pseudospectral time-domain method for atmospheric sound propagation[END_REF]). An excellent discussion on these methods can be found in [START_REF] Svensson | Computational modeling and simulation of acoustic spaces[END_REF]. Most recent work focuses on the use of different grid resolutions, or how to model complex geometries [START_REF] Bilbao | Modeling of complex geometries and boundary conditions in finite difference/finite volume time domain room acoustics simulation[END_REF][START_REF] Dujourdy | Diffusion acoustique dans les lieux de travail[END_REF].

However, due to the computationally expensive nature of these methods (due to the size of the models and the number of points as compared to smaller objects), they are rarely used in the room acoustic design community, where time is one of the main constraints in projects.

II.2.2.3 Geometrical Acoustics (GA)

In GA, sound is modelled with rays that travel along straight paths, and are reflected and diffused by the encountered surfaces, being an approximation of the complex behavior of sound in a room at mid and high frequencies. This assumption is valid for the wavelengths of sound that are small compared to the dimensions of the reflecting surfaces, with an acceptable threshold generally defined by the Schroeder frequency, that depends on the Volume and the Reverberation Time of the room. Additionally, the wave phenomena such as diffraction decreases remarkably when the wavelength gets shorter [START_REF] Xiang | Architectural Acoustics Handbook[END_REF]. Two main basic models of geometrical sound propagation exist, namely ray tracing and image sources. Ray tracing describes a stochastic process of particle radiation and detection [START_REF] Cremer | Die wissenschaftlichen Grundlagen der Raumakustik: Geometrische Raumakustik[END_REF][START_REF] Krokstad | Calculating the acoustical room response by the use of a ray tracing technique[END_REF]). This concept is based on energy propagation while the phase (argument of the complex notation) is only included in the delay between radiation and detection. Image sources (IS) are geometrically constructed sources which correspond to specular paths of sound rays [START_REF] Allen | Image method for efficiently simulating small-room acoustics[END_REF]. They can be used with complex pressure data or energy data. More recent techniques include beams, cones, and pyramid tracing (see e.g. [START_REF] Farina | Pyramid tracing vs. ray tracing for the simulation of sound propagation in large rooms[END_REF][START_REF] Funkhouser | A beam tracing method for interactive architectural acoustics[END_REF]), as well as acoustic radiosity [START_REF] Miles | Sound field in a rectangular enclosure with diffusely reflecting boundaries[END_REF]a n dt h e diffusion equation (Ollendorff, 1969). Hybrid techniques have also been developed, trying to overcome the drawbacks of each technique [START_REF] Savioja | Introduction to the special issue on room acoustic modeling and auralization[END_REF].

In contrast to wave-based algorithms, the room acoustic consulting community makes extensive use of geometrical room acoustics [START_REF] Savioja | Overview of geometrical room acoustic modeling techniques[END_REF]. In consulting, these GA methods are available through the use of commercially available GA softwares, such as CATT-Acoustic [START_REF] Dalenbäck | Engineering principles and techniques in room acoustics prediction[END_REF], ODEON [START_REF] Naylor | Odeon: Another hybrid room acoustical model[END_REF], EASE [START_REF] Ye | Studies on the accuracy of acoustic simulation based on ease software[END_REF], RAMSETE [START_REF] Farina | Ramsete-a new pyramid tracer for medium and large scale acoustic problems[END_REF], OLIVE TREE [START_REF] Economou | Reverberation time (RT) calculation based on room modal decay and using wave based geometrical acoustics (WBGA) and modal parameter estimation[END_REF], CadnaA [START_REF] Karantonis | Further comparison of traffic noise predictions using the cadnaa and soundplan noise prediction models[END_REF], COMSOL [START_REF] Gieva | Comsol numerical investigation of acoustic absorber[END_REF], and ACOUBAT [START_REF] Guigou Carter | Building performance at low frequency range including flanking transmissions[END_REF].

In order to satisfy room acoustic design needs, software tools with high reliability are required. While users have their responsibility for how to use well GA softwares [START_REF] Dalenbäck | What is geometrical acoustics. CATT WhitePaper[END_REF], there are sources of error inherent to GA that need to be considered, as accurately mentioned in Vorländer (2013a). These include:

• The Level Of Detail (LOD) of the model, impacting both the accuracy of the results, and increasing the computation time if the number of polygons is high [START_REF] Pelzer | Room modeling for acoustic simulation and auralization tasks: resolution of structural details[END_REF]. [START_REF] Dalenbäck | What is geometrical acoustics. CATT WhitePaper[END_REF]originallyproposedtobuild3models,one with a low LOD for low frequencies, one with a medium LOD for mid-frequencies, and a high LOD for high frequencies.

• The treatment of curved surfaces (which is generally resolved by discretizing the surface into smaller ones).

• The effect of diffraction, which is not fully covered by GA, although recent work has tackled this problem through certain approximations [START_REF] Dalenback | Whitepaper regarding diffraction[END_REF].

• The number of rays used, which can lead to shadow zones if too low, highly impacting the overall results.

• Input data inaccuracies, including absorption and scattering coefficients, that should take into account the angle and frequency dependences, and for which no consensus or valid data is available for angle dependence [START_REF] Muller-Trapet | Uncertainty analysis of standardized measurements of random incidence-absorption and scattering coefficients[END_REF].

Dalenbäck (2018)a l s op o i n t e do u tt h es i d e -e ffects of using only CAD software for creating geometrical models, and exporting simple visual models for direct use as GA models which can lead to partially or totally wrong results; for instance, the model may be open, causing leaks in the GA software, not detected in the visualization software.

Finally, when the space to design already exists (for instance in the case of a renovation), the computer model can be calibrated with acoustic measurements. Recent work [START_REF] Postma | Subjective evaluation of dynamic voice directivity for auralizations[END_REF] has shown the efficiency of this technique, as calibrated simulated auralizations were shown to be subjectively comparable to measured ones on as e to fp e r c e p t u a la t t r i b u t e s . N o n e t h e l e s s ,r e c e n tr e s e a r c hh a sc o n fi r m e dh i g hs e n s itivity in objective parameters (e.g. SPL (Sound Pressure Level, which is a logarithmic measure corresponding to the ratio between the measured pressure and the reference pressure of the atmosphere, expressed in µPa), DL 2 -the value of the decay, in dB, of the sound pressure level when doubling distance-, and RT) when considering a given position and a single octave band when scattering coefficients changes [START_REF] Ziegler | Comparing measurement and simulation results using model calibration for room acoustical evaluation of industry halls[END_REF].

This shows the need for more investigations and validations on the topic of acoustical model calibration, to avoid using non valid absorption and diffusion material data while calibrating [START_REF] Vorländer | Handbook of Engineering Acoustics, chapter Acoustic measurements[END_REF]. Several other factors are well-known issues in GA model calibration, including [START_REF] Essert | Impulse response comparison metrics[END_REF]:

• Loudspeaker directivity that influences measurements. Dodecahedron loudspeakers are not perfectly omnidirectional at high frequencies, and directivity data is not always available for use in GA software.

• Similarly, microphone directivity is relevant for binaural measurements. The same binaural HRTF could be used in both model and measurement, but variations and complexities of HRTFs complicate matters, and omnidirectional microphones are consequently more often employed.

• Variability of GA algorithms, and run-to-run variations for a given algorithm [START_REF] Weber | Numerical simulation round robin of a coupled volume case: preliminary results[END_REF].

II.2.2.4 Real-time auralization

Real-time auralization has the advantage of being more responsive for use in architectural projects, to answer client demands during design meetings [START_REF] Azevedo | Auralization as an architectural design tool[END_REF], as compared to off-line auralizations (with pre-computed impulse responses, see Sec. II.2.1). This is however at the expense of the accuracy of the rendering, which implies more simplifications in the computation of the room acoustics. The choice of a given method between off-line and real-time thus depends on how accurate the simulation needs to be for a given project.

Azevedo and Sachs ( 2014)andHochgraf ( 2017), both consultants at the consulting firm Acentech, have reported using real-time convolution with pre-computed responses of the space being designed as being a clear benefit in their projects, as illustrated by the following quote: "In particular, a real-time auralization system allows for richer and more immersive auralizations, without interrupting the flow of the source material and an immediate response of the sound to interactions with the presentation GUI.

Ar e a l -t i m es y s t e ma l s or e s u l t si ns u b s t a n t i a lt i m ea n dc o s ts a v i n g st ot h ec l i e n t ,a n d allows both initial development as well as revisions as the project progresses to happen on a schedule consistent with the aggressive timelines of many architectural projects." [START_REF] Azevedo | Auralization as an architectural design tool[END_REF].

Several real-time auralization softwares already exist, although three of them provide features for a better integration in common modeling tools or visualization softwares, including RAVEN designed as a Sketchup plugin [START_REF] Schröeder | Raven: a real time framework for the auralization of interactive virtual environments[END_REF][START_REF] Heimes | A real-time virtual reality building acoustic auralization framework for psychoacoustic experiments with contextual and interactive features[END_REF], Evertims as a Blender add-on [START_REF] Noisternig | Framework for real-time auralization in architectural acoustics[END_REF][START_REF] Poirier-Quinot | Evertims: Open source framework for real-time auralization in architectural acoustics and virtual reality[END_REF], and Project Acoustics as a cloud-based system [START_REF] Calleri | Evaluation of the influence of building facade design on the acoustic characteristics and auditory perception of urban spaces[END_REF].

Real-time auralization also has other applications, such as studying the influence of room acoustics on musician performance [START_REF] Amengual | Real-time auralization of room acoustics for the study of live music performance[END_REF][START_REF] Katz | Evaa: a platform for experimental virtual archaelogical acoustics to study the influence of performance space[END_REF][START_REF] Luizard | Singing in different rooms: Common or individual adaptation patterns to the acoustic conditions?[END_REF], and using it for training of architects or acoustic consultants [START_REF] Aspöck | A real time auralization plugin for architectural design and education[END_REF][START_REF] Milo | Designing spaces and soundscapes. integrating sonic previews in architectural modelling applications[END_REF]. [START_REF] Kuusinen | Relationships between preference ratings, sensory profiles, and acoustical measurements in concert halls[END_REF][START_REF] Lokki | Disentangling preference ratings of concert hall acoustics using subjective sensory profiles[END_REF]. In this work in particular, the data set comes from IVP (Individual Vocabulary Profiling), that makes it possible to determine individually the most relevant attributes to assess in subsequent listening tests. This thesis's experiments will mainly use high-level attributes at the top of the hierarchical tree, continuing the work conducted in [START_REF] Postma | Subjective evaluation of dynamic voice directivity for auralizations[END_REF], including

II.2.3 Auralization rendering and evaluation

Reverberance, Listener Envelopment (LEV), Apparent Source Width (ASW), Clarity, Readability, Plausibility, Distance,a n dLoudness.

The objective parameters that are used in the remainder of the thesis are defined below, although a few other objective parameters exist (ISO-3382-1, 2009;[START_REF] Beranek | Listener envelopment lev, strength g, and reverberation time rt in concert halls[END_REF].

Reverberation Time (RT 60 ) represents the duration required for the spaceaveraged sound energy density in an enclosure to decrease by 60 dB after the source emission has stopped. RT is expressed in seconds. RT 60 can be evaluated based on a smaller dynamic range than 60 dB and extrapolated to a decay time of 60 dB. It is then labelled accordingly. Thus, if RT 60 is derived from the time at which the decay curve first reaches 5 dB and 25 dB below the initial level, it is labelled T 20 .S i m i l a r l y , it is labelled T 30 if decay values of 5 dB to 35 dB below the initial level are used.

The traditional method for calculating RT 60 is based on computing the decay time from the Energy Decay Curve (EDC) [START_REF] Schroeder | New method of measuring reverberation time[END_REF]. These decay curves, generally analyzed by octave band or third-octave band, are computed from the reverse-time integration of the squared impulse response (often called backwards integration).

Early decay time (EDT) shall be evaluated from the slope of the integrated impulse response curves. The slope of the decay curve should be determined from the slope of the best fit linear regression line of the initial 10 dB (between 0 dB and -10 dB) of the decay. EDT is expressed in seconds. EDT is subjectively more important than RT 60 ,a n di sr e l a t e dt ope r c e i v e dr e v e r be r a n c e [START_REF] Barron | Developments in concert hall acoustics in the 1960s: Theory and practice[END_REF].

Clarity (C 50 ,C 80 ) relates to the perceived clarity of sound. It is defined as the ratio or balance between early and late arriving energy (respectively used for speech and music, with thresholds of 50 ms and 80 ms, speech requiring shorter delays for protecting intelligibility), where p is the instantaneous pressure of the RIR at the measurement position. The time integration limits of the expressions are expressed in ms, and C 50 and C 80 are expressed in dB.

C 50 =10log 10 ( 50 R 0 p 2 (t)dt ∞ R 50 p 2 (t)dt ) and C 80 =10log 10 ( 80 R 0 p 2 (t)dt ∞ R 80 p 2 (t)dt ) (II.7)
Clarity metrics also include Definition D 50 and Center Time T s defined as follows:

D 50 = 50 R 0 p 2 (t)dt ∞ R 0 p 2 (t)dt and T s = ∞ R 0 tp 2 (t)dt ∞ R 0 p 2 (t)dt (II.8)
Definition D 50 is generally considered an alternative to C 50 , while T s is considered as the centre of gravity of the squared impulse response, and avoids the discrete division of the impulse response into early and late periods.

Sound Strength (G) is used to characterize the amplification that a room provides to the emitted sound. It is related to the subjective loudness of the sound in a room, and in expressed in dB.

G =10log 10 ( ∞ R 0 p 2 (t) ∞ R 0 p 2 10 (t) ) (II.9)
where p 10 is the the instantaneous sound pressure of the impulse response measured at a distance of 10 m in a free field, using the same sound source.

Early Lateral Energy fraction (J LF ),r e l a t e dt op e r c e i v e dA p p a r e n tS o u r c e Width (ASW), is defined as the ratio between the early lateral energy (from 5 to 80 ms, captured by a figure-of-8 microphone) and the energy contained in the first 80 ms captured by an omnidirectional microphone.

J LF = 80 R 5 p 8 2 (t)dt 80 R 0 p 2 (t)dt (II.10)
where p 8 and p are respectively the pressure captured by the figure-of-8 and omnidirectional microphones, as is the case for L J .

Late Lateral Energy (L J ) is similar to J LF , but with different integration times, 80 ms being the initial time, and with a reference omnidirectional measurement at a distance of 10 m in the free field (labelled p 10 ). It is computed as the strength of the lateral late reverberation, and is related to Listener Envelopment (LEV).

L J = ∞ R 80 p 8 2 (t)dt ∞ R 0 p 10 2 (t)dt (II.11)
Interaural Cross Correlation (IACC) is a binaural parameter, describing the dissimilarity of the sound arriving at the two ears, which is highly correlated to spatial impression. Early and late IACC are calculated separately, respectively correlating with ASW and LEV.

IACF t 1 ,t t2 (τ )= t 2 R t 1 p L (t).p R (t)dt s t 2 R t 1 p L 2 (t).p R 2 (t)dt
(II.12)

IACC t 1 ,t 2 = max(IACF t 1 ,t 2 ) for 1ms < τ < +1ms (II.13)
with p L and p R respectively for the left and right binaural channels.

While [START_REF] Beranek | Listener envelopment lev, strength g, and reverberation time rt in concert halls[END_REF] has proposed an objective prediction metric of LEV based on IACC late , G, and C80, recent work, has also included Front-Back energy ratios and Spatially Balanced Center Time SBTS,basedoncen tertimeofspatialRIRs [START_REF] Dick | An investigation of listener envelopment utilizing a spherical microphone array and third-order ambisonics reproduction[END_REF]. These aspects were first investigated by [START_REF] Morimoto | A new physical measure for psychological evaluation of a sound field; front/back energy ratio as a measure of envelopment[END_REF] (showing evidence for the influence of the frequency content influence, and particularly the effect of low frequencies of RIRs).

In addition to these parameters, several stage acoustic parameters have been defined (ST1, ST2), to represent the perception of the musician on stage, as reported in [START_REF] Gade | Acoustics for symphony orchestras; status after three decades of experimental research[END_REF][START_REF] Guthrie | Stage acousutics for musicians: a multidimensional approach using 3D ambisonic technology[END_REF].

Just Noticeable Difference (JND) is defined as the threshold above which a subjective difference is perceived. JNDs are defined for each parameter of ISO-3382-1 (2009), based on perceptual studies. They are reference guidelines, and can be affected by stimuli selection and other factors [START_REF] Cox | The sensitivity of listeners to early sound field changes in auditoria[END_REF]. The standard provides values indicated either as percentages, or as absolute thresholds. For instance, the JND for RT and EDT is 5%, for Clarity it is 1 dB.

As multimodal environments are more and more common, JNDs need to be further studied, taking into account the interactions between modalities (auditory-visualhaptic) [START_REF] Zhao | Measurement on just noticeable difference of auditory perception with visual stimuli[END_REF].

II.2.3.2 Auralization rendering

Auralizations can be rendered and hence listened to in a variety of ways. However, two principal families can be identified: headphone-based (including static stereo and binaural, or head-tracked binaural, with or without individualized HRTFs), and loudspeaker-based renderings (including mono, stereo, multi-channel, or more advanced rendering, through the use of VBAP, Ambisonic or WFS systems [START_REF] Gerzon | Periphony: With-height sound reproduction[END_REF][START_REF] Nicol | Représentation et perception des espaces auditifs virtuels[END_REF]). A recent detailed review on spatial audio recording and reproduction techniques is given in [START_REF] Zhang | Surround by sound: a review of spatial audio recording and reproduction[END_REF], and listener preference of such spatial audio reproduction methods was investigated in Francomb e et al. (2017).

Still, significant differences can appear between system types, that may arise from:

• For headphone: headphone typ e, presence of head-tracking, application of HRTFs.

• For loudsp eakers: layout, numb er of sp eakers, placement, orientation, typ e, directivity, the surrounding room acoustic environment.

• For b oth headphone and loudsp eakers: enco ding/deco ding metho ds (e.g. Ambisonic decoding methods [START_REF] Zotter | Ambisonics: a practical 3D audio theory for recording, studio production, sound reinforcement, and virtual reality[END_REF]), presence of background noise.

Evaluation of sound reproduction methods has been investigated (Power (2015); [START_REF] Pedersen | The development of a sound wheel for reproduced sound[END_REF]; [START_REF] Standard | Methods for selecting and describing attributes and terms, in the preparation of subjective tests[END_REF]), and requires the use of controlled listening tests to assess the multi-dimensional character of the produced sound and its spatial properties [START_REF] Zacharov | Sensory evaluation of sound[END_REF]. These evaluations require the use of various sound source stimuli to obtain reliable results in a broader range of applications. At the time of writing, auralizations have rarely been used in such evaluations, recordings having been preferred. This will be investigated in Chapter VI.

Similarly, if rendered in multimodal environments, the visual model can be rendered using various devices: desktop screen, large TV-screen, CAVEs, HMDs, AR glasses, or panoramic 360°projection screen. These multimodal environments provide the listener with additional visual cues that compete for his/her attention. These interactions are

Chapter II. State of the art far from being well understood and should be further studied [START_REF] Rummukainen | Influence of visual content on the perceived audio quality in virtual reality[END_REF]Postma and Katz, 2017a). This is partly investigated in Chapter V.

II.2.3.3 Sound design techniques

As mentioned in [START_REF] Vorländer | Auralization: Fundamentals of Acoustics, Modelling, Simulation, Algorithms, and Acoustic Virtual Reality[END_REF], "several other fields of acoustics also included the term auralization in their vocabulary, particularly sound design and building acoustics". Conversely, it occurs that acoustic consultants use the term auralization when they actually do sound design. This is accomplished through mixing a variety of anechoic or recorded sources, applying various effects such as filtering, equalizing, applying reverberation, in order to simulate a realistic simulation of the scene to be auralized (examples include cocktail parties, dinners, car noises, which are generally rather recorded samples than convolved anechoic sources).

II.2.3.4 Auralization evaluation

For many years, concert hall evaluations were primarily conducted on-site, using questionnaires, such as the IRCAM questionnaire, illustrated in Fig. II.7 (Beranek, 1992;[START_REF] Beranek | How acousticians listen[END_REF][START_REF] Kahle | Room acoustical quality of concert halls: perceptual factors and acoustic criteria: return from experience[END_REF]. However, this kind of methodology is laborious as it requires participants to be physically present in the evaluated space. [START_REF] Kleiner | Speech intelligibility in real and simulated sound fields[END_REF]p i o n e e r e dt h ee v a l u a t i o no fa u r a l i z a t i o n ,c o m p a r i n gs p e e c hi n t e l l i g i b l i t yr a tings with listening tests in a real and a simulated version of a theater, reporting that simulated auralizations did not manage to produce the same results as in the real condition. Direct comparison between a real place and an auralization of that place is indeed methodologically difficult, knowing the short-term auditory memory listeners have [START_REF] Lokki | Concert Hall Acoustics, chapter XII[END_REF].

Laboratory evaluations (so-called listening tests) using auralizations offer controlled environments and the use of relatively short stimuli to be able to compare various conditions, although that prevents direct comparison with real situations, or the extension of the results to those situations.

With advances in room acoustic modeling, research began to focus on the evaluation of auralization. [START_REF] Pellegrini | A virtual reference listening room as an application of auditory virtual environments[END_REF]suggestedthatanauthen ticvirtualrepresen tationof an acoustic scene is not reachable, and that the quality of the auralization should only be estimated through Plausibility as compared to a given specific situation.

The method that has been widely used and reported for the evaluation of auralization is the comparison between recordings and simulated auralizations. [START_REF] Lokki | Evaluation of auralization results[END_REF] [START_REF] Lokki | Physically-based auralization -design, implementation, and evaluation[END_REF]h a sv a l i d a t e db o t ho b j e c t i v e l ya n ds u b j e c t i v e l yt h a th i g h -q u a l i t y simulated auralizations could be not distinguishable from recordings, except for the particular case of transient sounds. Such results have been confirmed recently with comparable subjective evaluations of measured and calibrated simulated auralizations of a theater scene on a wide set of perceptual attributes [START_REF] Postma | Serious auralizations[END_REF]. As recalled in [START_REF] Pätynen | Evaluation of concert hall auralization with virtual symphony orchestra[END_REF], other unsuccessful attempts (in the way simulated auralizations were judged different than the reference) of comparison between recordings and auralizations include [START_REF] Choi | A comparison of subjective assessments of recorded music and computer simulated auralizations in two auditoria[END_REF]; [START_REF] Saher | Comparisons between binaural in-situ recordings and auralizations[END_REF]; Nilsson and Ekman (2009).

The evaluation of auralizations can therefore be performed both objectively and subjectively. Objective comparisons can concern RIR parameters, or the auralized signal (spectrograms, spectrum analysis, dynamic variations, ...), while subjective evaluation require listening tests with participants with ideally various levels of listening experience.

Round robins are a kind of study that have been used to compare various room acoustic software objectively [START_REF] Vorländer | International round robin on room acoustical computer simulations[END_REF], and only recently for auralization, subjectively [START_REF] Brinkmann | A round robin on room acoustical simulation and auralization[END_REF]. Objective round robins can be performed, comparing for instance RTs extracted from RIRs. An example of such objective round robin is presented in [START_REF] Katz | International round robin on room acoustical impulse response analysis software[END_REF]; with a single omnidrectional RIR, measuring a balloon burst in a lecture theater. Participants were asked to provide from this measured RIR a set of parameters including Reverberation Time (T 20 ,T 30 ), Early Decay Time (EDT 10 or EDT 15 ), Clarity parameters (C 50 ,C 80 ), and other non-mandatory parameters (T s ,D 50 ). Good agreement were found between participants at higher frequencies for most parameters, but large variations were found at lower frequencies, in which the noise level was greater. The results of this study indicated a substantial degree of variation between impulse response analysis software, even when isolated from the measurement system. The author concluded that the detection of the noise-floor and its robustness explain some of the errors found. Subjective round-robins can instead directly evaluate auralizations perceptually. [START_REF] Brinkmann | A round robin on room acoustical simulation and auralization[END_REF]s h o w e dl a r g e subjective variations, for a set of six different acoustic scenes. Most relevant attributes exhibiting differences were tone color and source position identification between measured and simulated auralizations. These differences (tone color, source position) may be explained by the simplified use of random incidence absorption and scattering coefficients and shortcomings in the simulation of early reflections due to the missing or insufficient modeling of diffraction.

Finally, taking into account the multimodal character of the experience when evaluating auralizations is essential to get closer to real-life situations. As already mentionned, virtual reality technologies enable to simulate the visual stimuli, although much more improvements are needed for producing more realistic and authentic reproductions of live concerts [START_REF] Lokki | Concert Hall Acoustics, chapter XII[END_REF].

II.3 Uses of auralization

While auralization has been used and studied in the research community, little data are available regarding its use in actual industrial projects. Only recently some papers have described its application in the design of architectural spaces [START_REF] Azevedo | Auralization as an architectural design tool[END_REF][START_REF] Hochgraf | Auralization as a tool for acoustical design of restaurants and public spaces[END_REF][START_REF] Pind | Acoustic virtual reality -methods and challenges[END_REF][START_REF] Milo | Designing spaces and soundscapes. integrating sonic previews in architectural modelling applications[END_REF][START_REF] Aspöck | A real time auralization plugin for architectural design and education[END_REF]. Overall, the technology seems to be not yet adopted by the acoustic consulting community, a subject detailed in Chapters III and IV.O nt h eo t h e rh a n d ,V Rt e c hnologies are progressively being integrated in large architectural acoustics practices;

hence, auralizations may benefit from this adoption, as a feature of the immersive environments [START_REF] Atkins | Bridging the gap between reality and virtuality: an analysis of VR technology adoption within architectural practices. Master's thesis[END_REF].

II.3.1 Use case studies

In the industrial community, economic stakes and production imperatives, synchronized with the digital revolution and the enthusiasm for new technologies, has given a strategic place to the conception processes and use case studies of these technologies to evaluate their impact, benefits, and limitations [START_REF] Buisine | Optimiser le processus d'innovation grace aux traces informatiques d'usages. 21e Journées francophones d'Ingénierie des Connaissances[END_REF].

Uses studies enable us to understand how products, services, or technologies are effectively used. There is sometimes a large gap between what users declare and what they actually do. As these studies are generally user-dependent, these studies must take into account the user, his/her level of expertise and engagement (user centered approach (ISO-13407, 1999)), but also other factors such as practical difficulties linked to the environment, socially, culturally, or economically speaking. Uses studies also need to take into account the unpredictable character of the activity, putting the user at the center of the analysis, in a human-centered approach [START_REF] Bobillier-Chaumon | Conditions d'usage et facteurs d'acceptation des technologies de l'activité: Questions et perspectives pour la psychologie du travail[END_REF].

Only in this manner can the integration, appropriation, and adoption of a technology be studied and understood.

II.3.2 Theory of technology acceptability

Currently, it is well-known that technology development and product design benefit from integrating final users and usage analysis very early in the processes (ISO-13407, 1999;ISO-9241-210, 2010). However, when and how to integrate user's needs and usage for a new tool remain a challenge [START_REF] Bobillier-Chaumon | Conditions d'usage et facteurs d'acceptation des technologies de l'activité: Questions et perspectives pour la psychologie du travail[END_REF].

The term use (or ) primarily refers to a human action in the real world -the fact of using something -by someone to reach a goal. However, in design, it can also refer to af u n c t i o no rap u r po s e [START_REF] Buisine | Optimiser le processus d'innovation grace aux traces informatiques d'usages. 21e Journées francophones d'Ingénierie des Connaissances[END_REF]. Studying declared and effective uses is then a means to identify the functions of a new tool coherent with user practices. Use also concerns a more general dimension including customs and practices. Use is then ar e p r e s e n t a t i o no fa l lo ft h es oc i a lp r a c t i c e sl i n k e dt ot h et oo l . I ta l s oi n c l u d e sh a b i t s and appears as the result of experiences and beliefs, whether individual or collective ones.

To understand this phenomenon, researchers have developed "technology acceptability approaches". [START_REF] Barcellina | L'acceptabilité des nouvelles technologies: quelles relations avec l'utilisabilité et l'expérience utilisateur?[END_REF]d e fi n e da c c e p t a b i l i t ya s"the degree of integration and appropriation of an object in a context of use" (p.311), linked to the notions of adoption and diffusion of the technology. Integration refers here to the manner in which the technology is integrated in the user's effective practices in realworld situations. Appropriation refers to how the user has invested him -or herself-in the technology, and how the user can effectively use the technology to attempt their own goals.

The lack of data regarding the use of auralizations by acoustic consultants leads to the question of whether this technology has been accepted, and the processes that enable to yield such acceptance. Traditionally, the evaluation of the acceptance of at e c h n o l o g yc a nb ee v a l u a t e da c c o r d i n gt ot h r e ed i fferent approaches, reported in Evaluating the intentions of use by anticipation.

Focuses on concrete experiences.

Activity and socio-professional contexts are taken into account, to understand the use under real conditions.

Key concepts

Usability, satisfaction, efficiency, user experience.

Perceptions, behaviors, social norms, perceived utility.

Appropriation, social construction of usage, activity system, situated activity.

Methods used

Needs analysis, uses survey, ergonomic and usability studies.

Questionnaire, Usage intention scale modelisation.

Uses study, activity analysis, strategic analysis, socio-technical analysis.

Analysis level

Human-machine-activity interactions.

Inter-subjects comparison.

Centered on the cognitive and socio-cognitive processes.

Inter-subjects comparison.

Interaction, constructivist, systemic analysis. Interpretation of individuals logics of action.

this approach, relevant dimensions are perception and behaviors, perceived utility and usability,andsocial influence, which are assessed with questionnaires [START_REF] Venkatesh | User acceptance of information technology: Toward a unified view[END_REF]. A good review of social acceptability studies can be found in [START_REF] Williams | The unified theory of acceptance and use of technology (utaut): a litterature review[END_REF].

Practical acceptability essentially concerns the user experience, taking into account human-machine interaction difficulties and aiming at optimizing the ergonomy of the tools [START_REF] Davis | Perceived usefulness, perceived ease of use, and user acceptance of information technology[END_REF]. This can be assessed through needs analysis, use survey, or usability study. The dimensions that are assessed are utility, usability,andcost, compatibility, and reliability,a si l l u s t r a t e di nF i gII.8.A ne x a m p l eo fas t u d yu s i n gt h i sa p p r o a c hi s [START_REF] Buisine | Optimiser le processus d'innovation grace aux traces informatiques d'usages. 21e Journées francophones d'Ingénierie des Connaissances[END_REF], where questionnaires were employed to assess the acceptability of human-robot collaboration using VR environments.

Considering these approaches insufficient to study technology acceptability, Bobillier-Chaumon (2013), proposed the concept of situated acceptability,asadescriptive and comprehensive approach [START_REF] Beguin | Taking activity into account during the design process[END_REF]. Here, acceptance focuses on concrete experiences and actual situations of use of the technology, taking into account the dynamic and unpredictable character of the user's activity (the technology's function, how the user interact with it), which is dependent on the user, his/her goals and the characteristics of the environment. In other words, the characteristics of the situation influence how the technology is used, and this phenomenon impacts the individual and collective activities by redefining procedures and exchanges. Studying effective uses in this approach requires an ergonomic analysis. While the methodologies to assess this situated acceptability are still unstable [START_REF] Ianeva | Accounting for activity development through perspectives in an inbound call centre[END_REF], ergonomics analysis traditionally combines interviews and observation in real-world situations in order to understand the effective and potential uses of the technology.

The present survey aims at identifying rather than predicting auralizations uses, and therefore focuses on practical acceptability. The definitions of the dimensions contained in practical acceptability are therefore detailed here:

• Cost, Compatibility with the activities, Reliability (of the system and the results).

• Usefulness:

- The common objectives to these approaches are to evaluate the acceptance of a technology and to identify any obstacles to its integration. This ergonomic approach takes into account the instrumental aspects of a technology, but also analyzes the overall activity system. This system includes the individual and the surrounding people and organizations, with their competences, beliefs, and perceptions; the existing processes; the need for improving productivity and efficiency, the need to improve the communication between people (with different beliefs); the unpredictable character of the activity; the rules; the hierarchical configurations, and all the potential conditioning factors, that determine if a technology will be well integrated, accepted, and used for the benefits of everyone. Four dimensions of analysis have been identified for this latter approach: the individual, the organizational, the professional, and the relational (inter-personal) (Bobillier-Chaumon, 2013).

II.3.2.1 Methodologies in usage study

The methodologies applied in current use case studies are described in this section.

The choice of a given method is dictated by the objective of the study, but also by the constraints of the project, the accessibility of information, presence of confidential documents such as NDA or intellectual property [START_REF] Belisle | Méthodes et outils pour l'observation et l'analyse des usages[END_REF].

Three main methods exist for use case studies: questionnaires, interviews, and observations. Each method aims at gathering data, however they each have advantages, drawbacks, and limitations. Often, hybrid methods mixing two or all these methods yield much more informative results and enable a deeper analysis and understanding of the actual state of use of the studied technology or tool [START_REF] Sales-Wuillemin | Méthodologie de l'enquete[END_REF].

Questionnaires can reach many people and consequently handle many answers, resulting in significant quantities of data, enabling statistical analyses to be applied and obtain a general trend about the studied uses. It is a good starting point, to highlight important aspects or identify main uses, benefits, or difficulties brought by at e c h n o l o g y . Q u e s t i o n n a i r e ss h o u l db el i m i t e di nl e n g t ht oo b t a i nag o o dr e s p o n s e rate. The preparation of a questionnaire should be structured and reflected to be sure the obtained data will be exploitable in a meaningful way regarding the objective of the study [START_REF] Blanchet | Les techniques d'enquête en sciences sociales: observer, interviewer, questionner[END_REF].

Interviews uncover deeper information, as the interviewer can ask more detailed questions when a response is incomplete. It can be a one-to-one interview, or a focus group. Both have advantages, with focus group being more time-consuming and less controllable by the interviewer. In contrast, individual interviews may produce less data, providing a narrower insight. In both cases, the interviewer should be well prepared and pre-test their questions. The preparation of a detailed guide is needed to ensure the needed data is obtained, while semi-directed interviews also allow more freedom for potentially informative digressions. The modality of the interview also matters, as in person interviews can provide the interviewee with more confidence, as compared to video-conference or telephone interviews. Audio recordings, subsequently transcribed and analyzed, are generally preferred to taking notes, as more detailed information can be extracted (Qu and Dumay, 2011).

Observations, that require more training and expertise, bring another view on the uses of a given technology [START_REF] Silverman | Qualitative research[END_REF]. The observer needs to define an observation grid, allowing for precise dimensions to be observed during the activity. This brings an external point of view of the activity for each user, enabling comparisons, as well as insight into the real difficulties encountered during the activity, not always reported in questionnaires or interviews. However, this requires time both for in-situ observations and potentially video recording analysis, labelling events, and subsequent analysis.

II.3.2.2 Summary

This section has presented the main approaches to technology acceptability: the social, the practical, and the situated acceptability. The methodologies employed, including questionnaire, interviews, and observations, were presented as they are used in the coming studies. These studies are based on Nielsen's model of practical acceptability, whose dimensions have been used for the evaluation of the use of auralization by acoustic consultants. The situated acceptability will also be of interest, to highlight the differences between declared and effectively observed uses.

II.3.3 Architectural projects

II.3.3.1 Architectural program

Any significant architectural project typically starts with a program that should include the following information, shared by all project actors:

• The objective of the construction/renovation project.

• The different actors involved and their respective tasks.

• Data about the location, topography, ground studies, climatic, and existing networks.

• Surfaces, volumes, functional links needed, costs, and schedule.

• Urban and technical regulation constraints.

• Technical and financial constraints, including dates, costs, and quality level (detailed criteria).

The architectural program, and the acoustic brief that is included in this document, should serve as a guideline followed by all actors. An interesting summary of such a project and what is contained in these documents can be found in [START_REF] Day | The philarmonie de paris -acoustic design and commissioning[END_REF], in which the general architectural program and the acoustic brief were respectively 153 and 40 pages long.

While a budget is initially defined, the overall costs of architectural projects can sometimes exceed this initial budget, as was the case for instance for e.g. the Philarmonie de Paris and the recent ElbPhilarmonie in Hamburg [START_REF] Koren | The grand hall of the elbphilharmonie hamburg: Development of parametric and digital fabrication tools in architectural and acoustical design[END_REF].

II.3.3.2 Involved actors

The two main actors in architectural projects are the project manager (or client) and the prime contractor.

The prime contractor often involves many different actors, most commonly managed by the architect. Among them can be found (non exhaustive list) the structure design office, landscape architect, lawyers, graphists, interior design architect, and al l technical roles such as electricity, lighting consultant, the ergonomist, urbanists, IT networks, and the acoustician [START_REF] Martin | Maitrise d'ouvrage, maitrise d'oeuvre[END_REF]. Clearly, in an architectural project, acoustics is not the only part, and consequently not always the priority.

The collaboration between the different actors can be very fruitful, but can also be impeded by several intrinsic or extrinsic factors, including tight schedules, reluctance to share knowledge, knowledge level differences, terminology, and specialized language leading to communication difficulties. Communication is particularly critical as architectural projects become more complicated due to more complex designs, numerous subdisciplines and the constant growth and evolution of technology (Norouzi et al., 2015).

II.3.3.3 Phases of architectural projects

Over several centuries, and still over the last decades, many failures have been found

at the end of architectural projects. As a consequence, more preliminary studies have become mandatory. While there are some variations across countries, architectural projects are typically composed of four successive phases [START_REF] Martin | Maitrise d'ouvrage, maitrise d'oeuvre[END_REF] Among these steps, the acoustic consultant can arrive at any moment, depending on the type of the project. The earlier the acoustics are taken into account during the design, the more possibilities the acoustician will have. However, only when the acoustics are a critical criteria are they significantly taken into account. For instance, when designing an office, speech intelligibility is a crucial criteria to take into account, while a theater design should need a detailed acoustic analysis of the space. Even in a dedicated music concert hall, the acoustics are not always the most prioritized aspect [START_REF] Lokki | Concert halls should primary please the ear, not the eye[END_REF]. Finally, budget restrictions can lead the acoustician to find and propose compromises during architectural projects, as illustrated in the following quote [START_REF] Day | The philarmonie de paris -acoustic design and commissioning[END_REF]: "However, for the acoustics to prevail, one cannot simply hope for the best. It is the combination of a science, engineering, common sense, patience, and diplomacy, that allows one to decide whether a 'non-conforming'

reflector is acceptable or needs to be reassembled (and how), even if planning, costs, and politics say otherwise. Not all debates have been won and nor should they be.

The authors would like to think that in addition to a succesful design, our regular site visits, detailed and sometimes stubborn inspections and interactions with the team on site have contributed to the success of the project."

II.3.3.4 Acoustic design projects

Commonly in architectural projects, during the various design phases the acoustician will provide a set of options defined by different acoustic treatment recommandations.

These options could concern the following elements [START_REF] Day | The philarmonie de paris -acoustic design and commissioning[END_REF][START_REF] Passero | Acoustic evaluation and adjustment of an open plan office through architectural design and noise control[END_REF][START_REF] Lokki | Architectural features that make music bloom in concert halls[END_REF] • Museum atrium: a very common acoustic problem is the excessive loudness and reverberation in a large, reverberant and public space. Three acoustic treatments (no treatment; small amount of acoustic treatment; and the recommended amount of treatment) were presented, during a simulation of a dinner. Participants experienced difficulties in communication, which was improved with the addition of the recommended treatment. In particular, the adjustments of the level of the different sources was the result of an iterative process, further increasing the auralization production process.

• Concert hall (Boston -University of Massachussets): this project concerned the design of a multi-purpose 400-seat music recital hall with acoustic variability.

The auralization included different curtain configurations, and a variety of sound stimuli such as solo piano, jazz band, symphony orchestra, vocal chorus, heard at three different positions.

• Margery Milne Battin Hall (Lexington): this multifunction auditorium needed a redesign of its HVAC (Heating, Ventilation and Air-Conditioning) system, being • The New England Aquarium: they were interested in ascertaining the noise impact on the animals inside, as well as exploring potential acoustic treatments to reduce the overall noise level for the comfort of their staff and guests. This auralization required the recordings of particular animal sounds, as well as an educator's speech, to achieve a sufficiently realistic level, mandatory for the client's engagement in the simulation.

These projects show the diversity in which auralizations can been employed. Each project required specific anechoic sound sources. In addition, [START_REF] Azevedo | Auralization as an architectural design tool[END_REF]h a v er e p o r t e du s i n gr e a l -t i m ea u r a l i z a t i o n sa sb e i n gac l e a ra d v a n t a g ei n projects: "results in substantial time and cost savings to the client, and allows both initial development as well as revisions as the project progresses to happen on a schedule consistent with the aggressive timelines of many architectural projects".

II.4. Summary

II.4 Summary

This chapter reviewed the essential notions for the understanding of the remainder of the thesis, from the auralization creation process, to its rendering methods and evaluation methodologies, as well as the theoretical framework that supports the studies presented in Chapters III and IV.

While various room acoustic simulation methods were presented, auralizations in this thesis are created using Geometrical Acoustics in CATT-Acoustic. While quite efficient in terms of computation time, it should be remembered that these methods come with a number of assumptions, that have some consequences. The wave aspect of sound is not perfectly simulated, with approximations made on the diffusion and diffraction phenomena. Consequently, the low frequency range is often not really accurate. Still, these simulated auralizations were proven to be comparable to measured ones on a wide set of perceptual attributes [START_REF] Postma | Subjective evaluation of dynamic voice directivity for auralizations[END_REF][START_REF] Lokki | Physically-based auralization -design, implementation, and evaluation[END_REF].

The theory of technology acceptance presented is also of particular importance, as subsequent studies are based on both practical and situated acceptability [START_REF] Nielsen | Usability Engineering[END_REF][START_REF] Bobillier-Chaumon | Conditions d'usage et facteurs d'acceptation des technologies de l'activité: Questions et perspectives pour la psychologie du travail[END_REF]. The dimensions of practical acceptability, that include Utility, Usability (and sub-dimensions), Cost, Compatibility, Reliability, represent the analysis dimensions of Chapters III and IV, where the presenting methodologies of use case studies are applied, including questionnaire, interviews, and observation.

Finally, the method of evaluation of auralizations employed in Chapters V and VI takes advantage of studies providing high-level subjective attributes [START_REF] Kuusinen | Relationships between preference ratings, sensory profiles, and acoustical measurements in concert halls[END_REF] 

III.1.1 Objectives

This chapter aims at exploring the use of auralizations by acoustic consultants in their projects. The goal is to understand why and how they use auralizations, which tools are used, the benefits provided as well the difficulties linked to the use of this technology.

The chapter begins with a review of the abundant existing literature in research that has used auralizations in various projects in Sec. III.1.2,a n ds u b s e q u e n t l yh i g hlights the evidence of the lack of data regarding industrial applications and use of this technology. Sec. III.2 describes the method employed for this survey, based on the acceptability theory model [START_REF] Nielsen | Usability Engineering[END_REF][START_REF] Bobillier-Chaumon | Conditions d'usage et facteurs d'acceptation des technologies de l'activité: Questions et perspectives pour la psychologie du travail[END_REF][START_REF] Barcellina | L'acceptabilité des nouvelles technologies: quelles relations avec l'utilisabilité et l'expérience utilisateur?[END_REF]. Results are presented in Sec. III.3,f o l l o w e db yad i s c u s s i o no nt h e i r contributions for the next generation of both auralization tools and acoustic education of future users in Sec. III.4.

III.1.2 Related work

In the field of VR technology, [START_REF] Wokseep | Credibility and applicability of virtual reality models in design and construction[END_REF] [START_REF] Stienen | Auralization of urban environmentsconcepts towards new applications[END_REF]), video games [START_REF] Kamaris | Suitability of game engines for virtual acoustic experiments[END_REF], archaeological investigations [START_REF] Murphy | Acoustic heritage and audio creativity: the creative application of sound in the representation, understanding and experience of past environments[END_REF], and virtual reconstruction of spaces [START_REF] Poirier-Quinot | Augmented auralization : Complimenting auralizations with immersive virtual reality technologies[END_REF].

Primarily because of high importance in architectural projects, the ecological validity (or realism, plausibility, authenticity) of auralizations is a requirement to engage the listener (or client), bringing spatial/social presence in the simulations [START_REF] Khenak | Spatial presence in real and remote immersive environments[END_REF][START_REF] Shin | The effects of 3d sound in a 360-degreee live concert video on social presence, parasocial interaction, enjoyment, and intent of financial supportive action[END_REF]. Evaluation of auralizations is needed for such purposes, and has been well summarized in [START_REF] Lokki | Evaluation of auralization results[END_REF]a n dPätynen and Lokki (2010a), including discussions on the difficulties of such multi-dimensional problem:

the listening test methodology, reference measurements, anechoic recordings, modeling of RIRs, and sound rendering method.

The traditional method for evaluating auralization quality is to compare them with actual (binaural) recordings or RIRs, so-called measured auralizations, as described in [START_REF] Choi | A comparison of subjective assessments of recorded music and computer simulated auralizations in two auditoria[END_REF]; [START_REF] Konca | Comparisons between binaural in-situ recordings and auralizations[END_REF]; Nilsson et al. (2009). These studies reported differences between the recordings and the simulated auralizations, while recent calibrated auralizations reached a sufficient level of plausibility that they were comparable to measured auralizations [START_REF] Postma | Subjective evaluation of dynamic voice directivity for auralizations[END_REF]. Early objective validation of auralizations was carried out by [START_REF] Rindel | The use of a digital audio mainframe for room acoustical auralization[END_REF], by comparing measured and simulated room acoustic parameters (EDT, T30, C80, D50, and T s ). Although the presented evaluation results were good, the aural differences were not discussed at that time [START_REF] Lokki | Evaluation of auralization results[END_REF].

Auralizations of ancient places has gained interest in research [START_REF] Weinzierl | Room acoustical parameters as predictors of room acoustical impression: What do we know and what would we like to know?[END_REF], conservation of our cultural heritage being essential, as shown by the recent fire of Notre-Dame de Paris. Two cases are possible: either the space does not exist anymore [START_REF] Takala | Comparison of modelled performance of a vanished building with historical information on its acoustics[END_REF][START_REF] Weinzierl | The acoustics of the concert halls in the Leipzig Gewandhaus. history, reconstruction, and auralization[END_REF], or it is still available, and allows for the calibration of the (generally) GA models, to improve the realism of the reconstructed space [START_REF] Murphy | Acoustic heritage and audio creativity: the creative application of sound in the representation, understanding and experience of past environments[END_REF]. Several past and current European projects focus on architectural heritage, such as CHARISMA1 , EUROPEANA2 ,o r TIME MACHINE3 .

To support the shift from research to industrial applications, recent developments have focused on ways to better integrate auralizations in architect workflows; for example, Pelzer et al. ( 2014)d e v e l o p e dar e a l -t i m ea u r a l i z a t i o np l u g i nd i r e c t l y integrated into Sketchup4 , a well-known modeling tool for architectural modelling.

Similarly, [START_REF] Lindebrink | An engine for real-time audiovisual rendering in the building design process[END_REF]h a v er e c e n t l yp r o p o s e dar e a l -t i m e audiovisual rendering system, based on a game engine, to optimize the sharing of 3D models during the building design process, to be integrated with common BIM/CAD models.

In the acoustic consulting community, auralizations are particularly suited for the design of public spaces, restaurants, and art-oriented spaces such as concert halls or museums [START_REF] Azevedo | Auralization as an architectural design tool[END_REF]. These studies show the diversity of potential applications for auralizations, as well as actual examples of use in architectural projects, including design variables and requirements that clearly depend on the type of project.

For instance, Hochgraf (2017) shared their experience with auralizations, demonstrating that using auralizations can reduce/avoid extra project costs, and identifying four main uses: 1) they are useful to communicate with clients, enabling them to have a direct listening experience of the space without being confused with acoustic terms; 2) they help very much in design decision-making, enabling to simulate different configurations and potential uses of the space to be built/renovated; 3) they help to eliminate unwanted defects once the space is finished; and 4) they build enthusiasm and can be used as a fund-raising tool. She also insisted on the importance of calibrating levels, the inclusion of Lombard effect modeling (people increase their vocal intensity when talking in noisy environments [START_REF] Stowe | Evidence that the lombard effect is frequency-specific in humans[END_REF]), and the use of appropriate high-quality anechoic material as the audio source [START_REF] Pätynen | Anechoic recording system for symphony orchestra[END_REF], to be able to realistically simulate the space. From the same firm, Azevedo and Sachs ( 2014)r e c a l l these same uses and advantages of using auralizations by reviewing different use cases (presented in Chapter II), concluding that in architectural projects with tight deadlines, using auralizations is a clear benefit for saving time and associated cost. This type of real-time auralization enables them to easily toggle between configurations, on and off of individual sources, level and timbre manipulation of individual sources, and switching among various architectural design conditions, all during the presentation.

Whereas this technology has been used in a variety of projects (and particularly in architectural acoustics), except aside from cited studies, it seems apparent that there is a lack of data regarding the tools used, their usability, and actual practices in the acoustic consulting community. The knowledge of the uses is essential to drive the development of the next generation of auralization tools, as well as for optimizing the processes using auralizations in architectural projects.

In this context, and to pursue the presented objectives, the current chapter presents the results of a survey study on auralization uses in the acoustic design and consulting community in order to orient both the needs of acousticians and the next generation of auralizations tools. For example, do auralizations help the conception process? What type of auralizations are best suited for use in architectural projects? How does it support or change the collaboration between actors during a project? Is it a really good medium with client or user, or does it add an additional difficulty? Should we introduce standards in the next generation of tools? Could the technology be improved?

III.2 Methodology

III.2.1 Global approach

The present survey aims at identifying rather than predicting the uses of auralization, and therefore focuses on practical acceptability. The dimensions of practical acceptability, defined in Chapter II,i n c l u d eCost, Compatibility, Reliability, Utility, Learnability, Efficiency, Memorability, Errors,a n dSubjective satisfaction.

The analysis of the uses of auralization has been addressed in two phases, a quantitative and a qualitative one. The quantitative phase was an online questionnaire sent to acoustic design offices around the world, while the qualitative one consisted of semi-directed interviews with a few consultants having previously answered to the questionnaire.

The quantitative phase aimed at identifying tools and uses, assessing practical acceptability of the technology, as well as its evolution and potential future uses.

To complement these quantitative data, the qualitative phase provides more detailed verbal descriptions of effective use-cases and common practices using auralizations in the acoustic design community.

III.2.2 Quantitative survey via questionnaire

III.2.2.1 Population

The online questionnaire (reported in Appendix A,a n da v a i l a b l eo n l i n e5 )c o n t a i n i n g Response rate: From the 460 invitations sent, 74 complete resp onses were received (56 from France and 28 from other countries, representing more French practices), leading to an 18.2% response rate. A similar percentage only partially responded to the questionnaire (17.6%), but these incomplete unexploitable responses were not taken into account in the analysis. This is an acceptable response rate for an online survey, and is considered as sufficient to draw a rough picture of the uses of auralizations at the time [START_REF] Fan | Factors affecting response rates of the web survey: A systematic review[END_REF].

Profiles of the respondents:R e s p o n d e n t sw e r ee s s e n t i a l l ym a l e( 9 5 %). Ages varied from 21 to 60+years, with a significant proportion aged 50+ (40%). A majority were experienced acousticians (65% with more than 10 years and 25% between 5 to 10 years of experience), generally holding at least a Master's or engineer degree (62%,2 0 % having a PhD). Four job roles were identified: director (38%), senior manager (26%), consultant (10%), and team manager (6%) with the remaining respondents indicating other job roles such as staff scientist, independent acoustician, or professor.

Company sizes varied from small (< 10 employees, 50%)t om e d i u m( 10 to 50, 27%), with the remaining working at large companies (no additional data for these large companies regarding the teams or the number of acousticians).

III.2.2.2 Questionnaire structure

As the study considered practical acceptability, the questionnaire was designed with the objective to assess each of its dimensions (see Fig. II.8). Reasons for any non-use of the auralizations were also investigated, with a section dedicated to these nonusers. The tools used and the current and future uses were also investigated in specific sections. Question types included single and multiple responses, Likert Scale responses (4 or 5 points depending on the questions), and open-ended questions. In total, the questionnaire contained the following six sections, with 53 questions, in the following order:

1. General Information to gather general information about the respondent and company profiles (twelve questions).

2. Reasons for non-use of auralizations to understand why non-users do not actually use the technology -Only presented to non-users (four questions).

3. Tools identified the different methods/tools used to create auralizations (seven questions).

4. Use of auralizations identified current use of auralization (ten questions).

5. Assessment of practical acceptability addressed the dimensions of practical acceptability, assessed using Likert scales (fifteen questions).

6. Future uses and the evolution of the technology (five questions).

It should be noted that different Likert scales were chosen (four and five points Likert scales). The sub-dimensions of Usefulness are assessed on a 5-point Likert scale, leaving a "neutral" choice. On the other hand, factors encouraging the use of auralizations and dimensions related to difficulties linked to auralizations are assessed on a 5-point Likert scale, avoiding a "neutral" response.

III.2.3 Qualitative survey via interviews

III.2.3.1 Interview methodology

This section describes interviews as a method widely used in qualitative research. Using interviews allows for the coverage of both factual and meaning levels of information, more difficult to obtain in a written form [START_REF] Kvale | InterViews: an introduction to qualitative research interviewing[END_REF]. This is partly due to the possibility of asking follow-up questions to further investigate the respondent's responses [START_REF] Mcnamara | General guidelines for conducting interviews[END_REF]. Opinions, beliefs, impressions, and experiences are better assessed in this way as well. Focus groups are also often used in qualitative research, and exploit group dynamics to generate qualitative data.

Interviews can be structured (consisting of a series of pre-determined and constant questions across all interviewees), unstructured (or free,consideredaslessreliablefrom a research point of view), or semi-structured. In the latter case, the interviewer must prepare a set of themes and questions to broach, while semi-structured interviews must leave room for additional questions to clarify or expand certain topics.

The different forms of interaction are interestingly discussed in [START_REF] Blanchet | Dire et faire dire[END_REF].

Interviews should preferably be conducted in person, via video-conference, or via phone call, in a decreasing order of ease to assess the emotional state of the interviewer. A perfect knowledge of the language used is mandatory to conduct good interviews, as hidden features (therefore data) can be lost otherwise. Conducting interviews requires from the interviewer a careful and precise preparation, as well as a phase of training.

Some qualities are beneficial for the interviewer, such as having a good knowledge of the topic, a good organisational structure for the interview, a clear and simple language to ask the questions, being gentle, good steering to avoid too long digressions, being critical, as well as remembering and interpreting skills.

Conducting an interview campaign involves the following steps:

• Thematizing:d e fi n i n gt h et o p i ca n dt h ep r o b l e m .
• Designing:d e s i g n i n gt h es t u d y .

• Interviewing:c o n d u c ta n dr e c o r di n t e r v i e wb a s e do nt h ep r e p a r e dg u i d e .

• Transcribing :p r e p a r i n gt h ei n t e r v i e wm a t e r i a lf o ra n a l y s i s( o na v e r a g e ,5h o u r s

for 1 hour of recording).

• Analyzing :i no u rc a s e ,t h e m a t i ca n a l y s i s ,s e eS e c .III.2.3.3.

• Reporting :c o m m u n i c a t i o no ft h em a i nc o n c l u s i o n sb a s e do ns c i e n t i fi cc r i t e r i a .

By objectively analyzing several viewpoints (from different interviewees), it is possible to draw a big picture of beliefs regarding a technology, and its use in a working context. Obviously, the larger the number of interviewees, the larger the picture;

ideally, the number of interviewees should be selected to reach the saturation of the data (above this threshold, increasing the number of interviewees should not add any additional information, being redundant). However, recent research has shown the difficulty and the uncertainty to this notion of saturation regarding qualitative research [START_REF] Saunders | Saturation in qualitative re-Bibliography search: exploring its conceptualization and operationalization[END_REF]. In the present study, this saturation was likely not reached due to a limitation of the time it takes to conduct such interviews and their qualitative analysis.

III.2.3.2 Interview guide

After a brief reminder of the objectives of the study (the interviewer started with: "In this interview, I am looking for insights into the opinions and attitudes that acoustic consultants have towards the auralization technology. This research was launched since only few resources exist on the actual uses. Therefore, we seek to understand the use of auralizations in acoustic design offices, investigating in particular the advantages and the limitations of its usage."

). An initial interview guide was prepared to complement the data obtained from the questionnaire; it was composed of the four following categories:

• Tools : software used, advantages/drawbacks, auralization creation process, reliability of the results, rendering system used, visual or VR coupling.

• Modalities and conditions of use: what the technology is used for, how it is used, which actors are involved in the use of the auralization.

• Difficulties, constraints, limitations: whether regarding the tools or practical aspects of the projects.

• Future and evolution of the technology, intended use of the technology with regards to improvement of computers performance and accessibility of tools.

III.2.3.3 Treatment

The recorded interviews were integrally transcribed, enabling thematic analysis of the data [START_REF] Braun | Using thematic analysis in psychology[END_REF]. The analysis was performed using MaxQDA6 , while other softwares are available7 8 9 . Thematic analysis is a widely used method for identifying, analyzing and reporting patterns (themes) within qualitative data.

The unit of extraction is called a segment and represents the shortest text extract which self-contains a meaning. Patterns can be identified in two primary ways: in an inductive/bottom up way [START_REF] Frith | Clothing and embodiment: men managing body image and appearance[END_REF]o ri nat h e o r e t i c a lo rd e d u c t i v e way [START_REF] Boyatzis | Transforming Qualitative Information -Thematic Analysis and Code Development[END_REF]. In the inductive approach, the identified themes constituting the coding system are strongly related to the data themselves. Inductive analysis is therefore a process of coding the data without trying to fit it into a pre-existing coding system. This type of coding is called data-driven. Conversely, a "theoretical" thematic analysis would tend to be driven by the researchers' theoretical framework, and is thus more explicitly analyst-driven. This form of analysis tends to provide a less rich description of the data overall, and more a detailed analysis of some aspects of the data, related to the dimensions of the chosen framework, as described by [START_REF] Braun | Using thematic analysis in psychology[END_REF]. They propose a methodological approach in six steps:

• Familiarization with the data: after transcription, several readings are needed to be very familiar with the corpus. Making summmaries and taking notes help to refine early impressions, and objectively analyze the data.

• Initial code generation:c o d i n gr e d u c e sl o t so fd a t ai n t os m a l lc h u n k so f meaningful ideas, related to the research questions.

• Searching themes:t h i ss t e pi n v o l v e st h ea s s i g n m e n to ft h es e l e c t e dc o d e d segments to themes, as well as the hirarchical creation of sub themes. Generally, 2o r3l e v e l si nt h eh i e r a r c h ya r en e c e s s a r y [START_REF] Braun | Using thematic analysis in psychology[END_REF].

• Reviewing themes:a n a l y z i n gt h eo r t h o g o n a l i t yo rt h eo v e r l a pb e t w e e nt h e m e s is essential, and is an iterative process. This step also involves comparing across interviews if the themes are coherent and if sufficient data appears in each of the selected themes.

• Themes definition: final refinement of the themes. The overall problem should be analyzed with regard to the thematic tree. A thematic map can be drawn to visualize the links between them, and their proximity with the research questions.

• Braun and Clarke (2006)d i s t i n g u i s ht w ol e v e l so ft h e m e s : s e m a n t i ca n dl a t e n t .

Semantic themes, "[...] within the explicit or surface meanings of the data and the analyst is not looking for anything beyond what a participant has said or what has been written" [START_REF] Braun | Using thematic analysis in psychology[END_REF]. In contrast, the latent level searches beyond what has been said and "[...] starts to identify or examine the underlying ideas, assumptions, and conceptualisations (and ideologies) that are theorised as shaping or informing the semantic content of the data" [START_REF] Braun | Using thematic analysis in psychology[END_REF]. Relevant examples of such type of qualitative analysis can be found in [START_REF] Braun | Using thematic analysis in psychology[END_REF]Clarke (2006)andToerien and[START_REF] Toerien | Exploring the depilation norm: a qualitative questionnaire study of women's body hair removal[END_REF].

In this work, a hybrid treatment method based on these two approaches was applied: the initial guide was designed based on the questionnaire responses, and included questions linked to practical acceptability, particularly to obtain descriptions of real projects and concrete practical difficulties. This guide was then enriched from interview to interview: for instance, unexpected sub-categories of the difficulties were created, that were used in the subsequent interviews, and providing a broader view to the interviewer. At the end, the guide contained nine themes and 25 sub-themes. As an example, one category was Collaboration, which included the following sub-themes:

Teaching Acoustics, Communication, Convincing, and Relation with the client. All the other themes are not reported, as the analysis is performed at a subsequent stage, as explained below.

For each interview, a coding step was carried out, consisting of the assignment of a theme or sub-theme to chosen extracts of the transcribed interview. The length of these extracts was not constant, being selected as soon as they provided a meaning, from a couple of words to whole or even two sentences to recall the context. The final step was to analyze each of these themes and the data contained in it, and to assign it to a dimension of practical acceptability, for a clearer and more concise analysis.

III.2.3.4 Population

Corpus description: Nine acousticians were interviewed, all having previously answered the questionnaire. Subject IDs were assigned chronologically (see Table III.1,
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Subject S1 being the first interviewed). Interviews were carried out either in person (3 of 9) or by video-conference (6 of 9), depending on the location of the interviewee.

These interviews bring valuable descriptions of actual uses, difficulties, and benefits, and assist in the understanding and interpretation of the questionnaire results. The number of interviews and their duration does not allow the application of quantitative analysis to the data (e.g. counting the occurrences of a category).

Table III.1 summarizes the background information, duration, and quantity of content production for each interviewee. Three interviews lasted approximately 20 min, Profiles of interviewed consultants: Six interviewees were from the United States of America, three were from France. As shown in Table III.1,t w oh a dn e v e ru s e d auralizations. There were also two rare users of auralizations (2 to 9 projects), two occasional users (10 to 50 projects), and three intensive users, providing a panel covering a large range of levels of experience with the technology. It should be noted that they were all (very) experienced acousticians (with minimum five years of experience in acoustics, the majority having more than 10 years of experience).

four

III.3 Results

This section presents the quantitative results from the questionnaire as well as interview excerpts to better qualify and interpret the data. For the sake of clarification, global percentages correspond to questionnaire results while X/N represents the number of interviewees sharing an opinion. Similarly, the term Respondent designates the respondents of the questionnaire while Interviewee corresponds to the interviewed participants.

In the following, results are presented in the next sections as follows: For each dimension of analysis, these factors were used with various thresholds to separate the population in two groups, producing two distributions of responses (for instance, for an Age threshold of 50 years, the two groups were respectively younger and strictly older than 50 years). These distributions were subsequently compared using a two-sample Kolmogorov-Smirnov (KS) test to evaluate the statistical difference between them (threshold p =0.05). Whereas these tests often resulted in non-significant differences, we argue that the trend of the distribution remains interesting to discuss, and analyzing the actual p-value can provide an indication of the impact of the filtering factor.

III.3.1 Grouping statistical analysis

III.3.2 About the variety of projects using auralizations

III.3.2.1 From the questionnaire

Most respondents (59%)h a du s e da u r a l i z a t i o n si n 10 projects, 20% in 11 to 50 projects, and 18% more intensive users on > 50 projects.

By analyzing the number of projects with regards to the project budgets, the two distributions show that higher budgets enable acousticians to conduct more auralizations, as seen in the distributions shapes in All interviewees had projects in architectural acoustics, and all except two (S7 and S9) also had environmental acoustics projects.

III.3.3 About the tools used

This section focuses on the tools that are used to create, render and listen to the auralizations. Participants were asked how they create their acoustic models and which method/software they use to manage their auralizations, if these are real-time simulated, if they merge them with visual models, and finally if they use virtual reality (VR) interfaces.

III.3.3.1 Method of creation

Regarding the creation of acoustic models, a majority of 80% of the respondents create their own models, whereas ⇡ 20% use already built models (generally received from the architect).

To create these models, they preferably used commercially available software, some- but they also reported a lack of available quality material (S4: "what I remember was that there wasn't sufficient anechoic material" and S3: "I've done a simulation where Is a m p l e dt r a fficn o i s e "), showing the variety of auralization rendering quality.

III.3.3.2 Sound rendering system

The most used sound rendering system reported was headphones: more than 30%

for both simple stereo or binaural rendering, and 10% for headtracked headphones.

Speaker-based systems were also reported, though less prominantly used, such as Ambisonics (12%), multi-channel (5.1, 7.1, etc 11%), and to a lesser extent WFS or VBAP (3% and 2% resp.).

Grouping analysis suggests from the two distribution shapes (noting no significant difference between distributions, p 0.05)t h a tm o r ee x p e r i e n c e da c o u s t i c i a n s( > 10 years of experience) would be more willing to exploit advanced techniques such as VBAP, WFS or Transaural, likely since it requires more technical skills to use them properly.

Interviews revealed that some companies have dedicated listening rooms with Ambisonic systems (reported by 2/9 of interviewees), with S4 stating: "we can have 2 people here in our Ambisonic listening room or can even build a room to the client" , with S9: "for a couple of wealthy clients, we've actually built for them".

III.3.3.3 Coupling auralizations with visual/VR

In architectural projects, it often happens that a visual model is built first by the architect. As such, the resulting auralization from the acoustic model can be coupled with this visual model (usually rendered on a desktop screen or a larger screen), resulting in an audio-visual experience of the space. To improve the immersion, this coupling can be rendered using different VR interfaces (an aspect that is investigated in Chapter V).

A majority of the respondents did not couple auralizations with visual models, and even less with VR models (more than 80% have never used VR), as shown in Grouping analysis suggests that visual models are used more at larger companies with more than 50 employees who are not necessarily acousticians (though not significantly with p =0 .072,s e eF i g .III.4), and less prominantly by acousticians younger than 50 years (still not significant with p =0 .227,s e eF i g .III.5). The size of the company may have a larger impact, the infrastructure costs can be distributed over more projects, making the investment less critical.

Interviews suggested that coupling with visual models helps to attract the attention of clients and engage them: S2: "coupling with visual models enables to engage more people since they are more sensible to it, compared to written reports" . 
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III.3.4 About the dimensions of practical acceptability

This section presents an analysis of auralization use for each dimension of practical acceptability from the Nielsen (1994) model, including 1) utility (what the technology is used for), 2) usability, 3) cost, 4) compatibility with the activities of acoustic consultants, and 5) reliability.

III.3.4.1 Utility

The majority of questionnaire respondents had projects using auralizations in architectural acoustics or environmental acoustics (95 and 76% respectively), and to a somewhat lesser extent in electro-acoustics, sound quality, and vibro-acoustics (57%, 50%,5 4 % respectively).

Five main uses of auralizations were identified in the questionnaire:

1. To present to clients (30%).

2. To test ideas (19%).

3. Used as a verification tool (15%).

4. Used as a marketing tool (12%).

5. To improve internal company discussions (9%).

6. Other (to present in competition, for public demonstrations, as a data collection tool, to convince stakeholders, in research).

Respondents also agreed that auralizations help to improve internal/external collaboration, as well as improve project's actors' motivation (see Table III.2). Grouping analysis did not reveal any particular effect.

Interviews highlighted the following points:

1. The diversity of type of projects in which auralizations are used.

2. The variety of project actors involved.

3. Auralizations are mainly used to collaborate.

4. They are used in a pedagogical way.

5. They help in engaging and convincing the clients.

6. They help make-up for the lack of vocabulary in acoustics.

7. They help make confident design choices. What clearly stood out was that auralizations were used mainly for collaboration.

This was indeed the most coded theme in the Uses of auralization category (50%).

In this collaboration theme, auralizations are primarily used for explaining acoustic phenomena to other project actors (5/9), because they usually do not understand objective acoustic parameters, or are even not familiarized with sound levels, as highlighted by S6: "it is very pedagogical. Each time, using auralization is pedagogical"

and S2: "it's a tool to educate people and let them make sensible decisions".A l o n g those same lines, there was a rough consensus that auralization is a tool which facili-
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tates communication with non-acousticians, as they lack the vocabulary to talk about acoustics (6/9) with S2 stating: "as a communication tool, it's unbeatable" and S9: "it is true that auralizations enable to communicate rapidly".

Interviews also revealed that auralizations were often used to convince decision makers, as an argument of negotiation, by letting them make informed design decisions and increasing their confidence (6/9), with for instance S3: "it helps I guess sell something" and S8: "likewise I can manage to convince a client to have a room of more than 20 meters large to obtain a more diffuse sound".I tw a sa l s or e p o r t e dt ob eu s e d to inform the community.

Interviews revealed the diversity of tasks achieved with auralizations: (1) present results, (2) testing ideas (comparing different scenarios, prediction, sound system or reflector design), (3) validating choices, (4) as a marketing tool, and (5) to improve collaboration and involve the community.

Finally, several interviewees considered simple sound scene simulations as auralizations (4/9): they mentioned the use of simply filtered sample sounds or the addition of audio effects such as artificial reverberation to provide their clients with a basic idea of what is going on, and let them understand their recommendations.

III.3.4.2 Usability

Table III.3 summarizes the results on the scale of 0 to 4, for each sub-dimension of Usability. The technology was rated as "rather efficient", "pleasant to use" and "compatible with activities within acoustic design offices" (median of 3). However, it was rated "rather difficult to learn", and "rather difficult" to create auralizations. It is difficult to form any conclusions on other dimensions (Utility, Memorability, Errors, Reliability), as these were rated close to neutral (medians of 2).

Learnability, Memorability: Respondents rated the technology as, "rather difficult to learn" (the lowest rating with a mean = 1.7) and, "rather difficult to create", auralizations. No effect were observed from the grouping analysis. Several interviewees mentioned difficulties, particularly that using auralizations properly requires a certain level of knowledge and experience (3/9), with for instance S6: "today, we haven't mas- tered it yet to be able to use it", explaining why they do not use auralizations, with S3: "it takes time then to "understand all the nuts and bolts of acoustic simulations".

Efficiency: Auralizations were rated as, "rather improving the performance" (see Table III.3). Grouping analysis revealed that younger acousticians (< 50 years, p =0 .79), larger companies (> 50 employees, p =0 .15) and respondents who have conducted more projects with auralizations (> 10 projects, p =0.024)r a t e da u r a l i z ations as improving their own performance, hence having a significant difference for the number of projects, suggesting that once the technology is adopted, it is a clear gain in productivity for the company.

Errors: This attribute was rated quite low by the respondents (the second lowest rated, with a mean = 1.7). Two thirds of interviewees (6/9) noted that using it

properly requires a certain level of experience, potentially leading to errors, with S9:

"just to getting to a robust understanding of strength and weaknesses, associated with the assumptions that these modeling programs make",a n dS 3 : "there are so many people who are using this software and are misusing it". Other sources of error come from the limitation of the validity of ray-tracing algorithms at low frequencies or the poor quality of raw material to be convolved (3/9). However, it was also mentioned that auralizations enable one to identify pathologies or acoustic defects that cannot be discovered otherwise (2/9).

Satisfaction: When asked about their general impression of the technology, respondents answered rather positively (23% have a very positive impression, 21% apositiv e, while 40% a neutral opinion, the rest having a negative impression). Even non-users responded that they would like to use it, suggesting that the technology is attractive to them. In addition, they take pleasure using it (mean/median = 2.9/3). The grouping analysis revealed that younger interviewees had more positive impressions.

III.3.4.3 Cost

This factor was mentioned as probably the most inhibiting with regards to the use of auralizations, in terms of economic cost as well as time cost. When asked how limiting the given factors of Table III.4 were regarding the use of auralizations, cost and time were rated very limiting (mean/median = 1.8/2 and 2.3/2 respectively on a 0-3 Likert scale). Two thirds of interviewees (6/9) mentioned repeatedly costs (money and/or time) as being a major obstacle to include auralizations in their projects, as S6 put it: "clearly, when we do it, it's at a loss",a n dS 8 : "we don't have time in our team to make auralizations, here there is not the money". It is interesting to note that the three interviewees not mentioning these difficulties are S2, S4 and S8, all being part of the largest companies (50 to 250 employees, and more than 5000 for S4) and having conducted already more than 50 projects.

III.3.4.4 Compatibility

Users: Respondents rated auralizations as "rather compatible" with their activities (this attribute was one of the highest rated attribute, see Table III.3).

Non-users: Among the respondents, 33% had never used auralizations in their projects. When asked for their intentions of use regarding auralizations, the majority of respondents did not intend to use it in the near future (more than 80%), even if they would like to use it (60% of respondents), meaning they have a rather good impression of the technology. The stated reasons for this "non-use" were mainly that projects do not actually require auralizations (23%), the cost (time, budget for 20% of the respondents), and the lack of utility (18%). Only 8% stated that their lack of use comes from a lack of compatibility, and around 5% from a lack of experience or skills, or because the technology is too complex to use. Additional spontaneous responses included: difficulties delivering auralizations to the client, getting it accepted in the project proposal, a lack of interest or demand by the decision-makers, or the fact that simple written documents are sufficient. The grouping analysis revealed that compatibility with acoustic consulting activities was rated higher by younger acousticians (less than 50 yo), though not significantly different with p =0 .096 from the KS test.

During interviews, two main concerns appeared: the first was that traditional methods, such as written reports with standardized acoustic parameters or bringing the client in person directly to different real rooms to evaluate what their needs are would be sufficient (4/9). This could explain why they have not seen the need for auralizations, with S9: "sometimes it is better to use your experience, I won't embark myself in an auralization",i n d i c a t i n gt h a ti tt a k e st i m ea n du n n e c e s s a r ye ffort. The second point concerned the practical aspect of using auralizations, namely bringing an auralization to a client without having a suitable and reliable sound playback system, or having to adapt to the acoustics of the meeting room (2/9). For instance, S6: "the entire playback system, from the initial signal to the headphones",i sc o n c e r n e do rS 3 :

"and if you have to email the presentation to them, you're really gambling with how they listen to it right".

III.3.4.5 Reliability

Subjective quality of the renderings was globally evaluated as neutral (see Table III.3), though improving the quality of the rendering was judged as beneficial and encouraging the use of auralizations. This is notable with regards to advances in the achievable quality of auralizations [START_REF] Postma | Subjective evaluation of dynamic voice directivity for auralizations[END_REF][START_REF] Postma | Subjective evaluation of dynamic voice directivity for auralizations[END_REF]. No effects were observed from the grouping analysis.

Extensive users (S2, S4, and S8) agreed that there is always a gap between the model and the reality. They commented that improving the realism of the auralization brings benefits, as S8 put it: "we found that the better it sounds, the more realistic the experience is, the more people are willing to trust it". For environmental noise pro jects, one stated that the point is just to give a rough idea, whereas others stated that the auralization should be correct at least in terms of level/amplitude and frequency content (2/9), as S4 said: "in terms of level or amplitude yes, in terms of spatial realism or accuracy, very little consequence". On the other hand, 3/9 interviewees reported that the level of detail is not important, giving an estimate being the point in their activity, for example S7: "what the acoustic consultant knows, the clients generally don't care",a n d"it's just an estimate".

One element that stood out from the interviews was that since sound is very subjective, from the client's point of view, they generally do not perceive subtle differences, and the spatial accuracy is often not important (3/9). On the other hand, when there "everybody will never agree, there's always some kind of controversy". As indicated in Sec. III.3.4.2:Errors,s i n c ep r o p e r l yu s i n ga u r a l i z a t i o n sr e q u i r e sac e r t a i nl e v e lo fe xpertise, the technology can be misused, leading to incorrect renderings and potential mistakes in the conception (2/9) (see Table III.4).

III.4 Discussion

This survey employed a questionnaire which was fully answered by 74 acoustic consultants from France and around the world, as well as nine semi-directed interviews.

While not providing an exhaustive view, these results provide meaningful insights into the practices of the acoustic consulting community with regards to auralizations. Furthermore, data saturation was not reached and the number of interviewees could beneficially be further extended, being one of the limitations of the present study [START_REF] Guest | How many interviews are Bibliography enough? an experiment with data saturation and variability[END_REF]. Another potential bias of this survey is the geographical repartition of
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respondents, with 75% of the responses coming from France, while the remaining 25% include different countries repartited around the world.

This study observed the diverse types of uses concerning how auralizations are applied to different types of projects, from the evaluation of the impact of an airport on the environment to the conception/renovation of classrooms or concert halls. The use of auralizations was seen both project and client-dependent, as mentioned in [START_REF] Azevedo | Auralization as an architectural design tool[END_REF]. As a consequence, acoustic consultants are required to adapt their use of the technology depending on the project, but also the client, who are potentially very different from one project to another. For instance, in environmental acoustics, an interviewee reported that sound levels and frequency content are the parameters that matter, whereas for the conception of performance spaces, directivity and spatial components were also of importance, as recalled by [START_REF] Bradley | Comparison of concert hall measurements of spatial impression[END_REF]i nh i sp e r c e p t u a l study.

Regarding actual uses, this study showed that auralizations are primarily a tool facilitating collaboration between acousticians and other project actors, bridging the communication gap because of the technical nature of acoustic terminology [START_REF] Azevedo | Auralization as an architectural design tool[END_REF]. Auralizations were used for a variety of tasks: as a marketing tool (for fund-raising or for involving/informing the communities), to test different room configurations, to identify acoustic defects, to teach acoustics, and to design sound systems or reflectors.

The evaluation of practical acceptability revealed several factors that potentially impede a wider adoption of auralizations. The main factor was the associated total cost (including time), meaning that doing auralizations is not profitable, particularly for small acoustic practices. A second reason was the lack of experience and technical skills to be able to produce reliable auralizations, as the technology has been rated

as relatively complex to learn and use. These results should drive future acoustic education programs, in which auralization should be more studied and used to highlight acoustic principles.

Reliability of the results remains important: the better the renderings, the more immersive the simulation, the more people engage themselves in the project, as also reported by an interviewee. There are still known factors impacting the reliability (through plausibility) of the results such as having proper anechoic material and precise associated acoustic measurements [START_REF] Lundeby | Uncertainties of measurements in room acoustics[END_REF][START_REF] Pätynen | Anechoic recording system for symphony orchestra[END_REF].

Ak e yp o i n ti st h ev a r i a b i l i t yo fs i m u l a t i o na l g o r i t h m su s e df o rp r o d u c i n ga u r a l i z ations, that may also have an impact on the confidence acoustic consultants have in the perceptual rendering, as compared to physical methods such as scale models, or using only objective parameters synthetically explained in written reports; indeed, the perceptual and inter-individual variability adds up to the inherent variability of GA algorithms and/or physical measurements.

Real-time simulations may have the potential advantage for acousticians to be responsive, letting them better adapt to a given situation, at the expense of the quality. as a plugin, or Evertims 20 (that is currently being re-developed and optimized), or RAVEN 21 ,a r ec u r r e n t l yd e v e l o pe d [START_REF] Grimm | A toolbox for rendering virtual acoustic environments in the context of audiology[END_REF][START_REF] Milo | Designing spaces and soundscapes. integrating sonic previews in architectural modelling applications[END_REF], more effort is needed for a better integration of these tools, ease of use, and ease of learning, in order to really integrate them in the practices of acoustic consultants. As auralizations have proven to be reliable enough for existing spaces [START_REF] Postma | Subjective evaluation of dynamic voice directivity for auralizations[END_REF], the degree of reliability (or plausibility) needed by acoustic consultants, as well as the presence of a VR visual model supporting the auralization, will then drive the choice of offline versus real-time simulated auralizations.

The limitations described in this chapter may explain the relatively low level of adoption of auralizations in the design community. Despite its attraction, the technology is not yet integrated into the practices of acousticians, with 40% of respondents identified as non-users and a non-negligible part as only occasional users. A few con- These results provide a valuable insight into the broad community of acoustic consultants; they also showed the variety of projects and possible uses of auralizations.

However, despite the mentioned difficulties and problems arising during the projects, a deeper study of actual use of reliable auralizations, coupled with visuals, in the context of concrete architectural projects is needed. This kind of study is supported by the approach of situated acceptability (Bobillier-Chaumon, 2013). It requires observation and analysis of exchanges between the different project actors, in addition to the personal opinions of each of these actors in order to draw reliable conclusions and recommandations regarding future use of auralizations.

III.5 Conclusion

This chapter presented the results of a survey study concerning the use of auralizations by the acoustic design and consulting community, comprising a questionnaire and a series of interviews. To conduct this survey, the analysis was based on the theory of technology acceptability to design a questionnaire and conduct semi-structured interviews which enabled the assessment of the technology along the dimensions of Nielsen's model: Utility, Usability, Cost, Compatibility,a n dReliability.

Results highlighted the diversity of projects in which auralizations are currently being used as well as the diversity of the tasks that are accomplished with this technology.

Despite the positive impression that consultants have of auralization technology, its level of adoption by the community remains relatively low, with a third of respondents to the questionnaire being non-users.

Chapter III. Auralization usage survey

Smaller acoustic consulting practices appear often unable to afford the use of auralizations in their projects, primarily due to a lack of resources (time, money, and also skills needed to produce high-quality auralizations), or simply because they did not need to produce auralizations in their projects. In contrast, several (generally bigger) companies with higher budgets have clearly adopted the technology and use it extensively, producing high quality auralizations, in addition to (immersive) visualizations of the modelled spaces. These firms also reported improvements in collaboration and communication with other project actors, with the technology being a productivity catalyst.

While real-time auralizations are not widely used at the moment in the consulting community, this may increase in the near future with the improvement and reliability of such algorithms [START_REF] Pelzer | Integrating real-time room acoustics simulation into a CAD modeling software to enhance the architectural design process[END_REF][START_REF] Milo | Designing spaces and soundscapes. integrating sonic previews in architectural modelling applications[END_REF].

To complement these declared uses, the following chapter presents a practical case study of auralizations, conducted in collaboration with an external acoustic consultant firm, for the acoustic design of several spaces.

Chapter IV

In-situ observation of auralization usage: a case study 

IV.1 Introduction

Chapter III presented a survey that investigated the use of auralization in the acoustic design community. The methodology employed, that included a questionnaire and semi-directed interviews, has identified declared uses of auralizations. A reasonably accurate insight into the practices of acoustic consultants regarding their use of auralizations was obtained, identifying the main uses, benefits, and difficulties linked to the application of this technology.

The study presented in this chapter takes an approach that targets effective use of the technology, taking into account the unpredictable external constraints of a project [START_REF] Bobillier-Chaumon | Conditions d'usage et facteurs d'acceptation des technologies de l'activité: Questions et perspectives pour la psychologie du travail[END_REF]. As the level of adoption was shown to be quite low, the objectives of the present study were to identify: 1) the effective uses of auralization, 2) the effective practical difficulties and impediments to the integration of this technology in the acoustic design process, and 3) the effective benefits it can provide during an acoustic design project.

This chapter presents a specific acoustic design project conducted as part of a collaboration between Sorbonne University (SU) and Theatre Projects (TP), where auralizations were provided to support acoustic design choices 1 .

The chapter begins with a description of the project, including the initial auraliza- 

IV.2.1.2 Auditorium intrusive noise

The second space to auralize was the auditorium, which would be used for conferences and high-quality musical recitals should be welcomed, leading to RT specifications ranging from 1.0 to 1.4s respectively. The Galleria is a source of amplified music and restaurant activity producing intrusive noise in the auditorium that would need to be considered. For that purpose, the acoustician (TP) proposed to the client an isolating structure. The objective of performing the auralization was to show the client the impact on musical performances of applying this acoustic isolation concept. The acoustician provided SU with the appropriate noise specifications (filtered noise octave band level values, mainly containing low frequencies, see Appendix B).

IV.2.2 Project actors

While the overall concept includes many companies, this sub-section presents the involved actors during the part focused on the acoustic design of the main atrium and the auditorium, for which auralizations were created and presented.

The client selected the design architect, who decided to entrust the acoustic design to TP. TP was interested to explore the use of auralizations in the context of this project. Such investigation was paired with the research goals of the overall study and was seen as an additional benefit to the questionnaire and interviews pre- • The acoustic consultant, TP: in charge of the recommendations for the acoustics.

The head of the Parisian office, Sebastien Jouan (SJ-TP), an acoustician of this same office, Simon Perigot (SP-TP), one of their directors (FR-TP), and three other individuals with minor roles (acoustic consultants from London). While SJ-TP had prior experience with auralization, previously managing the Sound-Lab at ARUP, the TP-team had no particular experience with VR and auralization.

• The auralization team, SU in Paris: consisted of Dr. Brian Katz (BK-SU), who was responsible for the auralization creation, Dr. David Poirier-Quinot (DPQ-SU), and the author of this thesis, David Thery (DT-SU), specialists in room acoustics and virtual 3D audio.

• Externals: a VR developer from ShowTimeVR4 (for the player of the 360°videos with binaural sound), an acoustician from L-acoustics, who intervened providing as pe a k e rd i r e c t i v i t yp a t t e r n ;a c o u s t i cc o n s u l t a n t sf r o mAcentech, who provided pseudo-anechoic recordings of suitable restaurant noises.

It should be noted that the author of this thesis had two roles during this collaboration: he collected and analyzed the data presented in this chapter, but was also involved in the creation of the auralizations.

The division of the tasks was roughly as follows:

• Dr. Brian Katz: creation of the CATT model and simulations, and email exchanges with SJ-TPC to get specifications and information exchange.

• David Thery (the author): intrusive noise auralization (research of appropriate anechoic sources, levels calibration and setup of the intrusive noise auralization);

worked on the atrium visual model and auralizations as well.

• David Poirier Quinot: atrium visual model and atrium auralization convolutions.

IV.2.3 Auralization proposal and deliverables

Based on the intended uses of the space, the objectives for each auralization, and the specified acoustic treatment options, two auralization deliverables were provided by SU, to TP in the context of this study, summarized in Table IV.1. Atrium (1 st package) Atrium (2 nd package) Auditorium IV.2.4 The effective timeline of the project 

Configurations

IV.3 Technical work p erformed

This section summarizes the key elements of the auralization creation process, including both atrium and auditorium auralizations. A more detailed description is provided in Appendix B. Contrary to the previous auralizations that were directly presented to the client, this auralization was provided for presentation by TP to the client, in the form of 360°v ideo files, furnished and installed on an Oculus Go portable VR headset. Such installation allowed TP to present the auralization outside of the facilities of the University.

To provide a fallback presentation method in the event of technical problems, simple front-view videos were also provided, rendered with binaural audio over headphones.

IV.3.2 Auditorium auralization

The audio-only auralization took place in a sound isolated listening booth (12m 2 , 26m 3 ), where the measured equivalent noise level L Aeq was 20 dB. An array of 12 speakers was employed to render both the stimuli, and the simulated intrusive noise (8 speakers dedicated to the stimuli, and 4 speakers located on the floor to simulate the noise. Using noise spectra provided by TP, seven different background noise levels were generated. The noise was a filtered version of a recording made of a student gathering in a courtyard with amplified music (crowd noise), considered comparable to an event in the Galleria.

Several listening scenarios of the auditorium were simulated, at typical listening level for a seating position midway in the hall (listening level 65-75 dB(A) [START_REF] Somerville | Listener's sound level preference interim report[END_REF]). Stimuli included unamplified chamber music, jazz ensemble, and a conference.

In particular, a solo violin recording was presented in priority as it provided pauses and significant dynamic variations, allowing a better assessment of the overall listening experience including the intrusive Galleria noise. These stimuli were reproduced with the inclusion of an adjustable reverberation to replicate the adjustable absorption conditions of the performance space. Stimuli were spatialized using the SPAT library running in MAX, using a VBAP3D panning method. The provided reverberation times were defined by TP, varying from 1.0-1.6 s (adapted for speech and music). This auralization was presented to TP and the client in one of the acoustic isolation booths on-site at SU.

IV.4 Methodology

In contrast to the survey presented in Chapter III,t h i ss t u d ya i m e dt oo b s e r v ea c t u a l uses of auralizations, and detect potential difficulties, in order to enhance, optimize, or simplify the processes in acoustic design using auralizations.

IV.4.1 Data collection

In order to perform the analysis of this study, several types of data were acquired.

First, all emails were gathered (128 emails), producing a 96 page document (more than 20000 words). Email length ranged from 3 words to 856 words (mean ⇡ 92 words), from simple answers to detailed explanation of acoustic concepts. This document enabled the project progression to be traced. It included exchanges between mainly TP and SU (81%), and some external actors (19%). Unfortunately, direct emails from and to the client were not accessible for confidentiality reasons, and are consequently not included in the present analysis.

Second, in addition to notes taken during the observations of the meetings, audio recordings were carried out. Four meetings were recorded for a total of 7 hours (respectively 2600, 9200, 20400,and12800 words in the transcribed text). For practical Finally, ap o s t -p r o j e c ti n t e r v i e wwas conducted eight months after the final delivery with SJ-TP, the head of the Parisian office who was in direct contact with the client, to obtain feedback, and their opinions on the use of auralization in the future.

It was a semi-directed interview conducted by DT-SU by video-conference, and lasted 30 minutes with the audio being recorded. The three themes were: Confidentiality, General feedback about the project, and the adoption/integration of auralizations following the acquisition of the portable HMD. This interview was not transcribed, only key information being extracted.

IV.4.2 Participants

The actors involved in the emails included all those working on the project (see Sec. IV.2.2), except the client.

The two first meetings included the SU team (BK, DPQ, and DT) and SJ-TP.

The presentation meeting included the client, TP (SJ and FR), and SU (BK, DPQ, and DT).

The technical support meeting gathered SP-TP, DT-SU and DPQ-SU.

The last interview was conducted by DT-SU with SJ-TP.

IV.4.3 Treatment and analysis

IV.4.3.1 Thematic coding (Labelling)

The first step was a chronological concatenation of all gathered emails. Their metadata (date, hour, length, presence of attached document, sender, and recipient(s)) were extracted to provide indicators for the analysis. This chronology enabled the timeline of the project to be traced and an analysis of the temporal distribution of the phases of the project. Secondly, the audio recordings of the four meetings were transcribed.

Emails and audio recordings were subsequently independently thematically analyzed using MaxQDA, and then used a data driven approach for the creation of the thematic tree [START_REF] Braun | Using thematic analysis in psychology[END_REF]. The thematic analysis necessitated four phases:

1. Using all gathered data (including emails and all meetings transcriptions), creation of the thematic tree. This phase also made it possible to obtain a holistic view of the data, needed for its assimilation (⇡ 65000 words in total).

2. Using this thematic tree (whose construction can be an endless iterative and refinement process [START_REF] Gilbert | Going the distance: Closeness in qualitative data analysis software[END_REF]), independent coding of each phase (assignment of text segments to one of the (sub)-categories).

3. Extraction of quantitative data (percentages of coded segments, overall, by phase, and by auralization) for each category and sub-category.

4. For each category, synthesis of the content of sub-categories, and the asso ciated parent categories. This synthesis step made it possible to drastically reduce the amount of data (textual data), from which the main ideas were extracted and reported in the results.

In total, 763 segments were coded (respectively 47.5% for emails and 52.5% for audio recordings; 68% concerned the atrium, 28% concerned the auditorium, the remaining 4% for shared matters). Among these 763 segments, 117 were coded in several categories (⇡ 15%). These segments were coded in the categories reported in Fig. IV.6, where the definitions and an example illustrates the kind of extracts selected.

IV.4.3.2 Statistical analysis

In order to compare two proportions which have a different number of samples overall, Z-test have been performed on the categorial variables, detailed in this section. If p1=y1/n1 is the proportion of the coded segments in a given category for group 1 and p2=y2/n2 the proportion of the same category in group 2, then the null hypothesis is tested:

H0:p1=p2 (IV.1)
The test statistic for testing the difference in two population proportions for testing the null hypothesis is:

Z = (p1 p2) q (p ⇥ (1 p) ⇥ ( 1 n1 + 1 n2 )) (IV.2) p = (y1+y2) (n1+n2) (IV.3)
That is, the null hypothesis H0 is rejected if Z>1.95 or if Z< 1.95. This test has been applied for the following comparisons:

1. Comparing atrium and auditorium coded segments 

IV.5 Results

The results are presented according to the following sub-sections: the observed uses (analysis of the exchanges and discussions) are presented in Sec. IV.5.1,a n da n a l y z e d along the high-level variables of this analysis approach: type of auralization (multimodal atrium vs. intrusive noise auditorium) in Sec. IV.5.1.3 and temporality (Creation in Sec.IV.5.1.4,ReviewinSec.IV.5.1.5, and Presentation phase in Sec. IV.5.1.6).

Finally, an analysis along each dimension of practical acceptability is presented in Sec. IV.5.2. 

IV.5.1 Effective use of auralizations

IV.5.1.2 Auralization framework

The tools involved in the creation of auralizations have necessarily an impact on the end user. In this project, off-line auralizations were created as options for acoustic treatment and specifications were pre-defined, with the objective to achieve the highest level of realism.

Multiple tools (software and hardware) were used for achieving and presenting the final auralizations: 11 software, hardware devices including 2 types of HMDs, and audio hardware. While one can learn independently each software, an additional step is to learn how to integrate all of them, making the whole process more complex. In It should be noted that TP were familiar with auralization and immersive techniques, but not with the additional libraries listed here.

IV.5.1.3 Comparing atrium and auditorium

Ar o u g hi d e ao ft h ec o n t e n to ft h ed a t ar e g a r d i n ga u r a l i z a t i o nu s ea n ds e p a r a t i n go u t the atrium and the auditorium auralization, is illustrated in tions of the various actors (46.6% and 51.6% resp.), followed by a signicant portion concerning the Negotiation aspects with the client (36.4% and 31.9%). The use of auralizations as a Pedagogical tool was observed with both auralizations (resp. 13.6%

and 7.6%), while the Scenario setting was more prominent for the auditorium (8.8% versus 3.4% for the atrium). The content of these are detailed in Sec. IV.5.1.6.

IV.5.1.4 During the creation phase

This phase includes P1, P3, P5, creation phases before presentation to the client.

Segments from P2 and P4 are considered "Review phases ". P7 has been excluded from this "Creation phase".

Auralization Design: textures and screenshots of the glass house that would be great".

The research for suitable Stimuli was a significant part of this Creation phase, needed for the different intented uses of the spaces: for conferences, banquets, small (57.1%). The Negotiation theme (37.5%) was concerned with the preparation of the presentation to the client, making sure the perceptual difference between acoustic treatments were apparent and "obvious". The Pedagogical contribution (7.1%)w a s concerned with the explanation of the concept behind PNC curves, by the acoustician to some of the SU-team that was not familiar with these curves.

IV.5.1.5 During the review phase

This phase comprises P2 and P4. These two meetings, spaced by one week, took place at SU-laboratories, and involved the SU-team that has produced the auralizations, and SJ-TP, who was in direct contact with the client. The aim of these meetings was to assess the auralizations and rehearse for the presentation to the client.

Auralization Design: Regarding the Stimuli,particularatten tionw asgiv entothefilteredin trusiv enoise recordings of the auditorium, which needed spectral adjustments to fit the specified PNC curves provided. As this filtered noise came from crowd noise recordings (see Appendix B), the intensity of the crowd noise (in terms of density, level of excitement)

was also a consideration. Addition of a sub-woofer was decided, as the lowest frequency bands were needed in this intrusive noise auralization, even at the 63 Hz octave band.

Similarly, a modification of the loudspeaker layout to highlight the intrusive noise coming from the Galleria (sub-space) was decided, assuring the impression of direction provenance. The content of the stimuli was debated, as the objective was to have a realistic condition with the noise noticeable for the client. A solo violin was selected for that purpose, allowing to clearly hear the intrusive noise during pauses; more intense (fortissimo vs. pianissimo) and denser pieces were avoided as they applied more masking on the noise. For the atrium, much time was spent to adjust the level of the stimuli, and the balance between the stimulus and the ambiance noise in the "Banquet" configuration, done perceptually based on the impression of SJ-TP, without objective measurements ([SJ-TP, P6]: "It's too loud, but at least I feel the reverb",and "What's the decibel I'm listening to?"). At the same time, the Scenario for the presentation was planned (17.2%), debating which stimulus to play first, in which order, if the demo would start with or without apparent background noise, with the objective to have the client understand and notice the differences between conditions (to persuade the client to install the isolating structure for instance), in preparation of the Negotiation (9.4% of codes in this theme).

The Pedagogical aspect was minor, and concerned the explanation of the PNC curve concept from TP to some of the SU-team, with the support of the auralized background noise, as illustrated here [SJ-TP, P4]: "Ok, this is perfect. We need to play this to the client, so you save it, telling him that this is what we propose as a conception criteria. Meaning when you are in the room, you hear nothing, and al l our recommandations are based on this criteria" .

IV.5.1.6 During the presentation phase

This meeting lasted two hours and 20 min. The first hour was spent on the auditorium auralization and the remaining time on the multi-modal atrium auralization. "Can you put in the absorbent material"), listened, and observed all components of the simulation and the model, from the lighting conditions to the walls and ceiling coverage, distance impression, to the design of the sound system that produced the amplified music that was virtually reproduced (see Sec. IV.5.2.4 for illustrations).

Constructive discussions about the stimuli and the various acoustic configurations arose: differences between male and female voices, and the impact of the various absorption treatment options on these different stimuli were understood by the client.

The importance of the stimuli was notable, even for the client, who asked for a specific (orchestral) sound source at the beginning of the presentation, as illustrated here [The client, P6]: "I've always found jazz very difficult, as opposed to more orchestral yes.

[...] There's no question, I think jazz is very specific, a very intrusive sound because of the brass, because of the clarity of some of the instruments".

Client Presentation: In contrast to the previous phases, the presentation was mainly concerned with Negotiation aspects (48.4%), followed by a large part of Listening (35.2%), and interestingly an increased contribution in the Pedagogy category (14.8%). Only 1.6% was concerned with Scenario setting ([SJ-TP, P6]: "Imagine yourself in an auditorium waiting for a concert").

While some coded data can not be detailed here for confidentiality reasons, two important aspects were prominent during this presentation: the Negotiation aspect, and the Pedagogical aspect. The auditorium auralization demonstration was actually a Negotiation moment, while the atrium demonstration encompassed a lot of pedagogy from the acoustician to the client. To achieve this realism, the selection of the stimuli proved to be crucial, and fine adjustments were needed such as precise level settings (perceptual) or balance between actual sound source and background noise. Furthermore, filtered ambient noise recordings were required to produce the auralizations for the several intended uses of both the atrium and the auditorium.

The presentation to the client unfolded differently for the two auralizations: the intrusive noise auralization of the auditorium turned into a Negotiation meeting in which the client and the consultant argued against and in favor of the addition of a surrrounding isolating box to reduce the noise, respectively arguing for the excessive cost regarding the program's budget, and the comfort both for listening and for the musicians playing. In contrast, the atrium auralization allowed for presenting pedagogically the various acoustic configurations to the client, who step-by-step experienced the different conditions, preceded with verbal explanations, opening a dialogue on the proposed options for the acoustic design.

IV.5.2 How the case study highlights the acceptability of auralization in acoustic design?

This section presents an analysis of the encountered difficulties, according to each dimension of practical acceptability (see Sec.II.3.2 [START_REF] Nielsen | Usability Engineering[END_REF]), including Learnability, Errors, Satisfaction, Efficiency, Cost, Compatibility, and Reliability. The dimension Memorability is not discussed as the acquired data did not provide information regarding this dimension. segments is low, and conclusions should be drawn carefully (the larger the number of segments, the more reliable the percentages are). Still, this absolute difference shows that many more difficulties were encountered for the more advanced multimodal atrium auralizations, due to the multiplicity of devices, software and compatibility issues.

Fig. IV

.9 shows that the most significant difficulty encountered for the atrium was related to New technologies (24.6%), while the auditorium exchanges mostly concerned

Cost and Budget discussions (56.5%). The Lack of skil ls and Compatibility issues represented significant difficulties for the atrium (resp. 15.8% and 13.2 %), but did not appear for the auditorium. Finally, the Time factor, Hardware issues,andHuman errors were represented for both auralizations.

The difficulties related to New technologies were concerned with issues concerning the portable HMD, which had a limited audio output level for headphones, necessitating the use of an external amplifier to obtain the desired level, as well as issues concerning the playing of HOA-360°videos on this HMD. The use of ShowTimeVR in terms of both installation and the use of a remote control also proved to be laborious for the TP consultant (Lack of Skil ls ), needing technical support from SU. The Cost was related to the Negotiation during the auditorium presentation, as well as the cost of the additional software ShowTimeVR. Compatibility issues were encountered with GA models, and Visual models, mostly for the player of HOA-360°videos. Time difficulties concerned the frequent tight deadlines and last-minute requests (and delays for the deliverables), as well as the computation time GA simulations could take. Hardware issues concerned the portable HMD (battery, output audio level, HOA-player instability), as well as unexpected computer crash. Finally, Human errors were re-over, there are often updates (or new formats, codecs) that should be followed, that could otherwise potentially lead to incompatibilities or unexpected bugs. For instance, the acceptable 360°HOA format on the Oculus changed during the project (from 9channels FuMa (that specifies a channel ordering (W X Y Z R S T U V for the 2 nd order) [START_REF] Malham | Higher order ambisonic systems for the spatialisation of sound[END_REF] As software, hardware can also cause unexpected problems, as was the case in this project, when the main computer running the auralizations broke down a few days before the visit of TP to the laboratory for rehearsals, necessitating the support from the computer's brand company, introducing an additional time delay.

Another observed source of error was categorized as human errors,a sar e s u l to f organizational determinants. These included careless mistakes in emails, or sending the wrong data (two occurences of this problem were detected: when sending the architectural visual model, some elements were missing, and when sending the PNC frequency curves, although they were corrected afterwards by email).

IV.5.2.4 Satisfaction

The observation of the presentation meeting clearly showed the engagement of the client in the simulations, particularly for the multi-modal atrium auralizations. This observation is supported by the numerous questions asked by the client during the simulation, to listen to a particular stimulus, as illustrated by the following quote [The client, P6]: "Can you hear what I hear? ", "What's on the roof ? ", "And with the full absorbers now? ".

The post-project interview (P8) which aimed at obtaining the feedback from TP about the project revealed two main points: first, the client did not select any of the suggested acoustical treatment options for the atrium. Secondly, TP now proposes auralization as a service to their clients, in collaboration with SU; they bought the portable HMD that was used during the collaboration, for its portability and its ease of use, demonstrating their interest and overall satisfaction.

IV.5.2.5 Efficiency

Efficiency refers to the expert user's steady-state level of performance at the time when the learning curve flattens out [START_REF] Nielsen | Usability Engineering[END_REF].

In terms of productivity, the creation of all these auralizations involved three researchers working during more than one month for the first deliverables for presentation to the client, and three additional months at a less intense rythm for the creation of the remaining multimedia files. Still, the process of creation could be optimized for future projects (by standardizing scripts, having command line interface for launching GA simulations, or already having a wider anechoic ambient noise and stimuli database (Thery and Katz, 2019;[START_REF] Azevedo | Auralization as an architectural design tool[END_REF][START_REF] Hochgraf | Auralization as a tool for acoustical design of restaurants and public spaces[END_REF]).

During the post-project interview (P8), while asking about their adoption of the technology following this collaboration, SJ-TP mentioned the difficulty of selling auralizations to the client, primarily because it is still time consuming. Real-time auralization engines may solve partially this problem, but only if reliable (producing realistic auralizations), well-integrated and easy-to-use tools are becoming available [START_REF] Noisternig | Framework for real-time auralization in architectural acoustics[END_REF][START_REF] Schröeder | Raven: a real time framework for the auralization of interactive virtual environments[END_REF]Raghuvanshi and Snyder, 2018).

IV.5.2.6 Cost

While some data are kept anonymized, these high-quality auralizations represented a significant investment, often not affordable in usual projects.

Time was seen as the most limiting factor to the use of auralizations during the post-project interview. Furthermore, the Time category contained 20 coded segments, representing 13.5% of the encountered difficulties, mostly from the email exchanges (see Fig.

IV.9). The GA computation time was discussed, which can take several days depending on the algorithm used and the complexity of the GA model, but most often the Time factor concerned last-minute demands or unanticipated deadlines due to the client, which is a common constraint in such architectural projects.

IV.5.2.7 Compatibility

While rather well rated in the survey (see Chapter III), some incompatibilities appeared in this project: first, during the Creation phase,f o rt h er e c e p t i o no ft h eG Am o d e l :

initially created in ODEON by TP, the material file was not present at the opening by SU, due to a version mismatch.

As e c o n dc o m p a t i b i l i t yi s s u ec o n c e r n e dt h e3 6 0 °videos and the associated second order Ambisonic audio: while spatial audio formats are starting to be standardized in the audio industry (e.g. SOFA [START_REF] Majdak | Spatially oriented format for acoustics: A data exchange format representing head-related transfer functions[END_REF]), the formats used in this project (.tbe for audio, .mkv for video) are not yet common in the architectural acoustic community: for instance, no software to remotely control the presentation was freely available for iOS devices or for the Oculus Go, requiring to buy another software (ShowTimeVR).

IV.5.2.8 Reliability

Reliability can be taken from two points of view: from a pure technological one, including all the tools used (stability / compatiblity of the tools), or from the reliability of the rendering, namely how close to reality is the auralization.

For the former, it has been shown that a significant amount of errors can occur, due to the New technologies and Compatibility factors, respectively representing 23% and 14.2%, a total of 37.2% (55 occurences) of the encountered difficulties. These included the following potential sources of errors, or unreliability: audio and video formats, Ambisonic channel ordering, the absence of spatial audio-video reader on iOS iPad, application contents' tree view dependent on the Operating System.

From the latter point of view, precision in the process of creation and calibration of the models gives confidence in the produced aural results. The need to achieve realism was prominent during the review phase (27.9% of the codes related to Auralization design). RT specifications were given with the aim to have a realistic space with regards to the program. Effective choice material (overall frequency content, presence of low frequencies, presence of pauses, density, listening level) was a key element (⇡ 29% overall for influence of the stimuli)thathelpsputtinginevidenceparticularelemen ts, as illustrated by the following quote from SJ-TP during the first review phase, that showed the influence of a male vs. female voice in the perception of the effect of the low-frequency absorbers [SJ-TP, P2]: "This is good because we show that the AQflex have an effect on the low frequencies of the male voice" .

IV.6. Discussion 109 IV.5.2.9 Summary of the main results concerning practical acceptability of auralizations

Multimodal auralization first suffer from its Learnability,p a r t l yd u et ot h ev a r i e t yo f tools, software, and programming languages needed for the production of high-quality auralizations. The constant evolution of the tools, and the availability of new devices (such as the Oculus Go in this case), require the professional to monitor technological developments to stay up-to-date. This large variety of tools leads to a large number of sources of errors and delays. Other difficulties were observed regarding compatibility issues, the lack of experience of the user, or the reliability and stability of the tools themselves. The reliability of the rendering remains a key factor, with the necessity to obtain a realistic rendering for presenting the auralization to the client, that needs carefully chosen material, adapted to the actual uses of the space.

Time and Cost are still impeding factors to the use of auralizations, as discussed in the post-project interview. Still, the use of immersive and portable technologies proved to be useful to the consultant as they decided to acquire a portable HMD.

IV.6 Discussion

This study consisted of the observation of the use of auralization in an actual architectural project, from its creation to its presentation to the final client, in the context of ac o l l a bo r a t i o nbe t w e e nar e s e a r c hl a bo r a t o r ya tS o r bo n n eU n i v e r s i t ya n da na c o u s t i c consultant, Theatre Projects.

The analysis of this project provides a single example, and hence a quite narrow view. It might have been completely different for another project, acoustic consultant, auralization creation team, or final client (as reported in Chapter III,t h ea c o u s t i c i a n always has to adapt his/her use of auralization to the client). Moreover, for confidentiality reasons, some data has been removed from the analysis, which supported the conclusions drawn in the following.

The project included two spaces to auralize, an atrium and an auditorium, with two different aims. The atrium auralization was created with three acoustic treatment options, to reduce the amount of reverberation expected in this large space surrounded by glass. An accompanying visual model was supporting this auralization, which was rendered binaurally in VR with HMD. The auditorium auralization was created to assess the impact of an intrusive noise coming from a sub-space.

The first result from this study is that these two different aims resulted in very different requirements and use of the technology. Differences include the method used for the creation of the auralization (using either GA simulations, or simple reverberation synthesis in SPAT), the tools used and sound rendering systems (either binaural or multi-speakers layout), or even how the presentation to the client unfolded (either opened the discussion, or turned into an argument and a negotiation about the cost of the proposed solutions). In this way, the aim of the auralization, and the intended use of the space, drive the use of auralization.

The analysis of the temporality of the project led to the definition of three phases: creation, review, and presentation phases, each encompassing different uses. The creation phase necessitated many email exchanges including various information and data exchange (from GA and visual models, to material absorption frequency curves, or background noise measurements curves). The review phase needed many informal perceptual evaluations in order to reach the most plausible simulations. The scenario setting for the presentation was also a significant consideration in the two review meetings. Finally, the presentation to the client turned out to be very different for the two auralizations: the auditorium resulted in a discussion based on budget restrictions, while the atrium auralization was beneficial as it started a real dialogue, and let the client fully understand the impact of the acoustic design choices.

The use of auralization in these cases enabled the client to directly experience the space, and understand better the direct impact of the acoustic design choices. The client was pedagogically guided through the different conditions, supported by verbal explanations of the acoustic configuration he was presently listening to. In this way, auralization is very much a communication tool, as highlighted in Chapter III.

The pedagogical role of auralization was also mentioned by the acoustic consultant, who would use it with the support of 360°videos rendered for a portable HMD, in training, or during conferences on music and architecture [START_REF] Loures Brandão | Virtual reality as a tool for teaching architecture[END_REF]. However, it should be noted that current auralization tools are not designed to integrate this pedagogical component, that could allow direct experience of acoustic concepts such as reverberation, absorption, and diffusion, through interfaces designed for the purpose of training. These tools are built for acousticians, and require a nonnegligible technical background to be able to use them properly. This pedagogical function could therefore drive the conception and design of the next generation of better integrated auralization tools.

On the other hand, the observation of the technical aspects (the process of creation) revealed many potential optimizations needed (particularly for multimodal auralizations), as many difficulties were encountered due to these new and unsteady technologies, and the lack of an ecosystem that integrates all the needed components (Visual, VR, IR simulations, Convolutions).

The Learnability of this technology remains an impediment to its integration, rendered difficult by the diversity of tools, software, and programming languages needed to produce high-quality auralizations. These are amplified by the regular updates that need to be followed, and the constant evolution of tools, notably the rapid evolution of VR technologies.

Standardization of 3D formats (both for visual models and for audio) is still to be reached, and produce time waste through incompatibilities; examples in this project include the HOA-reader for HMD or visual model compatibility issues. One way of optimization will certainly be cloud-based 3D models, shared by all project actors, such as BIM (Building Information Modeling, which represents the development and use of computer-generated n-dimensional models to simulate the planning, design, construction and operation of a facility), with the integration of VR [START_REF] Davidson | Integration of vr with bim to facilitate real-time creation of bill of quantities during the design phase: a proof of concept study[END_REF]a n da c o u s t i c s . A l s o ,t o o l sr e a d yt ou s eb ya r c h i t e c t sa n da c o u s t i c i a n sa r es t i l l lacking [START_REF] Pelzer | Integrating real-time room acoustics simulation into a CAD modeling software to enhance the architectural design process[END_REF].

From the point of view of the author, auralization adoption, which was shown to be quite low in Chapter III,i sh i g h l yd e pe n d e n to nt h ea d o p t i o no fV R / A Rt e c h n o l o g i e s by the architectural community. However, although Goldman Sachs (The Goldman Sachs Group, 2016) plan a high growth for VR/AR technologies, the adoption is still in its infancy [START_REF] Lee | The adoption of virtual reality devices: The technology acceptance model integrating enjoyment, social interaction, and strength of the social ties[END_REF][START_REF] De Klerk | Usability studies on building early stage architectural models in virtual reality[END_REF], but big tech companies, including Google, Apple, and Facebook (and their Chinese equivalents BATX), will play a key role in its diffusion, with the role of media, fashion, and technology [START_REF] Herz | Understanding the diffusion of virtual reality glasses: The role of media, fashion and technology[END_REF] 

IV.7 Conclusions

This chapter presented a practical case of acoustic design using auralization, which was observed and described based on the analysis of email exchanges and audio recordings of meetings. The present study highlighted actual uses, categorized in two families:

Auralization design and Client presentation. The Auralization design family encompassed the following aspects: GA simulations, Acoustic design, Sound design, the need to achieve Realism, Multi-purpose hall, Visual models,a n dStimuli influence. The Client presentation family encompassed Listening, Negotiation, Pedagogy,a n dPlanning scenario.

The analysis of practical acceptability highlighted the unpredictable character of events in such projects, whether due to material issues, human errors, or organizational difficulties. To reduce these issues, auralization would benefit from the homogenization of tools, formats, 3D software, as well as a unique ecosystem enabling the production of high-quality multimodal auralizations among the architectural (acoustics) community.

Furthermore, the p edagogical function should b e integrated in such to ols, as it was one of the main aims identified in this study.

Acousticians and architects need to receive training for the still emerging technologies of virtual/augmented reality and spatial audio. From the author's point of view, auralization adoption is highly dependent on the adoption of VR technologies by the architectural community. Therefore, efforts are needed to deploy them by informing the community of the potential benefits. Collaborations such as the one presented here between acoustic consultants and researchers would be a good starting point, and would benefit both, allowing for sharing infrastructure facilities, knowledge transfer, but also providing researchers with the possibility to conduct in-situ studies and access to large-scale projects, to further our understanding of the uses and their evolution following technology developments.

Finally, the integration and adoption of these technologies highly rely on the reliability and realism of the renderings to make informed design choices. Perception studies assessing the impact of rendering interfaces, including both sound reproduction methods and (VR) visual rendering interface, will be investigated in the remainder of this thesis.

Chapter V Pensez à être moins curieux des personnes que de leurs idées.

Auralizations

Marie Curie

Chapter V. Auralizations in multimodal environments

This chapter is divided in two main sections. Sec. V.1 presents a perceptive experiment of auralization assessment in multi-modal environment, while Sec. V.2 presents a database of anechoic recordings intended to facilitate this type of experiment in future studies.

V.1 Impact of the visual rendering system on subjective auralization assessment in VR It should be noted that the experiment presented in this chapter took advantage of an exisiting visual and acoustical model of the Théâtre de l'Athénée,asw ellasexisting audio-visual recordings of actors playing on stage. However, the integration of these components, the rendering on the different VR interfaces, as well as the experiment design were performed by the author of this thesis. Results analysis and reporting were performed collaboratively with the co-authors of the paper.

V.1.1.1 Objectives

As introduced in Chapter I,o n eo ft h er e q u i r e m e n t st om a k ec o n fi d e n td e s i g nc h o i c e s using auralization is the reliability of the rendering. A potential factor of variability is the visual rendering interface when rendered in multi-modal environments. To assess the needed stability of auditory perception across different VR interfaces, this chapter presents a perceptive experiment comparing a CAVE-light to an HMD, where listeners are immersed in a virtual audio-visual representation of a theater scene.

V.1. Impact of the visual rendering system on subjective auralization assessment in VR 117

V.1.1.2 Related work

Auralization is used in a variety of VR applications, from virtual concert reproduction and archaeological acoustics to architectural design [START_REF] Postma | Subjective evaluation of dynamic voice directivity for auralizations[END_REF][START_REF] Postma | Subjective evaluation of dynamic voice directivity for auralizations[END_REF][START_REF] Sender | Virtual acoustic reconstruction of a lost church: application Bibliography 281 to an order of saint jerome monastery in alzira, Spain[END_REF][START_REF] Alvarez-Morales | Virtual reality in church acoustics: visual and acoustic experience in the cathedral of Seville, Spain[END_REF][START_REF] Boren | Acoustic simulation of bach's performing forces in the thomaskirche[END_REF]. When designing such sensitive applications, it is important to understand the impact of the visual rendering on auditory perception.

Previous studies have examined the impact of the VR visual rendering system on perceptual judgments of visual scenes. [START_REF] Shiratuddin | A comparison of virtual reality displays -suitability, details, dimensions and space[END_REF] Concerning multimodal renderings, numerous studies on environment perception highlight the interaction between visual and auditory modalities [START_REF] Fastl | Audio-visual interactions in loudness evaluations[END_REF][START_REF] Volz | Interaction between picture and sound on the perception of an observer[END_REF][START_REF] Stein | Behavioral indices of multisensory integration: orientation to visual cues is affected by auditory stimuli[END_REF]. [START_REF] Miyakawa | The effects of visual information on the impressions of environmental sounds[END_REF]observedthatdependingonthevisual scene associated with different sound sequences, the evaluation of the perceived sound level and aesthetic qualities were different. [START_REF] Carles | Sound influence on landscape values[END_REF]s t u d i e dt h ei m p a c to f audio-visual coherence on subjects' affect when presented with pairs of soundscapes and images (urban spaces and natural scenes). [START_REF] Kitigawa | Hearing visual motion in depth[END_REF]concluded that interaction between these modalities occured only when they were congruent, observing that the visual component prevailed otherwise.

The effect of vision on the perception of some spatial acoustic parameters like localization or distance has been studied in detail. A thorough review can be found in [START_REF] Calcagno | The role of vision in auditory distance perception[END_REF]. Besides recalling the essential cues linked to the perception of acoustic distance (loudness, direct-to-reverberant ratio, spectral content, and the type of the source), they also discuss the notion of "proximity image effect". This effect was first described by [START_REF] Gardner | Proximity image effect in sound localization[END_REF], showing that subjects presented with a row of speakers in an anechoic space always selected the nearest "rational location" as the apparent position of the audio source. [START_REF] Zahorik | Estimating sound source distance with and without vision[END_REF]studiedthispro ximit yimageeffect, along with the "visual capture effect", showing that the visibility of a sound source improves sound localization performance, in addition to reducing response variability.

ApioneeringVRstudyontheimpactofvisualfeedbackonauralizationperceptionwas

realised by [START_REF] Larsson | Ecological acoustics and the multi-modal perception of rooms: real and unreal experiences of auditory-visual virtual environments[END_REF]. They conducted listening tests under the following conditions: 1) auralizations only, 2) auralizations accompanied by photos, 3) auralizations with a virtual visual model of the room using a HMD, and 4) auralizations in the actual room (real situation). Results showed that real and virtual conditions (3 and 4) led to significantly wider source width judgments than conditions 1 and 2 (audio only and audio + photos).

Finally, Postma and Katz (2017b)s t u d i e dt h ei m p a c to ft h ep r e s e n c eo fv i s u a l feedback on subjective auralization assessment, using the same framework, and on the same attributes utilized in this present study. Based on their results, they classified subjects in three different groups: 1) subjects who judged the scene acoustically further away when the visual distance increased, 2) subjects who judged the scene acoustically louder when increasing the visual source-listener distance, and 3) subjects for whom the acoustic evaluation was not influenced by visuals. Results further showed that the VR visual feedback also affected the perception of the apparent source width.

In this chapter, listening tests are conducted in which subjects are immersed in a virtual theater, either in a CAVE-light system or with an Oculus DK2 HMD, and have to evaluate the auralization of a play ("Ubu Roi" from Alfred Jarry, Act I Scene 1) using the following acoustical attributes: Plausibility, Distance, Loudness, Apparent Source Width, Listener Envelopment,a n dReverberance.

This section is organized as follows: Sec. V.1.2 describes the experimental framework and Sec. V.1.3 the protocol. Sec. V.1.4 presents the acoustic parameters rating results, followed by a discussion in Sec. V.1.5 and a conclusion in Sec. V.3.
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V.1.2 Experiment environment

This section describes the overall system architecture, evolved from the framework by the BlenderVR framework [START_REF] Katz | BlenderVR: Open-source framework for interactife and immersive VR[END_REF].

V.1.2.1 Audio rendering framework V.1.2.1.1 GA model
The GA model of the theater was realized in CATT-Acoustic [START_REF] Dalenbäck | CATT-A v9: User Manual CATT-acoustic v9[END_REF]. Its calibration was based on in-situ measurements, following the method described in [START_REF] Postma | Subjective evaluation of dynamic voice directivity for auralizations[END_REF]. Said method consists of comparing simulation results with in-situ measurements through objective acoustical parameters comprising Early Decay Time (EDT), Reverberation Time (T20), and Clarity (C50 & C80) as defined in ISO-3382-1 (2009). The acoustic material and geometry of the GA model were iteratively corrected to minimize both average error and variance of the simulated RIR parameters compared to measurements. The pairs of source-receiver locations used for the calibration steps were representative of those used for the subsequent auralizations. This objective calibration was further validated based on a subjective paired comparison listening test, focusing on Just Noticeable Difference (JND) thresholds between measured and simulated auralizations. Both objective and perceptive calibration results are presented in [START_REF] Postma | Subjective evaluation of dynamic voice directivity for auralizations[END_REF].

V.1.2.1.2 Convolutions and directivity inclusion

Second order Ambisonic [START_REF] Gerzon | Ambisonics in multichannel broadcasting and video[END_REF] to anechoic recordings (i.e. direct sound only, without room response contribution) by assuming the presence of a sufficiently high direct-to-reverberant ratio, although not measured. The resulting 3D Ambisonic audio stream was rotated at rendering in realtime according to the subject's head orientation and decoded for binaural rendering using the virtual speaker approach [START_REF] Noisternig | A 3D ambisonic based binaural sound reproduction system[END_REF]. Spatial audio processing was handled by the SPAT audio library [START_REF] Carpentier | Twenty years of ircam spat: Looking back, looking forward[END_REF]. Head-tracking data and experiment related control messages were dispatched from the BlenderVR [START_REF] Katz | BlenderVR: Open-source framework for interactife and immersive VR[END_REF]s c e n eg r a p he d i t o r( s e eS e c .V.1.2.2).

Due to computation costs, dynamic rendering of source position was not possible.

Therefore, 3 receiver positions were defined for the simulations: R1, R2,a n dR3 (see panning of the post-convolution Ambisonic sound streams was used to approximate actor positions between the defined source positions [START_REF] Mariette | Sounddelta : a study of audio augmented reality using wifi-distributed ambisonic cell rendering[END_REF]. Actor voice directivities and dynamic rotation were achieved using a spatial decomposition and rendering technique applied between directional Ambisonic RIRs simulated in the GA model (see [START_REF] Postma | Subjective evaluation of dynamic voice directivity for auralizations[END_REF]; Postma and Katz (2017a)). Each acoustic source was decomposed into 12 uniformly spaced beam patterns, with a directional RIR simulated for each source-beam-receiver combination. Weighting coefficients for the different beam patterns as a function of frequency were based on spherical decomposition of acoustic voice directivity data [START_REF] Chu | Detailed directivity of sound fields around human talkers[END_REF]. Actor head orientation and position were defined based on the Kinect video of the play taken during the recording session (see Sec. V.1.2.2).

V.1.2.2 Visual rendering framework

V.1.2.2.

Visual model and VR rendering

This section details the creation of the theater's visual model and its rendering on the VR system, along with the integration of actors' avatars in the virtual scene.

The initial mesh creation and texturing of the model was performed in 3dsMax The theater model was then imported into BlenderVR for real-time rendering on the CAVE-light system and the Oculus Rift DK2 HMD. The specifications of these two systems are presented in Table V.1.

The CAVE-light system is illustrated in Fig. V.1. The system is based on a set of 3 screens stretched on a light-weight U-shaped structure on which the virtual scene is projected using a single wide-angle lens projector (1280⇥1024 resolution). Compensation for the non-orthogonal projection surface is based on a standard homography technique [START_REF] Poirier-Quinot | Augmented auralization : Complimenting auralizations with immersive virtual reality technologies[END_REF]. Non-stereoscopic adaptive rendering is achieved based on subject head tracking data from an OptiTrack infrared camera system.

The rendering on HMD was simply performed in Blender by attaching the appropriate python script from oculusvr, in which a module 'hmd' was available.

V.1.2.2.2 Actor point cloud inclusion

Actor avatar creation was based on RGB and depth video of a Kinect 2 sensor used to record the 5 minute extract of the play. The Kinect video stream was handled by a V.1. Impact of the visual rendering system on subjective auralization assessment in VR 123 

V.1.3 Experiment Setup and Protocol

The experiment comprised two sessions, one for each of the VR rendering conditions.

V.1.3.1 Attributes

For both the CAVE-light and HMD conditions, subjects rated the rendered scenes according to each of the following perceptive acoustic attributes on a scale from 0 to 6. This seven-point scale was chosen to allow the participants to rate the attributes at the maximum and minimum of the scale while providing good spacing between values (see Sec. V.1.3.3).

• Each of the 14 subjects (10 men, 4 women, mean age 31.9 ± 6.4 years) undertook both VR rendering conditions, spaced in time by at least 10 days (1 month maximum for one of the subjects). This delay was employed to mitigate any task learning effect.

Subjects were tested for absence of hearing loss prior to the experiment; all subjects had ahearingthresholdoflessthan20dBhearinglevel(HL)ineitherearacrossfrequencies from 125 Hz to 8000 Hz.D u et ot h ec o m p l e x i t yo ft h el i s t e n i n gt a s k ,s u b j e c t sw e r e
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Rendered scenes comprised all combinations of the 3 auralization positions (A1, A2,a n dA3)a n dt h e3v i s u a lp o s i t i o n s( V 1, V 2,a n dV 3), resulting in 9 audio-visual combinations. Each scene was repeated 3 times resulting in a total of 27 trials. From the 9 possible scenes, 3 are referred to as congruent (i.e. when the auralization position matched the visual position (A1V 1, A2V 2,a n dA3V 3)), while the remaining 6 combinations are referred to as incongruent with respect to audio-visual position.

Audio-visual configurations were randomly presented and no configuration was presented more than twice consecutively. Each VR rendering condition started with a training session consisting of 3 trials, where subjects were introduced to the VR system, the evaluation interface, and the task at hand.

V.1.3.3 Evaluation interface

The physical interface used for subject rating for both VR system conditions was a Behringer BCF2000 mixing console, comprising 6 sliders for attribute ratings, and In order to maintain a unique interface for both conditions, an interactive virtual representation of the interface was designed for this condition (see Fig. V.3(b)). In addition to the visual feedback, tactile landmarks were included between each slider on the physical interface, to help with identification of the rated attribute. The hands of the subject were not represented in the virtual scene.

V.1.4 Results

To create comparable results across configurations, a normalization was applied on subjects' ratings by attribute, subject and VR system, and across all configurations, based on the standard score equation:

z = x µ σ (V.1)
where z is the normalized rating, x the original rating, µ the mean of the subject's ratings for the acoustic attribute over all trials on a given VR system, and σ the corresponding standard deviation. While this normalization voids any direct inter-VR system rating comparisons, its application removes any potential order effect that could have been introduced by subjects, all starting with the CAVE-light condition.

As such, analysis is generally concerned with any observed difference in trends across configurations between the two visual rendering systems.

Result significance was assessed using a Wilcoxon signed rank test (p-value threshold of α =0 .05), since all compared paired-sample distributions proved to be nonnormal 3 .R e p e a t a b i l i t yo ft h en o r m a l i z e dr e s p o n s e sw a sc a l c u l a t e df r o mt h ea b s o l u t e difference between the normalized responses across repeated trial configurations, to give an idea of the reliability of subject's ratings. The mean difference between repetitions for each attribute, across all subjects and audio-visual configurations were:

Plausibility = 0.4, Distance = 0.6, Loudness = 0.6, Apparent Source Width = 0.4,
Listener Envelopment = 0.5, Reverberance = 0.6. These values aid in the interpretation of the results in the subsequent sections.

V.1.4.1 Congruent audio-visual configurations

This section focuses on congruent audio-visual configuration ratings for both HMD and CAVE-light systems, reported in Fig. V.4.F i r s t ,a sm i g h tb ee x p e c t e d ,a u r a l i z a t i o n s

3 Normality assessment based on Kolmogorov-Smirnov, Lilliefors and Jarque-Bera tests.
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were perceived as significantly more distant when subjects were positioned further away from the scene in both systems. Only CAVE-light A2V 2 and A3V 3 configurations were not reported as significantly different, that can be highlighted as an impact of the VR system.

Second, auralizations were perceived as significantly louder, wider, more enveloping, and more reverberant in A1V 1 as compared to A2V 2 and A3V 3,e xc e ptf orASW in the Cave-light condition. In this way, the VR system did have an impact for the evaluation of ASW.

Additionally, 3 of these attributes (Loudness, Listener Envelopment, Reverberance ), were perceived higher in A3V 3 than in A2V 2 (see Table V.2).

Finally, no significant differences were observed on plausibility ratings between audio-visual configurations in the CAVE-light condition. In contrast, the A2V 2 configuration was judged as significantly less plausible than A1V 1 and A3V 3 in HMD condition.

In summary, a relative stability of auditory perception was observed across VR systems, with a significant impact on the evaluation of ASW and LEV in some conditions.

V.1.4.2 Impact of visual position on acoustic attribute ratings

In order to assess the impact of the visual modality on the auditory perception of auralizations, ratings are presented by visual position (combining all auralizations for the given visual position, including congruent and incongruent audio-visual configurations) in Fig. V.5.R a t e da c o u s t i cDistance was significantly impacted by the visual feedback similarly for both VR systems. V1 was perceived as significantly closer than V2, itself perceived as significantly closer than V3. A similar impact was observed on the perceived Loudness : judged as significantly louder when increasing visual distance from V1 to V3 for both VR systems. Apparent Source Width and Reverberance were perceived significantly lower at V3 than at V1 and V2 in HMD, whereas only a trend was observed in CAVE-light condition (non-significant). No impact of the visual position was observed on Envelopment ratings. Results of Plausibility ratings for congruent and incongruent configurations is shown in Fig. V.6.F o rv i s u a lp o s i t i o nV 1, A1 was significantly rated as more plausible than A2 and A3.N os i g n i fi c a n td i fferences were observed between V 2 and V 3 visual positions across all auralization positions, for both VR rendering conditions.

These results suggest that the VR rendering system has no impact on the perceived auralization Plausibility.

V.1.4.3 Impact of auralization position on acoustic attribute ratings

To assess the effect of the auralization position on the acoustic evaluation (as intuitively it is supposed to be the most influencing factor), results are presented by auralization position, combined over all visual positions in Fig. V.7. Plausibility ratings of A1 were significantly higher than A2 in the HMD condition and significantly higher than A3

V.1. Impact of the visual rendering system on subjective auralization assessment in VR 129 130 Chapter V. Auralizations in multimodal environments in both systems. In both VR systems, A1 was perceived as significantly closer than both A2 and A3. Apparent Source Width, Listener Envelopment, Reverberance and Loudness all followed a similar trend: A1 was judged significantly higher than A2 and A3,itselfjudgedhigherthanA2 (though not always significantly, see Table V.2). This V-shaped trend is discussed in the next section. 

V.1.5 Discussion

Globally, results indicated that the choice of VR visual rendering system had little impact on the subjective evaluation of selected acoustic attributes. For congruent audio-visual configurations, all attributes followed similar trends on both systems, except for the case of Envelopment where A2V 2 and A3V 3 were comparable in the CAVE-light condition while significantly different in the HMD condition, and conversely ASW where A1V 1 and A2V 2 were comparable in the HMD condition while significantly different in the CAVE-light condition.

[i,j] [1,2] [1,3] [2,3] [1,2] [1,3] [2,3] [1,2] [1,3] [2,
This is encouraging from an ecological validity point of view, since these configurations could be extended to real-life applications. Similar trends were also observed across the two VR systems for the impact of the VR visual and audio position on attribute ratings. Based on these results, the choice of the visual rendering system during the room acoustic design process can thus be made based on other practical considerations (cost, multi-users, portability, etc.) without altering the inter-position relationships of the perceived acoustical parameters considered in this study. It should be noted that these results do not necessarily apply to more complex scenarios where the user would be required to explore the virtual environment.

The results reported in Sec. V.1.4.2 confirm the impact of visuals on both perceived acoustic distance and loudness. Regarding Distance,p r e v i o u ss t u d i e sr e p o r t e d that increasing visual source-receiver distance resulted in an increase of the perceived acoustic distance [START_REF] Larsson | Ecological acoustics and the multi-modal perception of rooms: real and unreal experiences of auditory-visual virtual environments[END_REF][START_REF] Thery | Impact of the visual rendering system on subjective auralization assessment in vr[END_REF]. The less intuitive effect on Loudness, i.e. that auralizations are judged louder when increasing the visual distance, was also reported in Postma and Katz (2017b)a n dBarron (1988), suggesting that subjects are making loudness judgments based on expectations issued from visual cues: e.g. scene loudness being a judgment of the source's loudness, corrected by the expected visual distance attenuation.

Concerning the results on auditory perception across visual positions in Sec. V.1.4.3,t h eV -s h a pe dt r e n do b s e r v e do nApparent Source Width, Listener Envelopment, Reverberance,andLoudness ratings could either be attributed to the presence of nearby reflective walls in both closest and farthest positions (scene back wall and theater back wall resp.), or to general acoustic energy increase at the theater balcony due to the room geometry. Finally, A1 being rated higher than A2 and A3 could be related to the actor's position tracking, being more pronounced for the near-stage auralization compared to positions A2 and A3. The V-shaped trend is not present in the Listener Envelopment ratings for the CAVE-light condition, where A2V 2 was not significantly different from that of A3V 3.

This experiment was to be extended with the inclusion of a third VR system, namely a large high-resolution 4 face CAVE. However, numerous technical issues occurred with the system that the experiment needed to be canceled. These issues included synchronization lost between the cluster computers, tracking latency with a high-quality ART system, or the breakdown of a 4K-projector lamp. To the knowledge of the author from discussions with the VR community, these kinds of issues often occur with such complex large CAVE-systems, making difficult their use in conception projects. However, they can achieve a high degree of presence while reducing the risk of motion-sickness as compared to HMDs. Listeners could stay longer without wearing a headset in such environments, which provides the possibility to get closer to real-life situations, and better assess recreated musical experiences [START_REF] Pätynen | Concert halls with strong and lateral sound intensity increase the emotional impact of orchestral music[END_REF].

To conclude, this experiment could be repeated with the new generation of HMDs, with newly portable device availability, or with more sound sources.

While these results are encouraging from the point of view of the confidence in the stability of our perception when auralizations are rendered with different VR interfaces, they do not necessarily apply to other stimuli such as musical extracts, and need to be validated. The total absence of realistic audio-visual content that allows listening tests reproducing virtual concerts led to the development of a database, which is presented in the next section.
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V.2 Anechoic audio and 3D-video content database

V.2.1 Introduction

The work presented in this section was published in the following conference article:

Thery, D. and Katz, B. Anechoic audio and 3D-video content database of small ensemble performances for virtual concerts. 23 rd Int. Cong. on Acoustics, 2019, Aachen, Germany.

V.2.1.1 Objectives

The previous section presented a subjective experiment of auralization assessment in multimodal environments, for the case of a virtual theater scene, comparing a CAVElight and an HMD, and showing a relative stability of our auditory perception across VR systems. However, the results should still be validated with musical stimuli. In order to reproduce similar experiments, with an extended database of audio-visual anechoic musical stimuli, recordings have been performed, including jazz and classical musical extracts, and are presented in this section.

Therefore, this database can be seen as a complement to the previous study to encourage the community to conduct auralization evaluations in multimodal environments, by providing flexible audio-visual stimuli, including both jazz and classical musical extracts.

V.2.1.2 Related work

Several public sources exist for anechoic recordings which could be used for auralization purposes. Examples span almost 50 years. The BBC Orchestra conducted early anechoic recordings in 1969, however these recordings do not appear to be available anymore [START_REF] Burd | Nachhallfreie musik fur akustische modelluntersuchungen[END_REF]. The Japan Audio Society released a CD in 1985 including various extracts of solo instrumental music [START_REF] Society | GES 9080; various -Impact, CD compilation[END_REF]. The Archimedes project from Bang and Olufsen followed in 1992 [START_REF] Hansen | Making recordings for simulation tests in the archimedes project[END_REF], providing high-quality solo instruments and speech recordings. Soon after, Denon published a well-known number of recordings of orchestral music [START_REF] Anazawa | An anechoic digital recording of orchestral music[END_REF], including classical, romantic, and post-romantic pieces. However, these full orchestral recordings have a poor signal-to-noise ratio. In addition, the entire orchestra was recorded simultaneously using close-microphones on an acoustically damped stage and then down-mixed to a stereo recording, with the results not being well-suited to detailed auralizations due to inability to separate instrument tracks.

Multi-channel recordings of symphonic music were recorded by [START_REF] Vigeant | A. multi-channel orchestral anechoic recordings for auralizations[END_REF] in 2005, but these recordings have not been made freely available, mainly due to copyright permission from the orchestra. A choir was recorded in an anechoic chamber in 2005, providing six choral arrangements with 80 singers [START_REF] Freiheit | Making an anechoic choral recording[END_REF]. One of the most thorough and high quality resources to date are the recordings described in Overall, few high-quality anechoic recordings are available, especially for multiple instruments. It should be noted that a majority of recently built concert halls are multi-purpose halls, welcoming both classical and jazz ensembles. Yet, few, if any, anechoic jazz ensemble recordings have been made publicly available.

Aside from basic audio auralizations, there is growing interest and efforts to couple visual models, potentially rendered in virtual reality (VR) [START_REF] Poirier-Quinot | Augmented auralization : Complimenting auralizations with immersive virtual reality technologies[END_REF][START_REF] Katz | Objective and perceptive evaluations of high-resolution room acoustic simulations and auralizations[END_REF][START_REF] Katz | Experience with a virtual reality auralization of notre-dame cathedral[END_REF][START_REF] Pelzer | Integrating real-time room acoustics simulation into a CAD modeling software to enhance the architectural design process[END_REF]. It is generally acknowledged that auditory and visual modalities interact with each other, and both visual and auditory perceptions are significantly improved when the audio-visual stimuli are coherent (when the sound matches the visuals). Research into the spatial coherence of audiovisual renderings in auralizations has shown that the visual distance between source and listener affect the perceived auditory distance and loudness, though this effect has shown inter-individual variations (Postma and Katz, 2017a;[START_REF] Thery | Impact of the visual rendering system on subjective auralization assessment in vr[END_REF].

In addition to the inclusion of visual rendering, recent studies have shown that the inclusion of dynamic voice directivity in simulated auralizations enhances the per-ception of envelopment and apparent source width, as well as the plausibility of the simulation [START_REF] Postma | Subjective evaluation of dynamic voice directivity for auralizations[END_REF].

In the context of these recent findings, this work presents the acquisition of synchronized audio and video recordings of small ensembles playing a variety of different musical pieces, including different orchestrations, with two main goals:

• Extending the range of publicly available databases of anechoic audio recordings to cover a wider range of musical styles, and allow the validation of the VR system comparison experiment presented in Sec. V.1.

• Providing the community with audio and 3D-video recording datasets that can be easily integrated in VR environments (potentially including dynamic instrument directivity, see description in Sec. V.2.3.4).

The following sections first present the musical selections, followed by the procedure employed for the recordings. Technical details are provided in Sec. V.2.3.F i n a l l y , potential applications are discussed in Sec. V.2.4.

V.2.2 Music selection and musicians

V.2.2.1 Criteria of selection

Several requirements were defined for the selection of the musical pieces: they needed to provide valuable acoustical interest (presence of tutti -all instruments playing together-, solo passages, wide occupation of the frequency spectrum), to represent different periods and musical styles (particularly those missing from currently available anechoic recordings), and to stage different orchestrations including various instruments. Particular attention was given to movable instruments (like saxophone, clarinet), with the final aim being the inclusion of coherent directivity in the audio that follows the musicians' movement, also represented in the visual rendering. A summary of the different musical excerpts is provided in Tab. V.3.

with the nulls pointing perpendicular to the associated instrument, to reduce the sound captured from neighboring instruments. In order to provide a natural acoustic for the musicians, rather than the very dry anechoic acoustics of the chamber, the live captured audio of each instrument was processed in real time by adding a reverberation of one second to simulate a small studio (usual in studio recordings) and rendered over headphones identically to all musicians. The listening level was adjusted to maximize the musicians' playing comfort, optimizing the balance between their own instrument' sound, the added reverberation, and the surrounding instruments. This live reverb processing was achieved using SPAT, with one instance per instrument. The processing was adjusted with the live feed virtually placed at 1m in front of the listener, with a room size of 600 m 3 and an aperture of 90°(in SPAT, the aperture parameter relates to the "sound cone" projected by the virtual source in the acoustic space, and is measured in degrees. It determines whether the source will be very directive (small aperture), or omnidirectional (large aperture) inside the reverberant environment).

• To provide a performance reference for the musicians when they were subsequently recorded in isolation, comparable to the reference piano track and conductor video in [START_REF] Pätynen | Anechoic recording system for symphony orchestra[END_REF], a downmix of the reference performance was created for each musician for which their individual contribution was excluded. In this way, it was intended that musicians would be able to perform in a more "natural" way, mimicking their prior performance when playing in ensemble.

• A second recording session was then performed in which each musician was individually recorded while listening to their individual monitor mix. The same live reverberation processing was employed for the individual recording sessions.

Subsequent to this recording, each musician was allowed to listen to their individual take and to the whole. They were able to retake the session if desired.

• For each of these individual takes, the video capture from the Kinect cameras system was manually started and stopped.

V.2.3.2 Audio anechoic recordings V.2.3.2.1 Anechoic chamber

All recordings were been carried out in the anechoic chamber at the Sorbonne Université, interior working dimensions of 7.95 ⇥ 5.5 ⇥ 4.07 m, excluding the surrounding wedges of 0.85 m depth. The chamber is therefore assumed anechoic for frequencies above 80 Hz. Musicians were always located at least 1.5 m from the tip of the anechoic wedges. The chamber has an equivalent background noise level of L Aeq =16, 6 dB. A surveillance camera installed in the chamber enabled visual monitoring of the recordings sessions from the adjacent control room.

V.2.3.2.2 Microphones

Several options were considered for micing the instruments. Use of purely electric instruments to avoid capturing other instruments sounds was discarded for two reasons:

first, the altered timbre of such instruments as compared to acoustic ones, and the fact that even professional musicians are not used to playing this type of instrument. Use of piezo-electric microphones was discarded due to the cost/lack of availability of highquality microphones of this type in the lab and the additional processing required to transform the signal into a more natural instrument sound. After discussions with a few recording professionals 4 ,i tw a sd e c i d e dt or e c o r dt h ei n s t r u m e n t su s i n gc l o s e l y placed microphones. The exact micing configuration was adapted for each instrument, following guidelines from recording engineers (Owinski, 2017).

For the reference recording, as the goal was to record the ensemble with minimal cross-talk between pickups, the musicians were aligned in a single row. In addition to the close-mounted microphones, figure-of-eight microphones pointing towards the instruments were used, to provide rejection of sounds coming from the adjacent musicians, as described and depicted in Fig. V.8.

For the second recording phase of solo instrument recordings, proto cols dep ended on the instrument category: static versus moving instruments with respect to needing the microphones being fixed to the instrument or not. For static instruments, including double-bass, cello, and guitar, one fixed omni-directional microphone (DPA 4006) was placed approximately 1 m away, pointing towards the instrument. Two supplementary microphones were placed off-center at 2 m distance from the instrument, to provide additional resources for any subsequent equalization (while also providing minimal data for comparing with theoretical radiation patterns of each instrument [START_REF] Meyer | The sound of the orchestra[END_REF]).

For moving instruments, such as violin, viola, and saxophone, closely placed miniature microphones (DPA 4060) were mounted on the instruments. These microphones were chosen for their high-quality: linear frequency response, good directional pattern5 ,6 , and low noise-floor (respectively L Aeq =15dB and 23 dB).

V.2.3.2.3

Hardware/Software details Audio and video were recorded using two distinct and independent systems. A dedicated computer (Macbook 2.5GHz, 16 GB RAM) managed all the audio, using a custom Max patch. The signals from the microphones recording the instruments were acquired using a Fireface 802 audio interface, at 44.1 kHz. The audio computer also provided the monitor output mix to the headphones worn by the musicians, as well as ag e n e r a lm o n i t o rf o rt h er e c o r d i n ge n g i n e e r .

V.2.3.3 RGB-Depth video recordings

In parallel to the individual audio recordings, each musician was also visually recorded in order to acquire 3D images for use as realistic performance avatars playing on stage in VR simulations. Visual recordings were carried using three Kinect v2 RGB-D sensors, allowing for the acquisition of 3D point-cloud representations of each musician.

Such visual data can be integrated, for example, into a Unity7 VR scene without the need to create an animated avatar. The remainder of this section describes the architecture of the system used for the 3D-video recordings as well as the RGB-D image post-processing applied to obtain the final 3D-point-cloud.

Recording from multiple Kinects was achieved thanks to the LiveScan3D library [START_REF] Kowalski | Livescan3d: a fast and inexpensive 3d data acquisition system for multiple kinect v2 sensors[END_REF] developed in C++/C# and using the OpenCV library8 . This system enabled for the production of a single fused 3D point-cloud of each musician from the data acquired from separate cameras, viewable from different viewpoints (see Fig.

V.9). The LiveScan3D library is based on a client/server architecture, the clients communicating with the server via TCP/IP. In principle, it allows for the use of any number of Kinect camera clients, with each Kinect connected to a separate computer (a limitation originating from the Kinect v2 SDK that does not allow multiple Kinects on a single PC, related to bandwith limitations). For this database, three sensors were used, resulting in a few shadow zones mainly behind the musician in the 3D reconstruction of the point-cloud.

The server manages all the clients simultaneously for recording sequences. The composite point-cloud can directly be streamed in Unity or to a viewer available in the LiveScan3D library. For the creation of the visual part of the database, the sequences were saved as .ply files9 , a format which supports colored point-cloud data (either binary or ASCII format). These files can then, for example, be imported in Unity and played frame by frame to provide the visuals of each musician playing. A similar approach, though with only a single Kinect, has previously been used for the insertion of visual actors into an audio-visual rendering of a theater auralization [START_REF] Postma | Subjective evaluation of dynamic voice directivity for auralizations[END_REF].

V.2.3.4 Post-processing

The added value of having video recordings is that dynamic source positions and orientations can be extracted and employed to provide dynamic acoustic directivity in auralizations, following the method described in [START_REF] Postma | Subjective evaluation of dynamic voice directivity for auralizations[END_REF].

Subsequently, after convolving the mono recorded instrument track with the RIR of each source beam and filtering into separate frequency bands, dynamic source directivity can be adjusted in real-time by altering the gains of the different source beams to create the desired pattern and orientation. In contrast to the method proposed by Otondo and J. H Rindel (2005), which used multi-channel anechoic recordings, this method offers a better representation of source directivity in the rendering architecture. RIR simulations need only to be calculated once, for a set of directional sources on a sphere.

V.2.4 Discussion

This section presented the individual recordings (both 3D video and anechoic audio) of musician ensembles (trio and quatuors) playing six extracts of musical pieces comprising Baroque and Jazz music, including the following composers: Johann Sebastian Bach, Antonio Vivaldi, Django Reinhardt, Duke Ellington, and Sydney Bechet. Closemounted microphones were used to record each instrument individually in a methodical manner. Accompanying simulataneous RGB-D videos recordings enabled for the creation of 3D point-clouds which can be easily incorporated into future virtual acoustic simulations combined with auralizations.

This database was created both to enable the validation of the results obtained in the perceptive experiment as well as to encourage the community to conduct perceptive experiments in multimodal environments by providing flexible audio visual stimuli.

As introduced in Sec. V.2.3.4,d y n a m i ci n s t r u m e n td i r e c t i v i t yc a nb ei n c l u d e di n the simulations. This will allow subjective experiments to be conducted to assess the impact of the incorporation of such dynamic instrument directivity on auralization perception, with a comparison to results previously obtained with voice stimuli [START_REF] Postma | Subjective evaluation of dynamic voice directivity for auralizations[END_REF]. Other potential uses of this multimodal dataset include investigating the impact of changing the spatial arrangement of musicians and instruments to simulate different orchestrations, or providing coherent and incoherent audio/visual cues to investigate multimodal effects, in particular for the auditory perception of dynamic source directivity (see for example Palacino et al. (2016)). Furthermore, as the extract duration reached 2min35s, listening tests can be designed taking advantage of this feature to assess specific aspects, for instance related to musical dynamics variations.

V.2.5 Resources

Synchronized audio, 3d-video point-cloud, and source tracking information are made freely available for research purposes. Files can be downloaded via the institutional site http://www.lam.jussieu.fr/Projets/index.php?page=AVAD-VR.A d d i t i o n a lm e asurements are currently underway to provide absolute sound levels for each instrument.

V.3 Conclusion

This chapter, divided into two parts, presented first a subjective experiment of auralization assessment in a multimodal environment, followed by the presentation of the creation of an anechoic audio and 3D-video content database allowing for the conduction of listening tests in VR multimodal conditions.

The subjective study examined the influence of visuals as well as the VR visual rendering system on the subjective acoustic evaluation of auralizations, in order to assess the required stability of auditory perception with auralizations rendered over different VR interfaces. After listening to an audio-visual rendering of a play in a virtual theater, subjects rated the perceived acoustic according to six parameters:

Plausibility, Distance, Loudness, Apparent Source Width, Listener Envelopment,a n d

Reverberance. Two visual rendering systems were compared: an HMD Oculus DK2 and a180°3-wall CAVE-light system. Seating condition and test interface were consistent between rendering systems. During both HMD and CAVE-light conditions, subjects were presented with congruent and incongruent audio-visual configurations regarding their position in the virtual environment (e.g. acoustic of the first row while visually seated in the back of the theater). Results from this study indicate that selected subjective acoustical attribute ratings followed the same trends when experienced with VR visual rendering either in CAVE-light or HMD, suggesting no impact of the VR visual system on the auditory perception of auralizations. Known effects of the visual modality on auditory perception were also observed with both VR systems: increased distance and loudness perception with increased visual distance.

These results are encouraging if considering the desired stability of auditory per- On ne résout pas un probléme avec les modes de pensée qui l'ont engendré.

Albert Einstein

VI.1 Introduction

VI.1.1 Objectives

Following the comparison of VR visual devices, another potential factor of variability in the perception of auralization is the sound reproduction method. The stability of auditory perception across different sound reproduction systems is therefore a requirement that would enable to make confident acoustic design choices.

The sound rendering system impact is evaluated in this chapter, comparing a binauralized version of a second order Ambisonic stream to the same stream rendered over a 32 loudspeakers array.

VI.1.2 Context and problematic

Auralizations have reached a certain level of maturity [START_REF] Postma | Subjective evaluation of dynamic voice directivity for auralizations[END_REF], and are used in a variety of applications, from virtual archaeological reconstruction to spatial cognition studies to acoustic design in architectural projects for design decisionmaking (Thery and Katz, 2019).

While auralizations are more often presented over headphones, which are convenient due to their portability, easy access, and low cost, there are instances and circumstances when it can be useful to have several people listening to the same auralization, letting them experience together the simulation. The use of loudspeaker-based systems is therefore better for this case, although other reasons such as listener comfort or aesthetics of the listening room are valid ones for selecting a speaker-based system rather than headphones rendering.

In such installations, the sound reproduction systems should ideally not impact the perception of auralizations, to ensure that reliable design decisions are taken through stable auditory perception.

VI.1.3 Binaural Ambisonic and loudspeaker rendering [START_REF] Gerzon | Periphony: With-height sound reproduction[END_REF] introduced the basic concepts of what we call today 1 st -order Ambisonic (FOA) recording and playback technology. Ambisonic is a format that allows for the representation of a 3D-sound field through the use of spherical harmonics [START_REF] Nicol | Représentation et perception des espaces auditifs virtuels[END_REF].

This format, agnostic to rendering configuration, allows easy spatial manipulations, such as rotation, directional loudness control, warping, and more effects [START_REF] Alary | Directional feedback delay network[END_REF][START_REF] Zotter | Ambisonics: a practical 3D audio theory for recording, studio production, sound reinforcement, and virtual reality[END_REF]. Ambisonics provides a decoupling between the encoder and decoder. The encoder is purely linked to the spherical harmonics, while the decoder is defined by the loudspeaker arrangement. In this way, the number of loudspeakers is independent of the number of encoded virtual sources [START_REF] Noisternig | A 3D ambisonic based binaural sound reproduction system[END_REF].

Ambisonic can be decoded to any loudspeaker layout as well as to headphones (binaural Ambisonic), with rendering over headphones typically employing a virtual speaker array approach. This approach is based on the decoding of the Ambisonic stream to virtual loudspeaker positions, from which the binaural signals are then created through binaural rendering via convolution with the HRTF appropriate to their spatial positions. These individual processed speaker signals are then summed to create the left and right ear headphones signals [START_REF] Jot | Etude et realisation d'un spatialisateur de sons par modèles physique et perceptifs[END_REF][START_REF] Noisternig | A 3D ambisonic based binaural sound reproduction system[END_REF].

An active field of research for improving binaural renderings concerns the HRTF (Head-Related Transfer Function, the spatio-temporal filtering induced by the human head and torso on arriving sound waves, entering the ears). Recent projects such as auralization evaluation

BiLi 1 (binaural Listening) contributed to a standardization for these filters with the SOFA format 2 [START_REF] Majdak | Spatially oriented format for acoustics: A data exchange format representing head-related transfer functions[END_REF] Koehl, 2015;[START_REF] Engel | The effect of generic headphone compensation on binaural renderings[END_REF].

Similarly, Ambisonic rendering over loudspeakers has gained increased attention due to general hardware/software support for multichannel audio, starting its democratization in the sound engineering community, and recently concisely reviewed in [START_REF] Zotter | Ambisonics: a practical 3D audio theory for recording, studio production, sound reinforcement, and virtual reality[END_REF], who provide a complete discussion on the theoretical and practical details for setting up an Ambisonic system. Research studies have focused on limiting coloration effects, extending the sweet spot area to off-center positions [START_REF] Stitt | Off-center listening with third-order ambisonics: Dependence of perceived source direction on signal type[END_REF], or improving the localization accuracy and spatial impression through the development of various decoding methods [START_REF] Zotter | Comparison of energy[END_REF]. The effect of the setup room's acoustics has also major influence in Ambisonic rendering, and hence need to be controlled [START_REF] Lokki | Recording and reproducing concert hall acoustics for subjective evaluation[END_REF]. [START_REF] Frank | How to make Ambisonics sound good[END_REF] [START_REF] Stitt | Off-center listening with third-order ambisonics: Dependence of perceived source direction on signal type[END_REF].

VI.1.4 Related work

There have been very few studies comparing binaural to loudspeaker rendering of Ambisonic content. There have been studies concerning binaural and loudspeaker playback, outside of Ambisonic usage, and other studies concerned with Ambisonic rendering variances. [START_REF] Fischetti | Differences between headphones and loudspeakers listening in spatial properties of sound perception[END_REF]compareddummy-headrecordedsamplesrenderedoverheadphones and a two loudspeaker stereo system in an acoustically damped studio (evaluations temporally spaced by ten days). The dummy-head recordings were originally conducted in an acoustically modular space (the "Espace de projection" at IRCAM) in a variety of acoustic configurations (position in the room, ratio of absorptive to diffusing panels, and ceiling height). The musical stimulus was a 15 s piece of Schubert's 14 th string quartet. 10 sound engineering students evaluated samples according to six attributes: apparent room size, depth perception (or relative distances), lateral localisation,a n dspatial impression, reverberance. Their results showed that the effect of the reproduction system was particularly relevant for distant recorded positions: subjective Reverberation Time (RT) was longer and depth perception poorer over loudspeakers. It was also reported, for loudspeaker presentation across positions:

(1) values of spatial impression were lower, (2) inter-individual variance was higher, and (3) larger values of apparent room size were more correlated with high ceiling with absorptive configurations. Results were interpreted as a less accurate representation of diffuse field spatial characteristics through loudspeakers, mainly due to the source positions. [START_REF] Guastavino | Perceptual evaluation of multidimensional spatial audio reproduction[END_REF]c o m p a r e dd i fferent loudspeaker configurations using Ambisonic recordings, ranging from urban soundscapes to musical excerpts. 26 expert listeners (working in the field of acoustics) were involved in the evaluation of FOA recorded soundscapes rendered over 1D (2.1), 2D (6.1), and 3D (12.1) loudspeaker systems (the 1D comprised solely a stereo pair, the 2D comprised 6 speakers on a auralization evaluation circle around the head of the listener at ear height, and the 3D was a hexagonal structure based on the 2D array), in a small damped room (RT less than 0.05 s above 200 Hz,g r a d u a l l yi n c r e a s i n gt o0.2s at 40 Hz). The evaluated parameters were readability, presence, distance, localization, coloration,a n dstability, while a preliminary experiment also evaluated naturalness and immersion.R e s u l t se x h i b i t e ds i g n i fi c a n t differences between 1D, 2D, and 3D arrays. The most important results are listed here:

• 2D was evaluated as providing a higher degree of readability, more immersive, and closer than 3D array; 1D was judged even less immersive and farther away.

• Acorrelationbetweenchoiceofthemost"natural"methodandthespecificsoundscape (1D, 2D, and 3D reproduction methods were respectively more adapted to frontal musical scenes, outdoor environments, and indoor environments). This correlation was also present for coloration, localization, and distance (linked to "natural"). An evident correlation between choice of the most natural method and the specific soundscape.

• As t r o n gc o r r e l a t i o nbe t w e e nr e a d a b i l i t ya n dl oc a l i z a t i o nf o ra l lt h r e er e p r od u ction methods ("sources can be easily located in a spatially well-defined environment"), as well as between presence and distance ("an immersive scene sounds close").

• Concerning localization and coloration, the 3D reproduction was perceived as indistinct and muffled in comparison to the 1D and 2D reproductions, which were described as clearer and more precise.

To summarize, there was a noticeable difference between 1D and 2D and 3D in terms of perceived distance, presence, and stability. The judgments for the 3D representation fall between the 1D and 2D method values for all parameters but coloration.

This agrees with [START_REF] Frank | How to make Ambisonics sound good[END_REF], who reported an increase in coloration with increasing number of loudspeakers. It also echoes [START_REF] Marentakis | Vector-base and ambisonic amplitude panning: A comparison using pop, classical, and contemporary spatial music[END_REF], where the conditions with fewer loudspeakers were mostly preferred. nificantly more enveloping, more immersive, as well as significantly less readable than both transaural and stereo. Regarding overall quality, stereo and Ambisonics were rated significantly higher than transaural. An additional experiment in this paper showed in particular that transaural was judged precise and as providing easy localization and good readability, while lacking realism and immersion/envelopment; FOA provided strong immersion and envelopment while lacking in localization and envelopment; stereo rendering provided very precise localization while lacking envelopment. [START_REF] Koehl | Comparison of subjective assessments obtained from listening tests through head-phones and loudspeaker setups[END_REF]c o m p a r e dt h es u b j e c t i v er a t i n g so fe x p e r tl i s t e n e r s( 1 2s o u n d engineering students), comparing headphones (without binaural processing) versus loudspeaker setups, including frontal mono, stereo pair, and ITU 5.1 setup, using various recording methods (from mono to stereo to multi-channel). Their study aimed at evaluating whether differences between sound sequences were equally perceived when played back over headphones as over loudspeaker systems, through the rating of similarity of stimuli pairs (from "identical" to "extremely different" on a continuous scale) successively rendered over different sound systems. They concluded that whatever the audio content (mono, stereo, multi-channel), the differences between the two recording systems were equally perceived with headphones as with loudspeaker setups, providing good consistency across systems. Also, the headphones condition led to better consis-auralization evaluation tency between listeners, meaning larger variations were observed with the loudspeaker setups. It should be noted however that the attribute similarity may lack discriminability, as it encompasses several dimensions, such that listeners could rate it using different strategies (e.g. similar in timbre vs. spatial impression) that could introduce bias in the results.

These most relevant studies have shown that sound reproduction system can have a significant impact on subjective evaluation of variously recorded scenes, whether concerning timbral (e.g. through coloration) or spatial attributes (envelopment, immersion). In addition, it was shown to be stimuli-content-dependent.

With the increased ecological validity of simulated auralizations, the present study aims at comparing binaural Ambisonic to Ambisonic over loudspeakers, rendering simulated auralizations, with a focus on spatial room acoustic attributes. The proposed hypothesis is that significant differences between acoustic configurations are consistently perceived across Ambisonics rendered binaurally over headphones and the same Ambisonics rendered over loudspeakers.

The remainder of this chapter presents the creation of the auralizations, including 

VI.2 Auralizations

This section describes the creation of the auralizations used as stimuli in the presented experiment, including anechoic recordings, room model creation and calibration, and the inclusion of dynamic source directivity for movable instruments.

Anechoic stimuli were jazz trio excerpts, and rooms have been selected to provide variable acoustical conditions.

VI.2.1 Anechoic sources

Jazz anechoic stimuli have never been used in auralization evaluation. Taking advantage of the created anechoic database4 (presented in Chapter V), two jazz trio extracts of different styles/periods were employed; the criteria were to have different tempo, as well as different orchestrations, while having at least one moving instrument to highlight effects of dynamic source directivity. The extracts used were:

• Django Reinhardt: Minor Swing, interpreted by Double-Bass, Guitar, Violin.

• Sydney Bechet: Si tu vois ma mère, interpreted by Double-Bass, Guitar, Saxophone alto.

An important point to mention regarding recording of jazz pieces for small ensemble is the interpretation of the piece by the musicians, which is subject to large differences from one interpretation to another, compared to Classical music, where the tempo is generally indicated, and a conductor often guides both nuances and the relative presence of various instruments. Hence, larger variations occur with the interpretation of jazz pieces.

The detailed procedure of making these anechoic recordings is reported in Thery and Katz (2019), and has been presented in Chapter V.T os u m m a r i z e ,r e c o r d i n g s included two sessions, after some rehearsals: the first, in which all musicians were recorded playing together, to serve as a reference for the second, in which each musician was recorded individually, while listening to the reference recording from which their own instrument was removed. Two types of microphones were used: close-microphones (DPA-4060) mounted on the instruments were used for both moving instruments (violin and saxophones), while regular omni-directional microphones (DPA-4006) were used for the guitar, cello, and double-bass, placed approximately 1 meter away from the source. In both sessions, in order to provide a natural acoustic for the musicians, the live audio feed of each instrument was processed in real time, adding a constant reverberation of 1s,r e n d e r e di d e n t i c a l l yt oa l lm u s i c i a n so v e ro p e nh e a dphones (Sennheiser HD650), to simulate a small studio (usual in studio recordings)
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Chapter VI. Sound reproduction system impact on auralization evaluation using the SPAT [START_REF] Carpentier | Twenty years of ircam spat: Looking back, looking forward[END_REF]. To avoid/reduce spill from these open headphones in the recording microphones, the listening level was lowered while remaining sufficient for the musicians' comfort. In SPAT, the source was virtually placed in front of the listener, with a wide aperture of 90°,ar o o ms i z eo f600 m 3 ,a n dr e v e r b e r a t i o n with a flat spectrum. However, the playback level was adjusted individually for each musician, to optimize their comfort of playing.

In parallel, video recordings were performed using a multiple Kinect v2 system based on the LiveScan3D library [START_REF] Kowalski | Livescan3d: a fast and inexpensive 3d data acquisition system for multiple kinect v2 sensors[END_REF]. Three Kinect sensors were used to capture musicians RGB-D videos of the musicians, subsequently enabling the reconstruction of point-clouds in a VR scene, as detailed in Thery et al. (2019);[START_REF] Poirier-Quinot | Augmented auralization : Complimenting auralizations with immersive virtual reality technologies[END_REF]; Postma and Katz (2017a). These video recordings can extract the orientation of the moving instruments with a tracking object that follows the instrument, to be used as input for the incorporation of dynamic source directivity.

VI.2.2 Rooms

Two small-size music halls were selected, representing two different geometries: a shoebox hall, and a semi fan-shaped hall (see [START_REF] Barron | Auditorium Acoustics and Architectural Design.T aylor and Francis[END_REF]f o rad e t a i l e dr e v i e wo ft h e various shapes of halls in architectural acoustics, and their acoustic ob jective and perceptive consequences). The first was the Morgan Museum Library auditorium (MML) in New York, by architect Renzo Piano (RPBW: Renzo Piano Building Workshop), and acoustics by Kahle Acoustics, for which a detailed study of the acoustic design is available [START_REF] Katz | Auditorium of the Morgan library, computer aided design and post-construction results[END_REF]. This hall has 300 seats and a volume of 2000 m 3 , with the majority of the walls covered with reflecting panels as a well as hanging ceiling shaped panels. particularly for complex rooms.

The GA model of the MML was created in previous work [START_REF] Katz | Auditorium of the Morgan library, computer aided design and post-construction results[END_REF] and is reused here One important aspect to mention in the creation of GA models, is its level of detail (LOD). This parameter impacts both the computational time of the simulations, and the accuracy of the predictions (Savioja and Svensson, 2015a;[START_REF] Dalenbäck | What is geometrical acoustics. CATT WhitePaper[END_REF], and it has been argued that a resolution between 0.5 and 1m is sufficient and is the best compromise [START_REF] Pelzer | Room modeling for acoustic simulation and auralization tasks: resolution of structural details[END_REF] when creating GA models of this size. Hence, the simplification of this model was based on these assumptions.

In order to have comparable rooms in terms of reverberation times, the CM's T 30 was adjusted to match MML's T 30 ,e l i m i n a t i n gg l o b a lR Ta sad e s c r i p t o r ,t of oc u so n spatial attributes (to avoid an influence of RT on the subjective evaluation of spatial attributes such as LEV or ASW). Similar to the calibration procedure described in [START_REF] Postma | Subjective evaluation of dynamic voice directivity for auralizations[END_REF], this step was performed by adjusting the absorption of defined materials, and running simulations using the Algorithm 1 (200000 rays)u n t i l The sources representing the instruments were placed as follows: the moving (rotation only) instrument (saxophone or violin) placed at the center of the stage, the double bass on the right when looking at the stage, the guitar on the left, both equally spaced by 2 meters in both rooms.

Two receiver p ositions (front and back) were defined to have two significantly different direct-to-reverberant ratio values for providing different acoustic conditions. The receivers' distance from the central source were chosen to have equal ratios across rooms between each S-R and total length of the given room (with S being the central source, i.e. the moving instrument), as illustrated in Fig. VI.2 and VI.3.

For the static instruments, directivity patterns were applied resp ectively for the Double-Bass and the Guitar, using available patterns in CATT-Acoustic, in the SD1

format that provides a 10°angular resolution on two horizontal and vertical polar curves. Simulations were run, using Algorithm 2, to produce 2 nd order Ambisonic RIRs, for each S-R pairs in both rooms. Subsequently, these 2 nd order Ambisonic RIRs were convolved with each instruments' anechoic extract.

To take into account the dynamic directivity (variable orientation) of the center source, a composite source was defined, following the method presented in [START_REF] Postma | Subjective evaluation of dynamic voice directivity for auralizations[END_REF]. This study has shown that simulated auralizations including dynamic auralization evaluation instruments.

VI.2.3 Auralization rendering

The 9-channel 2 nd order Ambisonic files obtained after convolution were rendered both binaurally and over a 32-speakers Ambisonic system, using SPAT, set with HOA3D, Energy-preserving, MaxRE parameters.

The binaural rendering was performed using the virtual speaker array approach, with generic KEMAR HRTFs (arbitrary choice due to the diffiiculty to provide individualized HRTFs)and18 virtual speakers.O n l y1 8s p e a k e r sw e r eu s e da st h eR I R sw e r e 2 nd order Ambisonic, using an optimal distribution of the virtual speakers [START_REF] Solvang | Spectral impairment for two-dimensional higher order ambisonics[END_REF]. The virtual speaker array approach, illustrated in The main concern is rather on the optimal distribution of speakers (as uniform as possible over the spheres surface), to avoid ill conditioning or even singularities in the decoder matrix.

SPAT also performed HOA (higher order Ambisonic) format conversion, from the FuMa channel ordering output from TUCT to ACN (Ambisonic Channel Ordering), that is used in SPAT for performing spatial transformations. The same SPAT parameters were used for rendering over the 32-loudspeakers Ambisonic system.

VI.3 Experimental design

The experiment consisted of the presentation of 8 different stimuli, providing all combinations of the 2 musical pieces, 2 rooms, at 2 listening positions, each repeated 3t i m e s .
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Table VI.2: Absolute level difference between dummy-head Ambisonic and binaural recordings, pre and post-equalization of the binaural rendering.

Octave Band 125 250 500 1000 2000 4000 8000

Difference pre-equalization (dB) 4.9 7.4 9.8 10.7 7.3 1.0 7.1

Difference post-equalization (dB) 0.8 2.1 -2.1 -3.8 -1.9 0.1 0.4 headphones and with the Ambisonic system. The average frequency spectrum of both recordings were computed in octave bands, with the mean value taken between the two channels of the dummy head and the two musical extracts. The resulting differences by octave band between the two rendering systems were then used to generate a 2 nd order bi-quadratic compensation filter applied to the binaural stream, from the 125 Hz to 8000 Hz octave-band; these were applied using the filtergraph object in MAX, with the minimum overlap possible between filters, and with peak/notch filters, centered on the octave-band frequency. No normalization between musical extracts were applied, as it would have introduced a timbral modification of the extract. Also, the playback level was calibrated to be on average 75 dB(A) with a binaural recording of one of the stimuli. auralization evaluation 

VI.3.5 Procedure

Prior to the tests, participants were asked to fill a consent form to confirm their participation (see Appendix D). To ensure a good understanding for all participants, written instructions were provided containing a description of the test procedure and user interface, as well as the definitions of the assessed acoustic attributes. Oral instructions and potential answers to questions followed to ensure all participants had well understood their task and the definition of all attributes. However, they were not aware of the technical aspects of the listening test, nor of the repeated conditions, and the actual acoustic conditions presented (positions and rooms). Next, participants went through a familiarization phase, where they could become acquainted with the test interface. During this phase, all 8 test stimuli were successively presented over the two rendering systems. Having heard all conditions, participants were encouraged to use the full range of the rating scale, as they had heard all conditions. This familiarization approach is recommended by the ITU BS.1534-3 (ITU-R, 2015), and is similar to [START_REF] Bech | A listening test system for automotive audio. part 2: Initial verification[END_REF], in which the familiarization stimuli were identical to the actual test stimuli, and it is intended as being beneficial for the ability and attention of listeners in the assessments. This phase enabled the experimenter to verify if the definition of all attributes were well understood by each participant. The results of the familiarization phase were not included in the test result analysis.

The experiment was carried out in 2 sessions, representing the 2 rendering systems, with a short pause in-between, enabling to switch the sound system and put or remove headphones. Presentation order was randomized, with half of the subjects VI.4. Results
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starting with binaural and half with Ambisonics. Each session comprised 24 stimuli (2 positions⇥2m u s i c ⇥2r oo m s ⇥3r e pe t i t i o n s ) ,r a n d o m l yo r d e r e d .

Participants were able to listen to each stimulus as many times as they needed, although they were recommended to limit to 3 to 4 replays in order to limit test fatigue and overall duration of the test.

VI.3.6 Participants

At o t a lo f1 5p a r t i c i p a n t st o o kp a r ti nt h el i s t e n i n gt e s t ,( m e a na g e : 2 3y e a r so l d , Standard Deviation (SD): 7.5, 1.8 M/F ratio). All participants had a hearing threshold of less than 20 dB hearing level (HL) for either ear across 125 Hz to 10 000 Hz. A wide range of listening expertise was represented, from naive subjects to expert listeners, all coming from the same laboratory, voluntarily. Participants were not compensated for their participation

VI.4 Results

As the experimental design did not allow direct A/B comparison between Ambisonic and binaural rendering, analysis focuses on trends in variation between conditions for the two reproduction methods: from one stimulus to another, it is assessed whether the differences are similarly perceived between Ambisonic and binaural systems. In other words, it is assessed how consistent the perceptual evaluation of the auralizations is across these two systems.

VI.4.1 Statistical analysis

To compare the variation trends between conditions for the two reproduction methods, and to address any potential bias between systems and focus on the differences in rating across conditions, a normalization was applied, across all subjects and conditions, by sound reproduction system, This normalization is based on the standard score equation (y being the normalized response, x the actual response, µ the mean of the subject's auralization evaluation response for the given attribute over all trials, and σ the SD for the same acoustic attribute):

y = x µ σ (VI.1)
In addition to providing NHST (Null Hypothesis Significance Testing) results, effect sizes were computed to assess the strength of the differences between conditions, and Cohen's d, d Cohen ,a r eg i v e nf o re a c hp-value [START_REF] Cohen | Things i have learned (so far)[END_REF]. This approach has been encouraged by the Psychological Science journal [START_REF] Cumming | The new statistics: why and how[END_REF], considered as more informative and reliable than NHST analysis. [START_REF] Cohen | Things i have learned (so far)[END_REF] where µ and ν are respectively the means of the 1 st and 2 nd compared distributions, and

SD Pooled = p SD1 2 + SD2 2 2 (VI.3)
The repeatability of the normalized responses were computed from the absolute difference between the normalized responses across repeated trial conditions.

The mean differences between repetitions for each attribute across participants were:

P lausibility =0 .55, Distance =0 .59, Loudness =0 .77, ASW =0 .45, LEV =0 .8, and Reverberance =0.41,g i v i n gc o n fi d e n c ei nt h eo b t a i n e dr a t i n g s .

In the following, variation trends between Ambisonic and binaural renderings are analyzed by independent variable, namely by position, by room, and by musical extract, concluding with an overall comparison between the two systems. Of interest is whether or not comparable significant differences are observed for the same test conditions between the two rendering systems. attributes except LEV and Reverberance were rated significantly different (Front position more readable, more distant, louder, and wider). Consequently, it can be seen that pared to the background sustaining violin in Minor Swing. Bechet was also judged louder, due to the same saxophone and its frequency spectrum exciting the most sensible part of our hearing (between 1000 Hz to 5000 Hz [START_REF] Moore | An introduction to the Psychology of hearing[END_REF]). Another potential explanation would be that the leading saxophone included dynamic directivity, providing intermittently more acoustic energy coming from the sides, known for increasing the spatial impression (i.e. ASW and LEV notably).

In summary, similar trends were observed for all attributes across systems, except

for Reverberance for which the sound reproduction had a significant impact.

VI.4.5 Interviews post-experiment

As mentioned in [START_REF] Gabrielsson | Perceived sound quality of soundreproducing systems[END_REF], it is beneficial to acquire various types of data to answer any research question, particularly when it involves humans in such multi-dimensional experiments. Therefore, short post-experiment interviews including the following questions were carried out, allowing participants to describe in their own words what they perceived.

• If they perceived any source movement, and for which source(s).

• Which system they preferred, and the reasons why.

• If they perceived any differences between the two rendering systems.

• How they perceived each individual instrument: their level, their position in the scene, their timbre.

It was asked whether any source movement (i.e. dynamic directivity) was perceived, and free comments were allowed. In addition to these questions, they were asked to rate on a 0 to 5 scale their skills or knowledge in the following fields: Music Playing, Music listening, Listening tests, and Spatial Audio.

Results for preference showed an even split, with Ambisonic preferred by 7 out of 15 subjects and binaural preferred by the remaining 8 subjects. Interestingly, the same reasons were given for both systems : the preferred system was perceived as more "immersive", and "more enveloping" for the majority of subjects (mentioned by 9 participants). Free-form comments also included terms such as a better sense of presence, pleasantness, clarity, distinctness, better localization, listening richness, auralization evaluation details, and readability.R e g a r d i n gd y n a m i cd i r e c t i v i t y / s e n s eo fs o u r c em o v e m e n t ,i t was not clearly perceived as such, but rather as a lively performance, non-static, or as timbral differences that provided a sense of movement (6 participants). In addition, this perception was only remarked for the Saxophone, not the Violin. This could be expected as the saxophone was louder and had a more leading role in a slower musical extract.

Additional interesting comments differentiating the two rendering systems, generally from the expert listeners, included: overall timbral difference between Ambisonic and binaural systems, less externalization with headphones and a better sense of distance with Ambisonic. Untrained listeners often reported difficulties to rate some of the attributes (4 out of 6 participants), especially ASW and LEV,orevendistinguishing two conditions. Regarding differences between stimuli, it was mentioned twice that the Double-Bass was sometimes too present, muddying the overall mix; some clearly identified the position of the sources (7 participants), while some perceived the scene shifted from the center in one direction or another (2 participants).

Finally, no significant effect was found regarding a potential effect of the presentation order (participants starting with either of the system). Slight differences were found between experienced and na 'ive listeners when comparing musical extracts, however not significant nor notable.

VI.5 Discussion

Subjective evaluations of 2 nd -order HOA (Higher Order Ambisonic) simulated auralizations of a jazz trio in several acoustic conditions have been assessed, comparing an 18 virtual-speaker binaural headphone to a 32 loudspeaker rendering. Similar variation trends were observed for all attributes with both rendering systems. However, as i g n i fi c a n te ffect of the sound reproduction system was noted on the auralization assessment of both ASW and LEV (when comparing front and back positions) as similarly observed trends were not statistically significant in both conditions. This discrepancy could be due to the relatively few number of subjects (15) in the study.

As i g n i fi c a n te ffect of sound reproduction systems was also observed for Reverberance

VI.5. Discussion

(when comparing musical extracts), where differences were noted in one condition but appeared to be masked in the other. It is possible that the added contribution of the reverberation of the rendering room (albeit on the order of 0.2s)w a se n o u g ht om a s k the subtle differences perceived under headphone listening conditions.

As a result, the main hypothesis of auditory perception stability across sound reproduction systems must be rejected: the sound reproduction system had an observable impact, particularly on spatial attributes (ASW, LEV ), and Reverberance.A st h e s e attributes exhibited a large variance, more data would be needed to further investigate these differences, such as under more ideal rendering conditions (for instance loudspeaker rendering in anechoic conditions, though this is an impractical situation for most installations).

Similar results were also observed for different VR visual rendering systems in the context of multi-modal auralizations [START_REF] Thery | Impact of the visual rendering system on subjective auralization assessment in vr[END_REF], evaluating mostly the same attributes (without Readability ), where ASW and LEV were also slightly impacted by the visual VR reproduction system. This could raise questions about the stability of these perceptual attributes in complex situations.

This relative stability can be put in perspective with previous comparisons where consistent similarity judgments were obtained between headphones and mono/multichannel loudspeaker based rendering systems of audio only recorded material [START_REF] Koehl | Comparison of subjective assessments obtained from listening tests through head-phones and loudspeaker setups[END_REF]. However, as mentioned in the introduction, this perceived similarity might be due to the too broad meaning of the attribute Similarity,f oc u s i n gp r e d o m inantly on timbral attributes while potentially occluding specific spatial attributes.

This study also highlighted the strong dependence of acoustic attribute ratings on the stimuli content, as reported in [START_REF] Guastavino | Perceptual evaluation of multidimensional spatial audio reproduction[END_REF]. In the current study, two different musical extracts were presented, in various acoustic conditions

(2 rooms and 2 positions). A variance of room perception due to stimuli was observed, echoing early works on JNDs which showed a dependence of center time (i.e. clarity evaluations) and spatial impression to musical "motif" [START_REF] Martelotta | The just noticeable difference of center time and clarity index in large reverberant spaces[END_REF][START_REF] Cox | The sensitivity of listeners to early sound field changes in auditoria[END_REF].

The fact that the Django musical extract was judged less reverberant than Bechet in binaural headphone, which was not the case in the loudspeaker condition where no significant difference appeared despite a similar trend. This difference may be due to auralization evaluation the added acoustic response of the actual listening room, which provided an additional, though small, amount of reverberation to both stimuli (increasing the mean reverberation time of the simulation from 1.2s by the 0.2s reverberation time of the listening room to 1.4s for the loudspeaker configuration. This slightly perceptible addition of reverberation could have smeared instruments' attack and release, especially for the faster Django extract, while Bechet could have been less affected due to the lower tempo (80 vs. 200 BPM) with the leading bright saxophone also providing a better readability. Bechet was also judged louder, probably due to the same saxophone at certain moments in the extract being well above the mean level. The generally observed differences in ASW and LEV between musical extracts are likely due to spectral and directivity differences between the instruments. Dynamic directivity was included for the violin and saxophone, with the violin being a more "discrete" instrument, playing background harmonies, compared to the leading role of the saxophone. This movement could have intermittently provided more acoustic energy coming from the sides, more noticeable in the saxophone, thereby contributing to these spatial parameters.

Afi n a lp o i n to fi n t e r e s ti nt h er e s u l t sw a st h ec l e a rd i v i s i o ni nq u e s t i o n n a i r er esponses. In terms of preference of rendering system, interviews resulted in an even split between the two conditions, interestingly with the same aspects being mentioned to justify their choice in both cases. For their preferred rendering system, participants stated as potential factors that they felt more immersed, more enveloped, and that the instruments were clearer, terms that were already identified to contribute to sound reproduction system preference, both for experienced and inexperienced listeners (Francomb e et al., 2017).However, it is unclear how the same attribute arguments can be used to separate the systems, indicating either differences in how these attributes are interpreted (i.e. lack of formal listening training) or that the stated attributes are insufficiently precise to extract the meaningful information.

VI.6 Conclusion

This chapter has presented a subjective experiment in which participants were asked to rate the same 2 nd -order Ambisonic auralizations rendered over two systems: Head-VI.6. Conclusion 181 tracked binaural decoding over an 18 virtual-speaker array presented over headphones, and direct decoding of the Ambisonic audio over a 32 loudspeaker 3D array in an acoustically damped room. The different auralizations represented two rooms of comparable size and reverberation time, but of different form, in order to highlight spatial variations in the acoustic response. Two receiver positions were defined in each room, maintaining proportional distances in each. Two musical extracts were selected from an anechoic Jazz trio recording database, providing two orchestrations and tempos for the listening test. Two instruments were modelled as fixed sources, while the center instrument was modelled to account for dynamic orientation of the musician, resulting in the inclusion of dynamic directivity during the extract.

Participants rated the different auralizations according to a set of 6 attributes commonly used in room acoustic evaluations: Readability, Distance, Apparent Source Width ( ASW), Listener Envelopment ( LEV), Reverberance, and Loudness.R a t i n g s were carried out using a fixed 7-point scale.

Overall, the observed differences and similarities in attribute ratings between room, position in the room, and musical extracts were consistent between Ambisonic binaural and loudspeaker renderings. However, a significant impact of the sound system was observed for ASW and LEV (when comparing positions in the room), though trends were similar. More importantly, a significant impact was observed for Reverberance (when comparing stimuli), which is suggested as the effect of even a minor degree of room reverberation in the loudspeaker reproduction room masking differences observable over headphones. This suggests a recommendation of headphone over loudspeaker reproduction for detailed listening if ideal conditions are not achievable.

To conclude, the perception of auralizations seems to be slightly more sensitive when changing the sound reproduction method than when changing the VR system in multimodal environments, particularly regarding spatial attributes. Hence, acoustic consultants should avoid switching between sound systems, and ensure a wide range of stimuli are provided, to optimize the reliability of the decisions taken based on auralization.

Chapter VII Sir Francis Bacon

VII.1 Conclusions

VII.1.1 Thesis summary

Auralizations have reached the level of maturity that simulated auralizations can be subjectively comparable to measured ones for a wide range of attributes [START_REF] Postma | Subjective evaluation of dynamic voice directivity for auralizations[END_REF][START_REF] Lokki | Physically-based auralization -design, implementation, and evaluation[END_REF]. It is therefore of interest to explore its use in acoustic design in actual architectural projects. However, little information exists on the use of auralization in the acoustic design community.

To fill this gap, and study the viability of using this technology in actual projects, this thesis brings the following contributions:

• Ergonomic usage studies:

-As u r v e yt a r g e t i n ga c o u s t i cc o n s u l t a n t sa c r o s st h ew o r l d ,a n s w e r e db y7 4 consultants that investigated the use of auralizations, complemented by nine semi-directed interviews of acoustic consultants, revealing a low level of adoption of the technology by acoustic consultants, mainly due to the related cost. Only larger companies with larger budgets reported using auralizations, even sometimes with VR technologies. The main uses and practical difficulties, as well as tendencies concerning the tools used were also unveiled.

-The observation and analysis of a project of acoustic design using auralization in collaboration with an acoustic consultant (Theatre Projects), including two spaces to auralize, in the context of an international architectural project. While more projects of this kind are needed, this study highlighted key factors that impede a wider adoption of auralizations, including compatibility issues due to the novel character of these technologies, hence needing a better integration into acousticians' and architects'

workflows, but also due to the lack of skills of acoustic consultants and the need for training was also an important observation.

• Perception studies:

-Am u l t i m o d a lp e r c e p t i v es t u d ye v a l u a t i n gt h ei m p a c to ft h eV Rv i s u a l rendering device on auralization assessment of a theater scene comparing an HMD and a CAVE-light. Relative stability of auditory perception was observed across VR systems, with a weak impact of the VR system on ASW and LEV.

-An audio-only perceptive study evaluating the impact of the sound reproduction method on auralization assessment of musical stimuli comparing binauralized Ambisonic and Ambisonic over loudspeakers renderings. Consistent auralization judgments were observed except for spatial attributes (ASW and LEV) and Reverberance for which the sound reproduction VII.1.
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• Database:

-An open database of anechoic audio and 3D-video content, including both Classical and Jazz musical extracts. This database was created to further validate the results obtained in the multimodal experiment, with musical stimuli. The next intended aim for the creation of the database provide the community with flexible audio-visual anechoic stimuli, to encourage the conduction of multimodal listening tests to further our understanding of auralization perception.

VII.1.2 Detailed contributions

From the observation that few data existed on the actual use of auralization in the consulting community, a survey study based on the theory of technology acceptability was conducted. This survey, that contained a questionnnaire answered by 74 acoustic consultants around the world and nine semi-directed interviews, gathered information relative to the tools used, the effective uses, the benefits provided by this technology, as well as the difficulties linked to its use in architectural acoustic consulting projects.

The survey primarily revealed the relatively low level of adoption of auralization (40% of non-users), despite the attraction of the technology. This low level of adoption is primarily due to a lack of resources (time, cost, and skills needed to produce reliable auralizations). In contrast, several companies (generally large with large budgets) have clearly adopted the technology and use it extensively, often with immersive visualizations of the modelled spaces.

An important aspect to mention, is that the term Auralization is used in the acoustic design community in a much broader sense than its initial definition in research [START_REF] Kleiner | Auralization: an overview[END_REF][START_REF] Vorländer | Auralization: Fundamentals of Acoustics, Modelling, Simulation, Algorithms, and Acoustic Virtual Reality[END_REF], encompassing highly ecologically valid auralizations [START_REF] Lokki | Physically-based auralization -design, implementation, and evaluation[END_REF][START_REF] Postma | Subjective evaluation of dynamic voice directivity for auralizations[END_REF], as well as very simple simulations with non-anechoic sound sources, including sound design techniques [START_REF] Misdariis | Sciences du design sonore. Approche intégrée du Bibliography design sonore au sein de la recherche en design[END_REF].

This broader definition may be a consequence of the fact that such simulations are used in a variety of projects: primarily in architectural acoustics, but also in environ-mental acoustics, for instance for the assessment of airports' activity impact on people [START_REF] Burgemeister | Auralisation for airport noise impact assessments: measurements and applications[END_REF]. As environmental noise is often concerned with moving sources containing particularly low frequency noises, it is important in that case to have not only the sound levels and spectral content correct, but also high accuracy at low frequencies using wave-based methods, potentially including source directivity, for increasing the realism [START_REF] Georgiou | Modeling for auralization of urban environments[END_REF]. This diversity of projects leads to a diversity of clients or project actors, and it was reported that the acoustic consultant always has to adapt his/her use of auralization to the given client. These actors most often include architects, but also chief executive officers, urbanists, city technical services, musicians, or other discipline consultants such as lighting or landscape.

The survey enabled the identification of the main uses of auralization. Presenting In complement to this extensive survey, observation during an actual acoustic design project, conducted in collaboration with Theatre Projects Consultants,hasenabled a better understanding of the use of auralization in-situ, together with the constraints and unexpected events that occur in such projects. While more projects of this type would be needed to draw a more complete picture, this single project highlighted some key impediments to the integration of auralization in acoustic design practice, discussed in the following. Also, the confidential character of this project has prevented from acquiring more data such as direct interview with the client, and access to the email exchanges between the client and the acoustic consultant.

The 1 st conclusion is the reinforcement of the idea that the creation and the way auralizations are used are project and client-dependent, as previously shown in the survey. This project consisted of the auralizations of two different spaces, an Atrium and an Auditorium, both part of a larger architectural project. Both spaces were VII.1.
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supposed to be multi-purpose, hosting dinners, small musical ensembles, as well as conferences, but were driven by two completely different aims. For the Atrium, which was a large glass volume, a set of acoustic treatment options were pre-defined based on both acoustic and visual constraints, and multimodal auralizations including a supporting visual model rendered in VR, were designed and rendered binaurally to compare solutions. In contrast, the Auditorium was concerned with sound isolation and intrusive noise that required sound design techniques, with the auralization rendered over a 12-loudspeakers layout in a sound isolation booth.

The 2 nd conclusion of the observation and qualitative analysis of this particular project is that it is precisely the aims of a project that drive the way auralizations are used and created, what could be named Auralization design.As i g n i fi c a n tp a r to f the Auralization design concerns the actual content of the stimuli. As first reported in [START_REF] Azevedo | Auralization as an architectural design tool[END_REF]andHochgraf ( 2017), the auralization needs to be designed to take into account the actual proposed uses of the space, including appropriate background noises.

While specifications (noise and reverberation times) were the priority requirement during the creation of the auralizations, a constant requirement was to Achieve realism.

This realism was achieved by selecting appropriate stimuli, and precise adjustments concerning both the audio and the audio-visual coherence, based on subjective impressions during the "review" phase. The selection of stimuli targeting the intended uses of the multi-purpose spaces was one of the key components of the auralization creation process. Sequencing the order of stimuli was also a consideration, with the aim to have more impact during the presentation and negotiation with the client. As an example, as o l ov i o l i ni n c l u d i n gp a u s e sw a ss e l e c t e df o rt h eA u d i t o r i u ma u r a l i z a t i o n ,i no r d e r to highlight the perceived annoyance of the intrusive noise.

The negotiation aspect of the presentation, reported in the interviews of the survey study (where auralizations were reported to be often used as an argument of negotiation), was clearly confirmed with the Auditorium auralization, which turned out to be a lively discussion between the client and the acoustic consultant. Therefore, the negotiation with the client is a significant element in such projects, which has a large impact on the Auralization design.

Another significant observed aspect, also reported in the interviews, was the use of auralizations as a pedagogical tool: during the presentation, they allowed the client to be guided through the different acoustic conditions of the simulation, supported by verbal explanations, letting the client understand the impact of the proposed design options while directly experiencing it. In this way, it can be concluded that auralizations help the conception, by facilitating the comprehension of the various design options through direct experience.

The analysis of the acquired data along the dimensions of practical acceptability (i.e. Learnability, Ease of creation, Memorability, Errors, Efficiency,a n dReliability )

has revealed the factors that impede the integration of auralizations and may explain the low level of adoption observed. In the survey, the Time spent for the creation of the auralizations, and the associated Cost were the most impeding factors (followed by the lack of technical skills and experience to produce high-quality auralizations).

In contrast, the observation of the project revealed many difficulties related to the various tools themselves, partly due to their novelty and the multiplicity of software and programming languages required for mastering the whole auralization creation framework. Many Compatibility issues were encountered, due, for instance, to spatial audio-video formats that are not yet stabilized for VR rendering. It was observed that the presence of a visual model, enabling the client to experience an immersive environment, required additional skills and time for the texturing, lighting, and VR rendering of the model supporting the auralizations. This lack of skills already reported in the survey was effectively observed in the actual project, emphasizing the need for more integrated and easy to use auralization tools, as well as knowledge transfer from

Research to Industry in this field. These differences show the complementarity of these two approaches, as observations enabled to identify difficulties that were not declared in the survey.

In summary, this observation study was very complementary to the survey, for two reasons. The first is that the acquired data provides a very detailed description of the sequence of events during the project, enabling a better understanding of the key aspects of auralization design, from different points of view (the research auralization creation team, the acoustic consultant in relation to the client, and VII.1.
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as a "reviewer" of the auralization). Secondly, it highlighted key obstacles to a wider adoption of the technology, mainly due to the novel character of the employed VR technologies, but also due to a lack of skills and/or training of acoustic consultants.

Reliability of both the technology and the results remains important: the better the renderings, the more immersive the simulation, the more people engage themselves in the project, as reported by an interviewee from the survey. While there are known factors impacting the reliability of the results such as having proper anechoic material, linked to the precision of the associated acoustic measurements, or the variability of simulation algorithms [START_REF] Lundeby | Uncertainties of measurements in room acoustics[END_REF][START_REF] Vorländer | Handbook of Engineering Acoustics, chapter Acoustic measurements[END_REF][START_REF] Brinkmann | A round robin on room acoustical simulation and auralization[END_REF], the tools themselves also need to be reliable and stable, which is impeded by the rapid evolution of technologies. These difficulties linked to the frequent updates of tools and softwares proved to be one of the main difficulties. As a simple illustration of the pace of changes in this industry, three different versions of HMD appeared and have been used during this thesis. Another potential problem that has been investigated was the stability of auditory perception with auralizations rendered using different audio-visual interfaces.

This thesis has investigated this stability, comparing for multimodal auralizations two VR visual devices: an HMD and a CAVE-light. Taking advantage of an available framework for rendering auralizations of a theater scene [START_REF] Poirier-Quinot | Augmented auralization : Complimenting auralizations with immersive virtual reality technologies[END_REF], subjective evaluations of an extract of this theater scene including two actors on stage were carried out, along the following subjective attributes: Plausibility, Distance, Apparent Source Width (ASW), Listener Envelopment (LEV), Reverberance,a n dLoudness (see details in Chapter V). Various audio-visual configurations were presented, including coherent and incoherent configurations. Results showed that while ASW and LEV were slightly impacted by the VR device, similar trends were observed between CAVE-light and HMD for the various conditions. The influence of the visual modality on auditory perception, for the evaluation of distance and loudness were confirmed, as they were previously observed [START_REF] Fastl | Audio-visual interactions in loudness evaluations[END_REF][START_REF] Calcagno | The role of vision in auditory distance perception[END_REF]Postma and Katz, 2017a). However, these results should be confirmed with different stimuli, such as musical stimuli for instance.

The need to validate these results with musical stimuli was the reason a database of anechoic audio and 3D-video content was created, including both Classical and Jazz music. Individual audio recordings were complimented with video recordings using a multiple Kinect system that allows the reconstruction of a 3D point-cloud in a VR scene. The rotation coordinates of the musicians were extracted from these videos, allowing the incorporation of dynamic directivity in the auralizations [START_REF] Postma | Subjective evaluation of dynamic voice directivity for auralizations[END_REF]. This database is freely available online for the community, to encourage multimodal listening tests research, to further our understanding of the perception of auralizations in multimodal environmments1 ,andinparticulartheinteractionbetween auditory and visual modalities (Postma and Katz, 2017a).

Taking advantage of these available jazz anechoic recordings, another potential factor of variability of the auditory perception of auralization was assessed: the influence of the sound reproduction method, comparing, in an audio-only experiment comparing a second order Ambisonic auralization rendered binaurally with a 32loudspeakers array. Auralizations were evaluated along the same dimensions as in the VR experiment, replacing Plausibility by Readability.D i fferent acoustic conditions were presented, including two different musical extracts (slow and rapid tempo), two rooms, and two positions in this room. Similar trends were observed again between sound systems for the various conditions. LEV, ASW, and Reverberance were impacted by the sound reproduction method for a few conditions. Still, a relative stability was observed, with all general trends preserved. The choice of musical extract was observed to have a large impact on the evaluation of the selected attributes, likely due to its tempo and orchestration (presence of bright saxophone).

This emphasizes the importance of the stimuli employed, which also appeared as an essential element during the observation of the architectural project.

In both perceptive experiments, ratings of auralizations followed similar trends across both VR systems and sound reproduction methods, but a significant impact of VII.1.
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both systems was observed in a few conditions on LEV, ASW, and Reverberance, that should be studied in more detail. This relative stability of auditory perception with auralizations is still encouraging from the reliability point of view, and it is conceivable to start knowledge and technology transfer from research to industry, by developing more integrated tools of auralization, easy to learn, and part of an ecosystem that allows to produce high quality multimodal auralizations, as compared to the independent and sometimes unstable components that are currently available. Auralization technology should also benefit from the growing and evolving VR and AR market, as an additionnal feature of these new immersive environments (Greengard, 2019)2 .

VII.2 Perspectives

VII.2.1 Reliability and realism of auralizations

Realism is an essential characteristic of auralizations for use in architectural design (shown to be a key aspect in Chapter IV,e s p e c i a l l yf o rt h ea u d i t o r i u ma u r a l i z a t i o n , and during the review phase). More realistic auralizations produce more engagement in the simulation. Several perspectives are proposed regarding these aspects:

• The anechoic audio and 3D-video content database could be expanded and improved: the video and 3D-point cloud reconstitution could benefit from more recent and performant sensors 3 .F u r t h e r m o r e ,t h eo r i e n t a t i o nt r a c k i n go ft h ei nstruments allowing the addition of dynamic directivity in the auralizations, which was done manually in the current database, could be based on motion tracking with markers placed directly on the instrument. Furthermore, the recordings have not been evaluated in terms of quality; additional measurements are needed to provide absolute sound levels for instance.

• Taking advantage of this database, multimodal listening tests could be conducted, for instance, to asssess the perception of dynamic directivity of the instruments with coherent or incoherent visual movement, as it was shown to increase the Plausibility of simulations [START_REF] Postma | Subjective evaluation of dynamic voice directivity for auralizations[END_REF].

• The realism of the stimuli used in the auralizations proved to be a key element in the collaboration project. A database of stimuli fitting typical scenarios including background noises (restaurant sounds, conferences, parties, solo instrument, small musical recital, orchestra, amplified music) could be constructed for Auralization design.

• As VR/AR allows for the conduction of multimodal listening experiments to be conducted, the definition of JNDs in the context of audio-visual environments should be studied to increase our understanding of perception in these conditions.

• If one wants to assess the perception of music, listeners should be exposed to longer musical passages to grasp the deep effect music can have on our perception, 3 https://azure.microsoft.com/fr-fr/services/kinect-dk/ VII.2.
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and ultimately on the results of listening tests. At this point, it is also essential to design experiments taking into account independent variables such as listening experience, auditory memory, human fatigue, and emotions [START_REF] Zacharov | Sensory evaluation of sound[END_REF].

VII.2.2

Towards a better integration of auralizations in acous-

tic design practices

It was shown in this thesis that, except for a few companies, auralizations are not yet widely adopted in the acoustic design community. This is partly due to the cost in terms of time and human resources. Other reasons include lack of sufficient skills and knowledge from the acoustic consultants, or, depending on the point of view, lack of having integrated tools, easy to use and to learn in their workflow. Based on these observations, several recommendations are made for better integration of auralizations in acoustic design practices:

• Efforts in knowledge transfer from Research to Industry, for instance through collaboration between research laboratories and acoustic consulting practices such as the architectural project presented.

• With the rapidly evolving VR/AR technologies (and recent portable HMDs), training of acoustic consultants on these technologies and auralization.

• Efforts in the development of easy to use and more integrated auralization tools, that comprise a pedagogical component. It should be noted that some initiatives have started, notably with real-time auralization softwares for real-time design changes 4 (Poirier-Quinot and Katz, 2017;[START_REF] Milo | Designing spaces and soundscapes. integrating sonic previews in architectural modelling applications[END_REF].

• As tools and uses evolve rapidly, repeating the investigations initiated in this thesis in 10 years would be interesting, to assess the improvements induced by the new technologies emerging. 
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Figure II. 1 :

 1 Figure II.1: Photography of the Greek theater of Epidaure (Copyright: Federica Leone). Source: https://whc.unesco.org/en/list/491/

  , lecturer in Physics at Harvard University, pioneered this science by working on the improvement of the poor acoustics of a new lecture hall at his University in 1895, the Lecture Hall of the Fogg Art Museum, depicted in Fig. II.2.

  , The Philarmonie de Paris,e m p l o y e da1:1 0scale model (see Fig. II.5), allowing measurements in the 500 to 100 000 Hz frequency range. The measurements conducted in the scale model, that exhibited significantly higher reverberation times than the com-Chapter II. State of the art

Figure

  Figure II.8: Nielsen's acceptability model(Nielsen, 1994,F i g .1 ,p p . 2 5 ) .

  loud and inefficient. The auralization presented included background noise, and ac o m p a r i s o nb e t w e e nt h ee x i s t i n g( 1 2s o u r c e )a n dt h ep r o p o s e d( 2 1s o u r c e ) sound system.

  52 questions was electronically submitted to 460 acoustic design offices around the world (312 located in France and 148 in other countries). Recipients were identified through lists available via the National Council of acoustic Consultants (NCAC) and the French acoustic Society (SFA). The invitation was resent an additional two times, at 10 day intervals. A declaration was made to the CIL of the French Public Research Institution CNRS (the ethics referent for a given laboratory), to inform them of the manipulation of personal data such as names or location. However, neither the IP adress or personal information were handled, with respect to the introduction of the GDPR in May 2018.

  Reporting the results:f o re a c ht h e m ea n ds u bt h e m e ,c o n c l u s i o n sc a nb e drawn, and should be discussed with the overall research question. Statistics on the number of codes assigned to the different categories could be performed to quantitatively support the qualitative analysis.

  lasted 27 to 38 min,a n dt w ol a s t e dr o u g h l y1h.I n t e r m s o f s p e e c h p r o d u ction, there were generally ⇠ 100 words/min, with three faster speakers at around ⇠ 150 words/min. All interviewee discourse was processed using thematic coding, as described in Sec. III.2.3.3.I nt o t a l ,7 7 6s e g m e n t sw e r em a n u a l l yt h e m a t i c a l l yc o d e d .

  Ag r o u p i n ga n a l y s i sw a sp e r f o r m e do nq u e s t i o n n a i r er e s p o n s e st oi n v e s t i g a t ep o t e ntially impacting factors related to the use of the technology, including: Age, Years of Experience, Budget, Number of employees, Number of projects,a n dField of Activity.

  Fig. III.1,u s i n gab u d g e tt h r e s h o l do f 50k€. A Kolmogorov-Smirnov (KS) test evaluating the difference between the two distributions resulted in a p-value of 0.055, very close to the 0.05 threshold.

Figure

  Figure III.1: Number of projects filtered by Budget (Auralization users only, gray:  50 k€,b l a c k : > 50 k€).

  Figure III.2: Method of Creation of acoustic models used by respondents to the questionnaire (light gray: commercial software, dark gray: research laboratory software, black: internal solution).

  Fig. III.3. This result is moderated by 25% of respondents combining auralizations with visual models in more than 75% of their projects (likely using Desktop or TV screens). For the few VR users (overall less than 20%), they preferred, in decreasing order: Head-Mounted Displays (HMD), in-house installations, and more rarely smartphone based systems (eg. Google Cardboard) or larger projection installation CAVEs (for examples of such system, see Poirier-Quinot et al. (2016)).

Figure

  Figure III.3: Auralizations coupling with visuals (black) or VR (gray) models.

Figure

  Figure III.4: Auralization coupling with visual model filtered by Age (gray:  50 years; black: > 50 years).

Figure

  Figure III.5: Auralization coupling with visuals filtered by Number of employees (gray  50 employees; black > 50).

  Av a r i e t yo fp r o j e c ta c t o r sa r ei n v o l v e d ,i n c l u d i n gm o s to f t e na r c h i t e c t s ,b u ta l s o chief executive officers, building users, urbanists, city technical service, musicians, or other discipline consultants such as lighting or landscape. As a consequence, this diversity leads the acoustic consultants to adapt their approach and how they use auralizations. It was commented that each project is unique (4/9), as illustrated by S9: "each auralization is a little bit different" or S7: "it kind of depends on what you sell",a n dS 2 : "every architect you're dealing with is completely different".
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  tion proposal from TP to SU, the actors involved, as well as the auralization provided in this case study. Sec. IV.3 presents a summary of the technical auralization creation process.a Sec. IV.4 presents the methodology used to collect and analyze the data. 1 http://www.lam.jussieu.fr/Projets/index.php?page=GlassHouse Results are presented in Sec. VI.4,subsequen tlydiscussedinSec.VI.5,leadingtoconclusions in Sec. IV.7.A d d i t i o n a ld e t a i l sr e g a r d i n gt h et e c h n i c a lw o r kp e r f o r m e df o r the creation of the auralizations are reported in Appendix. B.To respect the non-disclosure agreement (NDA)r e g a r d i n gt h ep r o j e c t ,s e n s i t i v e information has been anonymized in this thesis, to avoid the identification of the client and the actual project. It is suggested that this does not impact the comprehension nor the analysis of what is presented.IV.2 Project descriptionIV.2.1 Initial proposal: two spaces to be auralizedThis project arose from discussions with TP regarding the use of auralization in design practice. An active project of TP was targeted in September 2018 as a test case to observe client/consultant interactions while working with auralizations. All parties were aware of the study. The project presented two spaces where auralizations were deemed to have potential benefit in the design and decision process.The first was for a large glass enclosed atrium (illustrated in Fig.IV.1), that would be used for various purposes (dinner banquet, conference, recitals, small orchestral music). This auralization was to be rendered binaurally (over headphones), and complimented with an immersive visualization of the space rendered over a Head-Mounted Display (HMD). The binaural rendering was chosen as subsequent auralizations were to be presented outside the facilities of the laboratory, necessitating the portability that binaural rendering provides.The second was for an auditorium (see schematic representation in Fig.IV.1)a ffected by an intrusive noise coming from a sub-space (the Galleria), to provide the evidence for the influence/advantage of a proposed structural isolation. This consisted in having the auditorium surrounded by a box-in-box isolating structure.Afi r s tp r e s e n t a t i o nt ot h ec l i e n to ft h e s et w oa u r a l i z a t i o n sw a sp l a n n e df o re n d October 2018 at SU-laboratory, with one month and a half for producing the auralizations. After this presentation, additional auralization configurations were discussed

  sented in Chapter III.T op r o v i d et h ea u r a l i z a t i o n s ,t h eS Ut e a m ,c o m p r i s i n gt h r e e audio/acoustic researchers, worked from the project description and provided material to create a best-effort presentation in the given time constraints. For TP, this research collaboration provided the client with non-metric explanations of the various design options, making use of the University facilities for rendering. Finally, a few externals took part in the project punctually, showing the need for external resources for such specific projects. The actors are listed below:• The client:e x p e r i e n c e da r c h i t e c t ,l i v i n gi nt h eU S .• The design architect:i nc h a r g eo ft h eb u i l d i n go f3 Dm o d e l ,p r o v i d i n gt ou st h e visual model, located in the US.

  The first package was delivered in two phases. The first phase during a presentation to the client at the SU-laboratories, that included the auditorium auralization and a series of configurations of the atrium. The second phase included additional configurations of the atrium, delivered in the form of 360°videos. The second package included only atrium auralizations, delivered as 360°videos by email.

Fig

  Fig. IV.4 gives an overview of the timeline of the project, for the whole duration of the collaboration between SU and TP. This includes creation phases (P1, P3, P5, P7), review phases (P2, P4), and presentation phase (P6).

  To examine the impact of the coupling between the Glass House and the Galleria, the GA model of the Glass House was extended to include a simplified version of the Galleria (see the bottom part in Fig. IV.5). The architectural opening between the two spaces was modelled as either open or closed portal. Material definitions for the Galleria were selected to replicate the estimated reverberation time of 2.0 sec. The opening between the two volumes was modelled either as open, without any surface, or with a surface representing a transmission loss of Rw =3 5dB, as prescribed by TP. Two Sources were placed in the Galleria, for the event noise, and two Receiver positions, for calibration of the Galleria acoustic conditions.

  reasons and for being unobstrusive during client discussions, only audio recordings were made. Video recordings would have produced more data, particularly for analyzing non-verbal communication, action, and engagement of the involved actors, but was IV.4. Methodology 89 not possible as part of this study.

2.

  By phase: Creation vs Review 3. By phase: Creation vs Presentation 4. By phase: Review vs PresentationFor each of these comparisons, all categories of Auralization design, Client presentation, and Difficulties, were compared by pairs. The results are given in Appendix C.A l l comparisons proved to be significant, except the Stimuli influence, when comparing atrium and auditorium auralizations 6 .

  As presented in Sec. IV.4.3,thecategoriesofusesincludedResearch (1% of coded segments of uses), Marketing (1.5%), Presentation to the client (47%), and Auralization design (51%), totalizing 461 out of the 763 coded segments (60.5%).IV.5.1.1 Minor usesThe use of auralization in Research was mentioned three times, during P1, as shown by the following quotes that are extracted from the emails, [BK-SU during P1]: "Auralizations, once created, can be used for academic research ", "The deliverables can be used in comparative listening tests to evaluate quality of rendering and perceptual impact of rendering systems.", and "The deliverables can be used in scientific presentations related to our work on auralizations". There are then two uses mentioned for the Research part: 1) For use in listening tests 2) For scientific presentations.The use of auralization in Marketing/Communication was broached in the emails [BK-SU, P1]: "Auralizations, once created, can be used for communication".Also, the possibility to use it to present simultaneously the auralization in the HMD for the client, and on a large screen reproducing the 360°to students in architecture was evoked; this use would have two purposes: for communication (presenting to a large audience), and as a pedagogical tool (explaining acoustic concepts in relation to ad i r e c te x pe r i e n c e ) .

terms of software: 3

 3 Visualization software were used, including Revit, Blender,a n d Unity;t h eAudio was managed by Max, communicating via OSC with Unity, while programming tasks were performed in Matlab 7 ,a n dC# for Unity. RIRs simulations were performed using CATT-Acoustic,a n do t h e rp r o g r a m m i n gt a s k si n c l u d e d RIR convolution, normalization, level adjustments, presentation scenario setting, and visual scene fade-out / fade-in in the virtual model. In terms of hardware, several computers were needed; for the presentation of auralizations, both Oculus CV1 and Go were used, the latter allowing for portable presentation of 360°videos. The sound was rendered binaurally over open headphones -the tracking being possible directly with the HMD orientation information -, or over a 32-speakers Ambisonic system, necessitating amplifiers and professional sound cards.The creation and presentation of the 360°videos involved the use of four other software and developer libraries, including ShowTimeVR,t h eFacebook Audio Workstation 8 , Android File Transfer 9 , ffmpeg 10 ,a sw e l la sa nOculus Go and an iPad as hardware.

Fig. IV. 7

 7 Auralization Design: Analysis of communication during the Auralization design phases of the atrium (Fig. IV.7 11 ) showed they were majoritarily concerned with Geometrical Acoustic (GA) simulations (31.7%), the Stimuli influence (28.7%), Acoustic design (21%), and the Visual model (9%). The category Achieve realism represented only 4.2% of the atrium data. While a similar important proportion of communication concerning the auditorium (Fig. IV.7)c o d e sw a sd e d i c a t e dt ot h eInfluence ofthe stimuli (29.3%), this intrusive noise auralization was also concerned with Acoustic design (31.7%), the needs to Achieve realism (19.5%)a n dh a v i n gaMulti-purpose hall (9.8%). A significant amount of discussions concerned Sound design (7.3%), am-about a Gospel? ".The Acoustic design category focused on different aspects for the two auralizations.For the atrium, these included the design of the sound system, the comparison of acoustic features with an existing hall and other similar projects, and the presence of curtains (discussing permanent vs. non-permanent installation), as illustrated by the following quote [TP London Consultant to SJ-TP, P1]: "The glass house could be based on the same system, either with line arrays, coaxial boxes or columns with subs. The catwalks around the performance area give more options for loudspeaker rigging and integration so I will rather avoid having flown line arrays. I'd like in fact as y s t e mc o m b i n i n gt h ec o l u m n sa b o v ew i t hg r o u n ds t a c ks y s t e m ss ot h ec h a n g eo f configuration is as easy as possible and does not involve rigging/de-rigging." .F o rt h e auditorium, no GA simulation was performed. Noise level specifications were specified by the acoustician and the intrusive noise in the auralizations was validated with a sound level meter to ensure the requirements were met.The achievement of realism concerned the target Reverberation Time [BK-SU to SJ-TP, P1]: "Could you also indicate us the target RT for the auditorium?",a n dt h e response [SJ-TP to BK-SU, P1]: "The RT should vary between 1.0 and 1.4 s. Take 1.4 s in recital mode."). The atrium was concerned with the need to have audio-visual coherence (in particular for the presence of absorbant material both in the auralization and the visual model, as the visual model provided support for the room condition during presentation) and the quality of the ambient noise, while in the auditorium, the focus was on the realism of the intrusive noise (and its direction of provenance). The presence of visuals was a key difference, contributing to the realism of the simulation. Client Presentation: Fig. IV.7 shows a consistent repartition of the sub-categories across auralization types: for both the atrium and the auditorium auralizations, the majority of codes concerned the activity of Listening and the perception of auraliza-

  Fig. IV.8 shows the division of themes in the Auralization design category,d o m i n a t e db yAcoustic design (31.5%)a n dGA simulations (28.1%), with significant content contributions the Visual model (13.5%), Stimuli (12.4%), and the Multi-purpose (10.1%)s pe c i fi c i t i e so ft h es p a c e s .The Acoustic design theme contained information exchanges about: sound system design (type, directivity, and placement/orientation of the speakers in the space to optimize the acoustics, while taking into account the constraints of the space such as screen position, and how to integrate into the existing structural base); Preferred Noise Criteria (PNC) frequency curve (curves representing the SPL level of the noise as a function of frequency) specifications for the auditorium, based on TP calculations.Emails were exchanged concerning GA simulations. Emails included: RT specifications for both the atrium and auditorium as defined by TP, based on the intended uses of the space, and to obtain realistic acoustic renderings; material absorption frequency curves, and GA simulation parameters to compare between ODEON and CATT models (number of rays, algorithm used, presence of diffraction, computation time, model simplifications).Exchanges also concerned the architectural Visual model, which was first provided by the Architect, re-textured, and integrated into Unity by SU for real-time rendering and anonymity. Hence, several requests were sent for obtaining screenshots of the interior of the model, details such as the actual spacing between absorbers, or the size of the absorbers, as in the following quote [BK-SU, P1]: "If we could have views with

  Fig. IV.8 shows a highly different division of content compared to the Creation phase, as Stimuli influence (39.7%)a n dAchieving realism (27.9%) were the main topics, while Acoustic design and Sound design were also discussed (resp. 19.1% and 10.3%).

  Regarding the Acoustic design,t h ec o d e sm a i n l yc o n c e r n e dt h ea u d i t o r i u m ,a n d the background noise measurements, in relation with the PNC curves and levels, comparing the specifications and the actual perceptual rendering (previously described in Sec. IV.5.1.3). Client Presentation: Fig. IV.8 shows that most of the time was spent Listening tothe auralization during this review phase, and trying to adjust the stimuli to obtain the most realistic simulations (68.8% of the coded segments in this category). This included A/B comparisons between PNC levels, switching with and without public noises, spectral adjustments of the intrusive noise for the auditorium, and listening to the different stimuli (Speech male and female voices comparisons, Jazz, Amplified music) in the atrium, with A/B comparisons at different positions.

  Fig. IV.8 shows that Acoustic design (36.1%) and Stimuli (29.5%) discussions were the most present themes, followed by a significant (18%) part dedicated to GA simulations,a n dm i n o rc o n t r i b u t i o n sf r o mMulti-purpose hall (8.2%), Visual models (4.9%), and Achieve realism (3.3%).The auralizations, and particularly the atrium, clearly engaged the client (based on observations), and helped start the Acoustic design dialogue, related to the GA simulation category as well. The client asked for specific conditions ([The client, P6]:

IV. 5

 5 .1.7 Summary of observed auralization uses Key differences were observed between the two auralizations: the first obvious difference lies in the presence of the visual component, that requires additional time for the creation of the visual model (and the associated competences). The second difference concerns the rendering system, which was either binaural, or rendered over a1 2 -s p e a k e r sl a y o u t ,p r o v i d i n gt h en e e d e di m m e r s i o na n dd i r e c t i o n a l i t yo fs o u n d ,i n order to achieve a plausible simulation.

  o m p a r i s o nb e t w e e na t r i u ma n da u d i t o r i u m The division of the content of the sub-categories of Difficulties (see the thematic tree in Sec. IV.4.3,t h a ti n c l u d ea sar e m i n d e rCompatibility, Cost, Hardware issues, Human errors, Lack of skills, New technologies,a n dTime are represented in Fig. IV.9,c o mparing the atrium and the auditorium auralizations. However, caution should be taken in the comparison as only 25 segments were coded for the auditorium as compared to the 123 segments of the atrium; percentages, meaning the absolute number of coded

  This section was published in part in the following conference article: Thery, D. and Poirier-Quinot, D. and Postma, B. and Katz, B. Impact of the visual rendering system on subjective auralization assessment in VR. Int. Conf. on Virtual and Augmented Reality (EuroVR) 2017.

  c o m p a r e d three rendering systems (CAVE, HMD, and an Immersive WorkBench). All were found equivalent regarding their suitability to present 3D visual models while CAVE and HMD seemed more adapted to show specific details and for spatial perception. Kim et al. (2012)s t u d i e dt h ee ffects of different VR rendering systems (Desktop, HMD, and CAVE) on emotional arousal and task performance under low and high stress conditions. Their results indicated that different VR systems may be appropriate for different scientific purposes when studying stress reactivity using emotionally evocative tasks.

  introduced in Poirier-Quinot et al. (2016), illustrated in Fig. V.1.A3 DG e o m e t r i c a l Acoustic (GA) model of the Paris Théâtre de l'Athénée was created for Room Impulse Response (RIR) simulations. A corresponding architectural visual model was obtained, re-meshed and textured for real-time rendering. Simulated Ambisonic RIRs were used for tracked binaural auralization of the actors on the virtual stage. Finally, adaptive real-time visual rendering of the theater on the CAVE-light and the HMD was handled

  Figure V.1: Conceptual overview of the augmented auralization framework. (a) Creation of the Théâtre de l'Athénée GA model and RIRs simulation for source-receiver positions. (b) Creation of the visual model. (c) Audio (dry) and Visual (RGB and Depth) recordings of the performance. (d) Rendering of the actors' avatars as a pointcloud, created from RGB and Depth recordings. (e) Final rendering of the point cloud in the virtual environment for real-time augmented auralizations in the HMD and (f) CAVE-light architectures.

Fig

  Fig. V.2). Actors' positions during the play were confined to area A,o n ea c t o rw a s sitting at S2,theotheractormainlystandingatpositionsS1 or S3.L i n e a ra m p l i t u d e

Figure

  Figure V.2: Area A shows the delimitation of the region occupied by the actors during the play. Defined acoustic source (actors on stage: S1, S2, S3)a n dr e c e i v e r( R1, R2, R3)po s i t i o n si nt h eG Am od e l .

  Plausibility:d o e st h ea u r a l i z a t i o ns o u n d sp l a u s i b l e / r e a l i s t i ci nr e l a t i o nt oy o u r seating position in the theater? • Distance:p e r c e i v e da c o u s t i c a ld i s t a n c eo ft h ea c t o r sf r o my o u rs e a t i n gp o s i t i o n . • Loudness :o v e r a l lp e r c e i v e ds o u n di n t e n s i t y .L o u d n e s ss h o u l db ea s s e s s e dr e l a t i v e to what you consider acceptable for the theatrical performance involved. • Apparent Source Width (ASW ): perceived horizontal extent of the acoustic image of the actors. • Listener Envelopment (LEV ): sensation of being surrounded by the sound of the actors and room. Higher envelopment means a more uniform distribution, less envelopment means a more localized or directional reverberant sound. • Reverberance :h o wl o n gd o e st h es o u n dt a k e st oc o m p l e t e l yd i s a p p e a rf r o mt h e soundscape after the actor finished speaking? V.1.3.2 Protocol

  2b u t t o n sr e s p e c t i v e l yf o rp l a y / p a u s ea n df o ra d v a n c i n gt ot h en e x tt r i a l . S u b j e c t s in the HMD condition were not able to see the physical interface (see Fig. V.3(a)).

  Figure V.3: Experimental setup of the HMD condition (left) and virtual representation of the rating interface (right).

Figure V. 4 :

 4 Figure V.4: Normalized ratings across HMD and CAVE-light systems for congruent audio-visual configurations A1V 1, A2V 2,a n dA3V 3 (CAVE-light left, HMD right). Notches indicate 95% confidence intervals, box limits represent the 25% and 75% quartiles, statistical outliers are indicated by (+), (-) indicates the median, ( )i n d i c a t e s the mean value.

Figure V. 5 :

 5 Figure V.5: Normalized ratings across HMD and CAVE-light systems for all audiovisual configurations, by visual position, combining all auralization positions. For example, the top left plot represents Plausibility ratings for combined [V 1A1 + V 1A2 + V 1A3]c o n fi g u r a t i o n s . ( S e eF i g .V.4 caption for plot description).

Figure V. 6 :

 6 Figure V.6: Normalized Plausibility ratings across HMD and CAVE-light systems for congruent and incongruent audio-visual configurations. Each boxplot group represents the ratings for a given visualization configuration while listening to either A1, A2,o r A3 auralization. (See Fig. V.4 caption for plot description).

Figure V. 7 :

 7 Figure V.7: Normalized ratings for congruent and incongruent audio-visual configurations. Each boxplot group represents the ratings for a given listened auralization, gathering all visual positions. (See Fig. V.4 caption for plot description).

  [START_REF] Pätynen | Anechoic recording system for symphony orchestra[END_REF]i n2 0 0 8 : i n s t r u m e n t sw e r ei n d i v i d u a l l yr e c o r d e dp r o v i d i n gh i g hquality and perfectly separated instruments for classical music from various periods, including Mozart, Beethoven, Mahler and Bruckner. Lastly and most recently, in 2016, D'Orazio et al. (2016)c o n d u c t e dr e c o r d i n g so fa no p e r ap e r f o r m a n c ei n c l u d i n g orchestra and soloist, from composers including Donizetti, Verdi and Puccini. These last recordings are not perfectly anechoic, having been carried out in a dry room.

  [START_REF] Guastavino | Spatial audio quality evaluation: comparing transaural, ambisonics, and stereo[END_REF] compared three recording techniques with associated sound reproduction system, namely: (1) stereo (ORTF) recordings were played back with two loudspeakers located in front of the listener at +/-30°azimuth, (2) dummyhead recordings were played back using the same system with additional transaural processing, and (3) B-format (FOA) recordings were played back with six loudspeakers regularly spaced around the listener, including the two speakers used in other conditions. 11 expert listeners (working in the field of acoustics) evaluated subjective parameters including Envelopment, Immersion, Representation, Readability, Realism, and Overall quality. The recorded scenes included outdoor trafficn o i s ea n dt h r e ei ndoor recordings (car interior, people talking with background music, and an excerpt of electric guitar). A significant difference was observed between transaural and both Ambisonics and stereo for the concert excerpt (only one in four sound scenes), while being consistent for the remaining scenes. When considering all sound scenes, significant effects of reproduction techniques were observed for Envelopment, Immersion, Readability, Realism,a n dOverall quality.I np a r t i c u l a r ,A m b i s o n i c sw a sr a t e da ss i g -

  anechoic recordings and Geometrical Acoustic (GA) models descriptions in Sec. VI.2. The experimental design is described in Sec. VI.3,f o l l o w e db yt h er e s u l t si nS e c .VI.4, discussed in Sec. VI.5,l e a d i n gt ot h ec o n c l u s i o ni nS e c .VI.6.

  . The GA model of the CM was created based on 2D plans provided by the Cité de la Musique and photographs. They are both depicted in Fig. VI.1.

  Fig. VI.4,i sb a s e do nt h e decomposition of the Ambisonic stream on virtual loudspeakers; the binaural signals are then created by convolving the virtual loudspeakers signals with HRTFs appropriate to their position in space. These filtered signals are subsequently superimposed to create the left and right ear headphone signals. As stated in[START_REF] Noisternig | A 3D ambisonic based binaural sound reproduction system[END_REF], "the number of loudspeakers is independent of the number of virtual sources".

Figure

  Figure VI.6: Average frequency spectra over the entire recording of one stimulus (Bechet), including Ambisonic, and binaural pre and post-equalization.

  auralization to a client was the main identified use, and was effectively observed in an actual architectural project, presented in Chapter IV.O t h e ru s e si n c l u d e dTesting ideas, Used as a verification tool, Used as a marketing tool, Used to improve internal company discussions, and other minor uses (Public demonstrations, Research through listening tests, Architectural competition).I n t h i s w a y ,a u r a l i z a t i o n i s v e r y m u c h a communication tool, that can also be used pedagogically.

  to use auralizations One answer by row is necessary Tools linked to auralizations This section focuses on the tools you use to create your auralizations. []At which frequency do you use the different methods listed below to create your auralizations? * Only answer this question if the following conditions are met: Answer was 'Yes' or 'No, but my company does' at question '11 [A10]' (Have you already worked with auralizations?) Please choose the appropriate response for each item: One answer by row is necessary []Your auralizations are created in real-time : * Only answer this question if the following conditions are met: Answer was 'Yes' or 'No, but my company does' at question '11 [A10]' (Have you already worked with auralizations?) Choose one of the following answers Please choose only one of the following: Never Rarely For half of our projects For the majority of our projects Always I do not know []Acoustical models that you use are : * Only answer this question if the following conditions are met: Answer was 'Yes' or 'No, but my company does' at question '11 [A10]' (Have you already worked with auralizations?) Please choose the appropriate response for each item: One answer by row is necessary []Which type(s) of sound rendering system(s) do you use to listen to your auralizations? *

  figurations audio: Lisibilité, Distance, ASW, LEV, Réverbérance, et Intensité. Deux salles ont été modélisées, avec deux stimuli différents, à deux positions dans la salle. Des tendances similaires ont également été observées à travers les systèmes de rendu, avec cependant un impact du système de rendu audio sur l'évaluation de ASW et LEV, ainsi que Réverbérance, dans certaines conditions. Le choix du stimuli est essentiel, au regard de son influence sur l'évaluation des différents attributs. Ainsi, une large gamme d stimuli doit être présentée pour permettre de généraliser les résultats obtenus. Dans ces deux expériences, les évaluations suivaient des tendances similaires à travers le système de rendu visuel et le système de restitution audio. Cette relative stabilité est encourageante d'un point de vue de la fiabilité des auralisations, et il est possible de commencer un transfert de connaissance et de technologie de la recherche vers l'industrie, en développant des outils mieux intégrés, facile à utiliser, et faisant part d'un écosystème permettant de créer des auralisations multimodales de haute fidélité. Cette technologie devrait bénéficier de l'émergence des technologies de réalité virtuelle et augmentée et de leur marché grandissant, comme une feature additionnelle de ces environnements immersifs.
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Table II

 II 

	Table II.1: Summary of the practical, social, and situated acceptability approaches,
	to study technology acceptance (Bobillier-Chaumon, 2013).
		Practical acceptability	Social acceptability	Situated acceptability
		Ensuring the ergonomic	
	Principle	qualities of tools and	
		optimizing HMI (Human-machine interaction).	
		.1:s o c i a l ,p r a c t i c a l ,a n ds i t u a t e d( Bobillier-Chaumon, 2013).
	Social acceptability is a predictive approach. It aims at studying the use of a
	technology beforehand, to anticipate its acceptability before the design phase. Studies
	are generally model-based, including Technology Acceptability Models (TAMs) and
	Unified Theory of Acceptability and Use of the Technology (UTAUT) models. In

  Related work ............................. III.2 Methodology .............................

	III.1 Introduction	Chapter III
	Auralization usage survey This chapter was published in part in the following journal article: Thery, D. and
	Boccara, V. and Katz, B. Auralizations in acoustic design: a survey study. J. Acoust.
	Soc. Am. June 2019, Vol. 145 (6), 3446-3456.	
	Contents	
	III.1 Introduction .............................
	III.1.1 Objectives ...............................
	III.1.2 III.2.1 Global approach ...........................
	III.2.2 Quantitative survey via questionnaire ...............
	III.2.3 Qualitative survey via interviews ..................
	III.3 Results .................................
	III.3.1 Grouping statistical analysis .....................
	III.3.2 About the variety of projects using auralizations .........
	III.3.3 About the tools used .........................
	III.3.4 About the dimensions of practical acceptability ..........
	, including Plausibility, Readability, Distance, Loudness, Apparent Source III.4 Discussion ...............................
	Width, Listener Envelopment, and Reverberance, following previous research that
	partially triggered the present thesis (Postma, 2017). III.5 Conclusion ...............................
	L'ennui est entré dans le monde par la paresse.
	Il y a bien autant de paresse que de faiblesse à se laisser gouverner.
		Jean De La Bruyere

Table III

 III 

	Subject ID	123	4	5	6	7	8	9
	Country/Language									
	Age	30/39 40/49 50/59	40/49	60+	40/49	60+	40/49 30/39
	Years of Exp erience	5/10	5/10	10+	10+	10+	10+	10+	10+	10+
	User of auralizations	No	Yes	Yes	Yes	No	Yes	Yes	Yes	Yes
	Number of employees	15 0 / 2 5 0 2 / 95 0 0 0 + 1 0 / 4 92 / 9	1	1 0 / 4 9 5 0 / 2 5 0
	Number of projects	05 0 +	1 0 / 5 0	1 0 / 5 0	02 / 1 0	2 / 1 0	5 0 +5 0 +
	Interview duration (min)	38	20	57	33	19	27	35	70	19
	Ouptut(words/min)	151	96	132	94	80	146	98	92	102

.1: Profile information for interviewed consultants: Country/Language (En-glish=En, French=Fr), Age, Number of Years of Experience in Acoustics, User or not of auralizations, Number of employees of the company, Number of projects per year, Average budget per project (with or without auralizations), Duration of the interview, and Talking rate. FR/Fr US/En US/En AU/En US/En FR/En US/En FR/Fr US/En Av g p r o j e c t b u d g e t ( k €) 2/10 10/50 >300 100 /300 NA 10/50 10/50 100/300 10/50 1. Projects,i n c l u d i n gQuestionnaire and Interviews,i nS e c .III.3.2. 2. Tools used,i n c l u d i n gMethod of Creation, Sound rendering system and Coupling with visual/VR,i nS e c .III.3.3. 3. Practical acceptability,i n c l u d i n gUsefulness, Usability, Cost, Compatiblity and Reliability,i nS e c .III.3.4.

Table III .

 III 2: Likert scale values (0-3) for attributes of factors encouraging the use of auralizations. There is a trend only for bold values, meaning results were not judged neutral on the Likert Scale.In

	Dimension	Mean Med std
	Improving internal collaboration	1.4	2	0.9
	Improving external collaboration	2.1	2	0.7
	Improving actors motivation	1.9	2	0.8

more detail, auralizations were reported as being used in various types of projects, that can be classified as (A) Public spaces (4/9): museums, building development, commercial galleries, residential, sport centers, congress center, and churches;

(B) Performance oriented spaces (7/9): concert halls, theaters, operas, and auditoriums); and (C) Environmental noise (3/9): roundabouts, aircraft, train, and turbine noises as well as roads or city planning.

  TableIII.3: Dimensions of practical acceptability: 5-point Likert scale means and medians (0-4) attribute ratings. There is a trend only for bold values, meaning results were not judged as neutral on the Likert Scale.

	Dimension	Mean Med std
	Utility	2.3	1.1
	Learnability	1.7	1.2
	Ease of creation	1.8	1.3
	Memorability	2	1.1
	Errors	1.7	0.9
	Satisfaction	2.9	1.1
	Reliability	1.7	1.1
	Compatibility	2.5	1.1
	Efficiency	2.5	1.1

Table III .

 III 4: Likert scale values (0-3) for attributes of difficulties linked to auralizations.There is a trend only for bold values, meaning it is not judged neutral on the Likert

	Scale			
	Dimension	Mean Med std
	Misconception of the technology	1.5	1	0.8
	Lack of skills by the user	1.7	2	0.8
	Habits and methods of work	1.7	2	0.8
	Time	2.3	2	0.8
	Computing power	1.2	1	0.9
	Reliability	1.8	2	0.8
	Cost	1.8	2	0.9

are musicians or attentive listeners, auralizations have to be as accurate as possible. It was also mentioned that since sound is very subjective, it can sometimes be a matter of taste (3/9), with for instance S7 (having worked on a lot of concert halls projects):

Table IV

 IV 

.1: Auralization services proposal.

  ) to 8-channels .tbe (a format launched during the Two Big Ears project, a company acquired by Faceboook, which is used in the Spatial Audio Workstation) considered an obsolete format 12 ), without notice during an update, resulting in significant time spent to uncover this apparent "bug". While these problems can appear obvious for researchers or developers, who are used to adapting, they are not trivial for every architect or acoustician, who commonly use more standardized software, saving time to focus on production. Hence, the need for training is becoming more important in order to integrate these new technologies in professional practices.

	106	Chapter IV. In-situ observation of auralization usage: a case study
	ization, or, regarding the visual model, knowledge about shaders and equirectangular
	projections in Unity. Summing all the deviations ultimately significantly impact the
	overall ecological validity of the auralization.
	IV.5.2.3 Errors
	Two types of errors were observed in this project: material and human (related to
	the categories New technologies, Human errors, Compatibility,a n dHardware issues,
	representing respectively 23%, 15.5%, 14.2%, and 9.5% of the overall coded difficulties
	(over 148 codes), see Fig. IV.9).
	One source of technical error is related to the use of recent software or APIs that
	require advanced programming knowledge: in this project, for instance the use of
	second order Ambisonic IRs required to know the basics of channel ordering, normal-

Additional quotes, coming from internal SU exchanges, respectively concerning ShowTimeVR and Oculus Go issues, illustrate these problems [DPQ-SU, P5]: "Only real issue: the control ler app (iOS) crashed on me while I was messing around with settings during playback. No more control over the Go at that point, could not see it on the network (video was still playing smoothly though). Had to relaunch Showtime VR app in the Oculus to get control back. The controller app seems stable otherwise"a n d [BK-SU, P3]: "After a variety of testing conditions, we have come to the conclusion that the 360°of the Oculus Go is not yet stable, switching to mono from time to time".

  . A few startups propose VR architectural design, although very few integrate spatial sound at present 13 14 15 16 .Ad e t a i l e dr e p o r ti n v e s t i g a t i n gV R / A Ru s e s has been conducted by the Capgemini Research Institute (Capgemini Research Institute, 2018), also predicting the high impact of VR/AR in the coming years, both for the automotive and manufacturing industries. In architecture, Revit,o n eo ft h el e a ding 3D visualization software for architect has integrated VR in its options 17 .F i n a l l y , am a j o ra c t o ro fA R / V Rh a sj u s ta n n o u n c e d ,i nt h e i rl a s tK e y n o t e ,t h ei n t e g r a t i o n of BIM information directly linked and updated in real-time in Unity 18 ,a n dam u c h better integration of AR devices for multi-platform development via FoundationAR 19 .

  1 .

	122	Chapter V. Auralizations in multimodal environments
	Table V.1: VR systems specifications comparison.
		CAVE-light	HMD
	Resolution	1280 x 1024p	960 x 1080p per eye
	Field of View (Horizontal) 180°100°F
	ramerate (FPS)	75	75
	Stereoscopy	No	Yes
	Head Tracking	18 infrared cameras system Internal gyrometer

  V.1. Impact of the visual rendering system on subjective auralization assessment in VR 131 Table V.2: p-values for Wilcoxon signed rank tests, related to Figs. V.4, V.5, V.6,and V.7.U n d e r l i n e dv a l u e sr e p r e s e n ts i g n i fi c a n td i fferences (< 0.05). ε indicates p-values where p ⌧ 0.01. CAVE &p HMD for AiVi vs. AjVj p CAVE &p HMD for Vi vs. Vj p CAVE &p HMD for Ai vs. Aj

	Attr.	Congruent	Visualization	Auralization
	p			

  The creation of a database that provides anechoic audio and 3Dvideo content that allow for the reproduction of virtual concerts was the purpose of the 2 nd section, opening the door to more possibilities of listening tests with virtual avatars of musicians, potentially including instrument dynamic directivity. auralization evaluation VI.4.3 By room ................................175 VI.4.4 By musical extract ..........................176 VI.4.5 Interviews post-experiment .....................177 VI.5 Discussion ............................... 178 VI.6 Conclusion ............................... 180

	V.3. Conclusion	147
	ception for making confident design choices, with auralizations rendered using different
	VR interfaces. However, these results should be further validated with musical stimuli,
	and potentially other attributes as well. As new VR visual devices came out since the
	experiment, repeating the experiment and comparing, for instance, portable HMDs
	versus wired HMDs, or with different resolutions, is also of interest.	
	Chapter IV showed that (multi-purpose) hall design requires the availability of
	various kinds of anechoic stimuli, including jazz, that was not available in existing
	public databases.	

  . Research in binaural audio aims at improv-

	ing/correcting localization, externalization, coloration effects, and spatial impression
	when performing renderings over headphones. The individual nature of the HRTF is
	clearly an active field of research, from 3D modeling/scans of ear morphology 3 (Katz,
	2001)t om a c h i n e -l e a r n i n g( Nugraha et al., 2016) based approaches to perform HRTF
	individualization. A related field is the improvement of the calculation of the HpTF
	(Headphone Transfer Function), particularly interesting for widespread applications
	(Paquier and

  employed decoding method. Severe coloration can be induced by delay compensation filters as well, which does not improve localization at the center

	d i s c u s s e dt h em a i nf a c t o r si n fl u e n c i n g
	localization, source width, coloration,a n dloudness,i n c l u d i n gt h enumber of speakers,
	Ambisonic order, array radius and compensation filters, decoding strategy, reproduction
	room,andreverberation time. He concluded that while a large number of loudspeakers
	achieves good localization for the correspondingly suitable order. Order truncation (or
	correspondingly too many speakers) can result in coloration issues. Using insufficient
	number of speakers (i.e. too high an order for the corresponding loudspeaker array)
	can also cause imbalanced timbre, source width, and loudness. The regularity of the
	loudspeaker layout is also of crucial importance for sound field accuracy, no matter the
	1 http://www.bili-project.org/
	2 https://www.sofaconventions.org/mediawiki/index.php/SOFA_(Spatially_Oriented_
	Format_for_Acoustics)
	3 https://auralid.genelec.com/

  The second was the Amphitheater of the Cité de la Musique (CM) in Paris, by architect Christian De Portzamparc and the acoustics handled by Commins BBM, ACV, and Xu Acoustique. This hall has 230 seats and a volume 1370 m 3 . Initial simulations were performed Algorithm 1, while final RIR simulations were computed using Algorithm 2. Algorithm 1 and 2 differ in the way diffuse rays are reflected. Two methods are used: deterministic split ray and random scattering. Algorithm 1 uses random scattering with optional ray splitting for up to 2 nd order reflections. With random scattering, each incident ray generates a single reflected ray, either specular or scattered, with a probability depending on the scattering coefficient, thus requiring a large number of rays, as no additional rays are created. Too few rays may result in insufficient reflection density in the late part of the decay to be suitable for auralization. Besides, the late impulse response may vary significantly between successive calculation runs, due to the randomness of the angle of reflection of diffuse reflections, potentially leading to large variations in T 30 between succesive runs. In contrast, Algorithm 2 creates for each incident ray a specular reflection and many new rays representing diffuse reflections (with low energy), resulting in an increase in reflection density as the sound decays. Algorithm 2 is much more computationally expensive, but generally yields much more accurate results as well (regarding the stability of T 30 ,d u et ot h em o r eu n i f o r md i ffusion),

	VI.2.2.1 GA model creation and calibration
	GA room model creation and calibration was performed using the GA software CATT-
	ACOUSTIC (v9.1, TUCT v2.0).

Table VI .

 VI 1: T30, EDT, C80, IACC values from the RIRs analysis, both for MML and CM. Values for centered source, across 2 receivers (front/back, respectively receiver 2 and 7 in Fig. VI.1). Left side: front; right: back position.

	Room	Octave band	125	250	500	1000	2000	4000
		T 30	1.05/1.20	1.10/1.14 1.17/1.16 1.16/1.23 1.13/1.02 1.08/0.91
	MML	EDT	1.20/ 0.98 1.13/1.10 1.34.1.05 1.02/1.09 0.99/1.05 0.85/1.03
		C 80	-0.67/4.01 1.94/2.55 0.93/2.52 0.92/1.14 3.00/3.34 2.69/1.14
		IACC	0.96/0,97	0.94/0.86 0.70/0.66 0.80/0.62 0.74/0.77 0.92/0.86
		T 30	1.08/1.16	1.10/1.13 1.17/1.14 1.20/1.16 1.17/1.05 1.04/1.08
	CM	EDT	0.57/1.39	0.70/1.24 0.86/1.31 1.19/1.31 0.96/1.26 0.93/1.12
	(post-calibration of T 30 )	C 80	7.02 / -0.16 5.35/-2.76 4.12/-0.65 1.60/-1.22 2.86/-1.09 4.21/-1.01
		IACC	0.98/0.98	0.94/0.87 0.82/0.58 0.57/0.60 0.65/0.64 0.82/0.81
	VI.2.2.2 RIR simulations and convolutions				

  p r o p o s e dr u l e so ft h u m b for interpreting effect sizes, suggesting that a value of |0.2| represents a 'small' effect size, |0.5| represents a 'medium' effect size and |0.8| represents a 'large' effect size. A threshold of 0.3 was chosen above which d Cohen differences are large enough to be noted

	d Cohen =	µ ν SD Pooled	(VI.2)

in Table VI.3,av a l u ep r o p o s e di nCohen (1988)( s e ep a g e1 8 5 ) ,b a s e do nr e a l -w o r l d applications. The computation of d Cohen for paired samples was performed according to Eq. VI.2.

Table VI .

 VI 3: p-values for Wilcox signed rank tests, related to Figs. VI.8, VI.9,andVI.10. Underlined values represent non-significant differences between conditions (p>0.05). ε represents p-values that are smaller than 0.01. d Cohen effect sizes are reported below each p-value. Differences between d Cohen above 0.3 threshold across rendering systems are represented in bold. Amb & p Bin p Amb & p Bin p Amb & p Bin Front vs. Back MML vs. CM Django vs. Bechet

	Attr.		Position	Room	Musical extract
	p Readability	ε/ ε	0.07 /0 . 7 0	ε/ ε
	ES -d Cohen	0.52 / 0.63	-0.22 / 0.04	-0.75 / -0.43
	Distance		ε/ ε	0.83 /0 . 1 2	ε/ ε
	ES -d Cohen		0.09 / εε /-0 . 1 8	0 . 7 6/0 . 6 3
	Loudness		ε/ εε / εε / ε
	ES -d Cohen	0.17 / 0.15	0.36 / 0.83	-1.0 / -1.22
	ASW	0.94 /0 . 0 3	ε/ εε / ε
	ES -d Cohen	0.12 / 0.11	0.53 / 0.65	-0.41 / -0.45
	LEV		ε/0 . 1 0	ε/ εε / ε
	ES -d Cohen	0.15 / 0.13	0.40 / 0.71	-0.77 / ε
	Rev.	0.81 /0 . 5 3	ε/ εε / ε
	ES -d Cohen	0.17 / 0.02	0.60 / 0.76	-0.48 / -0.13
	VI.4.2 By position		
	Results are analyzed by rendering system and position, comparing front and back
	positions (see Fig. VI.8). For the loudspeaker condition, all attributes except ASW
	and Reverberance were rated significantly different (Front position being more read-
	able, closer, more enveloping, and louder). For the binaural headphone condition, all
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  Table C.2: Comparison Creation-Review phases

	Table C.6: Comparison Creation-Presentation.
	Difficulties	n1 y1 n2 y2	Z	p	SigDiff
	NewTechnologies 97 24 14	0	17.8 0.20
	Time	97 16 14	2	11.75 1.99
	Compatibility	97 12 14	0	15.7 0.13
	Auralization design n1 y1 n2 y2 HumanErrors 97 16 14 1	Z 8.8 0.16 p	SigDiff
	Acoustical design LackofSkills	89 28 68 13 24.66 0.26 97 11 14 0 15.5 0.11	1
	GA Simulations HardwareIssues 97 11 14 15.5 0.10 0.12 89 25 68 2 68.08 0.17	1
	Visual models Cost	89 12 68 0 73.63 0.08 97 7 14 11 -64.2 0.16	1
	Stimuli influence	89 11 68 27 -57.46 0.24	1
	Multi-purpose hall	89 9 68 0 72.14 0.06	1
	Achieve realism	89 2 68 19 -85.48 0.13	1
	Sound design	89 2 68 7 -57.40 0.06	1
	Table C.7: Comparison Review-Presentation.
	Client presentation n1 y1 n2 y2	Z	p	SigDiff
	Listening	14 8 64 44	-6	0.67	1
	Negociation	14 5 64 6 24.98 0.14	1
	Pedagogy	14 1 64 3	5.80 0.05	1
	Scenarisation	14 0 64 11 -16.30 0.14	1
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In the comparison Review vs Presentation phase, Compatibility and Lack of Skills were also judged not significantly different, due to the absence of codes in one of the categories.
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https://facebook360.fb.com/spatial-workstation/
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Some codes concerned both spaces, hence summing all these codes will give slightly more than the number of coded segments in the uses category.
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exemple, un solo de violon a été sélectionné pour simuler l'auditorium, permettant de laisser audible le bruit intrusif de cette simulation. L'aspect négociation lors de la présentation a clairement été confirmé lors du projet en collaboration avec Theatre Projects, en particulier pour l'auralisation de l'auditorium. Un autre aspect significatif concerne l'utilisation de l'auralisation comme un outil pédagogique; durant la présentation au client, ce dernier a en effet pu être guidé dans la simulation aidé par des explications verbales, alors qu'il expérimentait les différentes conditions, facilitant ainsi la compréhension des différentes options de design proposées. L'analyse des dimensions de l'acceptabilité pratique a révélé des facteurs de frein à l'iintégration des auralisations, tel que la diversité des outils utilisés, mais également des problèmes de compatibilité et de stabilité de ces outils. La nouveauté et la rapide évolution nécessite en effet une veille permanente, pas toujours possible pour des consultants ayant besoin d'un framework stable permettant de répondre à la pression présente dans des projets archtiecturaux. La présence de modèles visuels est également un facteur de difficulté, car cela nécessite des compétences supplémentaires permettant l'utilisation de la VR.En résumé, cette collaboration a été complémentaire de l'enquête; elle a permis une description plus détaillés des usages réels, et a également révélé des difficultés clés, principalement dues à l'aspect nouveau des technologies, ou vu d'un autre angle, du à un manque de formation et/ou de compétences des consultants, notamment sur la partie visuel et VR, nécessitant d'intégrer ces compétences aux formations des acousticiens et architectes. Un autre potentiel problème concernant l'utilisation d'auralisations réside dans la perception auditive des auralisations, et en particulier la stabilité de la perception lorsque différents systèmes de rendu sont utilisés. Cette thèse a étudié cet aspect, comparant pour des auralisations multi-modales, deux systèmes de rendu visuel: un casque de VR (HMD) est une CAVE-light. Des évaluations subjectives ont été réalisées, dans le contexte d'une scène de théatre virtuelle avec des conditions audio-visuelles cohérentes et incohérentes, dans laquelle les participants devaient évaluer la scène selon 6 attributs: Plausibilité, Distance, Largeur de source (ASW), Enveloppement (LEV), Réverbérance, et Intensité. Les résultats ont montré un impact significatif du système de rendu visuel sur l'évaluation de ASW et LEV, avec toutefois des tendances simi-
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Chapter V. Auralizations in multimodal environments

One of the missing musical periods in the work of [START_REF] Pätynen | Anechoic recording system for symphony orchestra[END_REF]w a st h e Baroque era, which they decided not to record mainly because of the presence of the harpsichord, which was deemed difficult to record properly (this instrument was not recorded here for practical reasons as well). Given the numerous composers, different geographical influences, number of orchestrations, and overall richness of this period, it was decided to acquire Baroque music material. The three pieces were interpreted by the same quartet, comprising 2 violins, 1 viola, and 1 cello.

The first selected piece was the second movement of the 3 rd Orchestra Suite (BWV 1068 no.3) called Aria in D-minor. This 1min10s long piece is one of the most famous from J. S. Bach, providing various harmonies with a slow tempo (Largo/Larghetto).

The second selected piece was part of the Art of the fugue,t h el a s tp i e c eo fw o r k from J.S Bach. An extract of 1min07s from the Canon Alla Ottava in D-minor was selected. The first phrase of this Canon is written for the violin alone, followed by the cello; the different voices alternate often, at a moderate tempo (Adagietto), enabling one to focus on the different instruments and their frequency ranges successively.

The third and final piece from the Baroque era was the 3 rd movement of the Summer of the Four Seasons from Vivaldi, in G-minor. This piece of 2min35s, played presto, comprises a variation of dynamics, including violin solo passages, crescendos, and tutti.

These pieces, being interpreted with 2 violins, 1 viola, and 1 cello, are also interesting from the viewpoint of moving instruments.

V.2.2.3 Jazz

Common jazz instruments include saxophone, trumpet, trombone, clarinet, piano, guitar, double-bass, voice, and drums. Different periods can be characterized by different orchestrations.

It was decided to record Manouche jazz, a style from the 1930s characterized by a rythmic basis generally played by 2 guitars and a double-bass, accompanying a melodic violin, with the absence of percussion, woodwinds, and brass. The chosen title was the well-known Minor Swing in A-minor, interpreted by a trio comprising 1 double-Chapter V. Auralizations in multimodal environments bass, 1 guitar, and 1 violin, covering a large part of the audible frequency range. The recorded extract lasted 1min15s.

Two additional pieces were selected to extend the range of instruments available, as well as other styles of jazz music: the first 2min of Don't mean a thing, written in 1931 by Duke Ellington, interpreted by a trio comprising a tenor saxophone, guitar, and double-bass. This piece was selected to represent the Swing Jazz period. Finally, the first 1min30s of a Sydney Bechet song, recorded in 1952 (New Orleans period), interpreted by a trio comprising an alto saxophone, guitar, and double bass was chosen for the particular timbre of the alto saxophone and the low density of notes in this piece, allowing for more perception of room effects.

V.2.2.4 Musicians

To cover the different styles chosen described above, eight musicians from the Sorbonne University Choir and Orchestra (COSU) were recruited and paid, including: 1 doublebass player, 1 cello player, 1 guitarist, 3 violonists, 1 altist, and 1 saxophonist. Their mean age was ⇡ 20 years.A l lm u s i c i a n sh a dp r e v i o u sr e c o r d i n ge x p e r i e n c e ,t h o u g h not in anechoic conditions.

V.2.3 Recordings

V.2.3.1 Procedure

The objective of this work was to record both the audio and the video of each musician, to allow maximum flexibility for future simulations. To achieve the high quality and perfect separation of instruments in the audio recordings, it was decided to individually record each instrument/musicians.

The recording procedure was defined as follows:

• A preliminary reference take in which all musicians were aligned in a linear row and played together was recorded, in the anechoic room. Except the saxophone, violins, and viola which were recorded with a microphone mounted on the instrument, each instrument was recorded using figure-of-8 pattern close-microphones, Chapter VI 

Auralizations usages analysis in acoustical design offices

Thank you for agreeing to participate to this questionnaire. This is part of a PhD project aiming at studying auralizations usages in acoustical design offices. Our objectives are to identify the usages of the technology, the potential benefits it can bring to acoustical design and its limitations and constraints.

This questionnaire will take approximately fifteen minutes.

The informations collected that concerns you will be processed and is destined for only M. David Thery for the treatment (the representative of the CIL is Sylvie Collignon), which aims at understanding the use of auralizations in the industrial community. Morevoer, you IP address will not be used. The duration of conservation of these data is 2 years. You have the right of access, of correction, or of removal of this data, or of a limitation of their processing. You can oppose the processing of the data that concerns you and you have the right to withdraw your agreement at any time, by contacting myself at david.thery@limsi.fr.

You can also direct a complaint at a controlling body.

There are 52 questions in this survey

Contextual informations

This section asks some information about you and your company. Less than 1000 $

From 1000 to less than 3000 $ From 3000 to less than 10 000 $ From 10 000 to less than 50 000 $ From 50 000 to less than 100 000 $ From 100 000 to less than 300 000 $ From 300 000 to 1 000 000 $ More than 1 000 000 $

I do not know

In $ (either Australian, American, Canadian, Hong Kong, Singapour, etc, depending on where you are located) Reasons for the non-use of auralizations Please write your answer(s) here: 1)

2)

3)

From previous question; you can also add other types of clients

Practical acceptability of the technology

This section focuses on the practical acceptability of the technology. Please write your answer here:

Evolution of auralization usage

This section focuses on the future evolution of auralizations. Please write your answer here:

[]Would you be available to participate in an interview to complete this questionnaire? If yes, please provide your contact information (name, telephone, email adress)

Please write your answer(s) here: Natural acoustic sources were modelled as omnidirectional. The amplified stereo sources were modelled, based on prescriptions from TP, as a pair of DB E8 90x50 1 .

Name

Receivers were modelled as Second order Ambisonics (2nd-HOA), allowing for spatial audio rendering of the auralizations using playback systems with head-tracking and dynamic update. CATT-Acoustic was configured using Algorithm 2, providing a detailed simulation without statistical approximations of the late reverberation. Ray tracing was carried out using 300000 rays, which were followed for 5000 ms propagation to ensure adequate representation of the complex acoustics of the space.

Two listening positions were defined: 01 near the stage (according to architectural plans) and the 02, at the rear of the event related occupied area, near the opening in the floor towards the Galleria. These two positions are marked in the GA model by blue dots on the floor for visual reference. Several avatars are also included in the visual Collaboration with Theatre Projects The material definitions (absorption coefficient, diffusion characteristic dimension) of the various surfaces, using the CATT format, were as in Table B.1:

The following configurations were simulated in CATT: 1) no absorption, 2) lightdiffusers absorption on the side walls, 3) AQflex on the side walls, 4)

AQflex+Lightdiffusers on side walls. This auralization was presented to TP and the Client in the virtual reality simulation room on-site at the university. Collaboration with Theatre Projects 

B.1.2 Coupling atrium and sub-space

To examine the impact of the coupling between the atrium and the Galleria, the GA model of the atrium was extended to include a simplified version of the Galleria (see and the importance of listening level where experiencing these auralizations, an audio calibration auralization was also provided for a rendering in the Galleria in the middle of the event. This auralization had no accompanying image. The playback volume of the system should be adjusted first with this auralization, to present a realistic level of being immersed in the event. All subsequent auralizations in the atrium were presented at a level relative to this set level. As such, the level should not be altered after the calibration step if one is interested in maintaining a realistic representation of the intrusive noise from Galleria as heard in the atrium.

B.1.3 Atrium VR visual model

To compliment the auralization, a visual model of the atrium was created, allowing for the production of 360°images that would serve as a base for the flat and 360°a uralization video, the latter exported for rendering in the Oculus Go running in MAX , using a VBAP3D panning method. The provided reverberation times were defined by TP, varying from 1.0-1.6 sec (adapted for speech and music).

The various options of this demonstration are visible in the control interface (see Fig. Appendix C

Statistics

This appendix presents the results of the statistical tests (Z-test) applied in Chapter IV for the comparisons of the proportions of coded segments from the qualitative data analysis. The Z-test has been applied for the following comparisons:

1. Comparing atrium and auditorium coded segments.

2. By phase: Creation vs Review. 

Ethics commitee document and consent forms

This appendix reports several documents related to ethical approval and consent forms from the participants to the perceptive experiments conducted in this thesis.

Regarding the experiment comparing sound reproduction systems, it was not ethically approved as Sorbonne University did not provide this type of commitee at the time of the experiment; therefore, only a consent form was signed by the participants in this experiment. 

Attributs acoustiques

Clarté/Lisibilité : votre facilité à discriminer les différentes sources sonores, votre facilité à vous focaliser sur une composante particulière du son, ou l'un des instruments.

Distance : distance acoustique perçue Largeur de source apparente : La largeur de source apparente décrit l'étendue horizontale perçue. La source peut sembler «étroite» (dans le cas extrême, comme si le son venait d'un point) ou très « large ».

Enveloppement : L'enveloppement décrit la sensation d'être entouré(e) par le son. Un plus grand "enveloppement" signifie une distribution plus uniforme, tandis qu'un faible enveloppement est caractéristique d'un son réverbéré plus localisé ou directionnel.

Reverbérance : La réverbérance correspond à la perception de la décroissance du son. Une plus grande réverbérance est associée à un temps de décroissance plus important.

Intensité: Impression générale de l'intensité du son.

Vos droits de vous retirer de la recherche à tout moment :

Votre contribution à cette recherche est volontaire, et vous pouvez retirer votre participation à tout moment. Si vous vous retirez au cours de l'expérience, les résultats vous concernant seront effacés et non pris en compte dans l'étude.

Vos droits à la confidentialité et au respect de la vie privée :

Les données enregistrées pendant cette expérience (vos notes aux attributs acoustiques et la durée de l'expérience) seront anonymisées à l'aide d'un numéro aléatoire. Seul l'expérimentateur et le responsable scientifique auront accès aux données de l'expérience. Il n'y aura aucun moyen permettant d'identifier vos réponses. Ainsi, une fois l'expérience terminée, vos résultats ne pourront plus être effacés.

Risques possibles de l'étude : RAS Diffusion :

Cette étude sera publiée dans une revue scientifique orientée acoustique.

Vos droits de poser des questions :

Vous pouvez poser des questions au sujet de la recherche en tout temps (avant, pendant et après votre participation) en communiquant avec le responsable scientifique du projet par courrier électronique à Brian Katz et/ou David Théry.

Consentement à la participation :

En signant le formulaire de consentement, vous certifiez que vous avez lu et compris les renseignements ci-dessus, que le chercheur a répondu à vos questions de façon satisfaisante et qu'il vous a avisé que vous étiez libre d'annuler votre consentement ou de vous retirer de cette recherche à tout moment, sans préjudice.

A remplir par le participant :

J'ai lu et compris les renseignements ci-dessus et j'accepte de plein gré de participer à cette recherche. Date, Nom, Prénom, Signature :

A remplir par l'expérimentateur :

Date, Nom, Prénom, Signature :

Un exemplaire de ce document vous est remis, un autre exemplaire est conservé par l'expérimentateur.

INFORMATION NOTE AND INFORMED CONSENT

Titre du projet : Impact of the virtual reality system on the perception of auralizations. Apparent Source Width (ASW): Apparent source width describes the perceived horizontal extent of the acoustic image of the actors. The sources may sound 'narrow' (in the extreme case it is as if the sound is coming from a point). On the contrary the source can also sound very 'wide'.

Incumbant researcher

Listener Envelopment: Listener envelopment describes the sensation of being surrounded by the sound of the actors and room. Higher "Listener envelopment" means a more uniform distribution, while less "Listener envelopment" means a more localized or directional reverberant sound.

Reverberance: Reverberance corresponds to the perception of the decay of sound. More reverberance is associated to a longer decay.

Loudness: Overall impression of the intensity of sound. Loudness should be assessed relative to what you consider acceptable for the theatrical performance involved.

Compensation: you will be paid at the end of the experience, meaning at the end of the 3 sessions. Still, if you withdraw your participation, you will not be paid.

Your rights to withdraw at every moment: your participation is voluntary,and you can withdraw it at every moment. If you withdraw during the experiment, your results will be erased and not taken into account in the study.

Vos droits à la confidentialité et au respect de la vie privée :

The saved data during this experiment (your ratings to the attributes and the duration of the experiment) will be anonymized with a random number. Only the experimentator and the scientific responsible will have access to the data. There is no way to identify your answers. Once the experiment over, it will not be possible to erase your results once the experiment is over.

Benefits of the study:

This study will contriubute to a better comprehension of the multimodal perception phenomena in virtual environments. It will also enable to contribute to the development of a technology called auralization (audible rendering of an acoustical simulation of a space).

You will be informed of the publication of the results by email.

Potential risks of the study:

This study implies an immersion in a virtual environment. Some people can feel a discomfort (nausea, dizziness). This phenomena is rare and more frequent for old people. For information, HMD constructors recommand 10/15 minutes of pause every hour, a session of the experiment lasting 40 minutes in mean. If such a discomfort appears, the experiment will be stopped.

Diffusion:

This study should be published in an acoustical oriented scientific journal.

Asking questions:

You are allowed to ask questions about the research anytime (before, during and after the experiment). For this matter, please contact Vincent Boccara or David Thery.

Consent:

By signing this consent form, you certify that you have read and understand the above informations, and that the researcher has answered satisfactorily to your questions, as well as informed you that you are free to withdraw your participation anytime, without any damage.

To fill by the participant:

I have read and understood the above informations and I agree to participate in this study. Date, Last Name, Name, Signature :

To fill by the experimentator:

Be carfeul, the experimentator who signs must be part of the scientific team described in the submission form submitted to the CE3. Date, Last Name, Name, Signature :

A version of this document is for you, the other for the experimentator. Am.,22,43,47,71,74,117,119,150,159,168 and183 preserving and all-round ambisonic decoders. In German Annual Conf.

Appendix E

Résumé en Francais

on Acoustics (DAGA). (Cited on page 152.)