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Abstract

Violin makers and acousticians have long sought correlations between sound qualities, construction parameters and vibroacoustic measurements. This is challenging for three main reasons: it is difficult to build violins reliably enough to ensure that the change in the sound is only a result of the intended change of construction parameters; no clear link has been found so far between measurements and perceived qualities; and when listening to violins being played, differences tend to be smoothed out by the players who adapt very quickly. Therefore, while we have previously preferred using players in our experiments to maximise ecological validity and account for the complexity of the interaction between the player and the instrument, in this study we test whether other methods that reduce the player's influence, though more artificial, may be useful for exploring the impact of certain construction parameters on the sound. In the context of a set of violins built with controlled thickness variations in their plates, we conducted two listening tests, based on real recordings of a player and a bowing machine, along with synthesised sounds created from an excerpt recorded with piezo sensors by convolution with radiation measurements in an anechoic chamber. The hybrid synthesis was found to be the most effective of the three in highlighting instrument differences, capturing properties perceived in the actual instruments, and correlating with radiation measurements.
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1 Introduction
Since the pioneering work by Carleen Hutchins and Frederick Saunders in the 1950s, many studies by researchers and violin makers have been dedicated to a search for relationships between construction parameters, acoustical properties and sound qualities of violins [1]. The emphasis was originally on the physics, based on various acoustical measurements on different violins which were selected on their global sound quality based on informal testings or even on assumptions that they depended on the age [2–5]. Though there are a few mentions of methods for the evaluation of violins in the second half of the 20th century [6, 7], how violins were actually perceived by players and listeners was only scientifically studied in the 21st century. Some of these studies were specifically designed to explore the links between the perception and some construction or acoustical parameters via playing or listening tests [8–15], or address some particular questions like the long-term effect of whether a violin was played regularly or not [16], or the comparison of old Italian violins with their contemporary counterparts [17, 18]. Other studies were more general and intended to better understand how violinists evaluate violins: vocabulary used, intra- and inter-agreement, etc. [19–21]. Finally, a large number of studies were dedicated to violin timbre alone, searching for semantic labels that best characterise timbre and for their respective acoustic correlates [22–28].
Despite these numerous studies, as well as recent advances in analysing vibroacoustic measurements [29, 30], the challenge of linking the qualities of violins to their vibroacoustic properties is still elusive, as acknowledged by [18] too. Linking them to construction parameters has been so far elusive as well [31], mainly because violins are made by hand, and so it is difficult to assess whether a perceived change is due to the intentional variation or to irreducible variability in wood properties and geometric tolerance. However, even in the case of recent projects [32, 33] that have used modern technology, in particular CNC routing, to control with high accuracy the constructional parameters, the results of perceptual tests were less clear than had been hoped. One possibility is that the methodologies used for the tests were not optimal within this context, for various possible reasons: the complexity of the task for the players and listeners, the strong influence of the player and/or the excerpt being played in the listening tests, the ordering of the violins, etc. This study will investigate one aspect of that question.
The qualities of a violin can be described in three broad categories [21]: the playability (response, comfort), the loudness and the timbre quality (which we will consider equivalent to tone quality, similarly to [28]). Vibroacoustic properties are commonly obtained by measurements relying on removing the player and replacing them by a controlled excitation via an impact hammer, and looking at frequency responses (measured with a microphone or a mechanical sensor). Many such tests have been conducted by scientists in the field (see many of the previous references) as well as by makers [34, 35]. Makers have concentrated particularly on measurements performed using a microphone, of the transfer function from force at the bridge to radiated sound pressure, often called “radiativity”. Such measurements would be expected to relate to loudness and tone quality, though they cannot provide any direct information on playability.
With the ultimate goal of correlating perceptual judgements with radiativity measurements, in this study we focus on listener evaluations of loudness and timbre quality. The hope is that listeners will be able to make judgements independent of playability issues, unlike players for whom the different aspects may interact, and that these judgements by listeners may be more easily correlated with acoustical measurements, conducted with an impact hammer and not involving a player.
Of course we do not advocate total disregard of the player's responses, but we recognise that a player has a more complex relationship with the instrument than a listener does. When a player makes judgements of preference between instruments, they are combining different sources of information. A different methodology is needed to investigate such player judgements, and a wider range of acoustical and structural tests should probably be included in any search for correlations.
Even for the more limited objective of investigating listener judgements, there are many issues affecting the methodology of any test. How to listen to the violins? Played by whom? What excerpt? In which venue? Live or via recordings? Many authors have tried to favour ecological validity [36], but there is a fundamental conflict of requirements. We would like the listening judgements to be made in the most natural conditions, but we want to collect data that is free of bias, in sufficient quantity to allow meaningful statistical analysis.
Our natural listening involves combining all our senses plus many kinds of prior knowledge about what we are observing. When we know the “answer” we can usually hear it, which does not constitute a valid psychoacoustic experiment. Our compromise, so far, has been to allow the player to perform the selected material as they wish, but to deprive the audience of knowing which instrument they are playing by interposing an acoustically transparent screen. Musical samples usually consist of short musical phrases from famous violin concertos, covering the full range of the instrument (e.g. [37]). The player may be asked to wear dark goggles so that they cannot see which instrument is in their hands. Others like Nastac et al. [38] preferred to record one violinist in a concert hall and use the recordings in a listening test. In both cases, the listening test relies on the reproducibility of the player, which appears to be lower than expected due to a strong (presumably unconscious) wish to make their “own sound”. Their goal is to deliver a “musical” performance. Thus, differences between instruments seem to be smoothed out, to the extent that listeners are not even able to tell whether a player plays twice on the same violin or two different violins in a row [39]. In addition, if the player plays slightly differently, only very experienced listeners may be able to tell whether the differences heard are due to differences in playing or differences between instruments. This is why some authors have preferred to rely on recordings made with a bowing machine (e.g. [15]).
The specific agenda for the present study is to take advantage of the availability of a special set of well-characterised violins to perform perceptual comparisons using sound files generated by three very different approaches, all of which have been used in earlier published studies. The goal is to explore and compare, via two separate tests, these different versions of “the sound of a violin”, in order to shed light on which might be best for capturing differences between instruments, for revealing a recognisable “identity” of the violin when heard live, and also for maximising the likelihood that perceived sound differences can be correlated with acoustical properties and construction parameters. To this end, a set of violins (described in Sect. 2.1) whose manufacturing was carefully controlled were recorded with three different techniques (described in Sect. 2.2): live recordings, recordings of single notes generated by a mechanical bowing machine, and synthesised recordings made by combining a pre-recorded extract of bridge force with a measurement of the radiativity of each violin. The recordings were then used in two perceptual tests that are described in Section 2.3: a recognition test and an online listening test. Results are presented and discussed in Section 3.
2 Material and methods
2.1 Violins used in the study
The heritage of high quality old instruments includes many kinds of graduation scheme, but rather little is known about how the playing quality is affected and how the decisions were made. To this end, a number of violins have been made by the authors and their collaborators to study different graduation patterns [40]. Here, only the so-called Bilbao set [13, 32] was used. It consists of six instruments that were carefully built to investigate the influence of the plate thickness on the sound qualities: three instruments with medium backs, each paired with a pliant/thin (V9), normal (V5), or resistant/thick top (V4); similarly, three with medium tops, each paired with a pliant/thin (V13), normal (V11), or resistant/thick back (V1). The two examples of medium top paired with medium back (V5 and V11) serve as a control. Wherever possible, thicknesses were kept uniform to avoid the effects of localised differences. Wood for tops and backs were chosen to be closely matched in density and sound speeds – all tops (Picea abies) and backs (Acer pseudoplatanus) were cut from the same trees. Greater control was achieved by having all twelve plates and scrolls cut by a CNC router, based on the Stradivarius Huberman model (1713). The outside surface was not changed during the experiment, as the graduation was performed entirely on the inside surface.
The differences in thickness were chosen to maximise differences in the characteristic drive-point impedance Z (the impedance averaged over all possible drive points) – which is a better indicator of the vibratory behaviour of the plates than their static properties like weight and thickness – while still staying in the usual range for contemporary making. This characteristic impedance is estimated using the formula proposed by Davis [41], derived by replacing the arch and thickness variations of the violin plates by a rectangular plate of an effective orthotropic material and applying orthotropic thin-plate bending theory [42]:
[image: thumbnail]
where M is the mass of the plate and f2 and f5 are respectively the frequencies of mode 2 and mode 5 in free conditions. The plates were thus graduated to reach a certain impedance target, which was chosen in the middle of the usual range (based on empirical knowledge and measurements gathered by the second author) for the medium plates. An increase/decrease of 25% was chosen for the target of the thick/thin plates to induce a significant change while still staying in the usual range. For the medium plates, reaching a specific target also allowed compensation for unavoidable variations in the wood properties (density and Young's modulus) between the wedges used for carving the plates.
Weights, averaged thicknesses and the plate impedances for the 12 plates are listed in Table 1. The tight control over the construction parameters of these violins provides an unprecedented opportunity for exploring correlations with sound qualities.
Table 1 
Weight, averaged thickness and plate impedance for the six tops (before adding the bass bar) and six backs. The ∼ for the medium plates indicate that the values that are reported correspond to the average over the four similar plates. The labels of the violins to which they correspond are indicated in brackets.

2.2 The three reproduction techniques
2.2.1 Live recordings: a real player and real violins
We recorded a semi-professional violinist in a large seminar room, playing a short excerpt from the Glazunov concerto (Fig. 1) on the six violins described above. This excerpt was chosen for various reasons. First, the goal of this study was to compare different recording methodologies rather than obtain full evaluations (across all strings) of the violins. Listening tests are very tiring so excerpts should remain short. Players and makers agree that playing the G string reveals best the quality of a violin, perhaps because of the large number of harmonics of the notes played on this string. Finally, this excerpt was available in the database of piezo recordings required for the hybrid synthesis (see Sect. 2.2.3) and so could offer direct comparisons between the techniques.
	[image: thumbnail]	Figure 1 Excerpt from the beginning of the Glazunov concerto.



The position of the player was kept constant relative to the omnidirectional microphone (DPA 2006C) throughout the session, at a distance that had been adjusted at the beginning of the session to obtain pleasant recordings (Audio file Violin5_Live 
      Your browser doesn't support HTML5 audio. Here is a link to the audio instead.
    ).
The instructions that were provided to the player for the live recordings were similar to previous studies (e.g. [37]): he was asked to play as well as possible on each violin. What matters for players is the musical intention and a good sound (for them). Playing different violins using exactly the same control parameters is not a realistic aim for a player. These instructions may well lead to many (unknown) adjustments by the player, to some “smoothing” of the differences (as already shown in [39]) and even to some timbral changes. But that does not mean that no differences can be heard, even in loudness, as shown in [37], where a significant loudness difference was perceived between old and new instruments.
2.2.2 Bowing machine: an artificial player and real violins
The goal of this methodology is to replace a not so reproducible player by a reproducible excitation (though artificial). The bowing machine is shown in Figure 2. The six violins were recorded on each of the four open strings with the same omnidirectional microphone as for the live recordings (DPA 2006C) placed vertically above the bridge at a distance of 185 mm when the violin lays flat. That distance was adjusted to have, qualitatively, a strong direct sound with a bit of reverberation, in a quiet laboratory room. The violins were rotated for the different strings in order to keep a bowing direction tangent to the bridge curvature.
	[image: thumbnail]	Figure 2 Bowing machine. Audio file Violin5_BowingMachine_G 
      Your browser doesn't support HTML5 audio. Here is a link to the audio instead.
    . Audio file Violin5_BowingMachine_D 
      Your browser doesn't support HTML5 audio. Here is a link to the audio instead.
    .



2.2.3 Hybrid sound synthesis: a real player and virtual violins
The hybrid synthesis is based on the convolution of the recording of an input signal (the force applied by the bowed strings on the bridge) during a live performance with the inverse Fourier transform of a frequency response function of the chosen violin [8]. This methodology relies on the fact that to a good first approximation, the body motion of a bowed instrument has little backward influence on the string motion (for more detail, see [8]). Note that this methodology would not transfer to a plucked-string instrument, because in that case the decay time of each string overtone will be influenced by coupling to the instrument body, and so other methodologies are needed (e.g. [9]).
For the input signal, we used recordings of the same Glazunov excerpt made on a violin whose bridge was instrumented with a piezoelectric force sensor under the G string. For the frequency response function, we used a complex average of 12 radiation measurements, made in an anechoic chamber, with a hammer excitation, and an omnidirectional microphone (see Fig. 3). The violin could rotate around the vertical axis, and the measurements were taken at six different angles (every 60°) between the violin plane and the microphone for two excitation directions (tangential and perpendicular to the bridge). The distance between the microphone and the bridge was set to 20 cm when the microphone was at the front.
	[image: thumbnail]	Figure 3 Left: Radiation measurement rig in the anechoic chamber. Right: the uncalibrated radiativity transfer function (magnitude), averaged over the twelve measurements (six positions and two excitation directions) for each of the six violins. For readability purposes, the curves are smoothed over half a semitone.



This hybrid synthesis makes it possible to drive different virtual violins with the identical realistic forcing waveform (measured during real playing) so that sound differences can be compared with no complications arising from variations in playing (Audio file Violin5_HybridSynth 
      Your browser doesn't support HTML5 audio. Here is a link to the audio instead.
    ).
2.2.4 The issue of room acoustics
The recordings for the three reproduction techniques were made in different acoustical environments. The room used for each technique was chosen to be most suitable for the recordings/measurements that were required for that technique. Live recordings were done in the kind of space a player would choose for trying instruments, a rather large room with enough reverberation to make the recordings pleasant and natural. The bowing machine was installed in a quiet laboratory room; and finally the radiation measurements were conducted in an anechoic chamber in order to maximise the signal to noise ratio (and therefore the robustness of the method) especially at high frequency. Consequently, the room acoustics is inherent to each reproduction technique.
While room acoustics has been shown to modify the the “absolute” timbre of an instrument [43, 44] and how a player plays [45], there is no evidence that it can affect the relative timbral differences between two instruments [17] nor that it will have a larger effect than changing the player, who is inherent to the reproduction technique too, and whose influence on the evaluation of violins by listeners is small [37].
We decided to avoid any spatial information in the sound files for all three methods. The hybrid synthesis as implemented here is intrinsically monophonic, so we decided to use high-quality monophonic recordings for the other two methods. It is accepted that the spatial nature of the sound field radiated by a live violin may well contribute to perceptions of the kind investigated here, raising issues that could be explored in future work.
2.3 Perceptual tests
Many listening tests can be designed with recordings from this database. The goal of the present study was not to compare the recordings made with different methodologies directly with each other, but rather to compare violins within a set for each reproduction technique, and explore whether listeners’ evaluations are similar in the three cases, qualitatively and quantitatively. This was achieved with two separate tests described hereafter.
2.3.1 Recognition test
Methodology.
The goal of this first test was to explore in a very direct way how representative of “reality” each reproduction technique is. For each technique, the task was simply to match the physical violins with their recordings. A diagram of the experimental set-up is provided in Figure 4.
	[image: thumbnail]	Figure 4 Experimental set-up for the recognition test.



The experiment took place in an auditorium, during a European Science and Violin Making workshop organised yearly by the authors. The participants could listen to four recordings of the same type via headphones and had to match them with the four physical violins that were laid on the table. They were free to play them as they wished. As not all participants were good violinists, these violins had been played, in the same room, 1 or 2 days before, by a professional violinist, during a session in which the participants could take notes about each violin. During the recognition test, they were allowed (and even recommended) to use their notes as well as previous notes they could have, as these participants were all acquainted with the Bilbao violins and had listened to and played them on different occasions. Only four out of the six violins were used, as a pilot test showed that using the six violins was too difficult and too tiring. As a consequence, one of the twin violins (V11) was removed as well as the one with the thick back (V1). In addition, for the recordings with the bowing machine, only those made on the G string were used.
The test consisted in three separate recognition tasks, one for each of the reproduction techniques. The four recordings presented on the screen as A, B, C, D (see Fig. 4) had been attributed randomly to the four violins for each technique, but were the same for all participants.
Participants.
The test was taken by 13 participants, among whom were 9 violin makers, 1 violinist and 3 acousticians. They were regular members of the Science and Violin Making workshop, and were thus well acquainted with the Bilbao violins.
2.3.2 Online listening test
Methodology.
The second test aimed at quantifying the difference in evaluation of all six violins across recording methodologies. We decided to focus on the two main criteria relevant to players (see Sect. 1), which can also be evaluated by listeners: loudness (perceived sound intensity) and timbre quality. For the latter, we were interested, similarly to [10], in a holistic evaluation linked to listeners’ preferences (with high timbre quality being a timbre that is liked and low timbre quality being one that is disliked), regardless of which specific aspects of timbre – being a multi-faceted auditory attribute [46] – were responsible for this overall quality. This approach differs from other studies like [18], which focused on different facets of timbre, such as brightness, openness, or nasality. Obviously, it would be possible to perform similar tests in future work with a more fine-grained methodology.
We opted for an online test which allows a larger number of participants (in particular the violin makers who took part in the Bilbao project and who live across Europe), without necessarily compromising the results due to a lesser control [47]. As the differences between the instruments can be subtle, the participants were recommended, at the beginning of the test, to use the best audio equipment possible (good quality headset). We used the option Audio Perceptual Evaluation [48] available in the Web Audio Evaluation Tool (WAET) [49, 50]. This consists f comparing and ranking stimuli on a criterion, using 0–10 scale.
Each test was divided in two sub-tests, one for each criterion. Each sub-test consists of a series of four pages (in random order, presented once): on each one, recordings made with a given reproduction technique (real player, bowing machine on each the G and the D strings, hybrid synthesis) for a given violin set are compared. The recordings made with the bowing machine on the A and E strings were excluded from the test as it would have led to a test that was too tiring for the participants. As timbre quality differences are hard to evaluate when there are loudness differences, the stimuli were normalised in loudness for the timbre sub-test. This was done via the loudness normalisation option within WAET [47], which is based on the computation of the LUTS (loudness unit related to full scale) integrated loudness [51]. Figure 5 illustrates one page of the timbre quality test and one page of the loudness test. The green bars correspond to the stimuli. Listeners had first to click on them to listen to all stimuli (in any order and as many times as they wanted) and could then move them freely along the scale to order them according to their judgements). 0 on the left corresponds to the poorest timbre quality/softer stimulus while 10 on the right corresponds to the highest timbre quality/loudest stimulus.
	[image: thumbnail]	Figure 5 Listening test interface: Ranking by timbre (top) and ranking by loudness (bottom).



Participants.
The link to the test was sent to our network, in order to reach what we could call expert listeners. Twenty seven anonymous participants across the world completed the test: 15 violin makers, 6 violinists, 4 other musicians and 2 others, with an average age of 45 years.
3 Results
3.1 Recognition test
The recognition test does not give any information about the different violins, but it gives a very clean comparison of the three reproduction techniques. In each of the three sub-tests, the participants are comparing a set of monophonic recordings directly with the actual violins, either by playing them on the spot or based on their notes taken during earlier expert performances.
For any individual participant, the probability of correctly identifying all four violins purely by chance is 0.039, just below what is commonly used to reject the null hypothesis (here that the participant did the identification by chance). Therefore, only the participants who did a perfect identification can be considered as not having done it by chance. These results are reported in the first column of Table 2 for each reproduction technique.
Table 2 
For each recording type, number of participants who succeeded above chance and number of violins that were recognised above chance (or just below).

In a similar way, the cumulative probability of having more than X participants correctly identifying a given violin is below the 0.05 threshold for X = 7 (p = 0.019) and just above for X = 6 (p = 0.056). The number of violins which can be considered as being recognised above chance (i.e. by at least 7 participants) or just below chance (by at least 6 people) is reported, for each technique, in the second column of Table 2.
Although this test was quite small in scale, both in terms of number of violins and number of participants, the results give a very clear answer. The two columns lead to the same conclusion: the hybrid synthesis method is by far the best for this particular task. By that method, all violins were recognised by at least seven people, and slightly under half the participants were able to achieve a perfect identification. The live recordings proved to be by far the worst: no participant guessed better than chance and none of the violins was identified better than chance. The recorded notes from the bowing machine were intermediate, with a small number of participants achieving a perfect identification and one individual violin being recognised by at least seven people.
There are perhaps three main factors that have influenced this pattern: room acoustics, realism of playing, and the inevitable variability of a human player repeating the same passage on different instruments. A fourth factor, spatial information about the sound field, is absent in all three reproduction techniques and so should not have influenced their relative performance. The hybrid synthesis and the bowing machine both produced consistent “performances”, while the live recordings did not. The hybrid synthesis and the live recordings both featured realistically complex human performance, while the bowing machine did not. Both these factors are thus qualitatively consistent with the results.
The role played by room acoustics is less clear. The room in which the real violins were tested had broadly similar acoustics to the one used for the live recordings, both being fairly large and moderately reverberant spaces, regarded by musicians as suitable spaces for normal evaluation of different instruments. The laboratory in which the bowing machine recordings were made was smaller and somewhat deader, but by no means anechoic. The hybrid synthesis was based on anechoic measurements. On the face of it, all this might lead one to expect the exact opposite pattern of recognition. The real violin evaluations and the live recordings were made in spaces with rather similar acoustics, while the hybrid synthesis involved the biggest contrast with the real evaluations. This mismatch suggests, tentatively, that room acoustics as such played only a small role, with the other two factors being more important.
3.2 Online evaluation test
The online evaluation test gives further information about the relative performance of the different reproduction techniques, and it also gives information about distinctions between the six tested violins.
3.2.1 Timbre and Loudness evaluations
Figure 6 shows the average ratings given to each of the six violins, for the four types of recordings (live recording with a real player, hybrid synthesis and recordings with a bowing machine on the G and D strings), for the two criteria, timbre and loudness. Within each recording type the ratings were shifted by the average over the six violins (so the mean is zero), as the goal was to explore how the violins were compared relatively to each other for each reproduction technique. It might have been anticipated that the results for timbre would show more spread and less consistency than those for loudness, based on the fact that loudness is a clear-cut attribute whereas timbre is in reality multi-dimensional. There is some evidence for this in Figure 6, but the results show some consistency and suggest some underlying differences in the perceived timbre of the instruments – for example, V11 was clearly preferred to V4.
	[image: thumbnail]	Figure 6 Zero-meaned ratings obtained for each of the six violins, using the four reproduction techniques. Results for the two criteria are shown separately, timbre on the left and loudness on the right. These ratings were obtained by subtracting the average over the six violins from the raw ratings, separately for each criterion. Error bars correspond to the 95% confidence intervals.



3.2.2 Correlations between the evaluations for different reproduction techniques
Figure 6 shows that ratings can vary quite a lot depending on the methodology and this was confirmed by a repeated measures ANOVA conducted on the timbre and loudness evaluations. The two factors (the violin and the reproduction technique) as well as their interaction were found to be significant (with p< 0.001 in all cases) except for the reproduction technique in the case of the loudness evaluations (p= 0.62). In order to explore further the influence of the technique on the evaluations, correlations between the ratings for the six violins obtained for every pair of reproduction techniques were calculated (Tab. 3).
Table 3 
Correlations between the ratings for the six violins obtained for two different reproduction techniques, for both criteria (timbre and loudness).

The correlations are weak in general, showing that the relative ordering of the violins (in terms of loudness or timbre) can be quite different depending on the reproduction technique. The correlation between BM – D string and the other methods is even weaker and this can be explained by the fact that it is the only method which involves the D string. The excerpt used for the live recording and the hybrid synthesis was indeed only on the G string. This is in agreement with the idea that violins can have a different tonal character on each of the four strings and shows the difficulty when evaluating globally a violin (across all strings).
The correlations are even weaker for timbre than for loudness, in agreement with the fact that the reproduction technique has a smaller influence on the loudness evaluations than on the timbre ones.
The best correlation is obtained, for both criteria, between the hybrid synthesis and the artificially bowed G-string. This correlation can even be considered as good for loudness. This is broadly consistent with the findings from the recognition test, where the hybrid synthesis and the G-string notes from the bowing machine gave the best performance in terms of recognition, whereas the live recordings gave a very poor performance. The good correlation can perhaps be explained by the fact that both reproduction methodologies remove the variability in the player/instrument interaction, together with the fact that the Glazunov excerpt was played on the G string.
3.2.3 Perceived differences between the violins for the different reproduction techniques
Figure 6 also shows that the difference between the violins seem to be smaller for some reproduction methods. To better illustrate this, the RMS average, over the 15 possible pairs, of the differences between the zero-meaned ratings of any two violins was computed for each reproduction type (Tab. 4).
Table 4 
RMS average of the pairwise rating differences computed over all the 15 possible pairs of violins, for the four reproduction techniques and the two criteria.

In general, differences are not large but still, there is almost a factor two (slightly over for timbre and slightly under for loudness) between the artificially bowed G string and the live recording. Based on previous studies, the room acoustics [17] has little influence on the relative evaluation of violins, and perceptual comparisons conducted in live listening tests with different players tend to give similar relative judgements [37]. This would tend to confirm previous findings that players tend to smooth out differences [39].
3.2.4 Correlations with the acoustical measurements made on the violin
One of the goals of this study was to explore if a reproduction technique can enhance possible links with measured acoustical properties, so a “pseudo-loudness” was calculated from the radiation measurements, to be correlated with the perceived evaluations. The magnitude of the averaged radiated transfer functions plotted in Figure 4 (and used for the hybrid synthesis) were used as the input for the loudness calculation, using the ANSI S3.4-2007 norm [52, 53]. As these transfer functions were uncalibrated, they were artificially divided by a constant value so the average level over the six violins was about 80 dB. The correlation was then calculated between the vector containing the obtained “pseudo-loudness” levels for the six violins and each of the four vectors containing the loudness ratings per recording type. These correlations are provided in Table 5.
Table 5 
Correlation between the perceived loudness evaluations of the six violins for each reproduction type and the computed “pseudo-loudness” levels calculated on the averaged radiated transfer functions.

The lowest correlation by far is obtained for the live recordings, which confirms that the interaction between the instrument and the player can overrule the intrinsic identity of a violin (as measured with an artificial and repeatable excitation) to the point that listeners cannot guess whether a player plays two different violins or the same violin [39].
3.3 Discussion and relationships with the construction parameters
The various results and analyses presented above lead to the same conclusion: the hybrid synthesis, due to the fact that the playing is controlled but is still natural, appears as the best methodology to study the qualities of violins, as perceived by listeners. By keeping the playing excitation constant across the studied violins (which is impossible for a real player), this reproduction technique gives by far the best result for recognition of instruments, it enhances perceived differences, and maximises the correlation with acoustical measurements made without a player.
The last goal of this study was to link the construction parameters of these six violins with their perceived qualities. This was secondary to the main goal, the comparison between reproduction techniques, but the test results do give some interesting information despite their limited scope: only the low strings were tested and only for two criteria, which obviously cannot capture all the qualities of a violin. The first observation is that the differences in the perceived qualities are smaller than might have been expected based on the large differences in thickness of the plates (leading to a difference between a medium and a thin/thick plate of around 15% in weight and of 10–15% for the first eigenfrequencies of the free plates, see Tab. 1). This seems to show that the plate thickness has less influence on the finished instruments than it has on the free plates. Gough's simulations run with a simplified numerical model [54] hint at an explanation in the fact that the vibration patterns of the plates are, in a finished instrument, constrained by the ribs.
Second, if we consider the evaluations obtained with the hybrid synthesis, the only violin that appears significantly different from the others, both in terms of timbre and loudness, is the violin with the thick top (V4). This is in agreement with judgements made by listeners during a live listening test in a concert hall and by players in playing tests [13, 52]. This is the only strong consensus among players and listeners, and that remains valid across most tests: the violin with the thick top appears to be strongly disliked because of its poor sound quality and its quietness. Interestingly the only condition where this is not observed is for the live recordings.
Beyond that, Figure 6 shows that V5, V9 and V11 were all judged to have timbre that was preferred above the mean level almost enough to reach the 95% confidence limits. In terms of loudness, only V1 was judged to have loudness (based on the hybrid synthesis) that was above the mean level by more than the 95% confidence limit. V5 and V11 were the pair with medium tops and backs, so the results suggest a small preference for “normal” instruments in terms of timbre. V9 has a medium back and a thin top, while V1 has a thick back and medium top.
However, something else is observed with the live recordings, but not with the synthesised sounds. The violin with the thin back (V13) is favoured for both timbre and loudness over all the other violins, and significantly over the violins with one thick plate (V1 and V4). Again, this is in agreement with the evaluations of the listeners during the live listening test mentioned above, where V13 was rated the highest among the six violins for timbre and power [13, 52]. Why this listener preference for V13 appears when the violins are played by a real player but not when they are synthesised is a very interesting question which needs further study. It may lead to a better understanding of playability aspects, related to the interaction of the player with the instrument, which is not taken into account with the hybrid synthesis. The superiority of V13 also appeared when played with the bowing machine on the G string, but only in terms of timbre, not for loudness.
4 Conclusion
Violin makers are seeking tools to quantify perception and relate it to construction differences. This study aimed to explore, through a recognition test and an online listening test, the influence of three reproduction techniques on perceived differences between violins. The goal was to determine which methodology provides the most accurate representation of the actual violins and highlights the largest and most robust differences, which could then be linked to acoustic properties and construction parameters. The study was conducted using a set of six violins, built in a highly controlled manner to minimise unintentional variations in wood properties and craftsmanship, while deliberately varying the thickness of the plates.
Hybrid synthesis, based on recordings of a player using an instrumented violin that are subsequently digitally filtered through a violin's acoustical response (in this case, the averaged radiated sound measured in an anechoic chamber), clearly emerged as the best methodology in these particular tests. It offers unlimited possibilities for testing various aspects of sound quality and how it is influenced by construction parameters and wood material properties, as well as by measurable vibroacoustical properties as explored earlier in [8] and [9]. The results confirm that recordings made with a player influence perceived sound quality compared to more artificial recordings, probably due to the interaction between the player and the instrument. This interaction can act to smooth out differences, as noted in [39], but this study shows that it can also highlight particular features that still need to be understood. Specifically, why the violin with the pliant back is consistently preferred by listeners across various tests, whether played by a real or artificial player, remains unclear and requires further investigation.
This study also confirms previous findings that a resistant top (with a characteristic impedance of 40,000 N · m · s−1) produces an unpleasant and muted sound [55], at least with the Huberman arching design. This is an important step toward better understanding of the various graduation schemes inherited from old Italian instruments: we still lack knowledge about how these affect playability and sound characteristics, and indeed about the rationale behind the original makers’ decisions [56].
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	Tops
	Backs



	
	(without bass bar)
	



	
	




	
	Thin
	Medium
	Thick
	Thin
	Medium
	Thick



	
	(V9)
	(V1, V5,
	(V4)
	(V13)
	(V5, V9,
	(V1)



	
	
	V11, V13)
	
	
	V11, V13)
	





	Weight M [g]
	55
	∼63
	69
	85
	∼100
	115



	Thickness [mm]
	2.0 in average
	∼2.6 in average
	3.4 in average
	2 in the upper
and lower bouts;
4.3 in the island area
	2.6 in the upper
and lower bouts; 
4.5 in the island area
	3 in the upper
and lower bouts; 
5 in the island area



	Plate impedance Z/1000 
[N · s · m−1]
	26
	∼32
	40
	48
	∼60
	75



	Free plate 
eigenfrequencies
(mode 2 and 5) [Hz]
	110
280
	∼126
∼301
	155
337
	154
313
	∼182
∼338
	210
360
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        Left: Radiation measurement rig in the anechoic chamber. Right: the uncalibrated radiativity transfer function (magnitude), averaged over the twelve measurements (six positions and two excitation directions) for each of the six violins. For readability purposes, the curves are smoothed over half a semitone.
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      For each recording type, number of participants who succeeded above chance and number of violins that were recognised above chance (or just below).

      
        

	
	Number of participants who
	Number of violins recognised above



	
	succeeded above chance
	chance (at least 7 people)



	
	(perfect identification)
	[or almost above chance (at least 6 people)]





	Hybrid synthesis
	6
	all



	Bowing machine
	3
	V4 [and V13]



	Live recording
	0
	none
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      Correlations between the ratings for the six violins obtained for two different reproduction techniques, for both criteria (timbre and loudness).

      
        

	Correlation
	Live/
	Live/
	Live/
	Hybrid/
	Hybrid/
	BM – D string/



	
	Hybrid
	BM – D
	BM – G
	BM – D
	BM – G
	BM – G



	
	
	string
	string
	string
	string
	string





	Timbre
	0.04
	−0.01
	0.35
	0.41
	0.59
	−0.23



	Loudness
	0.47
	−0.31
	0.58
	0.63
	0.81
	0.29





      

    

  
    
      Table 4 

      RMS average of the pairwise rating differences computed over all the 15 possible pairs of violins, for the four reproduction techniques and the two criteria.

      
        

	RMS average of the 
15 pairwise rating 
differences
	Live
	Hybrid
	BM – D string
	BM – G string





	Timbre
	0.12
	0.18
	0.22
	0.27



	Loudness
	0.11
	0.14
	0.17
	0.20
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      Correlation between the perceived loudness evaluations of the six violins for each reproduction type and the computed “pseudo-loudness” levels calculated on the averaged radiated transfer functions.

      
        

	Live
	Hybrid
	BM – G string
	BM – D string





	0.06
	0.58
	0.77
	0.46
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