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Abstract

In this paper, we propose a methodology associating ansigaynthesis process and a per-
ceptual classification test of impacted wooden bars to paitithe relationship between sound
quality and physical parameters characterizing wood sge8itatistical analysis have made it
possible to point out the influence of the pitch in the clasaifon, and the importance of two
timbre descriptors, i.e. the frequency dependent dampidglze spectral bandwidth. These
descriptors can be linked to physical and anatomical ckeriatics of wood species, leading
to new clues in the choice of attractive wood species from sicatipoint of view.

INTRODUCTION

This study is the first step towards a better understandivghat makes the sound produced
by an impacted wooden bar attractive for xylophone makeyan8s from a wide variety of
wood species have been recorded and their sound qualitydessdompared and linked to
the wood properties. To this aim, an original methodologoamting analysis-synthesis pro-
cesses and perceptual classification analysis is used sied t&ith a renowned instrument
maker.

The xylophone maker community seems to agree in the choieeofl species, and most
commonly uses theDalbergia sp.) which fulfulls certain sound quality criteria togethe
with properties like robustness and esthetic aspects.ite spthis specific choice of wood
specie in xylophone manufacturing, other tropical woodgsefulfill the conditions for high
sound quality and could replace traditional species. $¢aethors have already addressed the
problem of understanding which physical characteristiesch importance for the generated
sound. In particular,[J1] has concluded that an “ideal” yflone wood type bar is charac-
terized by a specific value range of density, Young modulus gamping factors. Studies
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on auditory cues of natural or synthetic sounds associatggdmetry and material proper-
ties of vibrating objects, has already been presented bhoesitike [2,[3[4]. These studies
revealed the existence of perceptual cues allowing theceafrthe impact sound to be iden-
tified merely by listening. In particular, the perceptionnaditerial correlated mainly with the
damping factors of the spectral componeiis |5, 6]. Neviasise it has not been established
whether the nature of the perceptual cues highlighted idigtenction of different materials
are pertinent to explain the subjective classification tiedent species of wood.

The perceptual differences reported in the literatureiakedl to subtle changes in the
timbre of the sound. Actually, timbre is usually defined d&“perceptual attribute that distin-
guishes two tones of equal, pitch, loudness and durationidécan National Standards Insti-
tute). This points out the importance of comparing soundks gimilar loudness, duration and
pitch. What loudness and duration are concerned, the safridserest in this experiment
can easily be adjusted in intensity by listening, and haygagmately the same duration,
since they correspond to the very narrow category of implaetmden bars. What the pitch is
concerned, it differs depending on the wood specie, sirisalgtermined by physical charac-
teristics of the material, such as the Young modulus and @msrdensity. To tune the sounds
to the same pitch, we therefore propose to digitally protiesssounds recorded using bars
of equal length. Synthesis models can be used for that peiradlswing a virtual tuning by
altering the synthesis parameters. Such an approach, oomlsiound synthesis and percep-
tual analysis, has already been proposed by several aiih@]s [8,/9,[10]. Nevertheless, the
models used for this purpose do not easily allow for an arsbmthesis process, implying
the generation of a synthetic sound perceptually similantoriginal one. To overcome this
drawback, we propose an additive synthesis model basedghifsics of vibrating bars, the
parameters of which can be estimated from the analysis afalaounds.

DESIGN OF THE SOUND DATA BANK

In this experiment, we use tropical and sub-tropical woaet®s that are uncommon to xylo-
phone makers to compare their physical and perceptual g commonly used species
(such asDalbergia sp. orPterocarpussp.). A set of 59 different species presenting a large
variety of densities (from 206 to 1277 kglinhave been chosen from the huge collection
of species (about 8000) possessed by the CIRAD (Centre deet@mn Internationale en
Recherche Agronomique pour le Développement, Montpelteance). By manufacturing
wooden bars with the same geometry (as prismatic as posgithladimensions L=350 mm

x W=45 mmx T=20 mm, without singularities and cut in the grain diregj}iand boundary
conditions, the intrinsic quality of the species can be caraeg. We assume that the growth
rings are parallel to the tangential wood direction and tiwir curvatures are negligible. The
longitudinal direction is collinear to the longitudinaliaxf the bars which were stabilized in
room conditioning.

An experimental setup combining an easy way of generatingdswith a relative pre-
cision insuring the repeatability of the measurements veasgyded. For this purpose, a steel
ball of 12 g and a 14 mm diameter, tightened by a 30 cm longgstvias used to struck the bars
close to one of their extremities, allowing high frequendie develop. An omni-directional
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microphone (Neumann KM183mt) was placed in the close soelddfit the opposite of the
impact location to measure the sound radiated pressure.

Figurell shows the temporal signal, the spectral represami@nd the time-frequency
representation of a typical sound obtained experimentally

055 0z 0% 05 T 15 2 0 005 o1 015
Time (5) Frequency (H2) vt Time (5)

Figure 1: (a) Temporal signal, (b) spectral representatimd (c) spectrogram (amplitude in
logarithmic scale) of a typical sound obtained by impactingooden bar.

The temporal signals are characterized by a short onset atbrag decay. Conse-
quently, their durations generally do not exceed 1 s. Thaéicka are composed of some
emergent resonances which do not much overlap. As showreltyntle-frequency represen-
tation, the damping of these spectral components is fraxyugependent, the high frequency
components being more heavily damped than the low frequenimyponents.

TUNING THE SOUND DATA BANK

As mentioned in the introduction, the pitches of the impacirgls produced by the different
species vary due to their material specificities (e.g. Yomwglulus and mass density). To
compare timbre properties produced by different wood gsethe pitches have to be equal-
ized. Since the geometry of the bars should not be modifielisnstudy, a sound synthesis
model is used to virtually tune the sounds. The use of a sgigtineodel allows accurate sound
transformations according to the physical phenomena, wbiuild not have been possible
with other signal processing approaches such as pitchirghift

Synthesis model An additive synthesis model is used to tune the sounds. Thdehtakes
into account the main characteristics of the vibrationglipoed by an impacted bar to exhibit
the most important properties of the radiated sound. Theefedased on the well-known
Euler-Bernoulli equation:
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where E is the longitudinal Young modulus, | the quadratiemaat,p the mass density

and S the cross section area. It can be shown that the geokrébs of this equation can be

written as a sum of elementary components consisting ofrexqt@lly damped monochro-
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Hence, the frequency of these elementary components issalyeoroportional to the
square of the length of the bar and their damping is propaatito the square of the frequency.
Hence, the signal measured at a fixed location is consideré tvell represented by the
expression[{2).

Estimation of synthesis parameters Before the tuning process, the recorded sounds are an-
alyzed and then resynthesized with the synthesis modetidedcabove. For that purpose,
the synthesis parameters are directly estimated from thigsis of the recorded sounds. The
estimation of the parameters defining the sound is obtaipditting the recorded signal with
the expression given in relatiofll (2). For that purpose, vesl @ssignal processing approach
which consists in identifying the parameters of a lineaefily an ARMA (Auto Regressive
and Moving Average) analysis using classical techniquek as Steiglitz-McBride [11].

In addition to the synthesis model described above, thelatime has been preserved
by multiplying the synthetic signal by an adequate fadingcfion. Synthesis sounds have
been evaluated by informal listening tests confirming thairtoriginal sound qualities were
conserved. The synthesis quality has been further confidoyedksults obtained from the
professional instrument maker showing similar classifdicadf original and synthetic sounds.

Tuning process What the tuning process is concerned, some assumptionsbeavemade
in accordance with the vibratory behavior of the bar. Rirgtie pitch of the sound produced
by an impacted wood bar is related to the frequency of the Vilsation mode, which is
correlated to the length of the bar (cf. Equl (2)). Actuaifythe length L changes t@L,
thenw,, changes tav,/3%. As a consequence, a change in pitch corresponds to a iditatat
of the frequency components. Secondly, according to thénamecal model of a wooden bar,
the damping is proportional to the square of the frequenbysT from the expressiofl(2),
a damping law can be defined by a parabolic function. As a cprsee, when the pitch
is changed, the damping coefficient of each tuned frequeoyponent has to be evaluated
according to the damping law measured on the original sound.

These assumptions made a virtual equalization of the mtdfghe recorded bank
of sounds possible. To minimize the pitch deviation, the Mhget of sounds has been
tuned by transposing the fundamental frequencies to 1002Mdich is the mean funda-
mental frequency of all the sounds. Once again, no precidenlng test has been per-
formed, but synthesis sounds have been described by owagoks as conserving the
specificity of the material. The whole sound data bank islabkd at http://www.Ima.cnrs-
mrs.fri~kronland/JASAXylophone/sounds.html.
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EXPERIMENTAL PROTOCOL

Sounds from different wooden bars were evaluated by oneumsint maker specialized in
xylophone manufacture with a free classification test. Tise'ument maker is placed in front
of a computer screen on which the sounds (all representatbasdal crosses) are randomly
distributed. The task consists in placing the sound as ditumof its musical quality accord-

ing to a (virtual) horizontal axis from the left of the screfdst quality) to the right (worst

quality). He can listen to the sounds as often as he wantsigiclicking on the cross. The

tests have been effectuated on a laptop Macintosh with a SR CD550 headset. The

instrument maker evaluated the original sounds (recordadds with different pitches) and
the set of tuned sounds (with the same pitch). The obtaireskifications are respectively
called C2 and C3. The xylophone maker did not know that thedewere synthesized, and
was told that the same pieces of wood had been sculpted in wrdene the sounds to the
same fundamental frequency.

RESULTS

Statistical analysis of the classifications made by theunsént maker has highlighted the
importance of salient descriptors. Two descriptors wergreét significance: the damping of
the first partial and the spectral bandwidth of the soundcatiohg the prospection of highly
resonant and crystal clear sounds. Moreover, the compadtthe classification made on
both the original and processed sounds has shown how theipftaences the instrument
maker. This result is in accordance with the preponderahtieealamping and reinforces the
importance of the pitch manipulation to better dissociatedftereffect of the wood species
from the one of the bar geometry. Finally, the results ole@iallowed to better understand
some of the manufacturers’ strategies and to point out itapbmechanical and anatomical
characteristics of wood species used in xylophone manufagt

We briefly summarize the main results of this study and réferreader to the article
[12] for more information. We have chosen to focus the scdpihie current paper on the
relationship between descriptors and classification ofdusounds and on the influence of
pitch on the classification.

Relationship between the descriptors and the acoustic clagication of tuned sounds

Descriptors To characterize the sounds from an acoustical point of wencalculated sev-
eral timbre descriptors which have been proposed in theditee [13/ 14, 15, 16]: attack time
TA (the time it takes for the signal to deploy its energy fro6%d.to 90% of the maximum),
spectral bandwidth SB (spectrum spread), spectral cen€&8G (brightness) and spectral
flux SF (spectral envelope with respect to time).

In addition to these well-known timbre descriptors, we hals® considered various
acoustical parameters which have been chosen as functithre specificities of the impact
sounds: the amplitude ratio between the first two frequencyponents of the sound, noted
A,/1, the damping coefficients; anda; of components 1 and 2 and the parameters linked to
the inharmonicity. As the wooden species used for this shadye been intensively examined
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at CIRAD (their anatomical and physical characteristiasaell-known), we have also con-
sidered some mechanical descriptors such as the massyddisithe longitudinal modulus
of elasticity EL, the transverse shear modulus GLX, thei§ipdongitudinal modulus ELMV
and the specific shear modulus GLXMV. All these parametezshasre precisely described
in [12].

Quantitative analysis The classification made by the xylophone maker is correlatesty-
eral descriptors. Among these, three descriptors relatdtet time evolution of the sound
(a1, ao and SF), and two descriptors related to the spectral coofethie sound (CSG and
SB) play an important role. One may notice that the physieatdptors linked to the wood
properties don't explain by themselves the classificatidh@instrument maker, even though
ELMV seems to be the most pertinent one.

The multivariate linear regression analysis used to gieehtigh level of correlation
between the descriptors highlighted two main descriptefsand SB. These descriptors are
non-correlated and give rise to a linear predi@ﬁ&Lmear of the classification which explain
77% of the variance:

C3Linear = —3.82 x 10720y — 1.32 x 1074SB + 1.752 (3)

This model is of great importance what the choice of specimierned. Actually, it
emphasizes the fact that the xylophone maker looks for dyhigisonant sound (the coeffi-
cient of o is negative) containing a few spectral components (theficamft of SB is also
negative). Such a seek for a crystal-clear sound could iexila general choice dalbergia
sp. which is the most resonant specie and the most commoedinishe design of xylophone
bars. Actually, xylophone makers use a specific way of cagrtiie barl[17] by removing sub-
stance in the middle. This operation tends to minimize thgoirtance of partial 2, decreasing
both the CSG and the SB. The importancengfin the model is inline with several studies
showing that the damping is a pertinent cue in the percemfdmpacted materiald |6, 5].
What the parameter SB is concerned, it has been shown thapéwntral distribution of en-
ergy is also an important cue, especially for categorimaparposes. Previous studi€si[18]
showed that the inharmonicity plays an important role fahstasks, but in our case, where
sounds belong to the same category of material, such a pesaloesn’t seem to be of much
interest. The linear classification prediction has beenrdawvgd by taking into account non
linear phenomena. Thus, we proposed a non-linear modehveixiglains 82% of the variance
2]

One may finally notice that no correlation has been evidebetdeen the classification
and the wood density, although it is well known that the woedsdity is of great importance
for the instrument maker. This lack is due to the way we dexigyur experimental protocol,
focusing on the sound itself and minimizing multi-sendoefects. Actually, in a situation
where the instrument maker has access to the wood, bars witk density are rejected for
manufacturing and robustness purposes, no matter theidsquality.
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Influence of the fundamental frequency (pitch) upon the clasification

As discussed previously, the timbre is a key feature for egiption of sound quality and

makes it possible to distinguish tones with equal pitchdimss and duration (ANSI, 1973).
Since this study aims at better understanding which timeseidptor is of interest for wood

classification, one expected differences in the classiicatf the tuned and the original sound
data banks. The difference between the classifications &2o0(s pitches) and C3 (same
pitches), represented in Figdrk 2 as a function of the aldindamental frequency of the
bars, shows a clear linear tendency.
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Figure 2: Linear relationship between fundamental frequeand arithmetic difference C3-
C2 (R=0.59, N =59).

The difference is negative for frequencies below the meaguiency and positive in
average for high values of the frequencies. The Pearsofiicerf associated to the linear
relationship between the arithmetic difference of thesifasmtion and the fundamental fre-
guency leads to an important observation stating ahaboden bar with a low fundamental
frequency tends to be up graded while a wooden bar with a higtidmental frequency tends
to be down gradedrhis is in accordance with our linear prediction model #wqiects weakly
damped sounds to be better classified than highly dampedActesily, sounds with low (re-
spectively high) fundamental frequency have been trarsptzsvard high (respectively low)
frequencies during the tuning process, implyingto increase (respectively decrease). As an
important conclusion, one may say that the instrument medenot judge the wood itself in-
dependently of the bar dimensions, since the classific&iofluenced by the pitch changes,
favoring wood samples generating low fundamental frequenands. Once again, it is worth
noticing the good reliability of our instrument maker whgk&nchanged the classification
for sounds which fundamental frequency was close to the mgatamental frequency of the
data bank (i.e. sounds with nearly unchanged pitch). Alstuthk linear regression line passes
close to 0 at the mean frequency 1002 Hz. Moreover[Xabergiasp. has been kept at the
first position after the tuning process, suggesting thatramdtic change in the value of
had been made. Actually, this sample was transposed upWwsre8 Hz, changingy; from
13.6s! to 14.28s! which still was the smallest value of the tuned data bank.
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