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Gilbert, J. A
oust. So
. Am. 2Abstra
tSeveral alto saxophone players' vibratos have been re
orded. The signals are analysed usingtime-frequen
y methods in order to estimate the frequen
y modulation (vibrato rate) and theamplitude modulation (vibrato extent) of ea
h vibrato sample. Some parameters are derivedfrom the results in order to separate the two ways of vibrato playing : vibrato "à la ma
hoire"and vibrato "sur l'air". Moreover, time domain simulations of single-reed instruments vibratosare 
reated. The model is 
ontrolled by two parameters : the mouth overpressure and a parame-ter 
hara
terizing the reed-mouthpie
e system. Preliminary 
omments and 
omparisons betweenthe simulated vibratos and re
orded vibratos results are done.PACS numbers :



Gilbert, J. A
oust. So
. Am. 3I. INTRODUCTIONVibrato is one of the 
ommon ornaments in o

idental 
lassi
al musi
, parti
ularly in singing,but in wind and bowed instruments too. When the instruments are played using vibrato orna-ments, deliberate �u
tuations in the period and the amplitude of the a
ousti
 pressure signalsare applied.Most of the studies dedi
ated to vibrato have been 
on
erned with lyri
 singers1;2;3;4;5 tryingto measure the properties like the vibrato rate (frequen
y modulation) or the vibrato extent(amplitude modulation), and then to analyse the vibrato stru
ture along time, or to study theirpit
h per
eption. Our study is devoted to the single reed wind instruments and parti
ularly tothe alto saxophone. Following Christophe Bois (a fren
h professional saxophone player), thereare many kinds of vibratos whi
h 
an be separated in two sets a

ording to the way they areprodu
ed : (1) the vibratos "à la ma
hoire " (the vibrato e�e
t 
omes from a slight me
hani
alvibration of the jaw), (2) the vibratos "sur l'air " (the vibrato e�e
t 
omes from a slight mo-dulation of the mouth 
avity air pressure 
ontrolled by the tongue). First, the aim of the studyis to analyse di�erent stable vibratos, by extra
ting their amplitude modulation and frequen
ymodulation parameters, one question being, is it possible to separate the two kinds of vibratosby analysing the 
orresponding generated sounds ? Se
ondly, some simulated vibratos based onthe physi
al modelling of an idealized saxophone are analysed too.The present paper is divided in four se
tions. After this brief introdu
tion, the methodsto extra
t the parameters of the amplitude modulation and of the frequen
y modulation arepresented in se
tion II. Then the methods are 
he
ked on known test signals in order to estimatea

ura
ies, then applied to alto saxophone players' vibratos and applied to simulated vibratos inse
tion III. Finally, the preliminary 
on
lusions and the perspe
tives of this work are dis
ussedin the 
on
lusion, se
tion IV.
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. Am. 4II. SIGNAL PROCESSING METHODSVibrato in permanent regime may be modelled as both an amplitude modulation and afrequen
y modulation of a signal. Estimating both modulations allows then to extra
t parametersof modeling. For amplitude modulation, we show that estimations based on methods su
h asenvelop dete
tion are a

urate enough. For frequen
y modulation, time-frequen
y analysis isrequired. Several time-frequen
y methods (spe
trogram1;2, modal distribution6) were used inother vibrato studies. In the paper, we use the spe
trogram and the instantaneous frequen
y isestimated as the lo
al frequen
y of the spe
trogram7.A. Modelling of test signalFor most of musi
al signals, the signal s(t) is modelled as a dis
rete sum of partials6, i.e.s(t) = NhXn=1 an(t)
os(�n(t)); (1)where an(t) is the amplitude modulation and �n(t) is the instantaneous phase of the n-th partial,respe
tively, and where Nh is the number of harmoni
s of the playing frequen
y. It is further-more supposed that an(t)
os(�n(t)) is analyti
, for all n, or equivalently7 that the low frequen
y
ontent of the n-th partial is in the amplitude an(t), and that the high frequen
y 
ontent of then-th partial is in the term 
os(�n(t)).
1. Amplitude modulation modelingOnly the permanent regime is studied in this paper. Consequently, the expression of theamplitude modulation an(t) we 
onsider in this paper is su
h thatan(t) = 
n�A0 + NvXk=1Ak
os(2�kFmt+  k)�; (2)
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. Am. 5for n 2 [1; Nh℄, where 
n is the weight in amplitude modulation of n-th partial, where Nv is thenumber of harmoni
s of the vibrato frequen
y Fm, and where the parameters Ak and  k of theFourier series have to be estimated. We note in the following (by supposing A0 6= 0)�k = AkA0 (3)the amplitude modulation rate of vibrato harmoni
 k, 8k 2 [1; Nv ℄. Two typi
al amplitudemodulations are shown in Fig. 1, a pure sine amplitude modulation (
ase (a) : sine vibrato) anda �at amplitude signal (
ase (b) : no vibrato).2. Frequen
y modulation modelingOn the other hand, we suppose that the instantaneous phase of the permanent regime ex-presses as �n(t) = 2�nFst+ NvXl=1 n�lFslFm 
os�2�lFmt+ �nl�; (4)where Fs is the playing frequen
y, where �l and �nl are respe
tively the vibrato rate and thephase of vibrato harmoni
 l. An instantaneous frequen
y is asso
iated to the n-th partial, de�nedas7 f (n)i (t) = 12� d�n(t)dt : (5)Inserting (5) into (4) yieldsf (n)i (t) = nFs�1� NvXl=1 �l sin(2�lFmt+ �nl)�: (6)Independently of Fig. 1, two examples of frequen
y modulation are shown in Fig. 2 : a puresine frequen
y modulation (
ase (a) : sine vibrato), and a �at one (
ase (b) : no vibrato).
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. Am. 63. Assumptions and parameters to be estimatedIn the paper, only the permanent regime is studied. It is furthermore supposed that thereis no re
overy of instantaneous frequen
y from partial n to partial n + 1 (see for example Fig.2). This leads that the maximum value of instantaneous frequen
y of the n-th partial is largelyinferior to the minimum value of instantaneous frequen
y of the (n+1)-th partial. Firstly, themaximum of instantaneous frequen
y of the n-th partial is bounded (upper limit) byMax�f (n)i (t)� = nFs�1 + NvXl=1 �l�; (7)and se
ondly, the minimum of instantaneous frequen
y of the (n+1)-th partial is bounded (lowerlimit) by Min�f (n+1)i (t)� = (n+ 1)Fs�1� NvXl=1 �l�: (8)As a 
onsequen
e, there is no re
overy of instantaneous frequen
y from partial n to partialn+ 1 if (2Nh + 1) NvXl=1 �l << 1: (9)Lastly, we suppose that A0 6= 0.In the 
ase of simulation, the 
ontrolled parameters are the number of vibrato harmoni
sNv, the number of playing frequen
y vibrato harmoni
s Nh, and the sampling frequen
y fe.The parameters to be estimated are the vibrato frequen
y Fm, the playing frequen
y Fs, theamplitude modulation parameters �k (vibrato extent),  k, the frequen
y modulation parameters�l (vibrato rate), 
n and �nk, for n 2 [1; Nh℄, and for k; l 2 [1; Nv ℄. In this study, we fo
us onthe estimation of Fm, Fs, �k and �l, for k; l 2 [1; Nv ℄.
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. Am. 7B. Amplitude modulation and instantaneous frequen
y estimationsInstantaneous amplitude and frequen
y 
on
epts were originally developed in the theoryof modulation in 
ommuni
ations. These time-varying parameters are important features toestimate for many appli
ations su
h as radar, sonar or seismology. Their estimations allow inparti
ular to lo
ate the time-varying frequen
y 
ontent of the signal. Many algorithms weredeveloped to estimate these features and a tutorial review8;9 was published in 1992. In thepresent paper, we use the envelop dete
tion algorithm for estimating the amplitude modulationan(t) (Eq. 2) and time-frequen
y distributions to estimate the instantaneous frequen
y f (n)i (t)(Eq. 6).1. Amplitude modulation estimationIn order to estimate the amplitude modulation, we demodulate �rstly the signal s(t) bymeans of a quadrati
 envelope dete
tor. The prin
iple of this dete
tor is as follows : the signal issquared, before to be low-pass �ltered. Then, by taking the square root of the low-pass �lteredsignal, we 
an obtained an estimation of the amplitude modulation10. The used �lter is a FiniteImpulse Response (FIR) digital �lter, and its impulse response is 
al
ulated thanks to the Parks-M
Clellan algorithm11. Se
ondly, a syn
hronous dete
tion is pro
essed, in order to estimate Ak,Fm and  k.2. Instantaneous frequen
y estimationParaphrasing Cohen7, "instantaneous frequen
y is one of the most intuitive 
on
epts, sin
ewe are surrounded [...℄ by many phenomena whose periodi
ity 
hanges". While instantaneousfrequen
y seems to be a natural 
on
ept for des
ribing our environment, its mathemati
al des-
ription is still an open question7;8.Furthermore, it has been shown7;8 that instantaneous frequen
y may be related to time-frequen
y distributions (TFD). Indeed, su
h distributions allow to represent the frequen
y
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ontent of a signal as a joint fun
tion of time and frequen
y, and the instantaneous frequen
ymay be then viewed as the average frequen
y at a given time.Some distributions verify this property of lo
al average (su
h as the Wigner-Ville distribu-tion), while other TFD only approximate it (su
h as the spe
trogram)7;8. Moreover, works havebeen done to 
onstru
t a TFD whi
h gives a perfe
t lo
ation of the instantaneous frequen
y12.In this paper, we use the spe
trogram as an estimator of the instantaneous frequen
y. On
e theinstantaneous frequen
y is estimated, a syn
hronous dete
tion is pro
essed, in order to estimate�l, Fm and �nl (for l 2 [1; Nv ℄ and n 2 [1; Nh℄).If the 
on
ept of instantaneous frequen
y is meaningful for a mono
omponent signal, i.e. asignal where there is only one frequen
y varying with time for all time, a preliminary breakdownof the signal has to be done for a multi
omponent signal. In the present 
ase, we suppose thatthe instantaneous frequen
y of partials n and (n+ 1) do not overlap (whi
h is 
learly the 
asefor real-world vibrato signals). As a 
onsequen
e, instantaneous frequen
y may be estimated forall the partials n 2 [1; Nh℄.Following Cohen2, we note PSP (t; f) the spe
trogram of s(t) a

ording toPSP (t; f) = ���� Z s(t)h(� � t)e�j2�f� ����2; (10)where h(t) is a window fun
tion. In the following, we furthermore use the spe
trogram to estimatethe instantaneous frequen
y related to the n-th partial as abovef̂ (n)i (t) = RBn fPSP (t; f)dfRBn PSP (t; f)df ; (11)where the partial n is related to the bandwidth Bn around the frequen
y nFs. Even if f̂ (n)i (t)is not a good estimator of the instantaneous frequen
y (due to an entanglement of signal andwindow7), narrowing the window h(t) (or equivalently broadening the bandwidths Bn) allowsto estimate 
orre
tly the instantaneous frequen
y7, as shown in next se
tion.
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. Am. 9III. RESULTS AND DISCUSSIONA. Instantaneous amplitude and frequen
y estimators for test signalsThree test signals are simulated in this subse
tion, a

ording to equations (1-6), for Nh = 1and for three harmoni
s of the vibrato frequen
y (Nv = 3). The values of the parameters A0,fs, fm, �k and �l are given in tables 1-3 (for k and l 2 [1; 3℄), 
orresponding to realisti
 valuesof real-world vibratos.We note in the following the levels of the vibrato strength from 1 (no vibrato) to 5 (exag-gerated vibrato). In Table 1, the level of the vibrato strength is 2, with a low modulation ratein both amplitude and frequen
y. In Table 2, the level of the vibrato strength is 4, with a highmodulation rate in both amplitude and frequen
y. Finally, the level of the vibrato strength inTable 3 is 4, with a low modulation rate in frequen
y and a high modulation rate in frequen
y.Furthermore, the rate of harmoni
 distorsion (HD) for the amplitude modulation express asHD� =vuutPNvk=2 �2kPNvk=1 �2k : (12)For the frequen
y modulation, the rate of harmoni
 distorsion will beHD� =vuutPNvl=2 �2lPNvl=1 �2l : (13)We also estimate the spe
tral gravity 
enter (SGC) a

ording toSGC� = PNvk=1 k�kPNvk=1 �k ; (14)for the amplitude modulation, and SGC� = PNvl=1 l�lPNvl=1 �l ; (15)for the frequen
y modulation.
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. Am. 10The values of the estimated parameters and the asso
iated errors given in Tables 1-3 showa good agreement between the simulations and the estimations. The asso
iated errors for theestimation of �1 are less than 1%, while the asso
iated errors for the estimation of �1 are lessthan 5%. Furthermore, the playing frequen
y Fs and the vibrato frequen
y Fm are respe
tivelyestimated with errors less than 0.1% and 2%. Even if the values of �3 and �3 are poorly esti-mated, due to the very weak values of the simulated parameters, we maintain that the signalpro
essing methods des
ribed in se
tion II are well-suited for the analysis of vibratos. Lastly, theharmoni
 distorsion rate is better estimated for the amplitude modulation than for the frequen
ymodulation.B. Real-world signals, estimation of parameters and dis
ussionIn order to apply the signal pro
essing methods on real sounds, the saxophone player Chris-tophe Bois has re
orded self-sustained notes, from whi
h one se
ond of the permanent regime issele
ted and analysed. The database 
ontains 21 samples whi
h are summarised in Table 4. Thedatabase has been �lled by playing the note E3, at two nuan
es, piano and forte, at �ve vibratostrength levels, from soft (1) to high (5), using the two kinds of vibrato, "a la ma
hoire" and"sur l'air". A 
lass of re
ords has been set from 2 to 11. A same 
lass of re
ord is 
orrespondingto the same note, the same nuan
e and the same vibrato strength level, the way of playingbeing "a la ma
hoire" or "sur l'air". Most of the possibilities have been explored, giving the21 samples. The samples have been analysed using the signal pro
essing methods des
ribed in
hapter II in order to extra
t the parameters �k representative of the amplitude modulation,and �l representative of the frequen
y modulation. The �rst 
oe�
ients �1 as a fun
tion of �1are displayed �gure 3. Having a look on �gure 3, no obvious 
on
lusion 
an be drawn, the twokinds of vibratos 
an not be separated by their (�1, �1) values. Even if two samples having a
lose pair value (�1, �1) on �gure 3 
an be easily distinguished by an informal listening test. A�rst result is that the kind of vibrato is not dire
tly linked with a kind of signal modulation. An
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÷�
ient has then to be �nd. As explained previously in se
tion IIIA, harmoni
 distorsionrates 
an be 
omputed from the higher 
oe�
ients �k and �l (for k; l > 1) of the real signals.The rate of harmoni
 distorsion for the amplitude modulation (�gure 4) and for the frequen
ymodulation (�gure 5) are estimated su

essively from the real signals as a fun
tion of the 
lassof re
ord. Noti
e that the two ways of playing vibrato are quite well separated : the vibratos "ala ma
hoire" do exhibit higher values of the amplitude modulation distorsion than the vibratos"sur l'air" (�gure 4). At the opposite, the vibratos "a la ma
hoire" do exhibit lower values ofthe frequen
y modulation distorsion than the vibratos "sur l'air" (�gure 5). Nevertheless, theseparation is not ex
lusive. For ea
h of the two distorsion rates, there is a 
ounter-example 
or-responding to a high pronoun
ed vibrato at forte nuan
e (re
ord numbers 10 and 21 on �gure4), and to a high pronoun
ed vibrato at piano nuan
e (re
ord numbers 5 and 16 on �gure 5). Asan alternative of the distorsion rate, a spe
tral gravity 
enter of the vibrato modulation 
an bede�ned. The 
orresponding results asso
iated to amplitude modulation are displayed in �gure6. Theses 
on
lusions are the same than the ones drawn from the distorsion rate (�gure 4), butthere is no 
ounter-example anymore, and the two ways of vibrato playing are well separatedthen. Noti
e that several samples 
orresponding to other notes than E3, E4 for example, havebeen re
orded and analysed. The results obtained are 
ompatible with the 
on
lusions drawnfrom the E3 note's extensive study.The algorithm of both amplitude and frequen
y modulation estimations is also applied tosignals 
oming from playing performan
e. The database is made up of extra
ts of several re-
ordings, where only the vibrato of the saxophonist is present. The sele
ted musi
al tunes arepresented in table 5. In �gure 3, the estimations of �1 and �1 are 
ompared with the estimationsof the vibratos of self-sustained notes. Moreover, we 
ompare the estimations of HD� (�gure4), HD� (�gure 5), SGC� (�gure 6) and SGC� (�gure 7), for these signals 
oming from playingperforman
e, with the 
ases of self-sustained notes vibratos. We 
all 
lass 12 the 
lass asso
iated
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. Am. 12with the signals 
oming from playing performan
e.Figures 3 to 7 show how the estimated parameters of the signals 
oming from playing perfor-man
e (
lass number 12) are 
oherent with the values of the database of real-world signals. Forthe re
ord number 242 (Table 5), note that the harmoni
 distorsion rate HD� (Fig. 4) is about70%. Parameter values of �1, �1, HD�, HD�, SGC� and SGC� are 
learly in the same area ofthe 
orresponding parameters for self-sustained notes.C. Simulated signals1. Physi
al modelingThe nature of the sound produ
tion of single reed instruments is now well understood13. Usingan elementary model for the reed and the mouthpie
e, 
oupled with an idealized instrument, asaxophone here, a large range of the musi
al behaviour of the single reed instruments is des
ribed.The elementary model is based on two equations : one for the non-linear ex
itation me
hanism,the reed-mouthpie
e system (Eq. 16) and the one for the resonator, regarded as a linear system(Eq. 17). The two equations make the 
oupling between the two following variables : u(t), thevolume �ow entering into the instrument, and p(t), the a
ousti
al pressure in the mouthpie
e8>><>>: u(t) = wHO�1� pm�p(t)PM �sign�pm � p(t)�q2jpm�p(t)j� if pm � p(t) � PMu(t) = 0 if pm � p(t) � PM ; (16)
p(t) = �
u(t) + r(t) � �p(t) + �
u(t)�; (17)where w is the e�e
tive width of the reed 
hannel, H0 the reed opening at rest, pm the mouthpressure, � the air density and 
 the sped of sound in free spa
e. The limit value PM for whi
hthe reed 
loses the opening is given by PM = kH0 where k is the reed sti�ness. PM is theminimum value of the mouth pressure above whi
h the stati
 solution 
orresponding to the reedblo
ked against the lay is stable. The re�e
tion fun
tion r(t) of the pipe is obtained by inverse
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tion 
oe�
ient R(j!) de�ned as a fun
tion of the dimensionlessinput impedan
e Z(j!) R(j!) = Z(j!)� 1Z(j!) + 1 : (18)The saxophone bore is mainly 
oni
al. An approximation of the trun
ated 
one by usinga system of two 
ylinders 
an be used. Their lengths Lb and La respe
tively, are equal to thelengths of the trun
ated 
one and of the trun
ature respe
tively. Typi
ally the ratio La=Lb hasbeen 
hoosen to be equal to 5. The dimensionless input impedan
e Z(j!) is de�ned as follows141Z(j!) = 1th(�La) + 1th(�Lb) ; (19)where � is the propagation 
onstant taken into a

ount the vis
o-thermal e�e
ts (losses anddispersion).In order to get os
illations a simulation te
hnique in dis
rete time-domain is used15;16. As-suming the 
ontrol parameters (Pm, H0, k) to be 
onstant, periodi
 os
illations are obtained inpermanent regimes after a short transient. A way to reprodu
e vibratos by simulations is to use
ontrol parameters slowly varying slowly in time. Typi
ally, simulations have been done using
ontrol parameters varying harmoni
ally at 5Hz.2. Estimation of parameters and dis
ussionA set of simulations 
orresponding to ea
h one of the two 
ontrol parameters Pm, and H0have been done. The modulation rate of ea
h parameter is equal to 5 Hz. The modulation extentof Pm, and H0 is varying from 5% to 30%, and from 10% to 40% respe
tively, of their meanvalue. Three sets of simulations have been 
al
ulated : one set 
orresponding to a variation ofH0, an other one to a variation of Pm, the third one 
orresponding to a modulation of both the
ontrol parameters. Then the simulated signals have been analysed in the same way than the
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. Am. 14real sounds by using the signal pro
essing methods des
ribed in se
tion II in order to evaluatethe values of �1 and �1. The results are shown in Fig. 8 and Fig. 9 using the same kind of displaythan those of real sounds given 
hapter III.B.The preliminary results of Fig. 8 show that the mouth pressure Pm mainly 
ontrols the am-plitude modulation. And the reed opening H0 mainly 
ontrols the frequen
y modulation. Butea
h 
ontrol parameter does in�uen
e both the amplitude and frequen
y modulations signi�-
antly. The results displayed in Fig. 8 do not show any separation between ea
h of the threesets of simulations. At the opposite, the SGC results applied to amplitude modulation (Fig. 9)seems to be able to separate the set of H0 variations simulations, and the set of Pm variationssimulations. A

ording to our hypotheses assuming that the vibrato "a la ma
hoire" is linkedwith a H0 variation, and the vibrato "sur l'air" with a Pm variation, then the two kinds ofvibratos are separated quite su

essfully.IV. CONCLUDING REMARKSIn this paper some alto saxophones instruments vibratos have been studied. Suitable signalpro
essing methods have been developed in order to estimate parameters of amplitude and fre-quen
y modulations. First the methods have been validated for test signals, and then they havebeen applied to the real saxophone vibrato sounds, and to simulated vibrato sounds 
omingfrom physi
al modelling of saxophone-like instruments. The methods are able to estimate the
hara
teristi
s of the vibrato os
illations by extra
ting the �rst harmoni
s of the periodi
 vibratoos
illation, the vibrato extent and the vibrato rate, with errors less than 5%. On one hand theharmoni
 
omponents of the real vibrato sounds have been extra
ted, and no straightforwarddi�eren
e between the two te
hniques of playing vibrato, "a la ma
hoire" and "sur l'air", havebeen shown dire
tly from these 
omponents. On the other hand, it has been shown that the
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. Am. 15two te
hniques 
an be separated by using a 
÷�
ient representing the vibrato amplitude dis-tortion, like a spe
tral gravity 
enter. In parallel, simulations based on 
ontrol parameters slowmodulations have been analysed. A

ording to our hypotheses assuming that the vibrato "a lama
hoire" is linked to a H0 variation, and the vibrato "sur l'air" to a Pm variation, then thetwo kinds of vibrato te
hniques have been roughly simulated. If vibratos of singing voi
es aremainly linked to frequen
y modulation, signi�
ant amplitude modulations have been extra
tedfrom saxophone vibratos. Further studies might be done on other wind instruments vibratos.An important work has to be produ
ed on players in order to extra
t dire
t information on theslowly varying 
ontrol parameters. If it seems easy to extra
t the mouth pressure modulation,to get the opening reed-lay modulation during the performan
e te
hnique seems to be a hardtask.ACKNOWLEDGMENTSThe authors would like to express gratitude to the professional saxophone players ChristopheBois and Gregory Letombe for helpful dis
ussions and for providing vibrato database. The helpof Pierre Couratier at the beginning of the proje
t is a
knowledged too.
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. Am. 18Fig. 1 - Test signals s(t) (left panel) and asso
iated amplitude modulations (right panel).(a) : amplitude modulation of a test signal (vibrato 
ase) for the following set of parameters :�1 = 3=7, �k = 0 8k > 1 (top row). (b) : amplitude modulation of a test signal (nonvibrato
ase) for the following set of parameters A0 = 1, �k = 0 8k > 0 (bottom row).Fig. 2 - Instantaneous frequen
y of test signals. (a) : frequen
y modulation of a test signal(vibrato 
ase) for the following set of parameters : Nh = 3, Nv = 1, �k = 0:1 and �k = 0 8k > 1 .(b) : frequen
y modulation of a test signal (nonvibrato 
ase) for the following set of parameters :Nh = 3 and �k = 0 8k.Fig. 3 - �1 as a fun
tion of �1. The asso
iated re
ord numbers are in Tables 4 and 5. Cir
les :Vibrato "a la ma
hoire". Crosses : Vibrato "sur l'air". Diamonds : Vibrato 
oming from playingperforman
e.Fig. 4 - Harmoni
 distorsion 
÷�
ient HD� as a fun
tion of the 
lass of re
ord. Estimationfrom the amplitude modulation. The asso
iated re
ord numbers and the 
lasses of re
ords arein Tables 4 and 5. Cir
les : Vibrato "a la ma
hoire". Crosses : Vibrato "sur l'air". Diamonds :Vibrato 
oming from playing performan
e arbitrarily asso
iated to 
lass 12.Fig. 5 - Harmoni
 distorsion 
÷�
ient HD� as a fun
tion of the 
lass of re
ord. Estimationfrom the frequen
y modulation. The asso
iated re
ord numbers and the 
lasses of re
ords arein Tables 4 and 5. Cir
les : Vibrato "a la ma
hoire". Crosses : Vibrato "sur l'air". Diamonds :Vibrato 
oming from playing performan
e arbitrarily asso
iated to 
lass 12.Fig. 6 - Spe
tral gravity 
enter SGC� as a fun
tion of the 
lass of re
ord. Estimation fromthe amplitude modulation. The asso
iated re
ord numbers and the 
lasses of re
ords are in
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. Am. 19Tables 4 and 5. Cir
les : Vibrato "a la ma
hoire". Crosses : Vibrato "sur l'air". Diamonds :Vibrato 
oming from playing performan
e arbitrarily asso
iated to 
lass 12.Fig. 7 - Spe
tral gravity 
enter SGC� as a fun
tion of the 
lass of re
ord. Estimation fromthe frequen
y modulation. The asso
iated re
ord numbers and the 
lasses of re
ords are in Tables4 and 5. Cir
les : Vibrato "a la ma
hoire". Crosses : Vibrato "sur l'air". Diamonds : Vibrato
oming from playing performan
e arbitrarily asso
iated to 
lass 12.Fig. 8 - �1 as a fun
tion of �1 (simulated signals).Fig. 9 - Harmoni
 distorsion 
÷�
ient as a fun
tion of arbitrary database signals (simulatedsignals) as a fun
tion of (a) H0, (b) Pm.
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Gilbert, J. A
oust. So
. Am. 29Tab. 1 - First set of parameters of a test signal. Simulated values, estimated values andasso
iated errors.Tab. 2 - Se
ond set of parameters of a test signal. Simulated values, estimated values andasso
iated errors.Tab. 3 - Third set of parameters of a test signal. Simulated values, estimated values andasso
iated errors.Tab. 4 - Database of real signals. Re
ord number, vibrato strength (from 1 : no vibrato, to5 : exaggerated vibrato), nuan
e, kind of vibrato and 
lass of re
ord.Tab. 5 - Database of signals 
oming from playing performan
e. Re
ord number, title ofmusi
al tune, nearest note (E3 or E4), vibrato strength (from 1 : no vibrato, to 5 : exaggeratedvibrato). The 
lass asso
iated to these signals is 
lass 12.
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. Am. 30Table 1
Parameter Simulated value Estimated value Asso
iated error (%)A0 (Eq. 2) 0.34 0.366 7.6Fs (Hz) 392 391.98 < 0:1Fm (Hz) 4.5 4.44 1.3�1 (Eq. 3) 0.441 0.443 0.45�2 (Eq. 3) 0.176 0.175 0.56�3 (Eq. 3) 0.029 0.033 0.45�1 (Eq. 6) 0.006 0.0061 1.7�2 (Eq. 6) 0.003 0.0027 10�3 (Eq. 6) 0.002 0.0015 25HD� (Eq. 12) 0.375 0.373 0.53HD� (Eq. 13) 0.515 0.452 12.23SGC� (Eq. 14) 1.362 1.37 0.6SGC� (Eq. 15) 1.636 1.553 5.07
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oust. So
. Am. 31Table 2
Parameter Simulated value Estimated value Asso
iated error (%)A0 (Eq. 2) 0.4 0.435 8.7Fs (Hz) 392 391.97 < 0:1Fm (Hz) 5 4.95 1�1 (Eq. 3) 0.75 0.745 0.67�2 (Eq. 3) 0.25 0.244 2.4�3 (Eq. 3) 0.125 0.106 15.2�1 (Eq. 6) 0.01 0.0102 2�2 (Eq. 6) 0.004 0.0038 5�3 (Eq. 6) 0.004 0.0027 32.5HD� (Eq. 12) 0.349 0.336 3.7HD� (Eq. 13) 0.492 0.416 15.45SGC� (Eq. 14) 1.362 1.37 0.6SGC� (Eq. 15) 1.636 1.553 5.07
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. Am. 32Table 3
Parameter Simulated value Estimated value Asso
iated error (%)A0 (Eq. 2) 0.3 0.326 8.7Fs (Hz) 1590 1590.1 <0.1Fm (Hz) 4.75 4.66 1.9�1 (Eq. 3) 0.7 0.696 0.57�2 (Eq. 3) 0.3 0.296 1.33�3 (Eq. 3) 0.067 0.059 11.94�1 (Eq. 6) 0.002 0.0021 5�2 (Eq. 6) 0.0015 0.00153 2�3 (Eq. 6) 0.002 0.0015 25HD� (Eq. 12) 0.402 0.398 1HD� (Eq. 13) 0.781 0.714 8.6SGC� (Eq. 14) 1.407 1.394 0.92SGC� (Eq. 15) 2 1.88 5
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Re
ord number Vibrato strength [1-5℄ Nuan
e Kind of Vibrato Class of re
ord2 1 piano a la ma
hoire 23 2 piano a la ma
hoire 34 3 piano a la ma
hoire 45 4 piano a la ma
hoire 56 5 piano a la ma
hoire 67 1 forte a la ma
hoire 78 2 forte a la ma
hoire 89 3 forte a la ma
hoire 910 4 forte a la ma
hoire 1011 5 forte a la ma
hoire 1112 1 piano sur l'air 213 2 piano sur l'air 315 3 piano sur l'air 416 4 piano sur l'air 517 5 piano sur l'air 618 1 forte sur l'air 719 2 forte sur l'air 820 3 forte sur l'air 921 4 forte sur l'air 10
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Re
ordnumber Title of musi
al tune Nearest note Vibrato strength192 Syrinx of C.Debussy, playedby F.Chouraki E4 3-4194 Syrinx of C.Debussy, playedby F.Chouraki E4 1-2231 Quatuor of Olav Berg, playedby H.Bergersens E3 2-3232 Quatuor of Olav Berg, playedby H.Bergersens E3 2-3241 An der s
h®nen blauen Donauof J.Strauss, by Spike Jones E3 4-5242 An der s
h®nen blauen Donauof J.Strauss, by Spike Jones E3 4-5243 An der s
h®nen blauen Donauof J.Strauss, by Spike Jones E3 5


