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Sound can convey information about the materials composing an object that are often not directly
available to the visual system. Material and geometric properties of synthesized impacted bars with
a tube resonator were varied, their perceptual structure was inferred from multidimensional scaling
of dissimilarity judgments, and the psychophysical relations between the two were quantified.
Constant cross-section bars varying in mass density and viscoelastic damping coefficient were
synthesized with a physical model in experiment 1. A two-dimensional perceptual space resulted,
and the dimensions were correlated with the mechanical parameters after applying a power-law
transformation. Variable cross-section bars varying in length and viscoelastic damping coefficient
were synthesized in experiment 2 with two sets of lengths creating high- and low-pitched bars. In
the low-pitched bars, there was a coupling between the bar and the resonator that modified the decay
characteristics. Perceptual dimensions again corresponded to the mechanical parameters. A set of
potential temporal, spectral, and spectrotemporal correlates of the auditory representation were
derived from the signal. The dimensions related to mass density and bar length were correlated with
the frequency of the lowest partial and are related to pitch perception. The correlate most likely to
represent the viscoelastic damping coefficient across all three stimulus sets is a linear combination
of a decay constant derived from the temporal envelope and the spectral center of gravity derived
from a cochlear representation of the signal. These results attest to the perceptual salience of
energy-loss phenomena in sound source behavior.20@4 Acoustical Society of America.
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I. INTRODUCTION auditory sensitivity to the geometry of vibrating objects has
] ) ~ been demonstrated for clapping han@®epp, 1987, im-
The perception of the properties of sound sources is iMpacted bargHouix et al, 1999; Lakatost al, 1997; Lutfi,

portant for their categorization and identification as well aspggy), impacted plategKunkler-Peck and Turvey, 2000
for our own interactions with them in the enwronmept falling and bouncing ball§Guski, 2000, rods that fall and
(McAdams, 1998 Recent research has begun to study lishounce on the floofCarelloet al, 1998, vessels being filled
pects of the geometry and material properties of vibratings rolling balls (Houben, 2002 or to the geometric integrity
objects as well as changes in the state of objexts, break- o |oss thereof in falling jars that bounce or shattéarren

ing) or the activity of organismge.g., walking. Listeners’  ang verbrugge, 1994A similar sensitivity to properties such
as density and elasticity that vary with the materials of which
Apreliminary results leading to the present study were first reported at th@n object is composed has also been shédwanzini and
combined 16th International Congress on Acoustics and 135th Meeting oRocchesso, 2001; Klatzlq[ al,, 2000; Lutfi and Oh, 1997

the Acoustical Society of America, Seattle, WA and at the 139th Meeting of Such studies have used a variety of approaches such as
the Acoustical Society of America, Atlanta, GA. o e e R
e L e Sociens. tecuonc mafCogniton, idenificatio, dlassifation, o categorizaton of
mcadams@dec.ens.fr the object(Avanzini and Rocchesso, 2001; Cabe and Pit-
Current address: ENSTA-UME, chemin de la HugieF-91761 Palaiseau, tenger, 2000; Houiet al., 1999; Krotkovet al., 1996; Repp,
France. Electronic mail: chaigne@ensta.fr . PR ;
9Current address: PSA Peugeot-CitioBRIA/SARA/PEFH, route de Gizy, 1987; Warren and Verbrqu_e’ 19§d|scr|m|natlpn among
F-78140 Véizy-Villacoublay, France. Electronic mail: sounds(Lalfatos etal, 1997, I_-Utf" 2001, Lu_tf' and Oh='
vincent.roussarie@mpsa.com 1997, scaling sounds according to prespecified properties

such as hardness, length, mass, or spgearello et al,
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1998; Freed, 1990; Kunkler-Peck and Turvey, 20@® es-  TABLE I. Variables used in the bar model.

timating relative S|m|_lar|ty_ of soun_d palr_éKIatzky et_al., Symbols Definitiongunits
2000. The last technique is of particular interest as it lends
itself to an exploratory data analysis approach that impose%(x.t) Vertical displacementm)
few a priori hypotheses on the nature of the underlying per Young's modulus(N/m’)

S Density (kg/m’
ceptual structure that results from variation in a set of me—g(x) C?(?SSSI iégiom\)’aﬂame (m?)

chanical properties of the objects of interest or the acousticalx) Moment of inertia of cross-sectiaim?)
properties resulting from setting them into vibration. L Length (m)
In most of the studies cited above, the sounds used were Width (m)

either naturalobjects set into vibration in the presence of the"™) Thickness(variablg (m)

. . . V8 Fluid damping coefficien(s™?)
Ilsteqers or digitally recordgdor synthetic(most often by Viscoelastic damping coefficier)
Fourier synthesijs The former have the advantage of repre-, Damping factor(s™1)

senting the richness of the everyday acoustic environmerfix,xo,t) Force per unit masen/s’)

and the disadvantage of clearly establishing what it is in thé
sound that listeners are using to make their judgments. The
latter have the advantage of being deterministic and simpl
but often suffer from not truly representing real-life vibrating
objects. A judicious compromise is the use of physical

&hechanical equations are taken from Chaigne and Doutaut
(1997. They are presented only briefly here to underscore

dels that simulate the vibratorv behavior of obiects. O the choices of physical parameters that were made for the
models that simulate e vibratory behavior of 0bjects. neSynthesis of the test stimuli. For a fuller development of the

can control precisely the mechanical parameters of the SYYheory and implementation, in particular the interaction be-

thesis model, all ihe while obtaining the complex relat'or.]stween mallet and bar and the acoustic radiation, see Chaigne

among analytic si_gnal parameters that specify the mechamc%d Doutaut1997 and Doutautt al.(1998. All parameters
nature of the object. The perceptual study of such Soundis?lated to these parts of the model were held constant in our

alsp has the :_;ldvantage .Of leading to an understandmg Found stimuli. Experiment 1 used parameter settings of the
which mechanical properties are the most relevant for SIMUmodel for rectangular bars of constant cross-sectional geo-

lation in virtual environments. metry, whereas experiment 2 used parameters for tuned bars

To study the perceptual representation of material prog, 2i-bie cross section as are found in the xylophone and

perties of impacted bars, a physical model was used to Créalfarimba. The notations used to represent the physical pa-
the sounds. The model has been presented elsewhelrg ; ; -

) meters in the equations for the bars are shown in Table I.
(Chaigne and Doutaut, 1997; Doutaattal., 1998 and only d

. In this section the mechanical equations are presented,
the a;pect_s that are reIe\_/ant to the present psychophysi tably taking into account energy loss phenomena that are
quantification of the_relatlon betw_een some of thg mOd.ecruciaI to our study. Energy loss processes are ubiquitous in
pgrameters and their corrgspondlng perceptuall d.'m_ens,' ysical phenomena. In particular, any excited physical sys-
will be presented here. Listeners performed dissimilarity, '\ dissipate the received energy over the course of time
rgtmgs on pairs of sounds. A mult|d|men5|onal scaling teCh"ln the form of internal or external exchanges. When a mallet
nique was _“S?d_to recover a mathematical model that rePr%xcites a bar, part of the incident energy is dissipated into the
sents the d|s§|r_nllar|t|_es as dlstz_an(twk:Adamset al. 1995‘ ir in the form of an acoustic wave, i.e., a sound. This exter-
Indi?‘ld' t_mult;dur:t;nsm;n:l scfalmg _hals tpegn eGa tec?g%u.e OZal wave whose acoustic radiation is caused by the vibrating
ﬂr:j dlaeect I§|n 1%r97'elv2rio)r/1 anﬂ?fghaqu;l r(légg’_ Lakat’os structure is one of the external exchanges. However, this loss

X ' ' ’ ’is most often negligible compared with the losses due to
2000; McAdams, 1999; McAdamet al, 1995; Plomp, gig P

' ; viscosity within the materialexcept for metal bars of par-
1970; Wessel, ,1939 Qne .then uses“ the distance mo?el,toticular size, around and above the critical frequency
compare the dimensionality of the “perceptual space” with

hat of the phvsical stimul q " the rel Chaigne and Lambour@001), for example, have shown
that of the physical stimulus space and to quantify the re Ahat the fine-grained modeling of damping is complex, but

tions among mechanical properties, analytic parameters d?ﬁat in the case of bars, an approximate description of damp-

rived from the resulting signals, and the perceptual d|mer:j€;g with two constants(fluid and viscoelasticity already

ives good results for sound synthesis. The energy losses are
reflected in the sound’s temporal evolution and are conse-
quently perceived by the listener as a progressive attenuation
Il. PHYSICAL MODELING SYNTHESIS of the sound level and at times as a modification of the tim-
The software used to build the sound palette for thebre of the sound. One of the aims of sound synthesis with
psychoacoustic experiments is a time-domain sound synthghysical models is to reproduce as closely as possible the
sis program based on a physical model. The program digisignals arising from mechanically produced events. It is thus
tally simulates mallet percussion instrume@haigne and imperative for high fidelity synthesis to introduce energy loss
Doutaut, 1997; Doutawt al, 1998. The physical equations phenomena. However, the physical justification and the
of the complete model are thus reproduced and solved nunathematical formulation of these phenomena can be very
merically, providing control of the different mechanical and complex. It is thus necessary to start with simple, general
geometrical parameters of the equations. We will brieflymodels. The validity of these models derives from both ex-
present in order the physical model of the vibrating bar. Theperimental physical measures and perceptual validation by

sions. Of particular interest are the nature of timbral an
pitch cues that underlie the perceptual representation.
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quately described by the one-dimensional Euler—Bernoulli
equations. Previous measures on xylophone bars show this
assumption to be valid in the low-frequency range to a first
degree of approximatioiRossing and Russell, 1990the
model leading to a tuning error of less than 2% for funda-
A mental frequencies below 1.2 kHPoutaut, 1996
Although for wood this is an approximation, the material
V™% is assumed to be homogeneous and isotropic. Since bars are
/ usually cut in the direction of the fibers, EQ) is acceptable
b if Young’s modulus,E in the equation, is taken equal to the
longitudinal modulus of elasticityBucur, 1995.

2y The damping of the flexural waves is represented in Eq.
(1) by two terms. The first one represents viscoelastic losses
FIG. 1. Geometry of the xylophone bar. and is proportional to the coefficien (in s). The relation
between stress and straine in the material is expressed by
listeners. The present study focuses on the latter aspect. Je
The physical system under consideration is composed of o (X,t)=E| e(x,t)+ nE(X,t) . (4)

a bar of constantor variablg cross section with free edges,
of a mallet with a spherical head, and of a resonator. The The second term is equivalent to a fluid damping. Its
diagram of the bar is presented in Fig. 1. magnitude is represented by the coefficiemg(s™1).

The bars are simulated with elastic supports as in a xyChaigne and Doutaui997) showed that the introduction of
lophone. One-dimensional Euler—Bernoulli bar equations aréhese damping terms in E{l) yields a good representation
used to describe wave propagation in the material, which iof losses in wooden bars. The coefficienjsand yg are
presumed to be homogeneous and isotropic. This model ®stimated from the decay times of partials. The solutions of
refined by taking into account the damping of the transvers&q. (1), decomposed on the basis of plane waves, allow us to
bending waves with a model of viscoelastic loss. The verticawrite the solutions in the form of the product of a spatial
componentv(x,t) of the displacement of the bar is governed function and a temporal function. In order to characterize
by the following equation: damping, we define the damping facteras the inverse of
the time it takes for the amplitude to decay by a factor ef 1/

ow - 1+ i) 7 (| 52W) _ ﬂ Assuming damped sinusoidal waves as solutions to(Eq.
iz (Y pS(X) Tat) a2\ o) T v imposes the following relation between damping and fre-
+f(X,X0,t), (1 ~quency:
whereE is Young’s quulus,o_ is the_density,S(x) i_s the a(f)= E*'Zﬂzﬂfz- (5)
rectangular cross section, which varies as a function of the 2

position x along the longitudinal axis of the bap is the  Thig relation allows us to compute the coefficients of the

viscoelastic damping coefficiert(x) is the moment of iner- damping model by measuring the valuecfor each partial
tia of the cross sectionyg is the fluid damping coefficient, i real bars.

and f(x,Xq,t) is the force per unit mass. As discussed in
Chaigne and Doutauf 997, yg determinegasymptotically
the losses in the lowest partials apdleterminegasymptoti-  [ll. DERIVATION OF ANALYTIC SIGNAL PARAMETERS
cally) the losses in the higher ranking partials. Their combi-
nation results in a decay envelope that can be characterizeg,
with two decay constantsee Sec. |l

For a rectangular cross section, we have

All sounds were synthesized in 16-bit mono format at a
kHz sampling rate. Three classes of analytic signal pa-
rameters were derived: temporal, spectral, and spectrotempo-
ral. The temporal parameters were derived from the temporal

bh3(x) envelope[Ay7(t)], which was determined by taking the
S(x)=bh(x) and 1(x)=—75—. 2 imaginary part of the Hilbert transform of the signal and

) . filtering the absolute value of this imaginary part using a
Under the assumption of free-free boundary conditions, ong,irq-order Butterworth filter with a low-pass cutoff fre-

obtains quency of 50 Hz.
9w Pw The spectral and spectrotemporal parameters were de-
W(X,t)=0, W(MFO , 3 rived from one of two time-frequency representations. In the

x=0L raw signal representation, a 4096-point fast Fourier trans-
which means that force and moment vanish at both ends dbrm (FFT) with a Hamming window was performed. To
the bar. We assume that the sound of an impacted bar is d@stimate the frequencies of the partials composing each
to the flexural motion of the bar in the verticazplane. This  sound, the beginning of this time window was positioned just
amounts to neglecting the contribution of torsional and lon-after the attack of the sounds at 23 ms.
gitudinal waves, as well as of flexural waves in thgplane. The second time-frequency representation simulates the
An additional assumption is that this motion can be ade-output of the human cochlea. In this representation, the sig-
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a) Sound 1 (Experiment 1)
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10 4 F 65 sounds 1(a) and 7 (b) from experi-
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10 . . . . 60 . highest degrees of damping, respec-
0 0.2 0.4 0.6 08 1 0 0.05 0.1 tively (see Table ||]. The derivation of
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nal is first processed in a way that simulates the outer antfloore, 1990. All channels have the same temporal resolu-
middle ear filtering. The magnitude transfer function is de-tion. In this respect, it differs from the gammatone filter-bank
duced from behavioral measures of the minimum audiblevhich allows better temporal resolution at higher frequen-
field (absolute auditory threshold; Killion, 19¥.8t is imple-  cies, but not at the lowest. Different temporal resolution in
mented as a cascade of an IIR high-pass filter to account fatifferent channels makes the calculation of parameters such
the sharp loss of sensitivity at low frequencies and a FIRas the instantaneous spectral centroid unstable, so uniform
equalizer(two second-order filters in cascade account for  temporal resolution is preferable. As a final step, the power
the peak of sensitivity around 2 kHz and the loss of sensitiin each channel is raised to the power 0.25 to approximate
vity in the high frequencies. The filtered signal is then pro-excitation or partial loudnesgiartmann, 1991

cessed in several steps to obtain an approximation of the

excitation pattern along the basilar membrane, function ofA. Decay constants (a;,a5)

the frequency locusor characteristic frequency, CRlong . .
. . . The temporal envelope of percussive sounds is often as-
the membrane and of time. In a first step, the waveform is..

multiplied by a window shaped as the time-reversed enVe§|mlla'[ed to a decaying exponential function of the form

) A exp(—at). Damping can thus be practically characterized
lope of a gammatone impulse respori§attersonet al, by the decay constant. This parameter can be estimated as
1995 with an equivalent rectangular duration of about 20 y y P

ms. The windowed slices are Fourier transformed to obtain %]SWZI\(/)E:} aosf I;tif;e 2“2?3:/\/??;25% ?r: (;qt%?s“zgvglﬁope(;);s Wo
power Sp‘?cmfm: The frequency resolution .Of this powerslopes, related tgg and » as discussed previously: one just
spectrum is similar to that of.the characteristic frequenqyafter the maximum and another anywhere from several tens
with the narrowest cochlear filter. The power spectrum IS0 several hundreds of ms later respectively. The fitst
remapped to get a resolution similar to the cochlea and char\ll\—/as estimated over a time fran;e of 15 ms étarting 2’5 ms
nels evenly spaceq on an e_qual-resoluhon sQdieore anc_j after the envelope maximum. The secoad, was estimated
Glasberg, 1988 T.hls s<_:a|e IS derlyed from_psychophysmal over a 100-ms time frame ending either at the end of the
measures Of_ auditory filter bandwid(n equivalent rect_a_n- sound for those sounds that were artificially cut off at 1 s, or
gular bandwidth, or ERB, unitsalong the cochlear partition at the moment at which [\ -(t)]=0. The envelope gene-
(the ERB-rate scaje Each channel of the new spectrum is rally becomes erratic below tThis vall.Je

the weighted sum of power spectrum coefficients, with y '

weights designed to approximate the shape of a cochlear fi
ter. This new power spectrogram has a frequency resolutio
and scale similar to that of the cochlea. Its temporal resolu-  Since the damping strongly affects the perceived dura-
tion is commensurable with that measured psychophysicallyion of the sounds, an additional analytic parameter related to

(equivalent rectangular duratiel8—13 ms) (Plack and the decay constant was computed. This parameter represents

E. Equivalent durations (ED3qg , ED1048)

J. Acoust. Soc. Am., Vol. 115, No. 3, March 2004 McAdams et al.: Psychomechanics of impacted bars 1309



a) Sound 1 (Experiment 1) a) Experiment 2 (Low), sound 14
e 26 I 3699
14 g 24 | 2894 N
- ==
€222 F2274
' €8 0] Slopescs = -50.9 Li17es 2
£% 5] g
— g = 16 £
N'10 & “
E 14 T T
= ol 0.2 04 _ 0.6 08 1
P g Time (s)
g b) Experiment 2 (High), sound 12
=)
= - 26 ol - 3699
g5 B o] ™NUSIopeses = -224 2894 5
e 0 Z
[ X-PYER 2 2274 7
o P Fry
4 f1 S 207 Bl
4 =518 - 140z &
5 L% 16 1 I 1094 £
14 T T T T 845
Al ol 02 04 Lime (5)0.6 0.8 1
0 .
b) Sound 7 (Experiment 1) ©) Experiment 1, sound 5
T 261
14 S 1\ N
8 £ Slopescs = -79.8 1788 &
s E 2 o -14E|2 E
+ i 18 1 B -4
e g
ﬂ'1 . g 161 1094 &
I 14 T T 845
= 0 02 04 0.6 08 1
ul Time (s)
L 8
qﬂ’ d) Experiment 2 (High), sound 2
- - =
g & z 2 Slopescs = 0 3693 —_~
- e 241 F26894 N
w =) z
2 E 22 2274 Z"
4 £5 b
¥ f1 =N i g
2 g 16 F1osa £
14 . T . . @45
ol 0.2 0.4 0.6 0.8 1
+— 440 Hz Time (s)
n T T T T T T T T T
0 200 400 600 800 1000
Time (ms) FIG. 4. Variation over time of the spectral center of graW§CGQ. The

spectral centroid values are expressed in physiological (BR8-rate on

FIG. 3. Spectrograms of sounds 1 and 7 from experiment 1. The 44O-H£he left and physical unitz) on the right. Slopg:gis determined from the

component due to the resonator and the lowest partial due to thé jaré regression of SCGJ onto a straight line over the time window between the
shovr\jn P T two vertical lines. The mean SCG for each curve is shown by the horizontal

dotted line.

the amount of time a sound event has a rms amplitude that ) ) ]
exceeds a critical value that is expressed in decibels belofut€d on this array of values over that portion of the signal

the maximum(Fig. 2). It has been shown to be strongly o which In[Ar(t)]>0 to avoid including less reliably de-
correlated with the perceptual dimension that distinguishermined SCG values in low-level parts of the signal essen-
continuously and impulsively excited soundsicAdams tially represented by fluctuation in the lowest bit.
et al, 1995. Two critical values were tested here: 3 and 10
dB.

E. Slope of SCG (t) (Slope sce)
C. Frequency of the first partial ~ (f;) One feature of bar sounds is that damping depends on
frequency. Given that the damping increases as the square of

The frequency of the first partiaff;, was estimated : .
from the lowest prominent component in the FFT, the ampli—the frequency, for a given value of the instantaneous SCG

tude of which exceeded that of a constant 440-Hz componerﬁié?ﬁmb:;r\]’é'tg\?:; tf,lhai rzzorr;latgtedse?;er?;is gzgztﬂggﬂhle
present in all stimuli due to excitation of the fixed-length y asymp ’ y

resonator(see Fig. 3. Quite often,f, corresponded to the fundamental frequency. The rate of decrea;e in instantaneous
primary pitch heard in the bar sounds. SCG is thus_ always greater at the beginning of |t_s temporal
evolution [Fig. 4@]. The SCG{) curve characterizes this
rate of decrease over an initial 100-ms time frame. Due to the
short-duration presence at the beginning of all the sounds of
The instantaneous spectral center of gravity is computethe low-amplitude 440-Hz component resulting from the

on the cochlear representation. For each time frame, the sppresence of the fixed-length resonator, the SGGurve

cific loudness-weighted average frequency on the ERB-ratsometimes rises briefly before beginning its descent, particu-
scale is computed. The variation of this quantity over timelarly for sounds with higher-frequency partials such as those
gives the SCQ( function (Fig. 4). The mean SCG is com- in experiment 1 and the high sounds in experimefhFigs.

D. Spectral center of gravity (SCG)

1310 J. Acoust. Soc. Am., Vol. 115, No. 3, March 2004 McAdams et al.: Psychomechanics of impacted bars



4(b) and (d)]. Since the behavior of this component is not R 12

related to the material of the bar, this part of the curve was  djj; = Z wt,(xir—xjr)2+ v(sit+s))| (6)
ignored. The slope was thus measured starting 2.5 ms after r=1

the initial maximum or initial plateau. In a few cases, the

curve asymptotes before the 100-ms time frame has passed.

In such cases, the window over which the slope was estiwherex;, is the coordinate for stimulusalong dimension,
mated was reduced so as to end at the bend in the Eiye  w,, is the weight on dimension for classt, s; is the speci-

4(c)]. [The fact that the SC@® curve increases beyond 0.35s ficity of stimulusi, and v, is the weight on the whole set of
in Fig. 4(c) should be ignored because the amplitude of thespecificities for class.

signal is close to zero beyond this poinEinally, in three We do not know the number of latent classes in advance.
stimuli in experiment 1, the curves were flat after the initial\ye yse a Monte Carlo significance testing procedure pro-
rise and their slopes were thus set toFly. 4(d)]. posed by Hope(19689 and first applied in the context of

latent class analysis by Aitkegt al. (1981). [See McAdams

et al. (1999 for a more detailed description of the procedure
IV. GENERAL METHOD as applied to timbre perceptidn.
A. Procedure For highly nonlinear models such as those used in mul-

The listener’s task was to rate the perceived dissimilarityt idimensjonal scaling, information—basgd statist.ics cannot. be
between two stimuli according to any criteria that seemedJsed rellabl){ 0 de_termm_e thg appropriate sp_atlal model, i.e.,
perceptually salient. The aim is to discover what listenerd€ appropriate dimensionality of the EUCI,",je,E,m common
hear as being salient, not to impose a particular judgmeritPace: and the absence or presence of specificities. To choose

criterion. This rating was to be performed on all pairs of "€ model, the following procedure was used:

different sounds within the stimulus set for a given experi-  Step 1: Choose the appropriate number of latent classes,
ment. In order to give the listener a sense of the range ofising the Hope procedure on the fully saturated or null
variation to be encountered and thus to make the best use gfodel (i.e., the matrix of mean dissimilarities between all
the rating scale, all of the sounds were presented in randoairs of stimul).

order at the beginning of each experiment. Then ten training Step 2: Choose two competing spatial models by selec-
trials, chosen at random from the experimental set, were pramg the two models with lowest BIC statistics from models
sented to provide practice with the rating scale. On each trialyith generally from about one to five or six dimensions with
two sounds were presented, separated by a 1-s silence. Inthaq without specificities. BIC(Schwarz, 1978 is an
experimental block, each pair of different sounds was préjtormation-based criteria for model selection. BIC
sented once. The order of pr_esentatlon of tr_le FWQ spunds_wa_s_z log L+1og (no)n,, (where logL=log likelihood, n,
randomly chosen for each listener. The dissimilarity rating_ the number of observations, ang=the number of model
was indicated by moving a cursor on the computer ScreeBarameter)s

along a horizontal scale labeled “very similar” at the left and

. R : ) ) . Step 3: Using the number of latent classes selected in
very dissimilar” at the right. The end points of this continu- step 1 above. choose the appropriate spatial model from the
ous scale were coded as 0 and 100, respectively. The curs P ’ pprop P

r : . .
was moved by clicking on it and dragging it with a mouse t%p two or three competing models, perhaps also including
There were also two buttons available on the computé?n additional model that is of interest on theoretical grounds,

screen that could be activated by clicking on them: one for'S'"9 the Hope.procedure. ,

replaying the sound pair as many times as necessary to reach, Step 4: Verify the appropr_|ate number of Igtent classe_s
a satisfactory rating, the other for recording the position ofusing the Hope -procedure as in step 1, but using the spatial
the cursor and moving to the next trial. The ratings wergModel selected in step 3.

compiled into a triangular matrix without diagonal, which ~ Step 5: If the number of latent classes selected in step 4
constituted the data set for each listener. is identical to the number selected in step 1, STOP; other-

wise repeat steps 2 and 3 with the number of classes selected
in step 4, and repeat step 4 with the newly selected model.

B. Multidimensional scaling of dissimilarity ratings Since one-class solutions are rotationally invariant, they are

The analysis of the dissimilarity data was performedSubsequently rotated to an extended, weighted Euclidean
with multidimensional scaling, using an extension of themodel (EXSCAL: Winsberg and Carroll, 1988, 198%n
CLASCAL program(McAdamset al, 1995; Winsberg and Which weights are computed for each subject. This has the
De Soete, 1993 This analysis represents the relationseffect of orienting the axes along psychologically meaningful
among sounds with a distance model. dimensions as represented by the directions of maximum

CLASCAL uses an extended Euclidean distance modevariation across subject weights. Note that BIC cannot reli-
that includes positions in a Euclidean space shared by all gibly choose between &ficlass model and a one-class model
the sounds, specific dimensions for individual soumddled  since the degrees of freedom of the former model increase
“specificities”), and weights on each of the dimensions andwith the number of subjects. So in the one-class case, steps
on the set of specificities for each latent class of listeners2, 3, and 4 are reduced to spatial model selection and rotation
The distance between sounidandj for classt is written to the fully weighted model solution.

J. Acoust. Soc. Am., Vol. 115, No. 3, March 2004 McAdams et al.: Psychomechanics of impacted bars 1311



TABLE Il. Parameters held constant in the bar model in experiment 1. Then g pilot study that this distribution gave a reasonably ho-

columns represent the name of the parameter, its symbol, its value, and ”?ﬁogeneous spread of perceived differences between adjacent
hysical units. . .

Py values. Beyond this range, the sounds created with the con-

Parameter Symbol Value Units stant cross-section model become perceptually indistinguish-
Bars able: too highly damped sounds are perceived as clicks, and

Young’s modulus E 929 1P N/m2 too lowly damped sounds are perceived as being constant

Moment of inertia I 2.67¢10°5 m? over the duration used in our stimuli.

Fluid damping Ve 8.0 st In order to have 16 different values for each of the

Thickness h 0.02 m physical parameters with only 16 sounds, we chose a homo-

Width B 0.04 m geneous pseudo-random distribution within a<1i% matrix

Length L 0.20 m ) . . .

Cross-section S 8% 10-4 m2 in the physical space defined by density and damgthg

latter being on a log scaleThe distribution allows us to
Mallet have 16 values on each parameter and ensures that all pairs

'\R":jisus g‘m 8'812 ':T? of sounds are distinguishable while covering the desired

Stiffness K 4.2% 1P Nm~22 physical space. The exact values of the model parameters are
listed in Table Il as are the corresponding analytic para-
meters.

V. EXPERIMENT 1: BARS OF CONSTANT

CROSS-SECTION 3. Procedure

A. Method All distinct pairs of the 16 stimuli were presented for a

total of 120 experimental trials. The experiment lasted ap-

1. Subjects proximately 40—50 min per subject.

A group of 19 subject$9 women and 10 merpartici-
pated in the experiment. Their ages ranged from 21 to 40, Apparatus
years. No subject was a professional musician. All reported
having normal hearing. They were paid for their participa-
tion.

The experiment took place at Ircam. Listeners were
seated in a Soluna S1 double-walled sound-isolation cham-
ber. The sounds were reproduced with a NeXT computer
equipped with an ISPW sound-processing card and the Max
) . . _ sound-synthesis softwateindemannet al,, 1991). The digi-
Sixteen sounds were synthesized with a bar model withy| output was converted to an analog signal with a ProPort
constant cross-section. All sounds were equalized in loudpac equipped with anti-aliasing filters. The signal was then
ness by an adjustment procedure performed with five listenyyplified with a Canford stereo amplifier and presented di-
ers. The final levels corresponded to the mean of the adeStE%ﬂically over AKG-1000 open-air headphones. The experi-
levels. mental program, sound presentation, subject interface, and

The geometric and elastic parameters of the bagata collection were programmed with the PsiEgmith,
(E,l,p,h,b,L,S) affect the frequencies of the spectral com- 1999 software environment.

ponents of the sound and thus the perceived pitch. We varied
density(p) and held all the other parameters constdable g pasuits
II). The mallet and resonator parameters were also held con-
stant. Density varied linearly in the intervgB00, 900 1. CLASCAL analyses
kg/m®]. The values were chosen so that at least a quarter-tone  The CLASCAL analysis yielded a model with two di-
interval (3% difference in frequengyexisted between the mensions, no specificities, and a single latent class. This
lowest partial of adjacent sounds on this continuum, ensuringnodel is invariant under rotation and was thus rotated to the
their discriminability in terms of pitch. N-class model. The distances between the sounds in the
The damping parameters/, ) affect the spectral dis- model explain 92% of the variance in the mean dissimilarity
tribution and the temporal envelope of the sound. As previtatings.
ously shown in Eq(5), the effect of the fluid damping coef- Four main points emerge from this analysis. First, the
ficient yg is to limit the decay time in the low-frequency dimensionality of the perceptual space is identical to that of
range(the lowest partial of the barswhereas the effect of the physical space. Second, listening to the experimental
the viscoelastic coefficieny is to reproduce the decrease of stimuli in order as projected onto each of the perceptual di-
the decay time with increasing frequency observed in reamensions reveals a variation in timbre along dimension 1 and
bars. We thus chose to vasyas a second parameter, which in pitch along dimension 2. The timbre variation appears to
directly affects the temporal decay as a function of fre-have a temporal component and a spectral component. At
guency. The damping factor was varied exponentially in theone end of this dimension, sounds ring longer and are
interval[0.1, 200.0 n This interval of damping coefficients brighter. At the other end, they are quickly deadened and
covers a large range of materials from glass to wood, includuller sounding. Third, since the fit of distances to dissimi-
ding carbon and some plastic materials. It would not includdarities is performed with a linear metric, we can compare the
metals for which the laws of variation of damping as a func-relative extent of variation along the two dimensions. The
tion of frequency are much more complex. It was determinedange of variation along dimension 1 is 1.75 times larger

2. Stimuli
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TABLE lIl. Experiment 1: Summary of mechanical parameters used in the physical fwgglfor a constant-section rectangular bar, of descriptors derived

from the resulting signalsa(;, a,, ED3gg, ED1ogs, SCG, Slopecq), and of perceptual coordinates derived from the CLASCAL analysis of dissimilarity
ratings(Dim1, Dim2).

Mechanical Signal descriptors Perceptual
Ui P ay ar ED3gs EDjods SCG Slopece fi

Sound (n9 (kg/m®) (s (s (m9 (m9) (ERB-rate (ERB-rate/$ (H2) Dim1 Dim2
1 0.1 300 8.6 4.0 72 277 26.7 0.0 2857 -50.9 32.2
2 70.0 340 35.4 15.8 14 67 24.3 —-24.0 2685 22.8 22.9
3 4.0 380 15.5 4.5 41 157 26.2 -1.8 2543 —44.9 194
4 40.0 420 50.1 9.8 12 35 25.1 —28.5 2419 0.8 25.1
5 150.0 460 97.3 21.5 9 17 24.1 —79.8 2313 355 11.3
6 6.0 500 13.1 4.6 388 140 26.6 -3.3 2220 —41.6 5.8
7 200.0 540 184.0 23.0 9 12 24.5 —109.0 2138 45.9 4.1
8 50.0 580 47.0 9.2 13 37 25.0 -29.3 2062 141 -2.0
9 20.0 620 24.7 5.8 21 75 26.0 -7.9 1992 —-13.3 —-4.5
10 2.0 660 9.7 5.0 58 222 27.9 0.0 1922 —44.1 -10.5
11 120.0 700 714 12.6 12 25 24.5 —45.5 1874 28.3 —-11.2
12 1.0 740 9.1 4.4 39 250 27.8 6.0 1816 —45.8 —14.6
13 30.0 780 27.4 6.2 19 67 25.5 -8.9 1781 -3.3 —23.3
14 100.0 820 62.6 11.6 12 27 24.3 —41.6 1734 26.6 —-19.1
15 90.0 860 55.0 105 13 32 24.2 -35.7 1693 29.6 -215
16 180.0 900 108.3 17.3 10 17 23.8 —78.6 1658 40.2 —14.6

#There was some difficulty measuring accurately the value of Glepfer some sounds in which SC@(was flat or very slightly increasing.

than that along dimension 2, suggesting a perceptual domand». Therefore, a stepwise multiple regression with dimen-
nance of dimension 1. For this set of sounds, listeners arsion 1 as dependent variable and the appropriate power or
thus collectively more sensitive to timbral variation than tolog transforms of these parameters as independent variables

pitch variation. was performed. The aim was to evaluate the relative contri-
bution of each analytic parameter to a possible combined
2. Correlational analyses perceptual effect represented as dimension 1. The statistic of

The mechanical and analytic signal parameters as Weipterest is the coefficient of determine'ltior), adjugted for the
as the coordinates in the perceptual space are listed in Tapfaclusion of several reg_ressor’éjdj) » which is considered to
lll. The acoustic information related to the mechanical pa./éPreésent the variance in the dependent variable explained by
rameters is presumed to be carried by the analytic signe{r‘e linear combmauop of independent variables. Forward
parametersi.e., derivable from the sensory representation ofand backward selection procedures were used to verify
the acoustic signal Note that in many cases the relation Whether they converged on the same set of regressors. The
between the parameters is not linear. For exarrfglés in- forward selection starts. with no mdepgndgqt vanable; in the
versely proportional to the square-root @fOver the range model and ad(.:is them in order of thglr aplllty to predict the
of variation of f, in this stimulus set, linear and logarithmic dependent variable based on the paftia&tio. It stops when
relations betweefi; and dimension 2 give the same correla- the addition of a new parameter is not statistically signifi-
tion coefficient. For this reason, only the linear relation is¢ant. The backward selection starts with all independent vari-
used throughout the paper. The transformation of the Obje@bles in the model and removes the one that is least useful in
tive parameters to achieve a good fit to the perceptual cooRredicting the dependent variable. It stops when the least
dinates can be a logarithmiax(ED) or a power function Useful independent variable still makes a significant contri-
(p.7,Slopecy. In the case of the latter, a function of the bution to predicting the dependent variable.
form W =a-+ b was used to fit the physical parametéps For forward selection, once Sloge; was entered into
to the perceptual dimensiof@), leavinga, b, andc as free  the regression, no other parameter made a significant enough
parameters. In this way, exponents of 0.33 and 0.39 wereontribution to enter subsequentliR{;=0.92). This para-
found for the relation of dimension 1 tg and to Slopgeg, ~ Meter is also very highly correlated with®3 (R
respectively. =0.96). Scatter plots of these regessions are shown in Fig.

The correlations among®33 log(ay), log(a,), SCG, 5(a). The backward selection only removes two of the six
EDsgs, EDiogs, Slop&22, and dimension 1, on the one analytic parameters leaving Slapg, SCG,a;, andEDogg
hand, and among %2, f;, and dimension 2, on the other, (Rgdj=0.97). Note, however, that the increase in explained
are in most cases very high0.87<|r(14)|<1.00, p  variance with the addition of the last three parameters is only
=<0.0001, in all casds whereas those between these two5%, due primarily to the fact that the correlations among the
groups of parameters are generally |ov0.05<|r(14)| predictor variables are quite high, as mentioned previously.
<0.35,p>0.19 in all casek attesting to the perceptual and This perceptual dimension would thus seem to be primarily
acoustic independence of the two groups. explained by a spectrotemporal component that is closely

Several analytic paramete(SCG, aq, ay, ED3gg, correlated both with the mechanical parameter being varied
ED1o4r, Slopgco) are partially correlated with dimension 1 and the corresponding perceptual dimension, confirming the
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a) Dimension 1 nize the material properties of the vibrating objects. One of
N the surprising results of this experiment is that simultaneous
/é‘- variation in pitch did not annihilate the contribution of tim-
L) L
L)

&0

40
bre to a global impression of dissimilarity among sounds. On

the contrary, the timbral variation was much stronger in the

resulting perceptual space than was the pitch variation. To
il Y [ 0] b r pursue further this latter point, a second experiment was con-
B s S S e S A A ducted on tuned bars in which the range of variation of the

Slope n damping parameter was reduced and that of the perceived
b) Dimension2 pitch was increased.

40

20 1

o #

Dim1

—20 4

S i VI. EXPERIMENT 2: BARS OF VARIABLE CROSS-
1o : SECTION

-1 / - To achieve the necessary rangef pivariation in experi-

B A ' ment 2, a model of tuned xylophone bars was used. The

s 2o0n a40n 2e0n tuning of the partial structure was achieved by varying the

f cross-sectional geometry as shown in Fig. 1, &ndariation

FIG. 5. Experiment 1. Linear regressions of coordinates along one dimenas created by modifying the length) of the bar. All of the

sion of the perceptual space onto signal descriptors of mechanical paranother geometrical and mechanical properties affecting the

eters.(a) Dimension 1 compared to Slog& and #°% (b) Dimension 2 frequency content were held constant. Two sets of bars were

compared td'; tested. One sdteferred to as highhad modal frequencies in

the same range as those of experiment 1. In these sounds, the

triangular relation between mechanical processes, acoustigwest partial's frequency was at least a major sishratio

information, and perceptual result. of 1.68 above the resonance frequency of the fixed-length
For the second perceptual dimension, closely related t@pe resonatof440 H2). The other setreferred to as low

the density parameter of the model, and thus to the frequenayas created by using bar lengths that were four times those

composition of the bar sounds, a highly significant correlaf the first set, giving lowest partials in a range near that of

tion betweenf; and the coordinates along dimension 2 isthe resonator. The aim with this set was to study the effects

found, confirming the impression that this dimension is re-of bar-resonator coupling on material perception, particularly

lated to pitch[Fig. 5(b)]. As mentioned previously, pitch since such coupling affects the decay characteristics of the

variation was rated as occupying a smaller range of percepsound which were shown in experiment 1 to play a possible

tual variation than the timbral variation related to the dam-ro|e in the perception of sound properties related to the ma-
ping parameter. The range of pitches represented bis  terials.

situated between 1658 and 2857 Habout 9.5 semitongs

and adjacent pitches in the stimulus set were separated Iy, Method

intervals ranging from slightly more than a semitdseunds ]

1 and 2:107 cenjdo slightly less than a quarter-toigound 1+ Subjects

15 and 16:36 centslt should be noted that no difference in The experiment was performed in two separate sessions
correlation coefficient was found for the comparisons be-corresponding to the two sets of bar sounds by 21 subjects
tween dimension 2 coordinates and either linear or log fre{13 men, 8 womenaged from 22 to 40 years. None of them
quency scales fof; . Indeed, due to the small range of varia- had participated in experiment 1. No subject reported having
tion of 1, its log and linear versions are highly correlated in hearing problems and none was a professional musician. All
a linear regressionR?=0.99). were paid for their participation.

C. Discussion 2. Stimuli

The multidimensional scaling analysis of dissimilarity Fourteen sounds were synthesized in each set using the
ratings, made by listeners on a set of sounds synthesized same set of viscoelastic damping coefficiep, but diffe-
a physical model, revealed a perceptual space that had thment sets of bar lengths. In light of the results from experi-
same dimensionality as the original mechanical space. Transaent 1, was varied in experiment 2 according to a power
formations of the mechanical parameters were related to pdunction in order to obtain a relatively constant perceptual
tential signal parameters that could be extracted by the auddifference between adjacent values along this continuum.
tory system and perceived as perceptual dimensions of tHEhe range of variation of; on a log scale is slightly smaller
stimuli. Strong correlations were found among all three do-in experiment 2. On the scale of the power function from
mains. The nature of the transforms provides important inexperiment 1 with an exponent fay of 0.33, the perceptual
formation about the nature of the sensory or perceptualange for experiment 2 is 66% of that for experiment 1. All
representation of these complex, naturalistic stimuli. Thisother material properties were held constant and took the
representation would then be the basis upon which stimulNalues specified in experiment 1 exceptwhich was held
could be compared and perhaps analyzed in order to recogeonstant at a value of 782 kg/m

1314 J. Acoust. Soc. Am., Vol. 115, No. 3, March 2004 McAdams et al.: Psychomechanics of impacted bars



TABLE IV. Experiment 2: Summary of mechanical parameters used in the physical ihpdglfor a variable-section tuned bar, of descriptors derived from
the resulting signalsd; , a,, ED34s, ED1gqs, SCG, Slopecg), and of perceptual coordinates derived from the CLASCAL analysis of dissimilarity ratings
(Dim1, Dim2) for both High(a) and Low (b) sound sets.

Mechanical Signal descriptors Perceptual
n L ay az ED3gs ED1ods SCG Slopesce f1 (Hz)
Sound (ns (cm) (s (s (ms) (ms) (ERB-rate (ERB-rate/$ [musical pitch Dim1 Dim2
(a) High sound set
1 0.03 14.68 8.7 3.9 73 280 275 -0.1 1659[G#5] -8.2 -31.2
2 0.06 13.46 8.0 4.0 74 280 26.5 0.0 1973[B5] -29.3 -13.3
3 0.18 12.34 9.0 4.1 70 270 259 -0.3 2347[D6] —34.4 2.2
4 0.32 14.26 8.8 4.2 96 263 26.9 -0.5 1757[A5] -12.2 —245
5 0.56 13.08 9.3 4.6 63 240 26.8 -11 2090[C6] —-24.1 -6.3
6 1.00 9.79 9.6 4.2 63 250 275 -1.9 3730[A#6] -11.7 43.8
7 1.78 15.55 9.9 4.8 58 220 25.9 -3.0 1478[F#5] —14.2 —355
8 3.16 10.68 10.5 4.6 56 230 25.9 -6.5 3135[G6] -17.1 33.2
9 5.62 11.64 105 4.7 56 228 245 -7.6 2635[E6] 0.7 21.7
10 10.00 12.70 254 4.9 21 108 23.4 -15.2 2215[C#6] 17.9 -8.3
11 17.78 13.85 30.9 5.2 17 70 22.2 -22.4 1862[A#5] 21.7 -19.3
12 23.70 11.31 12.4 6.8 43 168 24.7 -6.5 2792[F6] 16.2 25.6
13 31.62 11.00 33.9 11.0 13 88 24.9 -75 2958[F#6] 46.7 11.8
14 56.23 12.00 27.2 12.6 16 93 23.8 -11.7 2486 D#6] 48.1 0.1
(b) Low sound set
1 0.03 29.36 8.9 4.0 75 285 25.6 -11.2 415[G#3] —33.6 -14.9
2 0.06 26.92 8.1 4.0 80 288 24.7 -12.7 493[B3] —28.2 -21.3
3 0.18 24.68 7.3 4.1 83 288 24.5 -9.6 587[D4] —27.2 7.6
4 0.32 28.52 7.1 4.2 75 273 25.1 -11.1 440[A3] —36.9 -11.8
5 0.56 26.16 8.7 43 75 265 24.3 -9.2 523[C4] -18.9 -9.1
6 1.00 19.02 16.6 4.1 66 255 24.1 -3.0 987[B4] -18.5 355
7 1.78 31.10 10.2 4.6 53 203 243 -15.4 370[F#3] -25.0 -31.0
8 3.16 21.36 14.7 4.3 52 213 22.7 -7.2 784[G4] 4.9 29.0
9 5.62 23.28 12.3 4.1 52 173 21.6 -17.0 659[E4] 8.8 12.9
10 10.00 25.40 19.0 3.9 35 150 20.3 —24.4 554[C#4] 20.0 -9.1
11 17.78 27.70 26.7 3.9 19 88 18.5 —36.0 466[A#3] 29.1 -19.9
12 23.70 22.62 23.8 4.2 23 113 19.5 -25.4 698[F4] 33.1 12.2
13 31.62 22.00 29.7 4.3 19 108 18.4 -325 TA0[F#4] 43.6 19.1
14 56.23 24.00 36.1 4.4 15 133 16.5 -50.9 622[D#4] 48.8 1.0

#There was some difficulty measuring accurately the value of Slgfer one sound in which SC&) was flat.

The width (b) and maximum thicknessh(,,,) were set 3. Procedure

to the values from experiment 1:4 cm and 2 cm, respectively.  For each sound set, all distinct pairs of the 14 stimuli
The other geometrical parameters specified a variable crosgere presented for a total of 105 experimental trials. Each
section to account for the tuning of the bar’s partials to asession lasted approximately 30—40 min per subject. The
harmonic frequency spectrughig. 1). To change the pitch of two sessions were performed on the same day in counterba-
the bar sounds, the length of the bar was varied. The lengtHanced order, separated by a break.

(L), corresponding frequencieg$,{, and resulting musical

pitches are listed in Table IV. Note that the range of variationd. Apparatus

of f; on a semitone scale is 158% of that in experime(its. The experiment took place at the ENST. Listeners were
vs 9.5 semitongsThus, in this experiment the range of pitch seated in a sound-isolated room. The sounds were repro-
variation is greater and the range of variation in the dampingluced with a Sun computer equipped with an integrated
factor is less. The heighth{) and radius %.) of curvature sound card and DAC. The signal was then amplified with a
(see Fig. 1vary with L, but the ratiosc./L andh./h.are  Rotel stereo amplifier and presented diotically over Senn-
held constant. This ensures that the tuning of the first threBeiser headphones connected directly to the output of the

partials of the bar is constant. Their frequencies were in 2ACS. The experimental program, sound presentation, sub-
ratio of 1:4:9 and therefore formed a harmonic sefiies ject interface, and data collection were programmed with the

contrast to the stimuli of experiment 1 which were inhar-Matlab software environment.

monic). These parameters are similar to those used by instru-
ment makers in the manufacture of mallet percussion instrug' Results
ments. The resonator geometry was also held constant. THe CLASCAL analyses

tube length wasL+=0.179 m. The tube radius waar a. High sound sefThe CLASCAL analysis yielded two

=0.02 m. The bar-tube distance was 0.015 m. dimensions without specificities and three latent classes.
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Since the orientation is fixed in this model due to the classa) Dimension 1

weights, no rotation was necessary. The perceptual coordi s ————————3 e e s .F Eam—
nates of each sound are listed in Table(dV The model g F o] L

distances explain 85% of the variance in the mean dissimi-_2 ] b o= . o »e
larity ratings. Five subjects were in class 1, six in class 2, and-§_‘§_ . * _'5_13_ ..‘ §_1§_ .. ¢

nine in class 3. Class belongingness as testea pysteriori n0d P il Tt D
probabilities with Bayesian statistics was very clear. Poste- -+ <40 P DR AL A
. P . -30 -10 10 30 50 -Z20 -10 10 30 50 0 5 1 152 253 35
rior probabilities were greater than 0.89 in all cases excepi ED3as+az wraz

one for which classification was ambiguous with respect tob)s[:im,ef's.i?"_zl L

classes 2 and 3. The weights were very str¢hg5 on 40 ] .t

dimension 1 and very weal0.40 on dimension 2 for class ] o i

o™ 10

1, very weak(0.38 on dimension 1 and moderat&.15 on Eo
dimension 2 for class 2, and moderately we@al87) on di- °j;gj
mension 1 and stron(..45 on dimension 2 for class 3. The 5ig 7
weightings of the two dimensions are thus quite different 1250 2000 z0. 300
across classes.
b. Low sound sefThe CLASCAL analysis yielded two FIG. 6. Experiment 4high bars. Linear regre;sions of C(_)ordinates anng_
dimensions without specificities and two latent classes. Th8" dimension of the perceptual space onto signal descriptors of mechanical
. . . . arameters(@) Dimension 1 compared to linear combinations&Edd, g and
model distances explain 86% of the variance in the mea g a, and of loga, and loga,, and t07,°% (b) Dimension 2 compared to
dissimilarity ratings. Class 1 contained 14 of the 21 subjectss, .
the other 7 being in class 2. Class belongingness was very
clear, all posterior probabilities being greater than 0.99. The o )
weights on dimensions 1 and 2 were 0.55 and 1.70 for clas@ther, are quite high0.83<|r(12)[=1.00,p=0.0001, in all
if log(a,) is excluded. Due to the prolonged reso-

1, and 1.45 and 0.30 for class 2, respectively. Listeners iffaSe$ _
class 1 thus weight dimension 2 much more heavily, whilghance of these sounds, this parameter does not vary much

those in class 2 weight dimension 1 more heavily. The per@cross the sound set. The correlations between the two

ceptual coordinates of each sound are listed in Tabli)ly 9rOUPS of parameters are generally l00.03<|r (12)|

In spite of the differences in bar length and bar-resonator~ 0-42: P>0.13 in all cases Stepwise regression of

coupling, the perceptual spaces are very similar for high ang@mpPing-related analytic parameters on dimension 1 gave
low sounds(Dim1 high vs Dim2 low,R2=0.90; Dim2 high the same result with forward and backward selection: a com-

vs. Dim1 low,R?=0.80,df=12 in both cases binatipn of SCG and Slopeg (Rf\djz' 0.98). Stepw?se re-

gression of these parameters ph?®yielded a combination

of SCG and logdy,) (Ridj= 0.98) for both selection proce-

o ) dures[Fig. 7(a)]. As with the other sound set, the pitch di-
The fitting of » and Slopgcg to the appropriate percep- mensjon (Dim2) is highly correlated withf, (R2=0.91)

tual dimensions according to a power function gave eXPOrFig. 7(b)].

nents of 0.28 fory in both sound sets and of 0.46 and 0.63

for Slopeycg in high and low sets, respectively.

2. Correlational analyses

a. High sound set The correlations amongy®%, a) Dimension |
log(ay), log(ay), SCG, 10gED3gg), 109(ED1oga), S|0p§ég, o R I A
and dimension 1, on the one hand, and ameny?, f,, and ] Lo i
dimension 2, on the other, are moderate to h{gh50 - 20 1 — 20
<|r(12)|<1.00, p=<0.07, in all casels The lower correla- £0 £ .
tions are due to log() in comparison with SCG r( o] A L] /
=—0.50, p=0.07) and Slopg¢ (r=0.53, p=0.05), all e [ ] .0... -
others being greater than 06@%00055) Correlations -0 -E0 -10 10 30 S0 0 05 1 152 25 3 35
across these two groups of parameters are generally low SCE+Slope n
[0.01=|r(12)|<0.31,p>0.28 in all casek Stepwise regres- b) Dimension 2
sion of the analytic parameters related to damping onto di- a0 ety
mension 1 with forward selection yielded a linear combina- 30 ] . ¥
tion of log(EDsqe) and loge,) (R34=0.86), whereas the “ .// ]
backward selection yielded a combination of leg( and g o
log(ay) (Rﬁdj= 0.88) [Fig. 6(a)]. Stepwise regression of the S107
parameters ony°2® yielded a combination of logf) and it P
SIopegCG(Rgdj: 0.97) for both forward and backward selec- A0 S

tion. Nearly 94% of the variance along dimension 2 is pre- fa

dicted byf, [Fig. 6b)]. FIG. 7. Experiment Zlow bard. L ) . dinates al
: P . 7. Experiment Jlow barg. Linear regressions of coordinates along
b. Low sound setThe correlations among damplng one dimension of the perceptual space onto signal descriptors of mechanical

related parameters and dimension 1, on the one hand, apgrameters(a) Dimension 1 compared to a linear combination of SCG and
among length-related parameters and dimension 2, on th&op&&l, and to7%% (b) Dimension 2 compared tb; .
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C. Discussion bar model, as well as one of its possible signal correlates
As in experiment 1, the dimensionality of the perceptuaI(SIOp%CG)' would seem to be additions to this set. This re-

spaces corresponds to that of the physical spaces. A variatiéﬂt'on is all the more interesting in that a similar exponent for

in timbre occurs along dimension 1 related to damping and & Was found in three differ_ent sets of_comparable stimuli that
variation in pitch along dimension 2 related here to baronetheless had many differences in terms of the range of

length. In spite of the smaller variation of the damping pa_variation of. damping factor and either bar Iength or de_nsity,
rameter and the larger variation of the frequency parameteﬁ‘S well as in the spectral_co_ntent of_the souhdba_rmonlc

in the stimulus set, with each sound separated from its neigH? €xPeriment 1, harmonic in experiment. 2Ve will now

bor by at least a semitone, the range of values occupied b@onader in turn the relation between mechanical parameters,
the pitch dimension in the perceptual space is still less tha§i9nal descriptors, and perceptual dimensions across the
that occupied by the timbre dimension. The factor has nonglh"é€ sound sets.

theless increased to 78% for the low sounds and 96% for thg_ Damping-related dimension

high sounds, compared to 57% in experiment 1. In the ) .
present experiment, the bars were tuned to a harmonic series ON€ dimension in each of the perceptual spaces was
by using a variable cross-section model. Further, the sens&€lated to the shape-invariant damping factor and is clearly

tion of damping was lessened by the fact that the fundamer{€lated to the sound's timbre. Very strong correlations be-
tal had a much lower damping than in experiment 1. ThidWeen a power function of the damping factor and the per-

effect is even more prominent for the low sounds in whichceptual dimension were found. The signal characteristics, or

the sound is prolonged by a coupling between the bar and tHePmbinations of them, that were hypothesized to specify the

resonator. Note that the range of the decay constant was damping factor seem to vary somewhat according to the
4.0-23.0 5% in experiment 1 compared to 3.9-12.6's stimulus set. A comparison was performed among the eight

(high) and 3.9—4.6 s' (low) in experiment 2, or 60%—75% signal descriptors th:jit were the most highly correlated with

of the range on a log scale. the perceptual c.oordlna_tes amdn the three sound sets. The
A word about the perceptual effects of resonator-baichosen —descriptors include Slapg, a1+ay, a;

coupling which affects decay rate are in order here. The me¥ EDsds, @2+ EDioas, a2+ Slopece, SCGt Slopesce,

chanical origins of this coupling have been discussed in de@nd @2+ SCG Slopgcet SCGH ay+EDiogs. All eight of

tail in Chaigne and Doutautl997). The same values of these signal descriptofssing the appropriate logarithmic or

were used for both high and low sound sets. As can be sedtPWer functions of eaghwere fitted by multiple regression

in Table IV, a; has a similar range of variation for the high t0 both the damping-related perceptual dimension fridr

and low sound sets, whereas is nearly constant for the low €ach of the three spaces. The correlation coefficients and

set and varies only for the five sounds with the highest value§1€ir 95% confidence intervals were determined for each

of 7 in the high set. What is of import for the present studycomparison. Two descriptors were considered of equivalent

is the fact that in spite of the much longer decay times in thePredictive power if the correlation coefficient of one fell

low sound set compared to the high set, the main result j¥ithin the 95% confidence interval of the other.

essentially the same for the two: the perceptual dimensions For experiment 1, all of the descriptors have equivalent

related to the damping parameter in the two sets are highlpredictive power for both the perceptual dimension and

correlated R?=0.80, p<0.0001). It may be, however, that (0.93<R?<0.99). For experiment &High bars, most of the

different cues are being used since the correlations betwedtiedictors have equivalent predictive power for both the per-

the perceptual dimension and spectral ®&0 are higher ~ ceptual dimension (0.85R°<0.91) and 7(0.86<R?

for the low set, and those with temporal descriptors<0.99). The exceptions are Slapg and SCG- Slopescg

(ED3gg,a;) are higher for the high set. We will return to the for which R? is significantly lower at about 0.55 in relation
issue of common or multiple cues in Sec. VII. to the perceptual dimension and 0.72 in relationztoThe

correlations of the parameters withare significantly higher
than with the perceptual dimension for this stimulus set. For
VII. GENERAL DISCUSSION experiment 2(low barg, the correlation coefficients of the
The dimensionality of the three perceptual spaces fronslescriptors are quite dispersed, but the same three descriptors
both experiments is identical to that of the physical paraare found at the top, and have equivalent predictive power,
meter space in which the stimuli were created. Further, thertor both the perceptual dimension and its mechanical origin.
are strong correlations among mechanical and analytic paAside from the four-factor descriptor, the other two include
rameters and perceptual dimensions, demonstrating a close+SCG and SC& Slopecg. There is one descriptor that
relation between mechanical properties and putative pards common to all three spacesy{+SCG). Further, the
meters derived from the signals that represent the physicslecond descriptor for the high bars in experiment 2 is not a
stimuli perceptually. Note, however, that many of thesegood descriptor for the low bars, and vice versa. As men-
signal-derived parameters undergo a monotonic transformaioned in the discussion on experiment 2, this might lead one
tion in the perceptual representation that is either a logarithto conclude that separate acoustic cues were used by listeners
mic or a power function. for each sound set, according to what was the most useful for
Many physical parameters are perceived according tdéhat set, e.g.,a,+ Slopecg for the high bars and SCG
power functions (luminosity, loudness, weight, electric + Slopeys for the low bars, either being a good candidate
shock, eto. (Stevens, 1975 The damping factor used in the for the constant cross-section bars of experiment 1. A more
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parsimonious approach, and the one that led to this analysiper, and glass versus crystal, quartz or alumipufheir

is to attempt to find a single descriptor that works optimallysounds were synthesized sums of damped sinusoids designed
for all three sound sets. A linear combination of a temporalo replicate the frequencies, amplitudes, and radiation decay
factor (long-term decay constant,) and a spectral factor constants of materials with particular elasticity, dimensions,
(spectral centroid, SCds a reasonable candidate as the sig-and density. The differences among sets of sounds represen-
nal vehicle of the mechanical parameter: it explains 92%-ting each material were chosen to be around threshold iden-
98% of the variance in the perceptual coordinates and 97%#ification performance. It may be that the relative variation of

99% of the variance im. frequency at these small differences was more salient. Closer
to the results of the present study, Klatziyal. (2000 pre-
B. Frequency-related dimension sented synthesized sums of sinusoids to represent different

] ] . materials and asked listeners to judge the proximity of the
~ Dimension 2 in all three spaces was clearly related tqoynds in terms of the materials they evoked. They varied
pitch perception. Variations in both material dengjpy and  he sounds according to fundamental frequency and to a
bar length(L) create changes in the_ component freqUemie?requency-invariant damping parameter. They performed
that vary asp™*? and L2, respectively. Each perceptual mtigimensional scaling and forced the solution to two di-
dimension was strongly correlated with the frequency of themensions(apparently no attempt was made to determine the
first partial, f1, which explains 91%-94% of the variance gimensionality of the perceptual space as was done in the
along this dimension. This r.esult is s.imilar. to that of _Miller present study Their two dimensions corresponded clearly to
and Carterette1975 (experiment 1in which both pitch  frequency and decay correlates with a predominance being
(fundamental frequengyand timbral characteristiceenve- ¢4 nq for the latter, as here. What the present studies add to
lope shape, spectral envelopeere varied. Miller and Car- his result is a statistical verification of the dimensionality,

terette varied the pitch over a two-octave range. A multidi-he yse of synthesized sounds that more closely resemble
mensional scaling analysis revealed a three-dimensiongj,qse produced by physical impact processes, and the quan-

space with pitch along one dimension, decay rate along anyfication of the signal descriptors that potentially carry infor-
other, and a third dimension that seemed to be related to thgtion concerning the mechanical properties.

impulsivity of the beginning of the soun@apid attack fol-

lowed by an initial rapid decay that either continued to decay o S ) )

for one sound or attained a sustain level at 40% of the maxiP- Predicting dissimilarities from signal descriptors

mum amplitude for another soundrhe relative perceptual The combinations of appropriately transformed analytic
variation for the three dimensions was equivalent. Howeverparameters can be used to derive an objective distance mea-
stimulus variation in the spectral envelofigerhaps related syre among the sounds, which can in turn be compared with

to SCG was not reflected in their perceptual space. the mean dissimilarities given by the listeners. For the three
sound sets used, the resulting distance models combining
C. Relative perceptual salience of the two dimensions log a, and SCG between soundsindj are the following:

. .. Experiment 1:
In the present study, an attempt to increase the pitch periment

variation by 170%on a log scalkand decrease the variation dij={[0.047f,— flj)]2+ [76.028log arp; — log ary;)
in damping by 66%on a scale defined by a power function 0 1/2
with an exponent of 0)3in experiment 2, only created a —12.0185CG-SCQ)]% % @)
slight decrease in the dominance of the timbral dimensiorExperiment 2(high):
over the pitch dimension: the range of variation on the _ _ 2 B
second dimension in the perceptual space was 57% of that of dij ={[0.03 i~ f4;)]"+[118.517l0g ez ~log )
the first dimension in experiment 1 and was 78%-96% in —5.384SCG—SCG) |42 (8)
experiment 2. This result should be qualified by the relativeﬁxperiment 2Alow):
weights assigned to the two dimensions by the latent subjec '
classes in experiment 2. A quarter of the listeners for the high  dj;={[0.113f;— flj)]2+ [36.68log ay; —log ay;)
bars had greater variation on the timbre dimension by a fac-
tor of 4.4 compared to the pitch dimension, whereas the _9'97:{SCG’_SCG])]2}1/2' ©)
other three-fourths had 1.7—3.0 times as much variation oifhese distances explain 80%, 64%, and 73% of the variance
the pitch dimension compared to the timbre dimension. Foin the mean dissimilarity ratings, respectively. These coeffi-
the low bars, a third of the listeners privileged the timbrecients of determination are to be compared with those of the
dimension by a factor of 4.8, whereas the other two-thirdslistance model derived from the CLASCAL solutions which
gave greater weight to the pitch dimension by a factor of 3.0explain 92%, 85%, and 86% of the variance in the mean
There would thus seem to be differences among listenerdissimilarity ratings. Using the four-factor analytic model
concerning the relative dominance of pitch and timbre wherdoes not result in a statistically significant improvement over
they vary simultaneously. the two-factor model. It would seem then that while covering
Lutfi and Oh(1997 found a predominance of frequency a major proportion of the variance in the perceptual data, our
over intensity and decay constant in a study in which listensignal parameters, adjusted to the individual dimensions,
ers were to identify which of two sounds came from an ob-leave a certain proportion of the variance in the data unex-
ject of a particular materigliron versus silver, steel or cop- plained.
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