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ABSTRACT directly select quantities such &sce pressure mass andelas-

. ) . ) ticity. It is clear that a control panel like that is not optimal for
Three types of ecological events (crushing, walking and running) 4| contexts. At the same time it invites the user to explore a wide

have been considered. Their acoustic properties have been modr,nge of possibilities by real-time direct manipulation of the con-
eled following the physics-based approach. Starting from an ex- g parameters.

isting physically-based impact model, we superimposed to it the

. . o . Physical modelinchas been successfully applied to musical
dynamic and temporal stochastic characteristics governing crush y g y app

. s. Th it del i db trol rul ‘instrument modeling[2] 3] 4] 5, &, 7], mainly because the ease of
mgl_e\_/ents. . Ie “Tlf.u Ing (;no el we;_s rlggtitre Yy control TUIeS oo nirol of peculiar parameters, such as the force applied to a key
realizing typical walking and running ime patterns. by the player, in a virtual piano modél [8]. On the other hand,

Tgis boltqtom-up %esign Ztrategy Iwas(;n?de polzsligble dpecelluse th‘?)hysical modeling hardly surpasses synthesis techniques based on
sound synthesis and sound control models could be directly Con'signal sampling if only the parameter of sound reproduction accu-

nelcted each othirhwa a commorf1 switchboard offdrlvmg ar]f(_j €ON- racy is taken into account during the evaluation of a synthesizer.
]Ero pﬁl rt%meterj.l fe|FX|stefnce c;ha comlr_no?_ mterfache SPGCL'Cat'gnPhysical modeling is competitive as long as the level of interac-
or all the models Tollows from the application ot physics-base tivity between the user and the virtual instrument is considered as

moqeling, and transliates in major advantaggs when those modelg parameter of quality. Though, the exploration of physical mod-
are implemented as independent, self-contained blocks and Proceqs is relatively at an early stage. The horizon at which designers

dures connected together in real-time inside a sw architecture like ., |50k at is still heavily bounded by the amount of computa-

pd tional resources they can afford, as long as the real-time constraint
comes into play along with reasonable limits in the cost of the final
1. INTRODUCTION application. Unfortunately, despite a moderate need of memory,
physical models demand a large amount of computational power
Physics-based sound synthesis its roots in traditional paradigms ~ (for this reason, techniques aiming at transforming at least part of
for the generation of sound for musical purpose. In these paradigm$hose computational power requirements into figures of memory
the synthesis model is not specified by requirements on the sig-occupation have been proposeéd [9]). This is not the case of sam-
nal, but by understanding the generation process and its effects orPling: since a large amount of fast-access memory is available at a
sound production]1]. low cost, designers can store huge databases of sound samples in
This approach to sound design, hence, deals with the causehe application.
and not with the effect. In other words we can say that sound Physics-based (or physically-based) sound synthesis relocates
is obtained by designing (or modeling) a corresponding process,the physical modeling background into a different framework, that
whatever it is and even regardless of its effects. It is not an uncom-is, the synthesis aécologicalsoundsI[T0]. Those sounds are nor-
mon result that a process, in the end, comes out to be unsuitable fomally experienced during everyday listening, and contribute to our
sound generation. Nevertheless, there are cases in which a giveiperception of the world. Sounds accounting for events such as the
process produces effective and convincing sounds. bouncing of an object falling on the floor, the friction between two
Such an approach leads to models whose control is specifiedobjects, a crushing can, the footsteps of a person, are detected,
in parameters having a direct relationship with the synthesis pro- recognized and possibly localized by our hearing system. These
cess. On the other hand, any control devoted to manipulate specifisounds conveyital information, via the auditory channel, about
sound features must be applied indirectly through a map, that actsthe surrounding environment, and their reproduction is very inter-
as an intermediate layer in between the synthesis engine and thesting in applications involving audio virtual reality (or audio VR).
control panel. For this reason, the physics-based approach is genThe more realistic the virtual scenario, the more effective the audio
erally not so effective in contexts where sound can be effectively VR system is. Hence, we must not be surprised if the simulation
controlled using traditional signal-based operations (i.e. spectralof an everyday listening environment becomes much more realis-
manipulations). tic when it conveys also the auditory information about ecological
In the case of a synthesis process that models the evolution ofevents such as those seen ab@ve [11]. In this paper we will deal in
a physical system, we are in front okpecialsound synthesizer.  particular withcrushing walkingandrunning
Once its suitability to sound generation has been proved, this syn-  Since physics-based sound synthesis is suitable for modeling
thesizer offers peculiar (i.e., physical) control parameters directly elementary ecological sounds, such as impacts and collisions, the
available to the user. By means of those parameters the user canon-linear hammer-string interaction modgel [8] can be imported
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into a new model for the reproduction of the most relevant physical of single impulses, whose individual ener@ycan be described
phenomena occurring during a collision (impact) between two ob- by the following power law:

jects [12,[1B[714]. The physics-based model yields, at its interface

level, a set of controls for recreating realistic collisions between P(E)=E" , (1)

objects made of different materials. The same controls enable the h has b . tallv determined to be in betw
user a direct interaction with the virtual objects. where~y has been experimentally determined 1o be in between

—1.3 and—1.6. On the other hand a precise dynamic range of

Since ecological sounds describe higher-level events such a: : : . .
crushing or walking(15], the design of the impact model described%he impulses is not given, although the energy decay of each single

N . : impulse has been found out to be exponential.

in this paper follows a bottom-up approach, istarting from the . . .
elemer?ta?y model to build up higheF;PIevel moddn‘sth?s way we The temp.ofa' patterns defined by the events is an important
follow the original physical modeling approach, in which a virtual factor determining the perceptual nature of the crumpling process.

musical instrument uses to be assembled by putting together som W'd.e cla,ss of stationary t_emporal sequences can be modeled
basic, general-purpose building blocks y Poisson’s processegach time gap- between two subsequent

In our case, the basic building block is the impact mofel [12]. events in atemporal process is described by an exponential random

In Section? and]3 we will describe the way individual impacts can variable withdensityA > 0 [15]:

be assembled together producing a single crushing event. As we P(r) =A™ with 7>0 . )
will see, crushing events are the result of a statistical rather than -

deterministic sequence of impacts, in a way that we are not asked  Assuming a time step equal I we simply map the time gap
to look for formulas valid in the discrete-time, expressing physical over a value:T defined in the discrete-time domain:
relationships between different types of sounding objects (those re-

lationships must be found out, for example, in the study of contact k =roundr/T) (3)
sounds: manipulating them is usually not easy [14]). We instead
will find a way to create consistent (from a psychophysical point

of view) collections of “atomic” (impact) sounds starting from the . The crum_pling process consumes energy during its evolution.
stochastic description of so-callecimpling sounds This energy is provided by the agent that crushes the can. The

In Sectior#, we will describe how a set of crushing events can process terminates when the transfer of energy does not take place

be controlled byulesso to produce realistic sequences of walking any longer, i.e., when eference e_nergyEtot, has _been spent in-
and running sounds. dependently by each one of the impulses forming the ewgint

where roung) gives the closest integer to its argument value.

2. CRUMPLING SOUND sonT] =Y EisnT — kT] with Ea=Y»_ E; , (4)

Crumpling sounds occur whenever our hearing system identifies a h i ianal havi it ting f h
source whose emission, for some reason, is interpreted as a supe}'y eres(nT') is a signal having unitary energy, accounting for eac

position of microscopic crumpling events. single crumpling. . . .
Aluminum cans emit a characteristic sound when they are cru- _In qr_der to determine the dynamic range, suppose to constrain

shed by a human foot that, for example, compresses them along théhe |nd|y_|dual energys to assume values in the range, M]'. The'

main axis of the cylinder. This sound is the result of a composition probability P that an individual impulse falls in that range is, using

of single crumpling events, each one of those occurring when, afterthe power law expressed b (1):

the limit of bending resistance, one piece of the surface forming M

the cylinder splits into two facets as a consequence of the force Pm<E<M]= / E'dE=1 . (5)

applied to the can. m

The exact nature of a single crumpling event depends on theThis equation allows to calculate an explicit value forif M is
local conditions the surface is subjected to when folding occurs set to be the value corresponding to full-scale, beyond which the
between two facets. In particular, the types of vibrations that are signal would clip. In this case we find out the minimum value
produced are influenced by shape, area, and neighborhood of eacBoping with (5):
facet. Also other factors play a role during the generation of the
sound, such as volume and shape of the can. The can acts as a m={M""t —~— 1}ﬁ . (6)
volume-varying resonator during the crumpling process.

A precise assessment of all the physical factors determining
the sound which is produced by a single crumpling event is beyond
the scope of this work. Moreover, there are not many studies avail- During a crushing action, the creases on the object’s surface be-
able in the literature outlining a consistent physical background for come increasingly dense. Hence, vibrations over the facets in-
this kind of problems. On the other hand, it is likely that our hear- crease in pitch since they are bounded within areas that become
ing system cannot distinguish such factors but the most relevantprogressively smaller. This hypothesis inspires our model for de-
ones. For this reason we generate individual crumpling soundstermining the pitch in a single crumpling sound.
using the impact model. Given a segment having a nominal lendb, initially marked

Studies conducted on the acoustic emission from wrapping at the two ends, let us start the following procedure: Each time a
sheets of papei{l6] concluded that crumpling events do not de-new impulse is triggered, a point of this segment is randomly se-
termineavalanchegi4], so that fractal models in principle cannot lected and marked. Then, two distances are measured between the
be used to synthesize crumpling sourids [18]. Nevertheless, crum-position of this mark and its nearest (previously) marked points.
pling paper emits sound in the form of a stationary process madeThe procedure is sketched in Figlire 1, and it is repeated until some

2.1. Driving the impact model
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Figure 1:Sketch of the procedure used to calculate the pitch of thej| "5  syne Jp'a|v

impulses as long as the process evolves.

Figure 2:Spectrogram of the prototype sound of a crushing can.

energy, as expressed Hy (4), is left to the process. The vélues

andR;, corresponding to the distances calculated between the new

markm; (occurring at time step;) and the leftward and rightward ~ Pressure in Fhe can is maximum in the beginning of the crushing
nearest marks (occurred at previous time steps), respectively, ardrocess. This pressure relaxes to the atmospheric value as long as
used as absolute values for the calculation of two driving frequen- the process evolves, due to pressure leaks from the holes appearing

Cies,fL ande, and two decay times—’L andTR’ and also as rel- in the Surface, and due to the decreasing VelOCity of the CrUShing
ative weights for sharing the energs; between the two impacts, ~ action. These processes, if dnhave a clear effect on the evolu-
xs, -, andx s, .., forming each crumpling sound: tion in time of the spectral energy: high frequencies are gradually
’ ’ spoiled of their spectral content, as it can be easily seen from Fig-
L, ure[2 where the spectrogram of a real can during crushing has been
EisinT — k,T] = Ei———ux, - [nT — kT
s = ki "L+ R [T = ki plotted.
R; The whole process is interpreted in our model as a time-varying
+ B Li+ Rifo,TR [nT - kiT] resonating effect, realized through the use of a low-selectivity lin-

o ) ] ) ear filter whose lowpass action over the souggis slid toward
where the driving frequencies (decay times) are in between two the low-frequency as long as the process evolves. Lowpass filter-
extreme valuesfuax (tmax) and fu (mviv), corresponding to  jng is performed using a first-order lowpass filtef [20]. In the case

the driving frequencies (decay times) selected for a full and a min- of crushing cans we adopted the following filter parameters:

imum portion of the segment, respectively: e lowest cutoff frequencyum — 500 Hz

fuax — ﬁ(fMAX — fum) e highest cutoff frequenc2uax = 1400 Hz.

fr Do

Using those parameters, the cutoff frequency is slid toward the
R; :
fr = fuax — —(fuax — fun) lowest value as long as energy is spent by the process. More pre-
Do cisely, the cut frequenay; at time stepk; is calculated according
in which the symbolsf must be substituted by in the case of  to the following rule:

decay times. ;
We decided to operate on the so-called “frequency factor” and wi = Quin + Erot — 3 ko1 Bk (Qax — Qun) . (7)
decay time of the impact model: the former is related to the size Eiot

Qif a’thev(\:/gué?:gi doebr]:gté)(tﬂﬁ :}t:ﬁrericf(;)Egtsreflc;rtetzi:m?ém;te{ifl This kind of post-processing contributes to give a smooth, progres-
[12]. piing sively “closing” characteristic to the crumpling sound.

facet area: the smaller the facet, the higher-pitched the fundamen-

tal frequency and the shorter the decay time of the emitted sound. o
3.1. Parameterization

3. CAN CRUSHING Several parameter configurations have been tested during the tun-
ing of the model. It has been noticed that some of the parameters

In the case of the aluminum can, crushing occurs in consequencehave a clear (although informaljrectinterpretation:
of some force applied to it. This action is usually performed by
an agent having approximately the same size as the can surface,
such as the sole of a shoe. As the agent compresses the can, sound
emission to the surrounding environment changes since the active
emitting surface of the can is shrinking, and some of the creases  lwe are still looking for a thorough explanation of what happens during
become open fractures in the surface. We suppose that the internadrushing.

e Fio can be seen as an “image” of teze i.e., the height
of the cylinder forming the can. This sounds quite obvious,
since Eiot governs the time length of the process, and this
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time-varying post-processing lowpass filter decoupled inside the
same patch (see Figuie 3). The only limitation with this implemen-
Lamch!  Size Force Softness tation is represented by the firing rate used by the statistical mod-
o ule (labeled asontrol _crump) to feed control data to the two
sound synthesis modules (labeledsaand _synth ~) producing
the two signals:f, andzy,. This limitation comes from the pres-
ence of a structure containing the statistical module in loop-back
with adelay block, which limits the shortest firing rate toms.

On the other hand the chosen implementation allows a totally
independent design of the statistical module and of the sound syn-
thesis module. The statistical module has been realized in C lan-
guage, as &d class, whereas the sound synthesis module has
been implemented as a sub-patch nesting inside itself several pre-
existing building blocks, which come together wigh. This mod-
ular/nested approach leaves the patch open to independent changes
inside the modules, and qualifies the patch in its turn for use as an
individual block inside higher-level patches. For this reason we

could straightforwardly integrate crushing sounds in a framework
including specific rules for producing walking and running sounds.

M | 4. WALKING AND RUNNING SOUNDS

Most of sound synthesis techniques available today are capable of
reproducing excellent sounds. At the same time these techniques
do not take into consideration the fact that sounds usually appears
in a sequence, such in the case of a music melody or of a sequence
of footsteps. For example the synthesis of a sequence of trum-
pet sounds can give poor results if the musical context and the
: : X performance style, such as liegato and staccatoarticulation, is
golr.respond to potential energies ranging between 0.001 ar'Olnot taken into consideration. Therefore, in order to arrange sin-
- gle events in a meaningful way, we need control functions for the
¢ low absolute values of result in more regular realizations  specific sound synthesis technique that is used [22].
of the exponential random variable, whereas high absolute  Physics-based synthesis techniques allow a direct manipula-
values of the exponential statistically produce more peaks tion of parameters connected to physical properties of the sound
in the event dynamics. Hencecan be seen as a control of  model. These techniques are therefore particularly suitable to be

forceapplied to the can. This means that for values around controlled for the production of organized sound sequences.
-1.5 the can seems to be heavily crushed, whereas values

around -1.15 evoke a softer crushing action. Thu$as
been set to range between -1.15 and -1.5; 4.1. Control models

e “soft” alloys forming the can can be bent more easily than Some recent works reported strong relations between body motion
stiff alloys: holding the same crushing force, a can made of and music performance. This is mainly due because sound produc-
soft, bendable material should shrink in fewer seconds. For tion is a result of body movements such as hands, wrists, harms,
this reason, the parametergoverning the frequency of the  shoulders and feet in pianists and in percussionists, lips, lungs, and
impulses in the Poisson process can be related to the matetung in singers and in wind instrument players. Besides these ob-
rial stiffness: the highep,, the softer the materiaboftness  vious relations, some researchers have found more indirect associ-
has been set to range between 0.001 (stiff can) and 0.05ations between music performance and body motion. Friberg and
(soft can). Sundberg demonstrated the way Fieal Retardin performances

We noticed that variations in the definition and parameteriza- Of Baroque music can be derived from measurements of stopping

tion of the crumpling sound can lead to major differences in the ~ funners [24].

final sound. On the other hand the statistical laws which we used  In another work [[26] it was found thdégato and staccato

for generating crushing sounds are general enough for reproducing?laying in piano performance can be associated to walking and
awide class of events, including paper crumpling and plastic bottle running respectively. During walking there is an overlap time
crushing. In that case must be properly shaped to accommodate When both feet are on the ground, andlégato scale playing

for different kinds of events. there is an overlap time (key overlapped time) when two fingers
are pressing two keys simultaneously. During running there is an
time interval when both feet are in the air, andstaccatoscale
playing there is a time interval (key detached time) when all fin-
Crushing cans have been finally implemented as gatch[P1]. gers are in the air simultaneously.

The modular implementation gfd allows to have the crumpling These and other results contributed to the design of some per-
sound synthesis model, the higher-lever statistical module, and theformance rules implemented in the Director Musices performance

Figure 3:Screenshot of thed-module implementing the crushing
can model.

length can be in turn reconducted to the can size. Sizes
which are compatible with a natural duration of the process

3.2. Implementation aspd patch
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system [27[78] and related to body motion. In previous experi- IR ERIE R R e e S =lolxf
ments it has been demonstrated {egatoandstaccatcare among fo SO Tu PR s Ab i
the expressive parameters which help in synthesizing performances
which are recognized as sad and respectively as happy by listen-
ers [23[79].

Given the considerations above, it was tempting trying to ap-
ply the performance rules, which present similarities with walking
and running, to the control of crumpling sounds.

SLOW DOWHN STOP

4.2. Controlling footstep sounds

In a first experiment, performance rules where used for the control
of the sound of one single footstep extracted from a recorded se-
guence of walking and running sounds on graizel [26]. Stimuli in-
cluding both sequences of footsteps controlled with the rules, and
sequences of footsteps obtained by looping the same sound were
produced. These stimuli were proposed to subjects in a listen-
ing test. Subjects could distinguish between walking and running
sounds, and classified the stimuli produced with the performance
rules as more natural. Still the sound controlled was a static sound.
Thus, a natural development is to control a physics-based model
implementing footstep sounds.

Informal listening test of the sound produced by the crushing
can model, presented in Sectign 3, classified this sound as that of
a footstep on cold snow. This result suggested the possibility of
controlling the model using performance rules such those for the =
control of Final Retard andlegatoandstaccataarticulation.

A pd-module implementing the control of footstep sounds is Figure 4: Screenshot of ad-module implementing the control of
represented in Figufg 4. A sequence of footstep sounds with 101 footstep soundsiempo (in bpm),Walk , Slow _Down, andStop

set by the “Tempo” slider is produced by pressing Wialk but- control the timing of walking stepsSize , Force and Soft-
ton. If theSlow _down button is pressed, the 10ls become larger, ness determine the foot size, its force on the ground and its soft-
i.e. slower tempo. This effect is implemented using fiveal Re- ness. The model controlled is that of the crushing can presented in

tard rule [74]. ParameterSize , Force , andSoftness are set Figure[3.
to values which give a realistic sound of footstep on cold snow.
In the case of walking/running sounds these three parameters rep-

resent the size of the foot, the force applied by the foot, and the  |n general, the proposed rule-based approach for sound control
softness of the ground. is only a step toward the design of more general control models
The spectrogram of walking sounds produced by the module that respond to physical gestures. Ongoing research in the frame-
of Figure[# is shown in Figurg 5. The 101 between footsteps in- work of the Sounding Object project is dealing with the implemen-
creases because 8w _down button was pressed and the “Final  tation of rule-based control of impact sound models and of friction
Retard” rule was activated. sound models.
An outcome of the present work is that analogies between lo-
comotion and music performance, briefly presented in Setion 4, 6. ACKNOWLEDGMENTS
combined with the control properties of physics-based sound mod-

eling, open new possibilities for the design of control models for Ths work was supported by the European Commission: SOb - The
artificial walking sound patterns, and in general for sound control Sounding Object project, no. |ST-2000-25 28D /WWW.
models based on locomation. soundobiect.ord

5. ONGOING RESEARCH

In the particular case of walking/running sounds, we have ob-
served that the “Force” and “Softness” parameters should vary
with “Tempo”. Higher tempi should correspond to larger values of
the force and lower degree of softness. A next step in our research
will be therefore the identification of such a mapping. Studies on
expressive walking could help toward a possible solution. In a re-
cent study [[Z5] ground reaction force by the foot during different
gaits was measured. Value and time envelope of this force varied
with the different walking technique adopted by subjects. These
technigues were also characterized by different tempi.
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Figure 5: Spectrogram of a stopping walking sound produced by
the pd-patch of Figure[d: the inter-onset-interval (I10l) between
footsteps becomes larger.
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