
 

Synthesis of the sounds produced by rolling balls

Citation for published version (APA):
Hermes, D. J. (2000). Synthesis of the sounds produced by rolling balls. (IPO-Rapport; Vol. 1226). Instituut voor
Perceptie Onderzoek (IPO).

Document status and date:
Published: 09/08/2000

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://research.tue.nl/en/publications/9abb7a7a-1cfe-4c46-b3fa-a31898c5a9cc


IPO, Center for User-System lnteraction 
PO Box 513, 5600 MB Eindhoven 

Rapport no. 1226 

Synthesis of the sounds produced 
by rolling balls 

Dik J. Hermes 

@ Copyright 2000, Technische Universiteit Eindhoven 

09.08.2000 



1 

SYNTHESIS OF THE SOUNDS PRODUCED BY ROLLING BALLS 

Dik J. Hermes 

IPO , Center for User-System Interaction 
P.O. Box 513, NL 5600 MB Eindhoven 

September 16, 1998 

1 Intrad uction 

This report presents an algo rithm for synthesizing the sounds produced 
by rolling balls. This synthesis is based on a parametric representation. 
Some of these parameters determine the perceived material of the surface 
on which the ball rolls and the size of the balls. Other parameters spe
cify the perceived velocity of the rolling ball. This makes it possible to 
synthesize sounds as produced by balls rolling over a surface of a specific 
material , of a certain size and with a specified velocity. 

In the literature, no detailed algorithms for synthesizing the sounds of 
rolling balls could be found. The algorithm which comes closest consists 
of a computer model simulating a train wagon riding over rails (Thomp
son et al, 1996a; Thompson et al, 1996b). This algorithm has been 
developed in order to investigate which dimensions of the rails and the 
train wheels were important for the intensity of the sounds produced, and 
how such a model could be used to study which configuration resulted in 
the lowest noise level. Most other literature does not specify algorithms 
to synthesize the rolling sounds, but is only concerned with factors which 
influence the noise levels of rolling sounds and how this knowledge can 
be used to minimize this noise level. 
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The algori thm presented here for synthesizing the sounds of rolling 
balls bas been developed in the context of the proj ect "Non-Speech Audio 
fo r User Interfaces", which started at IPO in March 1997. The most 
direct aim of this project is to develop a software tool to synthesize 
impact sounds that can be used in a user interface, more specifically 
t hose based on a track ball. This fo cus is inspired by the presence of 
a lot of expertise at IPO on a track ball with force feedback. It is felt 
that specifically adding the sounds of a rolling ball when a user uses a 
rolling ball as input device will enhance the subject 's sense of control. 
The presented algorithm is a results of these efforts. 

2 Sounds produced by interacting solids 

In the past a lo t of experience has been built up on the synthesis of 
sounds produced by structures of various kinds. Especially music has 
been the domain of many an algori thm designed for the synthesis of 
musical sounds (Roads and Strawn, 1985; Roads, 1989; Sundberg, 1991 ; 
Fletcher and Rossing, 1991). These studies have resul ted in synthetic 
musical sounds which can hardly if at all be distinguished from their 
natural counterparts . The acoustical basis for these algorithms bas aften 
been provided by the physical study of the vibratory behavior of solids of 
various shapes . Especially strings , blocks and bars have been the subj ect 
of numerous acoustical studies ( e.g. Morse, 1948; Borin , De Poli and 
Sarti , 1992) . 

Also the study of noise and vibration has increased our understanding 
of noisc generated by the acoustic interaction of solid structures. In this 
field of research little effor t has been put, however, in synthesizing such 
sounds, t he aim of this studies rather being to find ways to reduce the 
sound level of the sounds produced. 

Outside the domain of music, relatively little research has been carried 
out on the synthesis of sounds which naturally occur by the interaction 
of two physical objects. This overview is meant to present a concise 
summary. There are many ways to categorize sounds, but here they are 
simply divided into hitting sounds, scraping sounds, bouncing sounds 
and rolling sounds. This division is derived from Gaver (1989). 

2.1 Single impact sounds 

For the computer generation of single impact sounds, many algorithms 
are available. The domain of computer music has brought about a num
ber of bath harmonie and inharmonic sounds. Harmonie sounds are 
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synthesized for the generation of tonal sounds such as those of melodie 
instruments. Inharmonic sounds are generated for the synthesis of per
cussion instruments. A number of handbooks (Roads and Strawn, 1985; 
Roads , 1989) provide the knowledge to produce these sounds. In addi
tion , various articles in the Computer Music Journal provide a number 
of useful recent algorithms ( e.g., Borin et al., 1992). 

In general, impact sounds can be well modulated by adding a number 
of sinusoidal components with an almost instantaneous onset and an 
cxponential decay. An impact sound consisting of a sum of sinusoids 
with exponential envelopes can mathematically be represented as 

N 

s( t) = L ai exp(t/Ti) sin(27r f it ). (1) 
i = l 

The frequency of the components f i is related to the size and shape of 
t he solids, the onset amplitudes ai to the intensity of the impact , while 
matcrial properties determine the decay times Ti of the exponentially 
clccaying tempora] envelopes of the components (Gaver, 1993). (Adding 
a noisy component with a very short decay time can encrease the percept 
of naturalness of the impact.) Sounds like these are relatively easy to 
synthesize. More complicated interactions such as bouncing can also 
easily be modelled appropriately by adding a number of such simple 
impact sounds. 

2.2 Scraping and rolling sounds 

The literature on these kinds of sounds is much less clear. Most informa
tion as to the acoustic properties of these sounds can be found in studies 
on sound and vibration. As far as sounds of rolling solids are concerned, 
much information can be derived from the study of the sounds of ma
chines with rolling parts and from the study of sounds produced by riding 
objects such as cars and trains. 

As to the sounds produced by the wheels of trains it is observed 
that, "because of small irregularities and inhomogeneities in the run
ning course of the steel wheels and axes, broad-band vibrations are in
duced during the riding". ( Originally in German "Durch Mikrouneben
heiten und Inhomogenitäten im Läuffiächen-bereich der Stahlräder und 
-schienen werden während der Fahrt breitbandige Schwingungen erregt", 
Fasolcl, Kraak and Schirmer, 1984.) They further give an increase in 
sound intensity of 2 dB per 10 km/h below 80 km/h. Above 80 km/h , 
the intensity increases with 1 to 1.5 dB per 10 km/h. 
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For the sounds produced by cog-wheels, an increase of 5 dB per doub
ling of the rotation velocity is presented (Heek} and Müller , 1994). The 
energy of these broad-band sounds can be quite constant up to about 4 
kHz, after which the intensity drops. In some other cases the distribution 
shows a peak at about 0.5 kHz, after which the energy drops with about 
5 dB/ octave. 

These results exemplify the approach followed by these studies. They 
isolate factors which determine the division of acoustic energy over fre
quency, and use this knowledge for minimizing the sound pressure level 
of the sounds produced by the machine or vehicle. To what extent this 
knowledge can be used for the synthesis of rolling sounds was only repor
ted by Thompson and his colleagues (Thompson et al, 1996a; Thompson 
et al, 1996b ). No evaluation as to naturalness is included in these studies. 

3 Synthesis of rolling sounds 

In the approach followed here, no exact physical model was developed 
for generating the synthetic rolling sounds. It was felt that the perceived 
naturalness of the synthetic sounds was the best criterion for their suit
ability in a user interface with a track ball as input device. On the other 
hand , qualitative knowledge as to physical production of impact sounds 
was basic to the way in which the rolling sounds were synthesized. Listen
ing was, however , fe lt to provide the best criterion for the success of the 
synthesis. 

In the proposed synthesis, the rolling sounds are produced by the con
volu tion of one single impact sound and a pulse series. The single impact 
sound represents the acoustic signal which arises when an irregularity on 
the ball hits the rolling surface or the ball hits an irregularity on the 
surface. The pulse series represents the very many single hits that occur 
when irregularities on the ball hit the surface or the irregularities on the 
surface hit the ball. So the combined roughnesses of the surface of the 
ball and that of the rolling surface determine the source of the rolling 
sound produced. Each pulse of the resulting pulse series will induce a 
single impact on the surface, which will then react as a filter and , for 
each pulse, produce a single impact sound . The series of single impact 
sounds will sum up, resulting in the sound of rolling. 

This all may seem trivia}, but for two reasons an algorithm based 
on this idea did not immediately produce natural sounding rolling-ball 
sounds. In fact, they were aften more associated with scraping than with 
rolling. The first reason for this was that the absence of any periodic 
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Figure 1: Impact sound consisting of the sum of three sinewaves with 
simple exponential envclopes (a), and an impac t sound consisting of the 
sum of thrcc gamma ton es (b). 

amplitude modulation caused the resul ted sounds not to sound like rolling 
at all , but much more like scraping. The second problem was that the 
simulation of one simple impact by a sum of exponentials produced an 
impact with a very strong and sudden onset. After convolu tion with the 
pulse series this incluced a very rough, scraping sound which could not 
easily be associated with a t;oftly rolling ball. The presented algorithm 
solves these two problems. 

1. The first problem is solved on the basis of an informal observation 
that even natural rolling sounds produced by perfectly spherical 
balls sound much less like rolling than the natural sounds pro
d uced by rolling balls which are less perfectly spherical and more 
ovally shaped. It is concluded that perfect balls produce less per
fect rolling sounds! This suggests that the presence of amplitude 
moclulation due to the aval shape of the balls contributes to the 
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Figure 2: The signal shown in ( a ) is a series of poisson pulses with 
exponentially clecaying ampli t udes. De À of this pulse series in 160 pulses 
per second. In ( b), ampli t ucle moel ulation is aclclecl to the signal shown 
rn (a). Bath sounds sound very creaky. 

perception of rolling. Therefore, t he sounds to be usecl in a user
interface with a track ball , will have some ampli t ude moclulation 
to enhance the percept of rolling. 

2. The second problem consists of the abrupt onset of a single im
pact sound . After convolution with the pulse series this incluces 
a very rough, scraping sound which is not very easily associatecl 
with a soft ly rolling ball. To solve this problem the sum of expo
nent ials is replaced by a sum of so-called gamma tones, which have 
envelopes with continuous onsets. This removecl the perception of 
harsh scrapings from the synthetic sounds, and made them sound 
smoother. The mechanica! basis for this phenomenon is probably 
that, while rolling, the vibration starting at the contact point of 
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Figure 3: The sound shown in (a) is the convolu tion of the signals shown 
in Fig. l a and Fig. 2a. It sounds very creaky and cannot easily be asso
ciated with a rolling sound . The sound shown in (b) is the convolu tion 
of the signals shown in Fig. 2a and Fig. 2b. It sounds much 'smoother ', 
and due to the ampli tude modulat ion sounds very much like rolling. 

the ball and the surface does not instantaneously excite the whole 
surface but gradually spreads over the surface. 

4 Detailed description 

This is all illustrated in Figures 1 to 4. A simple impact sound with an 
abrupt onset as given by Eq. 1 is presented in Figure la. By varying the 
spectral content of the partials , the distance between the partials, the 
width of the frequency band from which the partials are chosen , and the 
decay t imes of the partials, the perceived material of the sound producing 
object can be affected. For this example, N = 3 , f1 = 3000 Hz , h = 
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3120 Hz, h = 3300 Hz , and Ti = 5 ms for all i , and a1 = a2 = a3 . With 
these parameters, the impact sound sounds like a 'tick ' on a glass obj ect. 

An impact sound with a more gradual onset can mathematically be 
represented by, 

N 

s(t) = L ait'- 1 exp(t/Ti) sin(21r ]i t) . (2) 
i= l 

An example of such a sound with , = 2 is shown in Figure lb. The 
number of partials N , the partial frequencies ]i and the decay times T; 

are the same as in Figure l a. 
In general, for the synthesis of rolling sounds , choosing , = 2 leads 

to satisfactory results. (Note that, for , = 1 , this equation reduces to 
Eq. 1.) For both , = 2 and , = 1 , such a signal can be perceived as a 
single impact sound , but with , = 2 the signal sounds softer, less 'tick' 
like, than with , = 1 . 

This simulates the sound of a single impact . Convolving such a single 
impact sound wi th a series of poisson pulses p( t) can already incl uce the 
pcrcept of scraping or even rolling, 

(3) 

In this equation , the pulse series p( t) represents the source of the 
sound signal, s( t) represents the fil ter , while r(t) indicates the scraping 
or rolling sound . When s( t) is synthesized with , = 1, the resul t sounds 
vcry creaky so that it is difficul t to associate it with rolling. Taking, = 2 
leads to more rolling-like sounds. 

Two additional procedures can induce a very clear percept of rolling, 
especially for the signals with , = 2 . The first is a gradual reduction of 
the amplitude in the course of the signal. For instance, 

q(t) = exp(t/T)p(t), (4) 

which can already induce the percept of a rolling ball coming gently 
to rest with decay time T . Such a pulse series is presented in Figure 2a. 
The percept of rolling becomes really convincing by additional amplitude 
modulation of q(t) with a gradually decreasing modulation frequency. 

r(t) = A{l + d sin(21r fm(t)t)} exp(t / T)p(t) , (5) 

which signal is shown in Figure 26. In this equation , d (0 ~ d > l) 
indicates the modulation depth and f m(t) the modulation frequency. 
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The resul t of convolving the signals shown in Figure l a and Figure 2a 
is shown in Figure 3a, while the result of convolving the signals shown 
in Figure 1 b and Figure 2b is shown in Figure 3b. The signal shown in 
Figure 3a has a much more creaky timbre, while the additional absence 
of amplitude modulation makes it difficult to associate with rolling. A 
detail of the signal shown in Figure 3a is shown in Figure 4a. The signal 
shown in Figure 3b unmistakingly sounds like rolling. A detail is shown 
in Figure 4b. As mentioned this can be attributed to the absence of the 
abrupt onsets of the single impact sounds, which induces the percept 
of creak, and the presence of amplitude modulation. The decreasing 
ampli tude of t he poisson pulses and the decreasing modulation frequency 
induce the percept of a rolling ball gently coming to rest . The parameters 
f; and Ti in the shown example were chosen in such a way that the ball 
is perceived as rolling over a glass surface. By varying these parameters 
the percept of rolling over other materials, such as metal and wood , can 
be realized. The perceived velocity of the rolling ball is determined by 
the frequency of the amplitude modulation. If the modulation dep th is 
very deep , the perccpt of an ellcptical (oval) rolling ball is induced. 

5 A pplications 

It is supposed that , especially when included in a user interface with 
a track ball with force feedback as input device , the use of sound will 
augment t he sensation of naturalness, resulting in a more direct and less 
ambivalent interaction with the system. This may reduce the cognit ive 
loacl on the part of the user. 

Besides in user interfaces, the procedure to synthesize the sounds 
of rolling balls can also be used for sound production in animations in 
which rolling objects are depicted. Another fie ld of application might be 
virtual-reali ty technology. 
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Figure 4: Detail of the sound signals shown in Figure 3. The abrupt 
onsets of the simple impact sounds in ( a) introduce a harsh, creaky aspect 
to the sound . The absence of ampli tude modulation additionally makes 
the association with rolling quite difficult. It sounds very creaky and 
cannot easily be associated with a rolling sound. The smoother onsets 
and the amplitude modulation (not well visible here , but better visible 
in Figure 3b) induce a clear percept of a rolling ball. The decrease of 
the amplitude and the slowing down of the modulation frequency give it 
the impression of a ball rolling with diminishing velocity until it comes 
to rest. 


