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A physics’ topic: pendulum motion

The experience of Foucault’s pendulum 
is the most evident proof of Earth’s rotation around its axis.

It is based on the pendulum’s property of 
preserving its oscillation plane, 

when submitted only to the gravitational force. 

In 1851, Jean Bernard FoucaultJean Bernard FoucaultJean Bernard FoucaultJean Bernard Foucault hung a 67 meter pendulum 
to Paris’ Pantheon ceiling. 

The pendulum oscillation plane 
seemed apparently rounding with a period:

T = 24h / sin fT = 24h / sin fT = 24h / sin fT = 24h / sin f.
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From physics to psychophysics: 
Paolo Bozzi’s research on penduli

04/10/2008

� PHYSICS:PHYSICS:PHYSICS:PHYSICS: pendulum oscillation frequency is fixed by a 
universal mathematical relationship: 

� PERCEPTION:PERCEPTION:PERCEPTION:PERCEPTION: pendulum oscillating motion  exhibits 
features which cannot be objectively described by the 
observer, i.e. its typical  character of ‘quickness’, or ‘slowness’, 
or better oscillations ‘adequacy’ (all these properties depend on 
the pendulum structure) (P. Bozzi, Osservazioni sulla 
percezione del moto pendolare armonico).
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MAIN RESULTS:

1. As the pendulum’s length 
increases, the values of 
“natural” frequencies  
decrease.

2. These frequencies are 
always lower than those of 
an identical,  freely 
oscillating pendulum.

3. As pendulum’s length 
increases, this discrepancy 
lowers. 

Bombi showed that the effect is 

reversed for 2.5 meters pendula: 

“natural” motion is perceived 

only when pendula are forced to 

oscillate at a frequency greater 

than the one they would assume 

during free motion. 

from P. Bozzi, “Fisica Ingenua”
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Dependence on frequency:

Oscillation at 60° is perceived as 
“too fast” at the same frequency 
which is judged as “natural” for the 
oscillation of 10°:

1. When the oscillation amplitude is 
increased, the “natural”
phenomenological behavior of the  
pendulum occurs at lower 
frequencies.

2. This means that, in order to 
maintain the “natural” character of 
a certain frequency unchanged, 
one has to lower (raise) the 
physical frequency of the 
pendulum, as its oscillation 
amplitude is raising (lowering).

A = kωωωω, where k represents the 
“expressive” character of motion, A is 
the oscillation amplitude and ω is the 
physical frequency of the pendulum as 
set by operative measurements.

04/10/2008
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Correspondence in exchanges of 

heterogeneous properties of visual 

phenomena: 

an object moving at a physically 

defined velocity is perceived to move 

more slowly, if its size is bigger 

(Brown, 1931). 
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Research Question:

Does make it sense to define a Does make it sense to define a Does make it sense to define a Does make it sense to define a 
““““correctcorrectcorrectcorrect”””” speed in melody speed in melody speed in melody speed in melody 

performance?performance?performance?performance?

From physics 
to music perception
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Literature:

– Quinn & Watt, 2004: 
a) listeners are able to judge if a musical piece is played 

at a “correct” speed;
b) agreement among listeners is greater than expected;
c) the “correct” tempo depend on the piece.

– Lapidaki, 2000: 
a) a better familiarity with the piece and the musical 

style yields a greater consistence in experimental 
results.

“Correct” performance 
speed
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Experiment

– Research questions: Research questions: Research questions: Research questions: 
• does it exist a does it exist a does it exist a does it exist a ““““correctcorrectcorrectcorrect”””” performing speed?performing speed?performing speed?performing speed?
• in positive case, in positive case, in positive case, in positive case, what does it depend on?what does it depend on?what does it depend on?what does it depend on?

– Set up: Set up: Set up: Set up: 
• piecespiecespiecespieces

– baroque and classical styles;
– short extracts, at least one musical period

• variablesvariablesvariablesvariables
– rhythmic structure
– musical parameters (timing, dynamic, articulation)

– Design:Design:Design:Design:
• preliminary test with few subjectsfew subjectsfew subjectsfew subjects
• real experiment with 18 subjects18 subjects18 subjects18 subjects (all musical trained)

8th Alps-Adria Psychology 
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Two main frameworks:

� piece structure

� expression
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Methodology

– Two Two Two Two separated experiments:separated experiments:separated experiments:separated experiments:
– rhythmic rhythmic rhythmic rhythmic structure structure structure structure (3 trials)(3 trials)(3 trials)(3 trials)
– musical musical musical musical expressionexpressionexpressionexpression (4 trials)(4 trials)(4 trials)(4 trials)

– Incoming variables:Incoming variables:Incoming variables:Incoming variables:
– speed rangespeed rangespeed rangespeed range
– scalescalescalescale

– Method of constant stimuli:Method of constant stimuli:Method of constant stimuli:Method of constant stimuli:
– two different sequences of 7 randomized velocities two different sequences of 7 randomized velocities two different sequences of 7 randomized velocities two different sequences of 7 randomized velocities (2 + (2 + (2 + (2 + 
5 + 2)5 + 2)5 + 2)5 + 2)

– the second time pieces were presented in a different the second time pieces were presented in a different the second time pieces were presented in a different the second time pieces were presented in a different 
order (the same for all subjects)order (the same for all subjects)order (the same for all subjects)order (the same for all subjects)

– Subjects were asked to mark trials Subjects were asked to mark trials Subjects were asked to mark trials Subjects were asked to mark trials 
– according with their preferenceaccording with their preferenceaccording with their preferenceaccording with their preference
– more than one preference per column was allowedmore than one preference per column was allowedmore than one preference per column was allowedmore than one preference per column was allowed
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Musical structure

� Linguistic Linguistic Linguistic Linguistic (Chomsky) and musical structures and musical structures and musical structures and musical structures (Schenker)
� surface and deep structures, surface and deep structures, surface and deep structures, surface and deep structures, a parallelism (J. Sloboda)

� Search of Search of Search of Search of ‘‘‘‘universalsuniversalsuniversalsuniversals’’’’ in linguistic and musicin linguistic and musicin linguistic and musicin linguistic and music
� results already achieved in figurative arts results already achieved in figurative arts results already achieved in figurative arts results already achieved in figurative arts (Zeki’s 10 rules of art)10 rules of art)10 rules of art)10 rules of art)

� Grouping in music perceptionGrouping in music perceptionGrouping in music perceptionGrouping in music perception (Deutsch)
�Gestalt perception organizationGestalt perception organizationGestalt perception organizationGestalt perception organization, e.g. ‘closure’ law (Kanizsa, 
Bregman:     
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Musical structure

� Grouping rhythmic structures Grouping rhythmic structures Grouping rhythmic structures Grouping rhythmic structures (Fraisse)
� the two factors which characterize a rhythmic group are the two factors which characterize a rhythmic group are the two factors which characterize a rhythmic group are the two factors which characterize a rhythmic group are 
the duration of the interval between the notesthe duration of the interval between the notesthe duration of the interval between the notesthe duration of the interval between the notes and and and and the total the total the total the total 
number of elements.number of elements.number of elements.number of elements.

� the the the the lower limitlower limitlower limitlower limit in the duration of intervals should allow in the duration of intervals should allow in the duration of intervals should allow in the duration of intervals should allow a a a a 
clear distinctionclear distinctionclear distinctionclear distinction of subsequent elements, while the of subsequent elements, while the of subsequent elements, while the of subsequent elements, while the upper upper upper upper 
limitlimitlimitlimit is set by the requirement of is set by the requirement of is set by the requirement of is set by the requirement of connecting elementsconnecting elementsconnecting elementsconnecting elements to to to to 
each other.each other.each other.each other.

� The greater the interval between two sounds, the lower the The greater the interval between two sounds, the lower the The greater the interval between two sounds, the lower the The greater the interval between two sounds, the lower the 
number of elements a listener can perceived in series number of elements a listener can perceived in series number of elements a listener can perceived in series number of elements a listener can perceived in series 
(Fraisse, 1938)
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Musical structure

� Structure and tempoStructure and tempoStructure and tempoStructure and tempo
�When the tempo is When the tempo is When the tempo is When the tempo is accelerated (decelerated),accelerated (decelerated),accelerated (decelerated),accelerated (decelerated), if compared if compared if compared if compared 
with with with with ““““spontaneousspontaneousspontaneousspontaneous”””” tempo, tempo, tempo, tempo, the distinction between long the distinction between long the distinction between long the distinction between long 
and short tempos is less evident.and short tempos is less evident.and short tempos is less evident.and short tempos is less evident. When the tempo is When the tempo is When the tempo is When the tempo is 
speeded up, short tempos vary less than longer ones speeded up, short tempos vary less than longer ones speeded up, short tempos vary less than longer ones speeded up, short tempos vary less than longer ones 
(because of closeness to perception limits).(because of closeness to perception limits).(because of closeness to perception limits).(because of closeness to perception limits).

�What is the role of What is the role of What is the role of What is the role of pausespausespausespauses between structures?between structures?between structures?between structures?
� psychological psychological psychological psychological (Fraisse), psychophysical psychophysical psychophysical psychophysical (von Békésy), motorialmotorialmotorialmotorial
(Paillard)

� analysis: analysis: analysis: analysis: short tempos are always exactly reproduced, while short tempos are always exactly reproduced, while short tempos are always exactly reproduced, while short tempos are always exactly reproduced, while 
long ones may change their duration at the time of long ones may change their duration at the time of long ones may change their duration at the time of long ones may change their duration at the time of 
perception reorganization.perception reorganization.perception reorganization.perception reorganization.

� Simple rhythms Simple rhythms Simple rhythms Simple rhythms are expected to allow forare expected to allow forare expected to allow forare expected to allow for more timing more timing more timing more timing 
variation variation variation variation than more complex ones than more complex ones than more complex ones than more complex ones (Honing, 2005).
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Scarlatti Sonatas: Scarlatti Sonatas: Scarlatti Sonatas: Scarlatti Sonatas: 

different structuresdifferent structuresdifferent structuresdifferent structures

Experiment A:
musical structure

L25 L450 L238

L25: q q q q
L450: h q q
L238: q. e04/10/2008
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Technique:Technique:Technique:Technique:
– Incoming variablesIncoming variablesIncoming variablesIncoming variables

– nominal temponominal temponominal temponominal tempo

Speed sequences:Speed sequences:Speed sequences:Speed sequences:

4 64 64 64 6 2 5 7 1 3 4 62 5 7 1 3 4 62 5 7 1 3 4 62 5 7 1 3 4 6
1 51 51 51 5 3 6 4 2 7 1 53 6 4 2 7 1 53 6 4 2 7 1 53 6 4 2 7 1 5

5 25 25 25 2 4 7 3 6 1 5 24 7 3 6 1 5 24 7 3 6 1 5 24 7 3 6 1 5 2
7 37 37 37 3 1 2 6 4 5 7 31 2 6 4 5 7 31 2 6 4 5 7 31 2 6 4 5 7 3

3 43 43 43 4 6 1 5 7 2 3 46 1 5 7 2 3 46 1 5 7 2 3 46 1 5 7 2 3 4
2 12 12 12 1 5 4 7 3 6 2 15 4 7 3 6 2 15 4 7 3 6 2 15 4 7 3 6 2 1

Speed range
(metronomic)

60

68,25

77,63

88,31

100,5

114,3

130

Experiment A:
musical structure
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L25: q q q q
L450: h q q
L238: q. e
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Experiment A: results
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Experiment A: results
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Bach Bach Bach Bach –––– Partita BWV 1013, Allemande (flute)(flute)(flute)(flute)

Beethoven Beethoven Beethoven Beethoven –––– StringStringStringString Quartet op. 18 no. 4, 1st movement

Bach Bach Bach Bach –––– Partita BWV 1031, Sicilienne (flute + harpsichord)(flute + harpsichord)(flute + harpsichord)(flute + harpsichord)

Haydn Haydn Haydn Haydn –––– StringStringStringString Quartet op. 76 n° , 2nd movement

different timbredifferent timbredifferent timbredifferent timbre

Experiment B:
expressive musical performances

different expressive mood different expressive mood different expressive mood different expressive mood 
nominal

controlled expressive

expressive

3 groups

of 6 subjects

2 fast 

pieces

2 slow 

pieces

04/10/2008



22

Musical parameters:Musical parameters:Musical parameters:Musical parameters:

– TempoTempoTempoTempo
– Tone duration and ArticulationTone duration and ArticulationTone duration and ArticulationTone duration and Articulation

– DynamicsDynamicsDynamicsDynamics
– PhrasingPhrasingPhrasingPhrasing
– TransposeTransposeTransposeTranspose
– Harmonic and melodic tension Harmonic and melodic tension Harmonic and melodic tension Harmonic and melodic tension 
– Metrical patterns and grooves, accentsMetrical patterns and grooves, accentsMetrical patterns and grooves, accentsMetrical patterns and grooves, accents

How can be music performance be scientifically studied ?How can be music performance be scientifically studied ?How can be music performance be scientifically studied ?How can be music performance be scientifically studied ?

IOI: inter-onset interval

Dur: duration

8th Alps-Adria Psychology 
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Instrument ‘Director Musices’ code

DM is a program that allows to change the performance of a music score. 

It contains a set of rules that changes the duration, sound level etc of the notes. 

These rules mimic performance principles used by real musicians.

The rules are a result from a long-term research project at the KTH, Stockholm. 

Experiment B:
expressive musical performances

04/10/2008
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Bach: q
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Fast - Flute
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Fast - String Quartet
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Slow - Flute and Harpsichord
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Experiment B: results

Slow - String Quartet
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Conclusions

� Participants show a clear tendency to choose a Participants show a clear tendency to choose a Participants show a clear tendency to choose a Participants show a clear tendency to choose a 
““““preferredpreferredpreferredpreferred”””” speed in performed melodies.speed in performed melodies.speed in performed melodies.speed in performed melodies.

� The range of The range of The range of The range of ““““acceptedacceptedacceptedaccepted”””” velocities velocities velocities velocities depends on the piecedepends on the piecedepends on the piecedepends on the piece
structure: structure: structure: structure: more structuredmore structuredmore structuredmore structured pieces allow a pieces allow a pieces allow a pieces allow a lower lower lower lower 
acceptance range;acceptance range;acceptance range;acceptance range;

� The range of The range of The range of The range of ““““acceptedacceptedacceptedaccepted”””” velocities velocities velocities velocities does not depend on does not depend on does not depend on does not depend on 
expressive featuresexpressive featuresexpressive featuresexpressive features of the piece.of the piece.of the piece.of the piece.

� Mean Mean Mean Mean ““““preferredpreferredpreferredpreferred”””” velocity velocity velocity velocity does not depend on the does not depend on the does not depend on the does not depend on the 
structure of piece,structure of piece,structure of piece,structure of piece, butbutbutbut

� ParticipantsParticipantsParticipantsParticipants’’’’ judgments are differently distributed judgments are differently distributed judgments are differently distributed judgments are differently distributed 
around mean values: more structured pieces correspond around mean values: more structured pieces correspond around mean values: more structured pieces correspond around mean values: more structured pieces correspond 
to narrower distributions (smaller standard deviations).to narrower distributions (smaller standard deviations).to narrower distributions (smaller standard deviations).to narrower distributions (smaller standard deviations).
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