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7.1 Introduction
In the recent past, sound synthesis techniques have achieved remarkable

results in reproducing real sounds, like those of musical instruments. Unfortu-
nately most of these techniques focus only on the “perfect” synthesis of isol-
ated sounds. For example, the concatenation of these synthesized sounds in
computer-controlled expressive performances often leads to unpleasant effects
and artifacts. In order to overcome these problems Dannenberg and Derenyi
[60] proposed a performance system that generates functions for the control of
instruments, which is based on spectral interpolation synthesis.

Sound control can be more straightforward if sounds are generated with
physics-based techniques that give access to control parameters directly con-
nected to sound source characteristics, as size, elasticity, mass and shape. In
this way sound models that respond to physical gestures can be developed.
This is exactly what happens in music performance when the player acts with
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her/his body on the mechanics of the instrument, thus changing its acoustical
behavior. It is therefore interesting to look at music performance research in or-
der to identify the relevant gestures in sound control. In the following sections
outcomes from studies on the analysis of music performance are considered.

7.2 Control models
The relations between music performance and body motion have been in-

vestigated in the recent past. Musicians use their body in a variety of ways to
produce sound. Pianists use shoulders, arms, hands, and feet; trumpet play-
ers make great use of their lungs and lips; singers put into actions their glottis,
breathing system, phonatory system and use expressive body postures to render
their interpretation. Percussion players, generally use large body movements
to be able to hit the right spot at the right time. Dahl [58] recently studied
movements and timing of percussionists when playing an interleaved accent
in drumming. The movement analysis showed that drummers prepared for the
accented stroke by raising the drumstick up to a greater height, thus arriving
at the striking point with greater velocity. In another study drummers showed
a tendency to prefer auditory feedback to tactile feedback [59]. These and
other observations of percussionists’ behavior have being considered for the
modeling of a control model for physics-based sound models of percussion
instruments. This control model could be extended to the control of impact
sound models where the human action is used to manipulate the sound source.

The research on music performance at KTH, conducted over a period of
almost three decades, has resulted in about thirty so-called performance rules.
These rules, implemented in a program called Director Musices1 [84], allow
reproduction and simulation of different aspects of the expressive rendering
of a music score. It has been demonstrated that rules can be combined and
set up in such a way that emotionally different renderings of the same piece
of music can be obtained [33]. The results from experiments with emotion
rendering showed that in music performance, emotional coloring corresponds
to an enhancement of the musical structure. A parallel can be drawn with
hyper- and hypo-articulation in speech; the quality and quantity of vowels and
consonants vary with the speaker’s emotional state or the intended emotional
communication [156]. Yet, the structure of phrases and the meaning of the
speech remain unchanged. In particular, the rendering of emotions in both
music and speech can be achieved, and recognized, by controlling only a few

1Director Musices http://www.speech.kth.se/music/performance/download/

http://www.speech.kth.se/music/performance/download/
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acoustic cues [33, 131]. This is done in a stereotype and/or “cartoonified”
way that finds its visual correspondent in email emoticons. Therefore cartoon
sounds can be produced not only by simplifying physics-based models, but
also by controlling their parameters in appropriate ways.

In the following sections it is discussed how studies in music performance
can be useful when designing a control model for footstep sounds. Analysis
of gesture and timing of percussionists are also presented; outcomes can be
implemented in the control model of impact sound models.

7.3 Walking and running

As a first sound control case we chose that of locomotion sounds. In par-
ticular we considered walking and running sounds. In a previous study Li and
coworkers [153] demonstrated the human ability to perceive source character-
istics of a natural auditory event. They ask subjects to classify the gender of
a human walker. Subjects could correctly classify walking sounds as being
produced by men or women. Subjects showed also ability in identifying the
gender in walking sequences even with both male and female walkers wearing
the same male’s shoes.

Sounds In their study Li and coworkers considered walking sounds on a
hardwood stage in a art theater. From various analyses applied on the walking
sounds, they found a relationship between auditory events and acoustic struc-
ture. In particular male walking sounds were characterized by “(1) low spec-
tral mean and mode (2) high values of skewness, kurtosis, and low-frequency
slope, and (3) low to small high-frequency energy”. On the other hand female
walking sounds were characterized by “(1) high spectral mean and mode, and
significant high spectral energy”.

In the present study we considered sounds of walking and running foot-
step sequences produced by a male subject running on gravel. The choice was
motivated by the assumption that (1) an isolated footstep sound produced by a
walker on a hard surface would be perceived as unnatural, i.e. mechanical, (2)
the sound of an isolated footstep on gravel would still sound natural because of
its more noisy and rich spectrum (Figures 7.1, 7.2, 7.3 and 7.4).

Tempo When walking, a double support phase is created when both feet are
on the ground at the same time, thus there is a step overlap time. This is
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Figure 7.1: Spectrogram of a walking sound on concrete floor (16 footsteps).

Figure 7.2: Spectrogram of walking sound on gravel (16 footsteps).

shown also in the spectrogram of three footsteps of Figure 7.5; there is no si-
lent interval between to adjacent steps. This phenomenon is similar to legato
articulation. Figure 7.6 plots the key-overlap time (KOT) and the double sup-
port phase duration (Tdsu) as a function of the inter-onset interval (IOI) and
of half of the stride cycle duration (Tc/2), respectively. The great inter-subject
variation in both walking and legato playing, along with bio-mechanical differ-
ences, made quantitative matching impossible. Nevertheless, the tendency to
overlap is clearly common to piano playing and walking. Also common is the
increase of the overlap with increasing IOI and increasing (Tc/2), respectively.

Both jumping and running contain a flight phase, during which neither foot
has contact with the ground. This has also a visual representation in the spec-
trogram of three footsteps of Figure 7.7; there is a clear silent interval between
two adjacent steps. This is somewhat similar to staccato articulation in piano
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Figure 7.3: Long time average spectrogram (LTAS) of a walking sound on
gravel (40 footsteps).

Figure 7.4: Long time average spectrum (LTAS) of a running sound on gravel
(60 footsteps).

performance. In Figure 7.7 the flight time (Tair), and key-detach time (KDT)
are plotted as a function of half of stride cycle duration (Tc/2) and of IOI. The
plots for Tair correspond to typical step frequency in running. The plots for
KDT represent mezzostaccato and staccato performed with different express-
ive intentions as reported by Bresin and Battel [32]. The similarities suggest
that it would be worthwhile to explore the perception of legato and staccato in
formal listening experiments



116 The Sounding Object

Figure 7.5: Spectrogram of three steps extracted from the walking sound on
gravel of Figure 7.1.

7.3.1 Controlling the sounds of walking and running

Among the performance rules developed at KTH there are rules acting
on a short timescale (micro-level rules), and rules acting on a long timescale
(macro-level rules) [83]. Examples of the first class of rules include the “Score
Legato Articulation” rule, which realizes the acoustical overlap between adja-
cent notes marked legato in the score, and the “Score Staccato Articulation”
rule, which renders notes marked staccato in the score [31]. A macro-level rule
is the “Final Ritard” rule that realizes the final ritardando typical in Baroque
music [86]. Relations between these three rules and body motion have been
found. In particular Friberg and Sundberg demonstrated how their model of
final ritardando was derived from measurements of stopping runners, and in
the previous paragraph we pointed out analogies in timing between walking
and legato, running and staccato. In both cases human locomotion is related to
time control in music performance.

Friberg et al. [87] recently investigated the common association of music
with motion in a direct way. Measurements of the ground reaction force by
the foot during different gaits were transferred to sound by using the vertical
force curve as sound level envelopes for tones played at different tempi. The
results from the three listening tests were consistent and indicated that each
tone (corresponding to a particular gait) could clearly be categorized in terms
of motion.

These analogies between locomotion and music performance open to a
challenging field for the design of new control models for artificial walking
sound patterns, and in general for sound control models based on locomotion.
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Figure 7.6: The double support phase (Tdsu, filled symbols) and the key over-
lap time (KOT, open symbols) plotted as function of half of stride cycle dur-
ation (Tc/2) and of IOI. The plots for Tdsu correspond to walking at step fre-
quency as reported by Nilsson and Thorstensson [185, 186]. The KOT curves
are the same as in Figure 7.1, reproducing data reported by Repp [201], Bresin
and Battel [32], MacKenzie and Van Eerd [165].

In particular a model for humanized walking and one for stopping runners were
implemented in two pd patches. Both patches control the timing of the sound
of one step on gravel.

The control model for humanized walking was used for controlling the
timing of the sound of one step of a person walking on gravel. As for the auto-
matic expressive performance of a music score, two performance rules were
used to control the timing of a sequence of steps. The two rules were the
“Score Legato Articulation” rule and the “Phrase Arch” rule. The first rule,
as mentioned above, presents similarities with walking. The “Phrase Arch”
rule is used in music performance for the rendering of accelerandi and rallent-
andi. This rule is modeled according to velocity changes in hand movements
between two fixed points on a plane [74]. When it was used in listening tests of
automatic music performances, the time changes caused by applying this rule
were classified as “resembling human gestures” [131]. The “Phrase Arch” rule
was then considered to be interesting for use in controlling tempo changes in
walking patterns and combined with the “Score Legato Articulation” rule. In
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Figure 7.7: Spectrogram of three steps extracted from the running sound on
gravel of Figure 7.2.

Figure 7.9 the tempo curve and the spectrogram for walking sounds, produced
by the model, is presented.

The control model for stopping runners was implemented with a direct ap-
plication of the “Final Ritard” rule to the control of tempo changes on the sound
of running on gravel.

In the following we describe a pilot experiment where the control models
presented here are tested for the first time.

7.3.2 Pilot experiment: listening to walking and running so-
unds

A listening test comparing step sound sequences without control, and se-
quences rendered by the control models presented here, was conducted. We
wanted to find out if (1) listeners could discriminate between walking and run-
ning sounds in general and (2) if they were able to correctly classify the differ-
ent types of motion produced by the control models.

Stimuli Eight sound stimuli were used. They were 4 walking sounds and
4 running sounds. The walking sounds were the following; (1) a sequence
of footsteps of a man walking on gravel indicated with WSEQ in the follow-
ing, (2) one footstep sound extracted from stimuli WSEQ (W1STEP ), (3) a
sequence of footsteps obtained by looping the same footstep sound (WNOM ),
(4) a sequence of footsteps obtained applying the “Phrase arch” and the “Score
Legato Articulation” rules (WLP ). The running sounds were; (1) a sequence of



Chapter 7. Experiments on gestures: walking, running, and hitting 119

Figure 7.8: The time when both feet are in the air (Tair, filled symbols) and the
key detached time (KDT, open symbols) plotted as function of half of stride
cycle duration (Tc/2) and of IOI. The plots for Tair correspond to normal fre-
quency steps in running [185, 186]. The KDT for mezzostaccato (KDR = 25%)
is defined in the Oxford Concise Dictionary of Music [135]. The values for the
other KDTs are reported in works by Bresin and Battel [32] and Bresin and
Widmer [34].

footsteps of a man running on gravel (RSEQ); (2) one footstep sound extracted
from stimuli RSEQ (R1STEP ), (3) a sequence of footsteps obtained by looping
the same footstep sound (RPD), obtained with a pd patch, (4) a sequence of
footsteps obtained applying the “Final Ritard” rule (RRIT ).

Subjects and procedure The subjects were four, 2 females and 2 males.
Their average age was 28. The subjects all worked at the Speech Music Hear-
ing Department of KTH, Stockholm.

Subjects listened to the examples individually over Sennheiser HD433 ad-
justed to a comfortable level. Each subject was instructed to identify for each
example (1) if it was a walking or running sound and (2) if the sound was hu-
man or mechanical. The responses were automatically recorded by means of
the Visor software system, specially designed for listening tests [105]. Listen-
ers could listen as many times as needed to the each sound stimuli.
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Results and discussion We conducted a preliminary statistical analysis of
the results. In Figure 7.10 average subjects’ choices are plotted. The Y axis
represents the scale from Walking, value 0, to Running, value 1000, with 500
corresponding to a neutral choice. It emerges that all walking and running
sounds were correctly classified as walking and running respectively. This in-
cluding the footstep sequences generated with the control models proposed
above. This means that listeners have in average no problem to recognize this
kind of stimuli. It is however interesting to notice how the stimuli correspond-
ing to a single footstep were classified with less precision than the other sounds
in the same class (walking or running). In particular one of the subjects classi-
fied the stimulus W1STEP as a running sound. The R1STEP was classified as
mechanical, although it is a real sound. This could be the reason why the se-
quences of footstep sounds produced by the control models were all classified
as mechanical, since these sequences loop the same footstep.

7.3.3 Discussion

In this section we proposed a model for controlling the production of foot-
step sound. This control model is rule-based and it is derived from analogies
between music performance and body motion that have been observed in previ-
ous works of the KTH research group. Even though this is still an exploratory
work, a listening test was conducted. In this pilot experiment, the model was
applied to the control of walking and running sampled sounds. The main result
was that subjects correctly classified different types of motion produced by the
model.

Recently, the sampled sounds were substituted by a physics-based model
of crumpling sounds [77]. This model allows the modeling of expressive walk-
ing and running patterns by varying various foot-related parameters, such as
the pressure on the ground, and the size of the foot. A model of expressive
walking could be useful for characterizing footsteps of avatars in virtual reality
applications.

The proposed rule-based approach for sound control is the first step toward
the design of more general control models that respond to physical gestures.
Continuing on the same research direction, other models were developed based
on rule-based control of parameters in sound models. In the following sections
and in chapter 11 studies on the expressive gestures of percussionists and disk
jockeys (Dj) are discussed. From these studies two rule-based control models
were derived, one for percussive instruments and one for Dj scratching. These
models can produce a natural expressive variation of the control parameters of
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Figure 7.9: Tempo curve and overlap time curve used for controlling a walking
sound.

sound models in accordance with the dynamics of the gestures.

7.4 Modeling gestures of percussionists: the pre-
paration of a stroke

Playing the drums. Mastering rhythm and tempo requires a playing tech-
nique, which can be adapted to the feedback from the instrument. Percussion
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Figure 7.10: Mean classification values, with pooled subjects, for the scale
Running (1000) - Walking (0). WSEQ is a sequence of footsteps of a man
walking on gravel; W1STEP is one footstep sound extracted from stimuli
WSEQ; WNOM is a sequence of footsteps obtained by looping the same foot-
step sound; WLP is a sequence of footsteps obtained applying the “Phrase
arch” and the “Score Legato Articulation” rules; RSEQ is a sequence of foot-
steps of a man running on gravel; R1STEP is one footstep sound extracted
from stimuli RSEQ; RPD is a sequence of footsteps obtained by looping the
same footstep sound obtained with a pd patch; RRIT is a sequence of footsteps
obtained applying the “Final Ritard” rule.

playing, in general, can require that the player perform the same rhythm on sev-
eral different instruments with different physical properties (e.g. the stiffness
of the drumhead and the mass, hardness and shape of the mallet). Therefore
it seems reasonable to assume that a skilled player, when possible, will take
advantage of these different properties to minimize the experienced effort.

Four percussion players’ strategies for performing an accented stroke were
studied by capturing movement trajectories. The main objective was to invest-
igate what kind of movement strategies the players used when playing inter-
leaved accented strokes, the hypothesis being that accented strokes would be
initiated from a greater height than the unaccented strokes. Other questions
addressed were whether there would be any differences in movement patterns
or striking velocities depending on playing conditions; dynamic level, tempo,
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or striking surface.

7.4.1 Method
Three professional percussionists and one amateur played on a force plate

with markers on the drumstick, hand, and lower and upper arm. The move-
ments were recorded using a motion detection system (selspot), tracking the
displacement of the markers at 400 Hz. The rhythmic pattern - an ostinato
with interleaved accents every fourth stroke - was performed at three dynamic
levels (pp, mf, and ff), at three tempi (116, 160, and 200 beats per minute), and
on three different striking surfaces added to the force plate (soft, normal, and
hard).

The analysis was concentrated on the vertical displacement of the drum-
stick at the initiation of a stroke, the preparatory height, and the velocity right
before impact, the striking velocity. Both these measures were extracted from
the vertical displacement of the marker on the drumstick.

The metric location of a stroke, that is, the position of the stroke in the
measure was of special interest. The mean values were therefore calculated
and presented with respect to the metric location so that a data value refer-
ring to metric location #1 is averaged across all first strokes in the measure
for the specified player and playing condition. For instance, Figure 7.12 show
the average striking velocities for the four players playing on the normal sur-
face, where metric locations #1, #2, and #3 are unaccented strokes and #4 the
accented stroke.

7.4.2 Results
Movement trajectories. The analysis showed that the four players used move-
ment strategies to play the accented strokes. The movements were maintained
consistently within each player, but the movement trajectories differed consid-
erably between the players (see Figure 7.11). All subjects raised the stick to
a greater height before the accented stroke. In Figure 7, paper II, the average
preparatory height for the four subjects are seen. The figure shows how the
players increased the preparatory heights with increasing dynamic level and in
preparation for the accented stroke (beat #4).

Striking Velocities. The characteristics of the players’ individual movement
patterns were reflected in the players’ striking velocities. The observed prepar-
atory heights corresponded well with the striking velocities. The most influen-
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Figure 7.11: Motion trajectories captured from four markers on the drumstick,
and the subjects’ hand, lower and upper arm. The panels show the movement
patterns of the four subjects S1 (upper left), S2 (upper right), S3 (lower left),
and S4 (lower right) as seen from the players’ left side. The numbers corres-
pond to the location of the markers as seen in the illustration above. Each panel
includes approximately four measures at mf, 200 beats per minute. The prepar-
atory movements for the accented stroke can be seen as a larger loop compared
to that of the unaccented strokes. The players’ drumstick, hand, lower and
upper arm are involved to different extent in the movements, reflecting the dif-
ferent playing styles. Subjects S1 and S3 (left column) are mainly playing in
orchestras, while subjects S2 and S4 (right column) mainly play the drumset.



Chapter 7. Experiments on gestures: walking, running, and hitting 125

tial parameter on the movement patterns was the dynamic level. Comparing the
striking surfaces, the players tended to increase striking velocity when playing
on the soft surface, but decrease striking velocity for the hard surface.

Both the preparatory heights and the striking velocities show that the main
difference between the playing styles of the drummers was the emphasis on
the accented stroke as compared to the unaccented. For instance, players S1
and S2 produced similar average striking velocities for the unaccented strokes,
but while S1 played the accented strokes on average with a velocity 1.5 times
higher than for unaccented, the striking velocity for S2’s accented stroke was
almost five times the unaccented.

Figure 7.13 show a comparison between how player S1 and S2 emphasize
the accented stroke compared to the unaccented, for different tempi and dy-
namic levels. The figure shows a linear plane fitted to the measured striking
velocities for all unaccented strokes (stroke #2, bottom plane), and the accen-
ted strokes (stroke #4, top plane) for the two players playing on the normal
surface. As illustrated by the inclination of the planes in the figure, tempo
and dynamic level has different influence on the two players’ emphasis on the
accented strokes.

Two of the players (S2 and S4) also showed a slight decrease in striking
velocity for stroke #3, the stroke preceding the accent. The explanation can be
found in the preparatory movements. Both these players initiate the preparation
for the accented stroke by moving the hand and wrist upwards. To reach the
height from which the accented stroke is initiated in ample time the hand starts
the upward movement already before the preceding hit.

7.4.3 Discussion
The movement patterns of the players were clearly reflected in the striking

velocities. It is possible that the differences between the players’ movement
strategies and emphasis on the accented beat compared to the unaccented beat
could refer to the different background of the players. Player S1 and S3 are
mainly active in the symphonic and military orchestral traditions, while S2
and S4 mainly play the drumset. In orchestral playing an accent, although
emphasized, should not be overemphasized. In contrast, many genres using
drumset playing often encourages big dynamic differences between stressed
and unstressed beats. In fact, unstressed notes are sometimes played as soft as
possible; “ghost notes”.

In Figure 7.11 trajectories from the analyzed percussionists can be seen,
representing the two playing styles. The most emerging feature in the playing
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style of the two players was the amount of emphasis on the accented note com-
pared to the unaccented. While all subjects raised the drumstick up to a greater
height in preparation for the accented stroke, the ratio between the preparatory
height for unaccented and accented strokes varied considerably between play-
ers. In the figure the symphonic player (S1) lifts the stick only slightly higher
for the accented note, the drumset player (S2) on the other hand, displays great
differences in the preparations for the two kinds of strokes, (the accented stroke
seen as a large loop compared to the unaccented strokes).

The movement trajectories with their differences in preparatory height were
reflected in the striking velocity. Figure 7.12 shows the average striking velo-
city for the four subjects. Each data point is averaged across its position in the
measure, its metric location. Thus a data point at metric location #1 is aver-
aged across all first strokes in the measure, and so on. All strokes occurring at
metric location #4 were accented and it is clearly seen how all players raised
the striking velocity for this stroke. The amount of emphasis on the accented
note differed between players, but also with dynamic level and tempo.

The influence of different dynamic level and tempi on strokes played by
subjects S1’s and S2’s is illustrated in Figure 7.13. The figure shows linear
planes fitted to the striking velocities for an unaccented stroke (stroke #2, bot-
tom plane), and the accented strokes (stroke #4, top plane). As the inclination
of the planes in the figure clearly shows, tempo and dynamic level has different
influence on the two players’ emphasis on the accented strokes. The fit of the
linear plane with data is not optimal, but was used as a simple estimate on the
players different emphasis on the accented stroke.

7.5 Auditory feedback vs. tactile feedback in drum-
ming

Percussion players are able to control their own movements with great pre-
cision under different conditions. In doing this they use their own movement
strategies, but also a variety of expressive gestures (which also are able to con-
vey expression to observers).

use a variety of expressive gestures when striking their instrument and they
Therefore, an analysis of gestures as performed by percussionists can provide
useful insights for the design of control models for impact sound models.

Players strive to acquire a playing technique that will allow them to play as
long, fast and loud as required with sufficient precision. Precisely how long,
fast and loud a player needs to play is dependent on the music and the perform-
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Figure 7.12: Average striking velocity for the four subjects. The values are
displayed versus their metric location, where metric location #4 contains all
accented strokes. The different emphasis the four players place on the accented
stroke as compared to the unaccented is clearly seen. Most markedly is the
differences between the two players S1 and S2.

ing conditions. Contemporary music that uses drum-set is usually performed
together with electronically amplified instruments in larger music halls. This
calls for a higher range of dynamic level than does the symphonic orchestra,
which instead demands great precision at soft dynamic levels.

Regardless of their musical genre, skilled players seem to have developed
a playing technique that is flexible yet efficient. A study of four percussionists
with different backgrounds performing single strokes with interleaved accents
[58] have shown that each of the four subjects displayed a characteristic move-
ment pattern that was maintained very consistently.

The rebound. Like many instrumentalists percussionists are very dependent
on the tactile feedback from the instrument. The time that the drumstick is in
contact with the drum head is very short (usually between 5-10 ms [57]) but
determines the timbre and quality of the stroke. The time is so short that the
player has small opportunities to adjust anything once the drumstick hits the
drum head. To get the desired result the movement has to be right throughout
the whole stroke, from beginning to end, including the final position after the
rebound.
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Figure 7.13: Striking velocities for players S1 (top panel) and S2 (bottom
panel) playing at all tempi and dynamic levels on the normal surface. The
graphs show a linear plane fitted to the measured striking velocities for an un-
accented stroke (stroke #2, bottom plane), and the accented strokes (stroke #4,
top plane). The fit of a linear plane to data is not optimal, but was used as
an estimation of the drummers’ different interpretation of the accented stroke
compared to the unaccented.

Contradicting feedback. When a player is performing on electronic drum
pads and synthesized drums the relationship between the tactile and the audit-
ory feedback is somewhat different than for the acoustical drum. The recorded
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or synthesized sounds make it possible to change the acoustical properties of
the drum very easily, without affecting the physical properties of the instru-
ment. A change of sound is no longer necessarily connected to a corresponding
change in the tactile feedback. Consequently the sounding stroke may not cor-
respond exactly to the characteristics of the played stroke. For the player, the
mismatch between sound and tactile feedback introduces a conflict. This fea-
ture would not be possible when playing acoustical drums, and hence playing
electronic drum pads is to conquer a different instrument.

A physical model of an instrument supplies a sound source that responds
naturally to gestures during playing. Such a model, however, can introduce
some delay in the response. Electronic instruments dependent on electronic
amplification may well be subject to delays through signal processing or even
because of too large distances between loudspeakers and players. It is therefore
important to know to what extent such perturbations can be tolerated.

Delayed Auditory Feedback - DAF. As new electronically instruments make
conflicts and contradictions between different feedbacks possible, it is an inter-
esting question which sensory feedback a player will adjust to. Manipulating
the auditory feedback by introducing a delay is easily done and would also have
a strong relation to the normal playing situation where delays of the auditory
signals can occur.

Earlier studies have investigated the effect of Delayed Auditory Feedback
(DAF) in music performance. Gates [91] used delay values in the range 100
ms to 1.05 s for keyboardists. They found that players tended to slow down in
tempo, most markedly at a delay of 270 ms. Finney [72] reported large errors
in performance for pianists subjected to DAF during playing. In his study
the delayed feedback caused more discrepancies in interhand coordination and
introduced more errors compared to the conditions with combined delay and
pitch modulation of the feedback to the player. Pfordresher and Palmer [194]
found that the spread in timing decreased for certain delay values that coincided
with subdivisions of the performed tempo.

In these investigations the delay values studied have been well above the
just noticeable differences for tempo perturbation. In studies of time discrimin-
ation in isochronous sequences the just noticeable difference ranged between 1
and 9% of the inter-onset interval (IOI), depending on the type of perturbation
(see [85] for a survey). It could therefore also be interesting to study the effects
on musical performance of smaller delay values.
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7.5.1 Experiments
To investigate the impairment of delays in auditory feedback on rhythm

production, we studied drumming on electronic percussion instruments with
delayed auditory feedback. The investigation has compared players trying to
maintain a steady tempo without an external time keeper, to players synchron-
izing with a metronome. The hypothesis was that if a player has to synchronize
with another audio source, i.e. other musicians, he/she will try to do this by
matching sound with sound for as long as possible. There should, however,
come a certain point when the time delay is so large that the player no longer
can disregard the discrepancies. The player will then have to make an active
choice of which feedback to rely on and this should cause a change in the tem-
poral errors produced. For the drummers performing without metronome we
expected a steeper shift in tempo for about the same amount of delay.

Pilot experiments

In two pilot experiments the effect of delayed auditory feedback on tempo
synchronization was investigated. The pilot experiments are described in detail
in [59]. In a first investigation the Max Mathews Radio Baton [25] was used
as a percussion instrument. The output files were analyzed with respect to the
time difference between the onset of the baton stroke and the metronome. In
a second pilot experiment the Radio Baton was exchanged for a commercial
drum pad (Clavia ddrum [61]) and the spread in IOI were studied.

The two pilot experiments supported the assumption that the player in-
deed tries to match sound with sound when playing with a metronome. In
Figure 7.14 it’s clearly seen how the player compensates for the delay by initi-
ating the strokes earlier, striving to match the delayed auditory feedback with
the sound of the metronome. The second pilot experiment also indicated that a
possible break-point could be sought between 40-55 ms, after which the timing
error seemed to increase.

Main experiment

Method and subjects. The experimental set-up used a patch in pd [197] to

• control the generation of a MIDI note with the desired auditory delay,
and reproducing a percussive sound

• store timing data of the hits
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Figure 7.14: Time difference between Radio Baton stick hits and metronome
versus introduced delay for one of the subjects in the pilot experiment. With
increased delay the player strives to place the stroke earlier and earlier to match
the sound with the sound of the metronome.

• produce a metronome to indicate the tempo. Subjects listened through
a pair of closed headphones that blocked the direct audio feedback from
the playing.

Through the patch the experimenter was able to control the tempo of the
metronome and the delay of the auditory feedback to the player in real time.

10 drummers participated as subjects. The subjects were instructed to play
single strokes with their preferred hand and to maintain the tempo indicated
by the metronome. After adjusting the stool and position of the ddrum pad
to a comfortable height and checking the sound level in the head phones, the
experiment started. The player was seated so that there was no direct view of
the experimenter managing the manipulating PC.

Each subject performed at two different tempi, 120 and 92 beats per minute
(BPM) The nominal beat separation for the two tempi are 500 and 652 ms
respectively. For each recording session the player started at one of the two
tempi (randomly chosen), which was indicated by the metronome through the
headphones. If the subject was playing without a metronome the metronome
was turned off when the player had adjusted to the tempo (after approximately
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Figure 7.15: Example of raw data from one of the subjects performing with
metronome. The top curve shows the successive IOIs encircling the nominal
tempo, 92 BPM (nominal beat separation 652 ms) indicated by the dashed line.
At the bottom of the figure the amount of delay and the onset times can be seen.
It can be noted that the larger changes between adjacent IOIs do not necessarily
coincide with the shifts in ∆t.

10 strokes).
The experimenter introduced the delay in steps from 0 to ∆t and then back

to 0. Each step in ∆t was maintained for about 10 to 17 strokes, so that the
player was not prepared for a tempo change. After each step in ∆t there would
be a period (of about the same length) with ∆t = 0, before introducing a new
∆t. An example of how the changes in auditory feedback were introduced to
the player is shown in Figure 7.15.

At each tempo the first session, upward session, the first perturbation star-
ted with a ∆t of 5 ms. ∆t was then increased by 5 ms each time the delay re-
turned until about 160 ms, or until the player failed to continue playing. In the
following session, downward session, the delay started at a value little above
where the subjects stopped playing in the previous session and ∆t was reduced
with 5 ms for each occurrence until the zero-level was reached. After the first
two sessions the player had a recess for about 5 minutes before the two remain-
ing sessions at the other tempo.
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Analysis The analysis was concentrated to the spread in IOIs. The last nine
IOIs produced before each change in ∆twere pooled together and the spread of
data was calculated as the standard deviation. To make comparisons between
different tempi possible the IOIs were also normalized to the average IOI across
the same last 9 intervals for each each ∆t. These normalized IOIs were then,
in turn, pooled together and the spread of data calculated. For ∆t = 0 only the
first 9 intervals before the perturbations began were included. The range in ∆ts
covered varied between sessions. For the range up to 145 ms were all subjects
represented, although some subjects played up to a delay of 200 ms.

A first visual inspection of data revealed that one of the subjects playing
with metronome performed very poorly. As this subject had stated that drums
were not his main instrument it seemed likely that the many and large disturb-
ances in data had an origin in poor control of the drumstick, and this subject
was therefore omitted from the remaining analysis.

There were some gaps in the data set. The gaps were due to uninten-
ded ‘double-clicks’ from the experimenter while controlling the patch, which
caused the introduction of a new ∆t before the intended 10 strokes had been
played. In all, 80 out of a total of 9720 strokes (9 intervals x 30 delay val-
ues x 4 sessions x 9 subjects) were missing, in the range up to ∆t = 145.
For some values of ∆t almost all strokes would be played but, more common,
there might also be no strokes recorded for a certain ∆t during for a specific
session. The missing strokes occurred only for one delay value for the subjects
performing with metronome (∆t = 20 ms) but for 9 different delay values for
the subjects performing without metronome (∆t = 5, 10, 15, 20, 35, 40, 60 and
105 ms).

The gaps in data resulted in a weaker foundation for the pooling and the
calculation of the standard deviation for the concerned ∆ts. However, as the
tests were tiring, aborting and re-starting a test session was not considered
to benefit the experiment. Subjects would probably have been more likely to
produce errors due to lack of concentration than due to conflicting sensory
feedback.

7.5.2 Results
General impressions during the experiment were that players at first easily

coped with the delay. In the beginning of the first upward session there were
but minor disturbances in timing and playing appeared easy. As the auditory
delay was increased subjects tended to increase the striking force to achieve
more tactile feedback from the ddrum pad. Drummers performing without met-
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Figure 7.16: Two subjects playing with (top) and without metronome (bottom).
The figures show the mean IOI (averaged across the last 9 strokes for each
delay value, ∆t), with the standard deviation. Test sessions with increasing
delay (∆ts from 5 ms and up) are seen to the left, while right panels show
the sessions with decreasing delay (∆ts from 180 ms and down). The tempo
indicated by the metronome (500 ms = 120 BPM) is represented by a dashed
line.

ronome generally decreased tempo throughout the session, but some subjects
(both performing with and without metronome) also tended to either increase
or decrease tempo during the periods where the delay was applied.

Figure 7.16 show examples of one subject playing with metronome and
another playing without. The figure shows the mean IOI played for each delay
value (∆t), and the vertical error bars indicate the standard deviation. For the
subject performing with metronome (top panels) there is a section when the
player clearly fails to maintain the tempo. In the upward session (top left)
the difficulties are seen as considerable deviations for delay values between
75 and 110 ms. As delay is increased further, however, the player once more
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manages to follow the metronome. For the downward session (top right) there
is a corresponding interval with increased variability between 135 and 90 ms,
after which the average tempo settles down to metronome tempo.

For the subject performing without metronome there are clear difficulties to
maintain the original tempo already from start. For each delay value there are
few large discrepancies between successive strokes. The standard deviations
are fairly constant throughout the whole session, and never come close to the
large deviations displayed in the top panels. A more telling indication of the
players’ difficulties is the drift in tempo. For both the upward and downward
session the rate at which the player decreases tempo is slowest for delay values
less than 80 ms. In the upward session, however, the player suddenly starts to
increase the average tempo for delay values over 170 ms. No increase in tempo
can be seen in the downward session, but the full span of the tempo drift can
be seen in the jump between delay value ∆t = 5 and ∆t = 0. These values
used in the averages for ∆t = 0 were always taken from the strokes in the
beginning of the session, before the perturbations, and are thus not connected
to the preceding data points in the same way.

Comparing the performances for all subjects some general observations can
be made:

1. Large differences between adjacent IOIs did not necessarily coincide
with the the times where the delay was applied or removed. Rather,
it would normally take about 4-5 strokes after the shift before the player
would ‘loose track’ in the rhythm.

2. Large ‘dips’ in the average IOI accompanied by large standard deviations
(as seen in top panels in Figure 7.16) are mainly due to strokes at ap-
proximately the double tempo. Although errors, they indicate that the
subjects tried to maintain tempo by subdivision. There were, however,
also plenty of strokes that were not close to any subdivision.

3. A certain training effect can be discerned for the subjects playing with
metronome. For the first upward session there are more severe disturb-
ances and hence larger spreads compared to the remaining sessions.

4. Comparing the overall performances between subjects performing with
and without metronome across the delay range 0-145 ms, the standard
deviations were generally higher for subjects playing with metronome
(mean value 5.2% compared to 3.1% for subjects playing without met-
ronome). In this group also the maximal standard deviations appeared,
reaching 14%.



136 The Sounding Object

5. For the subjects performing without metronome there were more dif-
ficulties to maintain the slower tempo (92 beats per minute). For the
higher tempo (120 beats per minute) there were equal numbers of in-
creases as decreases in tempo.

7.5.3 Discussion
To conclude the findings from the experiments there are clear effects of

the DAF on the performances of the drummers also for delay values below the
previously explored ranges. Difficulties to maintain tempo and large errors in
the timing of individual strokes appeared more frequently for certain ranges in
delay values. Possible breakpoints could be sought in two ranges; one between
20-55 ms, and another between 80 and 130 ms.

The large shifts between adjacent intervals and the larger variations in
standard deviations for the players performing with metronome compared to
those performing without, could have several sources. The results seem to
point toward two options:

1. Since the metronome continues to mark the original tempo, it makes
coping with the effects from the delayed auditory feedback more ‘urgent’
for these players. Players performing without metronome, on the other
hand, were able to drift further in tempo without adjusting.

2. As pointed out by Madison [166], playing along with a metronome is in
itself not a trivial task.

That large errors and tempo drifts occur already for values well below
100 ms makes it clear that there is a conflict between the perceived audio sig-
nal and the tactile feedback. It is interesting though, to see how the players
manages to discard the audio signal and return to ‘normal’ standard deviations
once the delay is large enough. This indicates that tactile feedback in drum-
ming is something that can be relied on once the delayed auditive feedback has
exceeded a certain ‘critical’ value. It was also very evident how the subjects
increased striking force for delay values that disturbed them. In the downward
sessions some players also made almost abrupt changes in striking force as the
delay values once more passed under the lower breakpoint. The effect with the
increased striking force could be further explored in additional investigations.


