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ABSTRACT
When designing digital musical instruments the importance
of low and consistent action-to-sound latency is widely ac-
cepted. This paper investigates the effects of latency (0-
20ms) on instrument quality evaluation and performer inter-
action. We present findings from an experiment conducted
with musicians who performed on an percussive digital mu-
sical instrument with variable amounts of latency. Three
latency conditions were tested against a zero latency condi-
tion, 10ms, 20ms and 10ms ± 3ms jitter. The zero latency
condition was significantly rated more positively than the
10ms with jitter and 20ms latency conditions in six qual-
ity measures, emphasising the importance of not only low,
but stable latency in digital musical instruments. There was
no significant difference in rating between the zero latency
condition and 10ms condition. A quantitative analysis of
timing accuracy in a metronome task under latency condi-
tions showed no significant difference in mean synchronisa-
tion error. This suggests that the 20ms and 10ms with jitter
latency conditions degrade subjective impressions of an in-
strument, but without significantly affecting the timing per-
formance of our participants. These findings are discussed
in terms of control intimacy and instrument transparency.

CCS Concepts
•Human-centered computing → Interaction design
theory, concepts and paradigms; Sound-based input /
output; •Applied computing→ Sound and music com-
puting;
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1. INTRODUCTION
Latency is a fundamental issue affecting digital systems

and is of particular relevance to digital musical instrument
design, where the fluent translation of performer action to
audible output is an essential characteristic of the device.
The asynchrony between a control gesture and a system’s
corresponding response (be it auditory, visual or tactile)
can impact on user experience in ways that are both ob-
vious and subtle. The importance of low and consistent
action-to-sound latency is widely accepted when designing
digital musical instruments. Wessel and Wright’s 2002 rec-
ommendation that digital musical instruments should aim
for a latency of less than 10ms and with a jitter of less than
1ms is a common point of reference in the community [20].

It has often been recommended that digital musical instru-
ment designers look to acoustic instruments for examples of
tools that foster a relationship between gesture and sound
that is both intuitive yet complex [16]. Generally acous-
tic instruments produce sound in reaction to action instan-
taneously, as the sound producing mechanism and control
interface are one and the same. There are however some
exceptions when latency is built into the mechanism of an
instrument – in the case of a piano, the delay between a key
reaching the key bottom and the hammer striking the string
can be about 35ms for pp notes and -5ms for ff notes [1].
These figures do not include the key travel time (the time
elapsed between initial touch and the key reaching the key
bottom) which for pressed touch can be greater than 100ms
for pp notes and 25ms for ff notes [1].

With digital musical instruments latency and jitter have
been identified as barriers to virtuosic engagement, obstruct-
ing a fluent interaction with the instrument [12, 16, 20].
These factors impede what Wessel and Wright describe as
the development of control intimacy between performer and
instrument [20]. Fels describes control intimacy as the per-
ceived match of the behaviour of the instrument and the
performer’s control of that instrument [4], a concept deeply
connected with the notion of tool transparency from embod-
ied music cognition [11]: the maintenance of an ecologically
valid causal link (see also [3]) between action and sound to
foster embodied engagement with an instrument.

1.1 Latency in a musical context
Questions regarding the perceptual thresholds of latency

between action and sound have been explored in recent re-
search on human sensorimotor synchronisation and shall be
discussed below (see Repp and Su [17] for a comprehensive



review). Thresholds of latency perception only go so far
in describing the complexity of latency in a musical con-
text. Lago and Kon [10] point out the variability of la-
tency thresholds in a musical context and their dependence
on instrument, style of music and spatial positioning: in
ensemble playing latencies ranging from 10ms to 40ms are
often present due to the limiting speed of sound and the dis-
tances involved between performers. This paper is concerned
not with latency between players, but the latency from the
player’s actions to the sound of their own instrument.

Musical instruments constrain the set of possible control
gestures that a performer uses, and latency effects these con-
trol strategies in different ways. Instruments with continu-
ous gestural control, for example, have been shown to be
less sensitive to latency: for a theremin, where no physical
contact is made with the instrument, the threshold is 20-
30ms [13]. Percussive instruments, on the other hand, are
likely to be the most sensitive: studies suggest that sub-
jects can tap to a steady beat with as low as 4ms variation
[18], while listeners are able to detect timing variations of
around 6ms in isochronous sequences [6]. Many previous
studies point to highly trained musicians being particularly
sensitive to timing differences. The standard deviation of
synchronisation error is lower for highly trained musicians
than for non-musicians [17]. Fujii et al. [7] find that highly
trained drummers can achieve a mean synchronisation error
of 2ms for a metronome at 1000ms and 500ms, and 1ms for a
metronome at 300ms, with standard deviations of 10-16ms.

Latency, at heart, is a multisensory issue. It brings to
the fore the mechanism of sensory integration: how impres-
sions of simultaneity are maintained and how they can be
pushed and pulled depending on the relative time of arrival
of stimuli to each sensory modality. Kaaresoja et al. [8]
examine the effect of multi-modal feedback on the perceived
quality of touchscreen virtual buttons, finding that tactile
feedback should have the lowest latency (5-50ms) followed
by audio (20-70ms) and finally visuals (30-85ms). In a previ-
ous study they noted that delayed tactile stimuli can create
the impression of a heavier button, requiring participants to
exert more force [9]. Another relevant study was conducted
by Dahl and Bresin [2] while investigating audio-tactile la-
tency in a musical context. They found that when latency is
progressively introduced musicians shift their gestures and
strike ahead of the beat to align the delayed sound with a
metronome, known as anticipation [17]; synchronisation can
be maintained in this way up to around 55ms latency.

1.2 Latency and instrument quality
Though the perceptual and synchronisation effects of la-

tency have been studied, there has been little formal inves-
tigation into the effect of latency on perceived instrument
quality. Wessel and Wright’s 10ms threshold appears to
derive from longtime practical experience rather than con-
trolled experiments. In this paper we present a study that
examines these effects, approaching the notion of control in-
timacy [4] through an investigation of perceived instrument
quality. Our aim is to test, in a musical context, the impact
of latency on performers’ subjective quality judgements of
a digital musical instrument even before they become con-
sciously aware of a delay, and in turn to see how this is
reflected in the way they interact with the instrument.

To test this we designed an experiment based around a
novel percussive instrument where we could have submil-

lisecond control of the amount of latency. As a method-
ological move we decided to deliberately mask the fact that
latency was the subject of the study – participants were told
that they were evaluating the quality of different settings on
a novel musical instrument and latency was not mentioned.
The first part of the experiment involved subjective reports
of instrument quality in a free improvisation task, where a
latency condition was compared against a zero latency con-
dition according to six quality measures. The second part
measured temporal and dynamic performance during a series
of rhythmic tasks, again with variable amounts of latency,
followed by a structured interview.

Section 2 of this paper introduces the instrument used in
this study, while Section 3 explains the design of the exper-
iment. This is followed by results from the experiment in
Section 4 and finally by a discussion of the results in the
context of digital musical instrument design.

2. THE INSTRUMENT

2.1 Mechanical setup
We built a self-contained percussive digital musical in-

strument from eight ceramic tiles of varying sizes. Ceramic
tiles were chosen as the main control interface of the instru-
ment for ecological reasons: a ceramic tile is an object which
holds associations of a immediate and sharp sonic response
due to the properties of the material. Ease of playability
was another consideration: the affordances of the instrument
encourage finger percussion and tapping, a type of instru-
mental control that musicians could easily achieve without a
steep learning curve. The novelty of the instrument was also
an important factor: our participants were to feel like they
were evaluating something new, bringing fewer prior concep-
tions to the instrument, than they would to drum pads or
other commercial interfaces.

2.2 Electronic hardware
The instrument was created using the Bela platform1 [15],

a hard real-time sensor and audio processing platform built
on the BeagleBone Black which is capable of submillisecond
action-to-sound latency [14]. Each of the tiles has a piezo
disk mounted to the back which is fed into the analog in-
puts of Bela. Striking the tiles triggers samples of Gamelan
percussion instruments with only one dimension of control,
amplitude. All sensor and audio processing was done on
Bela, with an additional computer used only to switch be-
tween settings during the study.

The piezo disks were attached to the back of the tiles
using scotch pliable mounting tape. Each of the tiles was
held in position on a foam and plywood mount. The natural
resonance of the tiles were dampened by gluing a layer of 3
millimetre rubber foam to the back of each of them. This
also helped to condition the signal we received from the tile
while attenuating the acoustic sound of the impact.

2.3 Peak detection and filter group delay
Bela was running with a sample rate of 44.1KHz and an

audio buffer size of 16 samples. The peak detection rou-
tine includes a DC offset filter, full-wave rectification and a
moving average filter. The peak detection algorithm detects
strikes on each of the tiles by looking for a downward trend in

1http://bela.io



Figure 1: Image of the instrument as it was set up
for the study.

the data when the current value is above a minimum thresh-
old. Once a peak is detected the amplitude of the strike is
measured and then assigned to the sample appropriate to the
tile. Our synthesis engine was capable of 40 different voices
with an oldest-out voice stealing algorithm if all voices be-
came allocated, to allow for fast repeated strikes. The peak
detection and triggering routine remained constant through-
out the experiment while the latency condition and sample
set changed.

Group delay from the peak detection together with the
audio buffering delay create a base latency of 0.8ms. We
call this the “zero latency” condition as the distance between
the tiles and the ears would normally contribute around 2ms
of acoustic latency, and the sound of the instrument was
monitored directly through headphones.

2.4 Sample sets
Four sample sets were used in the experiment. Each sam-

ple set consists of eight audio samples. The sample sets were
further grouped in two treatments characterised by percep-
tual acoustic features of the attack transients. All sounds
across both treatments were of equal duration, sounds within
each treatment have equal variance of pitch and equal at-
tack time. Treatments differed in spectral centroid during
the initial strike. The two differing groups can be broadly
classified as brilliant and dull (striking a metallic bar with a
metal beater, striking a metallic bar with a padded beater).
Samples were always arranged on the instrument according
to pitch height with the lowest notes mapped to the largest
tile on the left hand side, the highest note to the smallest
tile of the right hand side.

2.5 Sensor logging
Throughout the experiment sensor and audio data was

recorded from the instrument onto an SD card by Bela for
later analysis. This included the raw signal from each of the
eight piezo disks attached to the tiles, the audio output and
the audio input that they were playing along with.

3. EXPERIMENTS

3.1 Experiment design

3.1.1 Participants
Eleven participants took part in the study, three female

and eight male, whose age was between 26 and 35 years.
Eight of the eleven participants classified themselves as in-
strumentalists and the other three as electronic musicians.
The instrumentalists had an average of 14 years playing ex-
perience on their first instrument, the electronic musicians
an average of 10 years making electronic music. All but two
of the participants had used a computer to make music, with
six of the participants regularly using the combination of a
hardware controller and software instrument to compose and
perform music. The study lasted for around one hour and
consisted of two parts. Participants were video and audio
recorded throughout the experiment.

3.1.2 Latency conditions
Three latency conditions were tested, always relative to

the zero latency condition, Condition A:

• Condition B : 10ms latency

• Condition C : 20ms latency

• Condition D : 10ms latency ± 3ms latency (simulated
jitter). Each strike was assigned a random latency
between 7ms and 13ms.

These three specific latency conditions were chosen based
on a recent series of measurements conducted by McPherson
et al [14]. It shows that 10ms is roughly the best achiev-
able target with microcontrollers attached to computer mu-
sic software by a serial link (a common setup for the creation
of digital musical instruments) and that such programs ex-
hibit jitter at intervals of the audio block size, often several
milliseconds in either direction. On Bela, which powers our
instrument, inherent jitter is no more than a single sampling
period (0.03ms) [15].

3.1.3 Setup
For the experiment the instrument was mounted on a

stand in a sound-isolated studio (see Figure 1). Participants
monitored the instrument directly, plugging noise-cancelling
headphones into the back of the instrument. Throughout the
study white noise was played through monitors in the room
at a level where all acoustic sound from the instrument was
inaudible when the participant was performing. This was to
avoid participants hearing any excess sound coming through
air conduction from their contact with the instrument, fo-
cusing their attention on the sound that the instrument pro-
duced and the feel of the strike.

3.2 Part 1: Quality assessment
This part of the experiment was inspired by Fontana et

al.’s study on the subjective evaluation of vibrotactile cues
on a keyboard [5]. In this study they assess the impact
of different vibrotactile feedback routines on the perceived
quality of a digital piano. Our methodology and analysis
in Part 1 takes a similar route. In this first section partic-
ipants were able to switch between two settings, α and β.
They were asked to freely improvise until they were able to



comparatively rate the two settings according to six quality
metrics. They then moved onto the next pair.

3.2.1 Stimuli and conditions
To mask the changing latency conditions the sample set

was also changed between α and β. We deliberately wanted
to mask the changing latency conditions to answer the fol-
lowing questions: firstly, are the latency conditions perceiv-
able by the participants; secondly, what impact do the la-
tency conditions have on quality assessments of an instru-
ment. Participants were simply instructed that they would
be comparing different settings on the instrument and that
they were to compare the performance of the instrument un-
der each one and to try and not base their ratings on sample
set alone.

3.2.2 Design and procedure
Switching between α and β was controlled via a laptop

which hosts a graphical user interface built in PureData2

which communicated with the Bela board via UDP, allow-
ing participants to switch at will. The zero latency condition
(A) was randomly assigned to either α or β while the other
setting in the pair would always contain a latency condition
(B, C or D). Two of the four sample sets were also selected
at random for α and β. There were twelve such pairs for
each participant, ensuring that each sample set was in the
zero latency position 3 times per participant. The order of
presentation also being randomised. Participants were not
informed of what was changing between α and β. Partici-
pants were advised to take around 35 minutes to complete
the evaluation of the 12 pairs.

The participants were informed that they were to com-
paratively evaluate the two conditions according to six at-
tributes: Responsiveness, Temporal Control, Dynamic Con-
trol, Naturalness, Engagement, General Preference. While
making these choices participants were to improvise freely
with no restrictions to their chosen style.

Ratings were input via slider input using a Continuous
Category Rating scale (CCR), a rating widely used in sub-
jective quality assessments of interfaces (recommendation
ITU-T P.800). Participants moved the slider on the contin-
uous scale to rate the relative merits of the two settings (see
Figure 2). The scale had the following titles along its scale:

• α is much better than β

• Both α and β are equal

• β is much better than α

The six attributes (Responsiveness, Engagement, Natu-
ralness, Dynamic Control, Temporal Control, General Pref-
erence) were selected based on recent research into instru-
ment quality evaluations [19] and based on the qualities we
hypothesised would be most relevant to the changing latency
conditions.

3.3 Part 2: Timing assessment

3.3.1 Stimuli and conditions
In this part of the study the experimental setup was the

same as Part 1 but in each of the following two tasks the
sample set was not changed during tasks. The four latency

2https://puredata.info

conditions (A, B, C and D) were presented to the participant
in a random order as they completed the following tasks.

3.3.2 Task 1 - metronome
A metronome at 120 bpm was played through the head-

phones. The participant was instructed to tap along with
the beat using one tile only in four ways: every crotchet
(quarter note) which is equivalent to the 120 bpm of the
metronome, then every quaver (eighth note), every semiqua-
ver (sixteenth note), and finally only the quavers between
the metronome beat. They performed each of these tapping
exercises for at least four bars, paused and then moved onto
the next. Participants then repeated this sequence for each
of the latency conditions. Once completing the task partici-
pants rated the four conditions in terms of relative difficulty,
moving four sliders that ranged from easy to hard, one to
represent each condition. Our methodology in this part of
the study was derived from Fujii et al.’s study on synchro-
nisation of drum kit playing [7].

3.3.3 Task 2 - rhythmic improvisation
A backing track of conga drums at 128 bpm was played

through the headphones. The participant was instructed
to develop a rhythmic improvisation of approximately 30
seconds that was in time with the backing track using all
the tiles. They were given around 3 minutes to do this.
They then performed a version of this improvisation under
each of the four latency conditions. Again, upon completing
this task participants rated the four conditions in terms of
relative difficulty.

3.4 Structured interview
At the end of the experiment a structured interview last-

ing around 6 minutes was conducted where the following
themes were discussed:

1. General impression of the instrument

2. Techniques used to distinguish between α and β in
Part 1, the free improvisation

3. Whether they noticed what was changing between set-
ting, besides sample set

4. RESULTS
In this section we combine qualitative and quantitative

data collected throughout the study to explore the effects of
latency on instrumental interaction.

4.1 Quality assessments
The difference in subjective judgements of instrument qual-

ity was evaluated by looking at the quality ratings from Part
1 of the study. The mean quality ratings for all participants
are presented in Figure 3. -100 on the scale corresponds to
‘α is much better than β ’ option, 100 with the ‘β is much
better than α’ option. In Figure 3 the zero latency condi-
tion A is always α for legibility, although in the study it was
randomly assigned to either α or β.

To assess agreement between participants the Lin concor-
dance correlation was calculated for each quality and pair
of participants. The average ρc was as follows: Responsive-
ness -0.05, Engagement 0.014, Naturalness -0.023, Dynamic
Control 0.012, Temporal Control 0.04, General Preference



Figure 2: Example of the slider input for the Continuous Category Ratings of instrument quality

Latency Eng. Resp. Nat. Dyn. Temp. Gen.
B 0.4 -2.5 -20.9 -4.4 0.9 -1.4
C -14.8 -19.9 -15.6 -12.6 -26.3 -22.9
D -14.4 -19.0 -18.9 -21.2 -23.0 -28.1

Table 1: Mean ratings over all participants for each
quality and latency condition. Significant differences
in bold (p < 0.05). 100 represents β is much bet-
ter than α, 0 represents α is the same as β, -100
represents α is much better than β.

-0.04. This highlights a high degree of variability in opin-
ions between participants: for all of the quality measures
there were at least two participants who disagreed in Gen-
eral Preference almost completely.

Participant responses were positively correlated between
all quality measures. The highest correlation was observed
between General Preference and Engagement (Spearman cor-
relation ρs = 0.85), and the lowest between Engagement and
Dynamic Control (ρs = 0.23). A partial correlation was ob-
served between General Preference and the other quality
measures and were as follows: ρs = 0.59 for Responsiveness,
ρs = 0.56 for Naturalness, ρs = 0.48 for Dynamic Control,
and ρs = 0.51 for Temporal Control.

Results are plotted in Figure 3, and the mean ratings for
each quality scale and latency condition are given in Table
1. On average condition A, the zero latency condition, was
rated more positively for all qualities than condition C and
D, the 20ms and 10ms with jitter conditions. There is no
significant difference in the quality ratings between condition
A and condition B, the 10ms latency condition, aside from
for Naturalness. For conditions C and D Temporal Control
shows the strongest preference. This is followed by Dynamic
Control, Naturalness and Responsiveness which all have very
similar mean ratings for C and D. Naturalness is the only
condition where B is rated significantly better than A; the
others show no significant difference.

As the normality rule for Analysis of Variance was vio-
lated, a non-parametric Friedman test of differences among
repeated measures was conducted. It gave a Chi-square
value of 23.17 which was significant (p < 0.01), indicat-
ing that latency condition significantly affects quality judge-
ments. A paired sample t-test was conducted to compare the
quality ratings for each condition compared against condi-
tion A. There was a significant difference between the rating
of B and the rating of C, t(526) = 3.308, p = 0.001. There
was also a significant difference between the rating of B and
the rating of D, t(526) = 4.1520, p = 0.001. There was how-

Figure 3: Quality ratings across all participants.
Boxplot presenting median and quartiles for each
quality and latency condition. On the y axis 100
represents β is much better than α, 0 represents α
is the same as β, -100 represents α is much better
than β.

ever no significant difference between the rating of C and
the rating of D, t(526) = 0.5254, p = 0.599.

4.2 Timing evaluation

4.2.1 Mean synchronisation error
In this paper our analysis of timing performance focuses

only on task 1, playing with a metronome. For this analysis
we compared the onset of the strike against the onset of
the metronome tone, looking for the difference between the
timing of the strike on the tile and the metronome tone
rather than the audio output of the instrument, which might
have added latency. The onset of each strike relative to that
of the metronome was defined as the synchronization error
(SE). The value was negative when the onset of the strike
preceded that of the metronome and positive when the strike
onset lagged behind the metronome.

Figure 4 presents the mean and standard deviation (SD)
synchronisation error for the first rhythmic task for all la-
tency conditions for all participants, as presented in Fujii et
al’s study of synchronisation in drum kit playing [7]. Mean
synchronisation error can be seen to increase as the divi-
sion of the metronome beat increases. Interestingly there
is no constant anticipation displayed in relation to the la-
tency conditions as we hypothesised. One-way ANOVAs for
each latency condition showed that there were significant
differences among the metronome conditions for all of the
latency conditions in the crotchet, quaver, and semiquaver



metronome conditions, F(2, 48) = 14.92, p < 0.001, F(2,
48) = 17.14, p < 0.001, and F(2, 48) = 28.07, p < 0.001,
respectively. However a repeated measures ANOVA was
insignificant for the interaction between latency condition
and synchronisation error within each metronome condition
(F(2, 764) = 0.83, p > 0.05) suggesting that the difference
in timing error was not significantly impacted by latency
condition in the case of our participants.

Standard deviation of mean synchronisation error also
shows an increase in deviation as the divisions of the metro-
nome increase in speed. For both the crotchet and quaver
metronome condition the standard deviation of mean syn-
chronisation error for 10ms with jitter latency condition was
significantly larger than that of zero latency condition (p <
0.05) and 10ms (p < 0.05) suggesting that the jitter condi-
tion led to more variation in timing than the zero and stable
10ms condition.

None of the eleven individual participants performed the
rhythmic tasks with an accuracy better than the drift in
latency condition D, ± 3ms, i.e. all participants had a vari-
ation in mean absolute synchronisation error of > 3 ms for
all latency and metronome conditions including the zero la-
tency condition.

4.2.2 Perceived difficulty
The 20ms latency condition C was on average rated more

difficult than the other three, however the difference was not
significant (see Figure 5). This was when presented with the
four latency conditions one after the other in a randomised
order.

4.3 Key themes from structured interview
Structured interviews were coded, here we present the ma-

jor themes. This amount of latency is very subtle: only three
out of the eleven participants stated that it was latency or
delay that was the changing factor between settings in Part
1, even when they had the same sample set four times with
four different latency conditions. What was reported across
many of the participants was a changing responsiveness and
level of dynamic control of the instrument, that they imag-
ined the triggering thresholds had been changed and that
the instrument was catching less of their strikes and that
the range of dynamic control had been changed. This led
them to put more effort into playing each individual strike,
i.e. hitting harder. Four of the eleven participants reported
having to play with more weight under certain conditions.
Some participants also acknowledged that under certain con-
ditions they were struggling to maintain timing although not
able to specifically identify that a delay or latency was the
cause of this perceived lack of ability to maintain timing
when asked:

...one was very difficult to keep some sort of
stable timing on, while the other one just clicked
for some reason and made a lot more sense. -
Participant 4

On the second one (condition A) I didn’t have
to put much thought into it or didn’t have to tap
myself in or anything. It was just there under
my finger tips. - Participant 10

4.3.1 Velocity of strike
A variation in striking velocity was noted for the four par-

ticipants who mentioned that certain settings led them to

Latency condition: A. B. C. D
Participant 6 (dB) -10.37 -9.42 -8.87 -9.54
Participant 10 (dB) -9.31 -8.95 -7.84 -6.25
Participant 4 (dB) -9.66 -7.75 -9.14 -10.41
Participant 11 (dB) -12.15 -10.78 -9.84 -10.99

Table 2: Mean strike velocity for Part 2, task 2:
rhythmic improvisations. Values are in dB. Four
participants.

put more effort into playing the instrument. Upon analysis
of rhythmic task two, the rhythmic improvisation, we noted
that the mean striking velocity was harder for latency con-
ditions C and D in comparison with conditions A and B.
A repeated measures ANOVA was significant for the mean
velocity value of both latency conditions C and D in com-
parison with condition A: (F (1, 58) = 3.58, p < 0.05) and
(F (1, 58) = 4.50, p < 0.05) respectively. This suggests that
for these four participants latency condition impacted upon
the mean velocity they were using to strike the instrument.

This was only significant for this subset of the sample
and did not hold for the sample at large: across all eleven
participants there was no significant difference in striking
weight across latency condition (p > 0.05). Mean strike
velocity is presented in Table 2.

5. DISCUSSION

5.1 Latency and quality assessments
The results from Part 1 suggest that latency of 20ms and

10ms ± 3ms can degrade the perceived quality of an instru-
ment, even when the amount of latency is too small to be
perceived as a delay by the performer. The fact that latency
condition D, the jitter condition, was rated in a similarly
negative manner as condition C, 20ms latency, but that con-
dition B, 10ms latency, did not receive such negative ratings,
highlights the importance of stability as well as low latency,
which points to an agreement with Wessel’s recommenda-
tions [20]. None of the eleven participants performed with a
degree of accuracy in Part 2 that was better than the jitter
amount (10ms ± 3ms), yet this condition was still rated neg-
atively. This suggests that subtle variation in the stability
of the temporal response of an instrument can be detected
by performers even if they cannot perform with a degree of
accuracy that is less than the jitter amount. The impact
of the latency conditions was identified by participants as a
changing dynamic response substantially more often than as
a temporal factor in the structured interviews.

Dynamic control was rated negatively for the latency con-
ditions latency of 20ms and 10ms ± 3ms even though there
was no difference in the triggering routine. This was also
highlighted in participant reports of increased force needed
to trigger notes.

From the structured interview we can break down respon-
siveness into two related areas. Firstly, the perceived effort
that it takes to produce a note – participants reported hav-
ing to push harder to produce the desired note under the
20ms latency condition and jitter condition. Secondly, the
perceived immediacy of control of dynamic and temporal
variation – whereas with the no latency condition some par-
ticipants reported a feeling of ease of control, that the notes
were just there under their finger tips, with the latency con-



Figure 4: Mean synchronisation error for all participants (MSE). Error bars indicate between-participants
standard error (n = 11). Standard deviation (SD) of synchronization error (n=11).

Figure 5: Difficulty ratings from Part 2. Boxplot
presenting median and quartiles for each quality and
latency condition.

ditions some reported that with fast passages the instrument
would not track their gestures properly and they would trip
up on notes they had already played. This, alongside partic-
ipant reports of the sound being “under the fingertips” and
“just there” with the zero latency condition, can help illumi-
nate the particular form that control intimacy takes in this
study, as well as the reasons why it is of central importance
to digital musical instrument design at large.

5.2 Latency and timing performance
With each of the levels of latency we introduced partic-

ipants continued to sync with tactile feedback rather than
anticipating their strike to sync with audio as observed by
Dahl [2] when evaluating a larger range of latency (0-110ms)
which was progressively increased. This might suggest that
progression of presentation is a factor in the anticipation of
gesture to delayed sound. In the case of our study the partic-
ipant seems to be able to deal with a given latency condition
quickly: with relatively low levels of latency the delay seems
to be taken as part of the instrument’s behaviour rather than
identified as a noticeable delay.

The group means of the MSE ranged from -21 to 5 ms for
all metronome and latency conditions. The mean standard
deviation ranged from 15 to 25 ms. Both were larger than
that found by Fujii et al in their study with highly trained
percussionists [7] where a mean synchronisation error of -13
to 10ms was achieved for a metronome with standard devia-

tions of 10 to 16ms. In our study our participants, although
all with a high degree of musical experience, did not have
a between-participant consistency of degree of specialised
training as in Fujii et al’s study. Future analysis will aim to
look in more detail at the difference in performance between
individual participants and the influence of musical training.

6. CONCLUSION
We find that 20ms latency showed significantly lower rat-

ings of quality and a higher level of difficulty compared to the
zero or 10ms latency conditions. These results lend support
to Wessel’s guideline [20] that digital musical instruments
should aim for a latency of 10ms or less with 1ms jitter. The
fact that the 10ms latency condition with ± 3ms jitter was
rated similarly to the 20ms condition suggests that a mea-
surement of mean latency is not sufficient to tell whether a
digital musical instrument is sufficiently responsive: stabil-
ity seems to be a crucial factor.

Consistent 10ms latency shows no significant difference in
most quality ratings compared to a zero latency condition,
with the sole exception of the rating Naturalness, whose dif-
ference could be statistical noise, or may be a subtle differ-
ence between conditions that would be amplified with more
participants, trained professionals, or more time spent with
the instrument. We also find no difference in performance
accuracy under this condition compared with zero latency.
Our evaluation is limited to our sample size and a further
study with a larger population of musicians would allow us
to draw further conclusion about what effects on interaction
the difference between submillisecond and 10ms of latency
could possibly have. Future analysis will include an evalua-
tion of the difference in synchronisation error between Part
1 and Part 2 of the rhythmic task to see if latency has a
more pronounced impact on performance when the partici-
pants are partaking in a more musical task. The difference
in performance between participants will also be explored.

6.1 Latency and instrumental interaction
Our results from this study show that even if the level of

latency is below the degree of accuracy that can be achieved
by the performer on an instrument it can still impact on how
the quality of that instrument is judged. In this study none
of the participants were able to perform with a degree of
accuracy that was better than the jitter condition (± 3ms)



yet this condition was rated negatively in comparison to the
zero latency condition. This again highlights the importance
of stability of latency.

6.2 Latency as a tool in instrument design
Subtle changes in the level of latency, so long as stable,

also seem to demonstrate an impact on the feel of the instru-
ment to the performer: it can create differences in how the
performer judges the effort and perceived weight of strike
that is needed to trigger a note. A parallel can perhaps be
drawn to mechanical latency in acoustic instruments: a well-
regulated piano will have predictable action but softer key
presses exhibit quite high latency in comparison to harder
strikes [1]. Once you have complete control of the amount
and stability of latency in a digital musical instrument it may
be possible to stop considering it as an obstacle to intimate
control and to see it rather as a tool that can be deployed
in the design process to create similar multisensory effects.
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