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Abstract: Digital musical instruments have become increasingly prevalent in musical creation and
production. Optimizing their usability and, particularly, their expressiveness, has become essential
to their study and practice. The absence of multimodal feedback, present in traditional acoustic
instruments, has been identified as an obstacle to complete performer–instrument interaction in
particular due to the lack of embodied control. Mobile-based digital musical instruments present
a particular case by natively providing the possibility of enriching basic auditory feedback with
additional multimodal feedback. In the experiment presented in this article, we focused on using
visual and haptic feedback to support and enrich auditory content to evaluate the impact on basic
musical tasks (i.e., note pitch tuning accuracy and time). The experiment implemented a protocol
based on presenting several musical note examples to participants and asking them to reproduce
them, with their performance being compared between different multimodal feedback combinations.
Collected results show that additional visual feedback was found to reduce user hesitation in pitch
tuning, allowing users to reach the proximity of desired notes in less time. Nonetheless, neither visual
nor haptic feedback was found to significantly impact pitch tuning time and accuracy compared to
auditory-only feedback.

Keywords: digital musical instruments; interaction; instrument control; musical gesture; multimodal
feedback; haptics; smartphone; human computer interaction

1. Introduction

Multimodal feedback is fundamental to tasks requiring physical control. From an early
age, humans use touch as one of the main learning processes [1,2] and explore how the
physical world reacts to our actions. Sight and hearing are senses we learn, which do not
require physical contact to operate. What we perceive through them often does not directly
correlate to our interaction with the world. However, auditory and visual stimuli are
frequently triggered due to tactile interaction. We expect a response from physical objects
we manipulate and learn how to interpret feedback to master physical tasks. Whenever
a system is manipulated, we need a feedback response to guide our actions—we need
to gauge how our control influences or triggers a response (most commonly via visual
feedback). However, when physically manipulating an object to exert control over any
system, we expect a response we can physically feel.

By design, traditional musical instruments are physical systems governed by physical
laws. While most people associate musical instruments with their auditory feedback only,
musical instruments are multimodal, i.e., they operate in different representational modes.
Sound production is probably the most important, but other modalities are intrinsic to their
operation. A guitar produces sound by vibrating its strings, and this vibration can be heard,
observed, and felt. Similarly, most traditional acoustic instruments encompass auditory,
visual, and haptic feedback while being played. Their physical nature, moving parts,
and imprinting of movement on the encompassing space provoke multimodal responses.

Multimodal Technol. Interact. 2022, 6, 68. https://doi.org/10.3390/mti6080068 https://www.mdpi.com/journal/mti

https://doi.org/10.3390/mti6080068
https://doi.org/10.3390/mti6080068
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/mti
https://www.mdpi.com
https://orcid.org/0000-0001-7560-9943
https://orcid.org/0000-0003-3884-2687
https://doi.org/10.3390/mti6080068
https://www.mdpi.com/journal/mti
https://www.mdpi.com/article/10.3390/mti6080068?type=check_update&version=1


Multimodal Technol. Interact. 2022, 6, 68 2 of 19

On the other hand, digital musical instruments (DMIs) do not rely on acoustical processes
for sound production, which would result in intrinsic physical response. Therefore, they do
not embed multimodal representations by design, possibly fostering a disconnect between
the performer and the DMI. Beyond the fundamental auditory response, which needs to be
translated from a discrete digital representation to continuous acoustic energy, additional
multimodal feedback potentially increases the playability (playability of a piece of music
or an instrument: the quality of not being too difficult for someone to play [3]). This is
reflected not only in the ease of learning said instrument but also in the increased control
over it.

Today, the multitude of devices that can be used to create and run musical and
auditory processes, together with the complexity of finding proper approaches beyond
traditional instruments, open several avenues for research and musical creativity. A subset
of DMIs that run on mobile handheld devices (MHDs) such as smartphones, tablets,
and similar devices is of interest here. These devices are somewhat distinct from most
DMIs, as they have become pervasive within our society. Traditional DMIs are typically
designed from the ground up, with all elements of their system (i.e., control mechanisms,
processing, and feedback methods) being created with a specific goal in mind. Mobile
phones and smartphones are ubiquitous, and their use is becoming second nature to us [4].
Their increasingly powerful capabilities, portability, and their wide array of hardware
components suited for feedback generation make them perfect for developing musical
tools—allowing the creation of universally available DMIs as self-contained instruments
running on readily available devices. Multimodal feedback in DMIs has an increasing body
of literature, but much remains to be explored and studied in the field of MHD-based DMIs.
Our work addresses this limitation by studying how the general population appropriates
an MHD in a musical context, i.e., how one would use an MHD and operate it as a musical
instrument, and how to best design said instrument in terms of control and feedback
methods. The study presented in this article follows a previous experiment [5], where
we explored how users map musical actions (i.e., note onset, note pitch variation, note
duration variation, note amplitude variation) as MHD operative gestures. The contribution
resulted in guidelines, or best practices, for mapping operative gestures to musical actions:
results have shown that all these actions were overwhelmingly mapped as touch gestures
operated using these devices’ touchscreen.

This first step towards defining guidelines for creating MHD-based DMIs allowed
us to look into the next logical step in this process: by knowing the most representative
modes of operations, how can we best inform them about how the system is behaving?
Going back to the first paragraphs of this section, we discussed how traditional musical
instruments are multimodal, so, how much of that behavior should be translated into
these new instruments? MHDs have specific hardware components that easily recreate
these additional representations or feedback modes. These components, i.e., the device
actuators, allow us to translate digital information into physical responses: auditory (the
device’s speaker), visual (the device’s screen), and physical (the device’s vibration motor).
We designed an experiment to ascertain the influence of these additional feedback modes
in reinforcing traditional auditory feedback in a given musical context. Specifically, we
wanted to determine if having additional layers of visual and physical feedback influenced
the ability of users to execute note pitch tuning.

This article is structured as follows. Section 2 contextualizes the field of work by going
over important points in the body of research and important concepts and premises behind
the present experiment. Section 3 details the design of an experimental procedure followed
and the data collection and analyses. Section 4 presents and discusses the results stemming
from the experiment. Finally, Section 5, summarizes our study’s main conclusions and
contributions, as well as future work and implications drawn from these results.
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2. Related Work and Contextualization

“Playing music requires the control of a multimodal interface, namely, the mu-
sic instrument, that mediates the transformation of bio-mechanical energy to
sound energy, using feedback loops based on different sensing channels, such as
auditory, visual, haptic, and tactile channels.” [6]

This definition provides a good starting point for defining how a musical instrument
(digital or otherwise) could be viewed: a system controlled by a multimodal interface,
converting input information (energy in the case of acoustical instruments) into a diverse
array of auditory, visual, haptic, and tactile feedback signals. However, how do we define
and determine what the input control and output feedback are? Moreover, what exactly is
feedback? Let us take a side-step out of our field of focus and into the field of education.
We can find a good starting point to try and define this:

“Feedback is conceptualised as information provided by an agent (e.g., teacher,
peer, book, parent, self, experience) regarding aspects of one’s performance or
understanding.” [7]

Education is a field where feedback is paramount in the process, considering it is
the main way by which students assess their errors and correct their results—“Feedback
thus is a “consequence” of performance.” [7]. This feedback can be of various different
natures/types—auditory (e.g., speech, warning sounds), visual (e.g., color codes, symbols),
tactile (e.g., movement or resistance), for example—and can be multimodal when the
information is conveyed via a combination of different feedback types. Multimodality
has consistently been found to provide a richer and more accurate way for recipients to
assimilate and react to their performance. This has become especially important for digital
tools and multimedia, where operation is usually not reliant on physicality, and the tools’
behavior and user feedback must be defined.

Multimodal feedback has a solid base of research and evidence supporting its use and
application as a positive influence on task performance in the context of mobile experiences.
It is important to note, nonetheless, that the overwhelming majority of studies focus on
multimodality anchored around visual feedback—all other feedback types serving as
additional layers of information supporting that specific mode. In particular, feedback
multimodality in mobile device operation improves usability and expressiveness [8]. It
also provides a more flexible way for users to better perceive and avoid errors [9]. Research
has shown that multimodal feedback positively impacts performance, perceived effort,
error correction/avoidance, and error reaction time [10–13]. For example, Ref. [14] studied
the impact of multimodal feedback on mobile gaming as a way of providing additional
layers of information to the game experience, namely by testing and comparing using tilt
feedback (i.e., physically moving the device) and using a combination of auditory, haptic,
and visual feedback. Their research found that the second approach had a noticeable
positive impact whenever at least one of the types of feedback was present—especially with
the inclusion of auditory feedback. They also confirmed that users preferred the presence
of additional feedback due to the added layer of interaction introduced to the experience.
Similarly, Ref. [15] found that multimodal feedback (i.e., audio-visual, haptic-visual and
audio-haptic-visual) led to better performance when compared to strictly visual feedback,
with a particular favoring towards haptic-visual feedback. Haptics and sound are already
frequently used in conjunction and can be found in interactions that are becoming a staple
in mobile device use (e.g., the “Home” button click sound/vibration, simulating a physical
button press). The combination of both auditory and haptic feedback was found to elicit a
considerably different performance impact when compared to either type added by itself
to the original visual feedback. Ref. [16] found that haptic-visual feedback was favored by
users when compared to multimodal audio-visual feedback, noting the importance of these
additional feedback types when considering (for example) usage by visually-impaired
users. A comprehensive meta-analysis by Ref. [17] goes over 45 studies and highlights
the potential of haptic (vibrotactile, as referred to by the authors) feedback as supporting
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visual information. This feedback multimodality has also been researched and applied
as a way of enriching the musical experience, and its perception by sensory-impaired
persons [18,19]—suggesting that the additional layers of information are important in
reinforcing the perception of the primary feedback mode.

Research surrounding multimodal feedback for digital musical interfaces and sys-
tems also has a growing body of research, which consistently finds support in validating
the positive impact of introducing additional feedback types as support to auditory feed-
back [20–22]. Our research, however, focuses on a specific control interface and musical
system: mobile-based musical instruments. This is an approach with very little research.
However, some studies have addressed both, enabling easy implementation and assess-
ing the impact of feedback multimodality when supporting audio-based tasks [23,24],
illustrating the interest in this subject.

This study focused on three distinct feedback types: auditory, visual, and haptic. These
are the most common feedback methods in related literature, with visual feedback being the
most predominant. While visual and auditory feedback are prevalent throughout the digital
field, commonly used on both physical and digital tools, haptic is somewhat less common
and thus less familiar to users. From the Greek haptikos—“to grasp or perceive”—haptics
has come to refer to what one might call the science of touch. In a context-specific definition,
haptics refers to physical feedback, able to be perceived by tactile means, most commonly
employing vibrotactile stimulus (i.e., vibration force). Haptics has become an important aspect
in the design of digital musical instruments and has been the focus of research, and dedi-
cated publication [25]. This feedback type is important in fostering the connection between
performers and Digital Musical Instruments (DMIs) and Digital Music Control Interfaces
(DMCIs) by providing further embodied interaction via a physically perceivable layer of
information concerning the auditory content. This application of haptics, however, mostly
relies on using external devices and wearable contraptions in order to generate the vibrotactile
feedback [26–30]. If, in the case of DMCIs, these can be integrated with the physical controller
without altering its footprint or increasing its unwieldiness, in the case of software-based
DMIs, they represent an additional external element, which might be disruptive to the interac-
tion process. Mobile devices present a unique case wherein the device running the DMI is also
equipped with the necessary tools for both control input and multimodal feedback generation.

2.1. Specificities of Mobile Devices

DMIs rely on physical actuators to produce feedback for the player, either acoustical,
mechanical, or optical. In the context of mobile phones, or mobile handheld devices
(MHDs), there are a plethora of actuators bundled with the device. Some projects and
prototypes aim to further expand their possibilities with external add-ons. However,
to design a self-contained digital instrument to be used in a commonly available MHD,
one must conform to the reality of the devices and their available sensors and actuators.
This can be seen at the same time as a limitation and possibility. On the one hand, these
actuators are available for use in most devices as-is, but on the other, one is limited to
the ones most manufacturers adopt. As it stands, most MHDs are equipped with (at
least) an acoustical actuator (speaker), a mechanical actuator (vibration motor), as well as
several optical actuators (e.g., status LEDs, edge/rim LEDs, flashlight), in addition to the
ubiquitous touchscreen.

2.1.1. Input (Sensors)

Haptics are something to consider both in terms of output feedback and input control,
with pressure being the most immediate choice. The usage of this as data input for MHD
DMIs’ control is tightly linked to physical actuators available, which are (to this day) still
widely unavailable in most devices—although some simulations making use of other more
common actuators have been proposed. For example, Ref. [31] proposed an emulation
of pressure-sensing technology, making use of the MHD’s speaker and microphone by
using the microphone to record a continuous sound frequency generated by the speaker.
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They extrapolated a degree of pressure applied to the device’s body by comparing both
signals and calculating physical signal damping. Ref. [32] proposed a pressure-sensing
technology using the same sensor and actuator by generating a predefined sound, recording
it with the device’s microphone, and comparing both to measure the physical bend in the
MHD’s body and thus extrapolate touch pressure. One can easily see how both approaches
will greatly depend on both devices (microphone and speaker) capabilities: the speaker
needs to generate an inaudible sound at constant frequency and amplitude, while the
microphone has to be able to record said frequency properly. This brings into play variables
as mentioned above like distortion sensibility, frequency range, and dynamic range, which
greatly vary with the quality and build of the devices. Speakers have a wide array of
frequency and dynamic range, with massive changes in capabilities from the lower-end
to the higher-end devices, which result in a limitation in developing a solution that will
fit most devices. In addition to these hardware constraints, this algorithm would be nigh
impossible to extrapolate to a wide range of devices, considering their physical specificities
in terms of materials and format.

2.1.2. Output (Actuators)

Vibration motors vary greatly in terms of capabilities and, consequently, feedback
possibilities. While some, for example, allow for vibration intensity variations, others only
allow system-wide fixed intensity. The vibration intensity range also greatly varies from
device to device. Considering the hardware diversity of available actuators, it is difficult to
design an exact and dynamic user-feedback haptic model making use of them.

The most universally available and consistent haptic actuator can be considered the
touchscreen—by definition, the devices we focus on depend on having a touchscreen to
be considered as such. These devices’ quality (e.g., pixel density, contrast, color quality,
refresh rate, touch sensibility, points of contact) greatly varies from the low to high-end
range of MHDs. Nonetheless, their capabilities in visual cue production can be seen as
universal, at least on the level one can expect in the context of this work.

3. Materials and Methods

We conducted an experiment targeting the general population, regardless of musical
experience, to evaluate the impact of visual and haptic feedback on the effectiveness of
musical note reproduction on mobile-based DMIs. More specifically, the experiment aimed
to assess whether visual and haptic feedback methods impacted note pitch tuning time
and/or note pitch tuning accuracy when used as a complement to auditory feedback.
Furthermore, we designed the experiment to ascertain whether familiarity was exhibited
or noticeable with practice. In greater detail, the experiment was designed to answer the
following questions in the context of mobile-based DMIs:

1. Does visual feedback impact pitch tuning time and accuracy?
We wanted to assess if visual feedback of note pitch height, in addition to an auditory
response, impacts the time and pitch accuracy participants took to reach a target pitch;

2. Does haptic feedback impact pitch tuning time and accuracy?
We wanted to assess if haptic feedback of note pitch, in addition to the auditory
response, impacts the time and pitch accuracy participants took to reach a target pitch;

3. Do these additional visual and haptic feedback methods impact macro and micro
note tuning?
We wanted to assess whether visual and haptic feedback impacts the time to reach
a target note in pitch tuning. In the scope of this experiment, we considered micro
tuning the pitch tuning adjustments within a semitone distance to the target and
macro tuning as tuning up until that point (please refer to Section 3.3 for a detailed
description of macro and micro tuning);

4. Is there a perceivable degree of familiarity for visual and haptic feedback methods in
note reproduction on mobile-based DMIs?
We wanted to study the degree of improvement of note tuning using visual and
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haptic feedback in addition to an auditory response, which can indicate the impact of
familiarity in the successful completion of the note tuning action.

In order to provide evidence that can shed light on the above questions, the experiment
implemented a protocol where participants were asked to reproduce 12 random musical
notes ranging from C4 to C7. Their performance was captured and analyzed based on these
parameters: (1) total time executing a target note, (2) distance to target pitch, (3) number
of tuning actions, (4) micro-tuning time and micro-tuning actions count. The parameters
definition and computation are detailed in Section 3.3. Participants controlled note triggers
and pitch using a single-touch Y-axis position on the touchscreen to reproduce the target
notes. This mapping follows the operative guidelines validated in a previous experiment [5].
Both auditory examples and participant-generated notes had a constant amplitude—no
mechanism was provided for participants to manipulate note amplitude. The device control
was planned for single-hand device manipulation.

An application entitled NemmiProtoDue (https://paginas.fe.up.pt/~up200005343,
accessed on 29 June 2022) was developed to conduct the experiment. It adopts Java and
Pure Data using libPD [33] for the Android operating system. NemmiProtoDue was able
to generate the required auditory, visual, and haptic feedback and was made publicly
available through the Google Play Store (https://play.google.com/store, accessed on 29
June 2022) to anyone willing to participate in the experiment. Additionally, the application
creates a log file per experiment trial, storing device actuator data (i.e., timestamped touch
positions and movement, target pitch, and reached pitch per test case). The logged data was
used to analyze the parameters under evaluation for different visual and haptic feedback
methods. This experiment was conducted remotely, with participants using their personal
devices to run it and submitting the logged data via email at the end. Logged data was
not influenced by device specificity, as the only sensor-bound data (touchscreen position
coordinates) that might present variability between devices was converted to percentage
values (0–100% left-to-right and down-to-up), making it device-agnostic.

Prior to the experiment, participants were first introduced to NemmiProtoDue’s
interface by conducting a trial phase, which aimed to introduce the note triggering and
pitch tuning operations. After the successful completion of the experiment, participants
were asked to submit a log file capturing the performed actions via an automatically
generated email. In addition to the in-app instructions, a website (https://paginas.fe.
up.pt/~up200005343/instructions.php, accessed on 29 June 2022) was created to guide
participants in the experiment procedure via video and text descriptions. The experiment
required participants to wear wired headphones to minimize external interference (e.g.,
noise or any other source of sound that might interfere with the listening experience)
and ensure audio examples were reproduced correctly by all devices regardless of their
hardware. The choice of wired over wireless headphones remained with the need to avoid
the loss of audio signal, which is not guaranteed in wireless headphones due to possible
network connection instability.

The architecture of the NemmiProtoDue application is shown in Figure 1. It includes
two operative modules: the host application and the embedded Pure Data patch. While the
Pure Data patch was responsible for all audio-related processes (e.g., note reproduction,
triggering the onset and offset), the host was responsible for general test management,
sensor and actuator control and data logging. Communication between both the cores was
accomplished through Pure Data send and receive objects.

https://paginas.fe.up.pt/~up200005343
https://play.google.com/store
https://paginas.fe.up.pt/~up200005343/instructions.php
https://paginas.fe.up.pt/~up200005343/instructions.php
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Figure 1. The architecture and data flow of NemmiProtoDue, an application for the Android operating
system we designed to run our study experiment.

3.1. Stimuli

The experiment included four test cases, which assessed the following four feedback
method combinations: (1) auditory feedback, (2) auditory and visual feedback, (3) auditory
and haptic feedback, and (4) auditory, visual and haptic feedback (see Figure 2). Each test
case consisted of a participant prompt/action alternation. The application generated an
example stimulus the participant was asked to reproduce using the touchscreen’s Y-axis to
find the correct tuning. The application’s behavior would sequentially change, bringing
into its operation the specific feedback methods.

Figure 2. Different test cases featured in the experiment: (1) auditory feedback, (2) auditory and
visual feedback, (3) auditory and haptic feedback, (4) auditory, visual and haptic feedback.

For each test case, three different example stimuli were presented to the participant,
each test case effectively being repeated three times. Each of these test case repetitions
is henceforth referred to as an iteration of the experiment. The experiment included
12 iterations in total, resulting from the 3 repetitions of each of the 4 test cases. This
threefold repetition of the same test case aims to inspect the potential impact of familiarity
in the context of the analyzed parameters.

3.2. Stimuli Feedback Methods

1. Auditory feedback—mapping the user touch’s Y-axis position to the generated note’s pitch;
2. Visual feedback—mapping the generated note’s pitch to the fullscreen application

background color);
3. Haptic feedback—mapping the generated note’s pitch to the device’s vibration intensity).
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3.2.1. Auditory Feedback

For the participant’s generated notes, musical parameter mappings were taken from
the aforementioned previously studied guidelines [5]. Note trigger (onset and offset) and
duration were linked to touch gestures. Notes started reproduction when touch started,
and was sustained for as long as touch was kept. Notes stopped playing whenever touch
ended. Note pitch was mapped to the touchscreen’s Y-axis with notes ranging from C4
to C7—the lowest vertical position corresponding to the lowest end of the range and the
highest vertical position corresponding to the highest end of the range.

The auditory response was synthesized using the Pure Data digital signal processing
engine. Notes consisted of a simple sine oscillator whose amplitude was controlled by
an audio envelope. The example notes adopted an Attack-Sustain-Release envelope with
durations of (respectively) 30 ms, 3000 ms, and 50 ms. Participant-generated notes adopted
individual triggering of the Attack and Release stages of the envelope (30 and 50 ms,
respectively), with note sustain tied to the participant’s touch.

3.2.2. Visual Feedback

The pitch-to-color correspondence was achieved by mapping the note pitch to the
color’s Hue, following an HSL (Hue, Saturation, Lightness) color format (C4–C7 pitch to
60–360 degrees Hue). Figure 2 shows an approximate color correspondence relative to the
screen’s Y-axis. Studies have consistently found that visual memory and cues outperform
and take precedence over the auditory counterpart [34,35]. By using a scale-based visual
representation of pitch (arguably the most immediate visual representation for this musical
parameter), there would be an immediate visualization of the touch position. This would
likely lead the participant to fall back on that as the primary reference source over auditory
memory. Our approach provides a visual reference for the participant while preventing the
immediate disclosure of a target position.

3.2.3. Haptic Feedback

Considering the lack of a universally available vibration control across all Android
devices, we opted to control the vibration intensity utilizing an approach similar to Pulse
Width Modulation (PWM). We leveraged the Android SDK’s capability of designing a
vibration pattern for this actuator, alternating fast On and Off times that would result in
a variation in perceived vibration intensity. Contrary to a typical PWM, which uniquely
changes the duty cycle time, the generated vibration pattern changed the total cycle time
and the duty cycle simultaneously, resulting in a repeatable pattern that provided the
desired perceived feedback intensity. This approach was inspired by an article on the
TipsForDev website (https://tipsfordev.com/algorithm-for-generating-vibration-patterns-
ranging-in-intensity-in-android, accessed on 29 June 2022), which we modified according
to participant feedback collected in the pilot experiment. In detail, intensity values below
25% and above 65% were reported as being barely noticeable.

3.3. Experiment Design

Each experiment iteration followed a sequence of five events:

1. The application showed a call-to-action message over neutral black background
prompting the participant to listen to an example stimulus;

2. The application played a stimulus note with random pitch and the corresponding
feedback methods;

3. The application showed a call-to-action message over neutral black background
prompting the user to find the same pitch once the message disappeared;

4. The application started playing audio when participating initiated a touch. At the
same time (as applicable), it changed the background color and vibration intensity
following patterns described in Section 3.2. Values for audio, visual, and haptic
feedback were mapped from the participant touch’s Y-axis position, and reproduction
of all feedback stopped once the touch was released;

https://tipsfordev.com/algorithm-for-generating-vibration-patterns-ranging-in-intensity-in-android
https://tipsfordev.com/algorithm-for-generating-vibration-patterns-ranging-in-intensity-in-android
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5. A new test case of random type (1–4) would start, going through the total 12 iterations.

The order of the total 12 iterations was randomized (using a uniform random distri-
bution) for each participant to minimize order effects across feedback methods. To collect
the participants’ performance in note reproduction on mobile-based DMIs, we defined the
following five metrics that were collected on an interaction basis:

• Time reaching the end note: time participant took from first starting touch to releasing;
• Final note distance: absolute distance from the end note to the target note;
• Number of tuning actions: total touch position changes (moving the touch corresponds

to note tuning as touch position controls note pitch)
• Micro-tuning time: percentage of total iteration time spent in the micro-tuning

stage; Micro-tuning actions: percentage of total iteration actions done in the micro-
tuning stage.

End note refers to the final note reached by the participant. Target note refers to
the example provided, which the participant is attempting to reproduce. We considered
micro-tuning as the stage in which participants were executing precise note tuning below
a semitone distance to the end note. Any tuning actions occurring sequentially below
this threshold at the final stage of text were considered micro-tuning. Although research
has shown that time needed to perceive off notes seems to lie under 50 ms [36], this
perception ties into the note duration, with longer notes being easier to gauge. Micro-
tuning thus becomes noticeably important on longer notes, where pitch deviations become
more apparent. We adopted a semitone as the threshold for micro-tuning as it is the smallest
interval within Western musical traditions.

To reduce participant’s error, we implemented the following two fail-safe conditions
during the experiment data collection:

• Time < 200 ms AND number tuning actions < 15;
• Final note distance > 4 semitones AND number tuning actions < 15.

If any experiment iteration verified either of these two conditions, it was considered
invalid and silently repeated (i.e., with the participant unaware of this repetition). Each
iteration was allowed one single repetition—if this repeat was once again under the specific
thresholds, it was not repeated. This fail-safe procedure avoiding “false positive” notes was
revealed in a pilot experiment we ran to validate the protocol and resources. Participants
would accidentally touch the screen and release the note by accident, resulting in far-off
notes from the example’s target pitch. Thresholds and conditions were based on the logs
gathered from the pilot experiment.

In addition to these in-test measures, additional cutoff measures were applied while
processing the collected data from the experiment. Considering the possibility of having
invalid iterations logged, even with the silent repeats, a second stage of result selection was
applied before statistical analyses. Invalid iterations were counted, and any participant
with over 4 logged repeats or a total of repeats and invalid iterations over 4 was considered
ineligible for consideration.

3.4. Data Analysis

The statistical analysis of the collected data was conducted in SPSS version 26 (IBM, 2020).
Results were analyzed both on an inter and intra-test case basis:

• Inter-test case analysis: this analysis compared all pairwise test case combinations
per considered parameter (i.e., time, tuning actions, note distance, micro tuning time,
and micro tuning actions). These tests aimed to ascertain any trends concerning the
impact of the different feedback methods on the aforementioned parameters. In the
inter-test case analysis, we adopt the data resulting from the third test case repetition
only, considering that this would represent the iteration where the participants would
be most familiar with that specific test case operation;
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• Intra-test case analysis: compared the three test case repetitions per feedback method
for all parameters under analysis to ascertain any noticeable trends leading towards
an impact of familiarity within particular test case operative conditions.

Considering the non-parametric nature of the data and our aim to compare and rank
the impact of different feedback methods on the considered metrics, we used the Friedman
test to analyze the collected experiment data, which provided us with rankings for all
compared datasets. These rankings are generated by comparing individual results for each
test case and ranking the data from lowest (rank 4) to highest (rank 1). The individual
counts are then organized in a table/graph with the total frequency count for each ranking.
For example, if we consider the inter-test case analysis for test time, each participant will
have a ranking between test cases, with one taking the least time (rank 4) and one taking
the most (rank 1). After creating the rank for each participant, these can be organized in
overall frequency graphs, showing the frequency in each rank for each of the compared
test cases.

The Friedman test then calculates statistical significance related to the similarity (or
difference) of the ranking distribution between the analyzed test cases. A statistically
significant result indicates a rejection of the null hypothesis (that the distribution for each of
the analyzed sets is the same), meaning there is a significantly different distribution among
the analyzed sets.

For statistical analyses, we considered the following significance level convention:
Significant result: p < 0.05; non-significant result: p ≥ 0.05.

4. Results

Participants were recruited from several academic mailing lists, social network groups,
and word-of-mouth sharing. Participation was voluntary and not subject to selection.
One participant was excluded via pre-determined performance cutoffs, as described in
Section 3.3, resulting in 60 eligible participants.

Each iteration in the results section, in Figures 3–10, is identified by a string that
concatenates the following information: TestCaseID_RepetitionNumber_ParameterID. Both
the test case ID and repetition number start counting from 0 (i.e., 0–3 for test cases; 0–2 for
repetitions). Table 1 details the parameter IDs used in these results and the units in which
they are measured.

Table 1. Parameter specifications used in results; percentages are expressed as a number between 0
and 1.

Parameter Iteration
Time

Tuning
Actions

Final Note
Distance

Micro
Tuning Time

Micro
Tuning
Actions

ID Time Actions Distance Micropoint Microactions

Unit Ms Count Semitones Percentage Percentage

For example, the first test case using auditory feedback has ID T0; the code for the
second repetition of this test case would be T0_1; the full code string for the test time
parameter of this iteration would be: T0_1_time.

Due to the underlying requirement of the Friedman test to analyze repeated measures
of variance by ranks, multiple frequency charts for the ranking of each set of iteration
data will be presented. Each of the individual compared iterations was ranked from
the lowest (which always corresponds to the total number of compared iterations) to
the highest (always 1) value. Different parameters have different rank interpretations.
For the time parameter, the lowest rank represents less iteration time, which is the best
result. For tuning actions count, the lowest rank is the test case with the smallest count.
For distance, the lowest rank will similarly represent the test case where the participants’
end note was closer to the target note’s pitch. In the case of micro tuning time and micro
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tuning actions, there is less of a positive or negative representation for the ranks. These
parameters represent, respectively, a percentage of total iteration time and total tuning
action count. This means that a lower ranking for micro tuning time represents less time
spent in the micro tuning phase (and consequently greater time spent in macro tuning).
In contrast, a lower ranking for micro tuning actions represents a majority of tuning actions
being made in the macro tuning phase (less action count percentage in micro tuning). This
will become more apparent as we further encounter the graphic representations of each
and discuss the results.

4.1. Inter-Test Case Analyses

As previously described in Section 3.4, we considered the last repetition of each test
case only and compared rankings between each test case for the defined parameters (i.e.,
T0_2 for each parameter).

Table 2 shows the statistical significance of the Friedman test results for the inter-test
case analysis of the considered parameters. Statistically significant results are shown in
bold. We can conclude that the iteration time, final note distance, and the number of
tuning actions have no statistically significant results. Therefore, their pairwise comparison
ranking distribution per test case does not significantly differ. In other words, no feedback
method impacts either of these parameters noticeably. Micro tuning time and micro tuning
actions have statistically significant ranking differences. Figures 3 and 4 show the data
frequency distribution for the two statistically significant results.

Table 2. Friedman testing significance results for inter-test case analysis; bold: significant result.

Parameter Time Distance Actions Micro
Tuning Time

Micro
Tuning
Actions

Significance
(p) 0.134 0.460 0.819 <0.001 <0.001

Figure 3. Inter-test case Friedman test rankings for test micro tuning time.

In Figure 3, we see the ranking representations for the micro tuning time for each
of the test cases. Test cases T1 (auditory and visual feedback) and T3 (auditory, visual,
and haptic feedback) exhibit a similar distribution, with rank four emerging as the one with
the higher count. This indicates that participants spent less time in micro tuning than on
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the remaining test cases. The common point between these two test cases is the presence
of visual feedback. The two remaining test cases (T0 and T2), where the visual feedback
method is absent, show a distribution which appears to be inverted, i.e., participants spent
a greater percentage of test time in the micro-tuning phase.

Figure 4. Inter-test case Friedman test rankings for test micro actions.

Figure 4 shows the ranking representations for micro tuning action for each test case.
No clear tendencies across the different test cases are observed. However, the overall
distribution between T0 (auditory-only) and T3 (auditory, visual and haptic feedback) is
inverted. T0 indicates a greater number of total tuning actions performed during the micro
tuning phase, conversely to T3, where this phase overwhelmingly is shown to be the one
with the lowest percentage.

Our data suggest that none of the visual and haptic feedback methods significantly
impact the iteration time, tuning action count, and final note distance when performing note
reproduction on mobile-based DMIs. Therefore, these feedback methods do not improve
(nor hinder) the tuning accuracy or the required time to reach a target pitch.

On the other hand, micro tuning is shown to be influenced by visual and haptic
feedback methods. Results suggest that visual feedback has a pronounced impact on the
tuning phases. Visual feedback results in a shorter time spent in the micro tuning phase
over macro tuning. Although results show a less pronounced influence in the tuning actions
performed during micro tuning, the tuning action count during the micro tuning phase is
also reduced when adopting visual feedback. Therefore, visual feedback guides participants
to reach the target pitch’s vicinity quicker and with fewer subsequent tuning actions.

4.2. Intra-Test Case Analyses

Table 3 shows the results of intra-test case analyses that compared subsequent test case
repetitions. The intra-test case analyses were conducted to identify trends in familiarity,
i.e., whether the participant’s performance showed a gradual amelioration in results over
each subsequent repetition). Statistically significant results are shown in bold. Figures 5–10
show the ranking frequencies for the parameters found to be statistically significant.
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Table 3. Friedman testing significance results for intra test case analysis; bold: significant result.

Feedback Type Time Distance Actions
Micro

Tuning
Time

Micro
Tuning
Actions

Auditory 0.049 0.245 0.016 <0.001 <0.001

Auditory + visual 0.522 0.300 0.081 <0.001 <0.001

Auditory + haptic 0.522 0.218 0.835 <0.001 <0.001

Auditory + visual + haptic 0.038 0.415 0.035 <0.001 <0.001

Similarly to the previously discussed inter-test case results, we can observe that
micro tuning time and micro tuning actions present significant results over all test cases.
Additionally, statistically significant results on two of the three main parameters, namely
the iteration time and the number of tuning actions, are observed in the auditory feedback
and the combination of auditory, visuals, and haptic feedback.

Figures 5 and 6 show the ranking frequencies for the two test cases with statistically
significant results for the iteration time and tuning action count parameters—test cases
1 (T0—auditory feedback only) and 4 (T3—auditory, visual and haptic feedback). In all
four cases, both parameters have a visibly negative tendency at each subsequent repetition.
The first repetition for both T0 and T3 exhibits a greater number of participants, ranking
this as the fastest iteration (rank 3 = less time), while this distribution seems to become
almost evenly distributed in the second repetition and inverted on the third one, with this
repetition shown to be the longest one. This tendency is also observed concerning the
total number of tuning actions, with the evolution following the same pattern, indicating a
worsening result for each subsequent repetition.

Figure 5. Intra-test Friedman rankings for auditory-only test case. (a) test iteration time, (b) test
iteration action count.

All test cases exhibit statistically significant results for micro tuning time and micro
tuning action count and similar rankings for both parameters, whose ranking charts are
shown in Figures 7–10. There seems to be a pairwise similarity for both micro tuning time
and action count between T0 and T2 and T1 and T3. In the case of T0 and T3, the second
repetition is shown to be ranked third for most participants, meaning that they spent a
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smaller percentage of the total test time in the micro tuning phase, also executing a lesser
percentage of total tuning actions in this phase. Conversely, in the case of T1 and T3,
participants spent more time micro tuning while performing more tuning actions in the
second repetition. The common link between these pairs seems to be tied to visual feedback,
with T1 and T3 being the test cases where this feedback method is present.

Figure 6. Intra-test Friedman rankings for auditory, visual, and haptic test case. (a) test iteration time,
(b) test iteration action count.

Figure 7. Intra-test Friedman rankings for the auditory-only test case. (a) test iteration micro tuning
time, (b) test iteration micro tuning actions.
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Figure 8. Intra-test Friedman rankings for the auditory and visual test case. (a) test iteration micro
tuning time, (b) test iteration micro tuning actions.

Figure 9. Intra-test Friedman rankings for the auditory and haptic test case. (a) test iteration micro
tuning time, (b) test iteration micro tuning actions.
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Figure 10. Intra-test Friedman rankings for the auditory, visual and haptic test case. (a) test iteration
time, (b) test iteration action count.

The expectancy, in the presence of a clear tendency, would be to observe an improve-
ment or degradation with each subsequent repetition (indicative of some sort of cumulative
influence of repetition) or to simply observe consistent results (indicative of no influence of
repetition). This apparent alternation of results, with the first and third repetitions having
somewhat similar ranking distributions, and the second showing a completely reversed
distribution, indicates no perceivable tendency and allows no grounds for establishing
a clear conclusion—other than the need for additional testing to ascertain if there is any
pattern behind this or if it is a product of randomness.

5. Conclusions

Building upon our previous research concerning design guidelines for mapping user
input in mobile-based DMIs [5], we wanted to evaluate how these tools could ideally
provide feedback to users during operation. Specifically, we wanted to ascertain if visual
and haptic feedback would be viable ways of complementing the obvious auditory feedback
of these instruments. We designed an experiment and protocol allowing us to analyze
the performance of 60 participants over a set of parameters relating to tuning time and
accuracy, and precision pitch tuning.

We found that while visual feedback does provide positive reinforcement by seemingly
helping experiment participants reach the vicinity of targeted notes faster and with less
hesitation, for the other considered metrics, there seems to be little benefit to introducing
either additional feedback method. The experiment results provide evidence concerning the
four questions behind our study, which concern the impact of auditory, visual, and haptic
feedback methods on the effectiveness of mobile-based DMIs’ musical note reproduction.
Next, we enunciate the main conclusions in response to each question. Furthermore,
the results point to hypotheses and open questions to be tackled in future work.

1. Does visual feedback impact pitch tuning time and accuracy?
We found that visual feedback did not show any pronounced impact on pitch tuning
time and accuracy. No significant results were found to indicate that participant
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results improved or worsened for either of the three considered parameters (iteration
time, tuning action count, and note pitch distance) due to visual feedback;

2. Does haptic feedback impact pitch tuning time and accuracy?
We found that haptic feedback did not show any pronounced impact on pitch tuning
time and accuracy. No significant results were found to indicate that participant
results improved or worsened, for either of the three considered parameters, due to
the presence of haptic feedback;

3. Do these additional visual and haptic feedback methods impact macro and micro
note tuning?
Experiment results suggested that visual feedback reinforcing auditory feedback
impacts macro and micro note tuning. Visual feedback was shown to positively
impact participant performance, allowing them to reach the vicinity of the targeted
note more easily, thus reducing the need for pitch micro tuning. Haptic feedback was
found to have no significant impact on macro and micro note tuning;

4. Is there a perceivable degree of familiarity for visual and haptic feedback methods in
note reproduction on mobile-based DMIs?
For the three main parameters (iteration time, number of tuning actions, and note
distance), both the auditory feedback and auditory, visual and haptic feedback test
cases (seemingly unrelated) showed similar tendencies. However, these were not the
expected positive tendencies indicative of performance amelioration with familiarity,
but rather the opposite—a worsening in performance. Were it not for the random-
ization of the order of test iterations, one could attempt to find justification for some
type of gradual fatigue, resulting in this degradation of performance. Considering
the implemented experiment procedure, this aspect cannot be seen as the main driver
for this observed tendency. At the same time, contrary to inter-test case testing, mi-
cro tuning time and micro tuning action count percentages have shown somewhat
inconsistent results, with no clear tendency but with an unexplained repeated pattern.
Based on these results, there seems to be no perceivable influence of these feedback
methods over training or familiarity.

These conclusions, however, are accompanied by a need to explore this field further.
There remains a lot to be studied in terms of the impact of multimodal feedback for mobile-
based DMIs in the hopes of finding, or at least building towards, a common practice and
approach to designing these instruments. Results are conclusive regarding the impact of
the specific additional feedback methods used to reinforce auditory feedback on tuning
time and accuracy. Nonetheless, it would also be interesting to extend this experiment to a
greater number of participants and run parametric analyses to ascertain if the overall results
for each parameter do indeed show pragmatically better or worse results with each of the
additional feedback methods (e.g., do participants average better times with or without
visual feedback?). The conclusiveness of these results was accompanied by the questions
brought up by the intra-test case testing, bringing up the need for further study in terms of
familiarity and training potential. Specifically, the results concerning this aspect exhibited
patterns requiring additional or different testing to better describe and validate. Perhaps
using only three repetitions in a short and contained experiment is not enough to properly
gauge the effects of training and familiarity, and a longer, more ongoing experiment would
be best suited for this end.

In this particular experiment, we chose to focus on the general public as the target of
the study. We took this decision based on the assumption that just as traditional instruments
are accessible to anyone, this kind of instrument should also be. Nonetheless, another very
important avenue for exploration lies in the potential distinction between musically trained
and non-trained individuals, particularly considering instrument performance experience.
This would allow for further understanding of the impact of familiarity and training on
the operation of MHD-based DMIs. Pitch perception is something that improves with
training [36], and musical training would be expected to impact the results of these tests.
Similarly, it can be expected for experienced instrument performers to be more sensitive to
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having vibrotactile cues as a natural feedback mode of musical instruments and potentially
be better suited for assimilating additional haptic feedback.

An evolution, or extension of this experiment and protocol, extending not only the
number of participants but the time of contact (or times of contact) with the application,
would complement these results.
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