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Research area of Augmented Piano Prototypes

 1 | Synchronising movement and posture between various body parts (physical)

 2 | Improving sight reading skills (psycho-cognitive)

 4 | Enabling improvisation (cognitive)
 → Hand tracking algorithms 
 → Video capture peripherals 
 → Coordinate finger, hand, arm, upper body and foot
 → Reflections and projections as guiding visualisations
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 3 | Motivating students to practice (affective)

gamification reflection customisation

 → peripherals: hand tracking, pitch wheel, 
EMG, projectors,  

 0 | Interview with piano teachers (n=10)

 → 21 avg. years of teaching
 → 34 avg. years of playing

 → modes: key recommendations, lesson 
builder, gestures, viz, motif grabbing

 5 | Evaluation strategies
● Treatment : free exploration (10). marker detection (1). 

observations (2). play a chord (5). play full piece (15). practice 
freely (6). complete a quest (2). 

● Metrics: attractiveness, cognitive load, finger information 
accuracy, level of immersion, motivation, notation accuracy, 
functional check of features, satisfaction, in-game scoring, skill 
improvement, usability, time and usage 

● Tools: open-ended questionnaires, peer-reviewed 
questionnaires, player-scoring plugins, recording observations, 
self-made questionnaires, semi-structured interviews, 
time-tracking mechanisms.

→ Balance between traditional techniques and new approaches
→ Ensuring motivation and a consistent practice regimen
→ Measure expressiveness and improvisation
→ Learner personalisation
→ Other types of interventions (error-prediction, managing cognitive load, supporting collaboration, etc)

Recommendations for future explorations

we inquired about: problems, best practices, ideal scenarios 

and these helped us derived themes 1 2 3 4

Fig. 1. Visual narrative of our survey on augmented piano prototypes in the context of learning. We highlight
the key steps and findings from our interviews (0), its themes (1-4), evaluation strategies (5) and recommen-
dations (in highlight).

Humans have been developing and playing musical instruments for millennia. With technological advance-
ments, instruments were becoming ever more sophisticated. In recent decades computer-supported innovations
have also been introduced in hardware design, usability, and aesthetics. One of the most commonly digitally
augmented instruments is the piano. Besides electronic keyboards, several prototypes augmenting pianos
with different projections providing various levels of interactivity on and around the keyboard have been
implemented in order to support piano players. However, it is still not understood if these solutions are indeed
supporting the learning process. In this paper we present a systematic review of augmented piano prototypes
focusing on instrument learning, which is based on the four themes derived from interviews of piano experts
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to better understand the problems of teaching the piano. These themes are: (i) synchronised movement and
body posture, (ii) sight-reading, (iii) ensuring motivation, and (iv) encouraging improvisation. We found
that prototypes are saturated on the synchronisation themes, and there are opportunities for sight-reading,
motivation, and improvisation themes. We conclude by presenting recommendations on augmenting piano
systems towards enriching the piano learning experience as well as on possible directions to expand knowledge
in the area.

CCS Concepts: • Human-centered computing → Human computer interaction (HCI); Interaction
devices; • Applied computing→ Sound and music computing; Interactive learning environments.

Additional Key Words and Phrases: augmented piano, music learning, systematic review, survey, piano
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1 INTRODUCTION
When learning an instrument, several factors and problems need to be considered. These can either
be (i) physical (maintaining a proper posture, assuming a height level required for a particular
instrument, length of fingers, arms and their flexibility, one-size-fits-all designs of instruments),
(ii) cognitive (acquiring, understanding, retaining and applying music knowledge) [56], (iii) psycho-
cognitive (visual - reading the notes and synchronising them with various body parts, auditory -
hearing the sound of notes being played, tactile perception and strength of one’s press) [24, 124] or
(iv) affective (willingness to learn, motivation to practice) [12, 83].

Using the piano as an example, playing it involves a proper sitting posture and distance from the
instrument to ensure optimised movement of the arms and fingers when pressing keys. Playing also
requires proper timing and coordination between hands, eyes, and feet (on the pedals). For most
novice students, getting used to these motor skills along with the cognitive task of reading music
sheet notation can be overwhelming [59]. In addition, the physical characteristics of the instrument
(e.g., grand piano vs electronic keyboard) may introduce extra challenges in terms of accessibility,
and comfort with prolonged usage, thereby affecting the student’s practice. Practising and ensuring
motivation can also be challenging. This is usually addressed by having regular practice sessions
with an experienced teacher, while constant validation and monitoring of progress help students to
learn faster, given their perseverance and consistent preparation.
Despite these issues, the piano remains a popular choice among novice players [104]. As such,

it also attracts researchers [36] pushing for computer-supported contributions in the form of
augmented interactive surfaces on and around the piano, providing supporting information to the
learner. Some prototypes [47, 161] were used to explore mobile augmented reality (AR), focusing also
on hand-tracking by optimising detection and finger recognition [60, 78]. Other works [154, 155]
explored varying forms of visualisations to enrich viewing and listening experiences. Given these
contributions, it is yet to be investigated how these prototypes support the piano learning process
through various types of augmentations. Thus, this paper aims to understand the general space,
challenges, and opportunities of piano augmentations aimed at learning.
We focus our study on two research questions: (i) What has been augmented in pianos? and

(ii) Do these prototypes address issues exposed by piano teachers? To this end, we conducted
interviews with ten piano teachers and teachers of piano didactics to investigate the main themes
around piano teaching and learning and did a literature review of augmented piano prototypes
consisting of 56 papers. We synthesised our qualitative reviews and the insights we learned from
our expert interviews into what we present as piano learner-based themes. Next, we explored
how 56 prototypes address these themes and the focus of the technology shift throughout the years.
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We also propose possible future directions in the form of recommendations. Finally, we envision
some and challenge our ideas towards an ideal augmented piano prototype that supports these
learner-based themes and alleviates the factors and problems mentioned earlier.

2 BACKGROUND
In the following, we give an overview of two key areas. First, we give an overview of the theo-
retical background of learning an instrument. Second, we introduce the concepts of instrument
augmentations.

2.1 Instrument Learning Methods, Theories and Approaches
The usual approach to music teaching is that an experienced musician, the teacher, passes the
knowledge to a novice student. These sessions are complemented by personal practice to acquire
the skills needed for the next session with a teacher. There are four primary methods that teachers
can integrate when teaching music and instruments: the Kodály, Orff Schulwerk, Dalcroze, and
the Suzuki method. The Kodály method [20] uses hand signals, shorthand notation and rhythm
verbalisation to prepare students to have a solid grasp of music theory and musical notation in both
verbal and written forms. The Orff Schulwerk [122] approach introduces pupils to the rudimentary
forms of music at an early stage. It combines instruments, singing, movement, and speech to
develop children’s innate musical abilities. As such, it fosters self-discovery and improvisation,
which moves away from repetitive mechanical drills. The Dalcroze method [91] is considered the
rhythm gymnastics approach to music learning. Students are instructed to emphasise physical
awareness and engage with music involving all their senses and kinesthetic skills. Finally, the
Suzuki method [109] draws inspiration from music learning, similar to the approaches to learning
one’s native language. It describes an ideal environment that considers high-quality music samples,
rote (mechanical) training, and repetition. Apart from these four internationally-renown methods,
several others have been influential tomusic learning, such as Gordon, Reggio Emilia [16, 41, 48, 135],
Russian Piano method [18] and others.

All these methods consider psycho-motor, cognitive, and affective domains. The psycho-motor
domain in music education focuses on the development of movements and responses that the
body performs based on visual, auditory, and tactile stimuli [124]. The cognitive domain describes
the process of how a student acquires, retains, and applies knowledge of essential concepts and
foundations in music, which leads to more effective music learning experience [56]. This domain
supports various music-making phases, such as performing, improvising, composing, arranging, and
conducting. Having a concrete foundation in this domain ensures encompassing the development
of the student [145]. While the affective domain covers students’ willingness to receive, reflect and
share what they have acquired during the music learning process, as well as music appreciation and
sensitivity as a response to the emergence of music education as an aesthetic learning process [83].
Music teachers are using a selected method (or methods) to teach music and musical instruments,
but all need to take into consideration all domains to deliver their instructions effectively [12].
Beyond the scope of music learning methods, other general learning frameworks have also

helped to describe and understand the music learning process. Among these are Social Learning
Theory (SLT) [49, 81, 142], Experiential Learning (ExL) [70, 114, 143], and Active Learning (AL) [93,
121]. Since learning amusical instrument such as the piano requires a tactile perception, familiarising
with the equipment is also an important component of learning. As some experts claim, learning
a musical instrument is like learning how to ride a bicycle or play tennis [66]. Students improve
their skills by actually doing them repeatedly until they master them [130].
In recent years, gamification has been introduced as a strategic attempt to improve existing

systems, thereby motivating and engaging users [8]. It involves the use of game-design elements
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such as game objectives where one defines some kind of goal or outcome players can work towards,
game constraints, which set limits on what players can or cannot do, and success criteria which we
use to know when the objectives are met reward system to generate incentives rewarding success,
play which makes the game fun and optionally competition [134]. Game-design elements and
principles can also be used in non-game contexts [37, 111] such as learning and playing the piano.
Furthermore, making existing tasks feel more like a game are also included in gamification’s scope.
It has been observed that introducing game-based elements helps students learn, which in turn
improves the flow, engagement, and immersion [55]. Similarly, the incorporation of game-based
elements has effects on the cognitive and psycho-cognitive domains of learning, as seen in other
experiments [158]. Gamification focuses on maximising engagement and capturing the student’s
interest, thereby contributing to the affective domain in learning as well. Specifically, learning is
facilitated by incorporating some (but not limited to the following) elements: (i) progress mechanics,
(ii) narrative and characters, (iii) player control, (iv) immediate feedback, (v) learning by scaffolding
and many others [136, 137].

2.2 Instrument Augmentations
In the last couple of decades, digital technology interventions have been introduced to musical
instruments to improve one or several of their features and properties [80] such as portability,
automatic tuning, immunity to harmful conditions like humidity, recording capabilities, volume
control, and logging of student input, to name a few. For sure, this depends on the instrument itself.
Nevertheless, all classes of instruments can be equipped with auxiliary hardware, peripherals, and
sensors to improve the sound quality [89] or to track user motion while playing them [54]. We
have seen digital augmentations of string [106], wind [123], and other instruments [100, 139] as
well as the piano.

As electronic pianos are commercially available and given their popularity as a learning instru-
ment of choice [125], augmentations in their design have been of interest to both the academic
community and the industry. Augmentations in the piano have either been done to emulate the
grand piano as an instrument or to introduce newer experiences in either learning [144], play-
ing [154], improvising [63] and performing [152] and in general supporting various of above
presented learning theories, methods and approaches with the aim to support students during the
learning process (e.g., preview the playback, get feedback based on a recording, gamifying the
playing experience, etc.)

Even though several augmented piano prototypes have been designed with implicit or explicitly-
defined gamified, game-based and other learning elements, we argue that their effects have not
been well-understood. Some prototypes have applied SLT or ExL as the guiding principle in their
instrument design. What has yet to be explored is whether these prototypes are in line with the
requirements the piano teachers have during their teaching process and if they can help learners
or improve the learning process.

3 INTERVIEWSWITH EXPERTS
To better understand the teaching and learning piano process as well as problems, issues, and
needs related to these processes, we first conducted interviews with piano teachers. The goal of the
interviews was to learn more about the piano learning process and difficulties experts encounter in
teaching as well as their insights about musical instrument augmentation.
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Table 1. Piano Expert Demographics and Overview. *E3 and E4 shared that they use their own inspiration
from previous existing methods learned.

Expert # Sex Years Playing Years Teaching Method(s)

E1 M 32 17 Russian piano method
E2 M 36 17 Russian piano method
E3 M 31 18 personal piano method*
E4 M 19 7 personal piano method*
E5 F 21 21 Russian piano method
E6 F 41 30 Eclectic, Kodaly method
E7 F 49 38 Eclectic, Dalcroze method
E8 M 17 7 Eclectic, classical method
E9 M 56 40 Suzuki and Kodaly method
E10 M 25 19 Eclectic method
𝑛 = 10 Mean SD Range n [%]

Years Playing 32.7 13.0 17-56
Years Teaching 21.4 11.4 7-40
Male-Female ratio 7:3 [70%:30%]

3.1 Recruitment and Interview Protocol
In total, we recruited ten piano teachers from various music schools, different stages of their careers,
and different music teaching systems (private or public schools) from the Philippines, Slovenia,
Switzerland, and United States, see Table 1.

In the semi-structured interviews, we inquired about the following questions and asked follow-up
questions if needed:
(1) What specific method, framework, or approach do experts use when teaching?
(2) What are the problems and good experiences they faced or their pupils face when learning

the piano?
(3) What are the problems and good experiences they face when teaching the piano?
(4) What specific physical factors or nuances do they focus on to lessen or mitigate errors?
(5) What concepts/topics in the music curriculum do they focus on more and/or which con-

cepts/topics do they believe need more focus)?
(6) What is their level of acceptance/openness to the use of digital technology and augmentations

when teaching the piano?
Additionally, we presented the experts with video demonstrations of digitally augmented piano

prototypes (specifically the works of [132, 144, 152]). Based on that, we solicited their opinions on
the value of various features introduced by these augmentations. The interviews lasted from 30 to
45 minutes. All interviews were conducted in English, recorded and transcribed. Next, we reviewed
the transcripts and conducted a thematic analysis as in [9, 51]. We looked for common problems,
wishful thoughts, methods employed and piano teachers’ ideas about digital augmentations.

3.2 Insights and Feedback from Experts
The overview of transcripts’ analysis and coding is illustrated in Figure 2. In the first stage (level 0),
the transcripts were coded into 164 insights. Using the affinity diagram technique, we came up
with 8 initial Categories (level 1) based on how related they are to each other. These categories are
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Level 0 Insights >>>      Level 1 Categories >>>    Level 2 Themes and Recommendations

Insights: 164

Notes, sight reading and music theory: 32

Movement: 17

Anatomy and Posture: 11

Motivation and Practice: 30

Improvisation: 35

Technology: 20

Reflection: 6

Others: 13

Sight reading: 35

Synchronisation: 28

Motivating Students: 33

Tech Recommendations: 24

Teaching Recommendations: 9

Enabling Improvisations: 35

Themes: 131

Recommendations: 33

Fig. 2. Sankey diagram depicting the coding process. We show Level 0 (Insights) to Level 1 (Categories), Level
2 (Subcategories), and Final Level (themes and recommendations). The main branches in the final level are
used to guide the categorisation of the papers in the corpus. The recommendations were also synthesised
with the data analysed from the papers to develop future explorations on piano augmentation.

(1-A) Notes, sight-reading and music theory, (1-B) Movement, (1-C) Anatomy and posture, (1-D)
Motivation and practice, (1-E) Improvisation, (1-F) Technology, (1-G) Reflection, and (1-H) Others.
Next, we draw inspiration from the domains (psycho-cognitive, cognitive, physical, and affective)
described in Section 2.1 and conceptualised four themes (2A–2D, level 2): (2-A) Sight-reading
(psycho-cognitive), (2-B) Synchronisation (physical), (2-C) Motivating students (affective), (2-D)
Enabling Improvisations (cognitive). The other categories that we thought did not belong to any of
these four themes were then categorised as recommendations (2E–2F): (2-E) Teaching and (2-F)
Tech recommendations. The complete affinity diagram with the individual insights from the experts
is included in the supplementary material.

3.2.1 On Teaching and Music Curricula. All our experts (E1–E10) use sight-reading as an essential
skill when learning the piano. E4 thinks that younger people learn music theory and sight-reading
faster than their older counterparts. E10 emphasises this by saying “there is no basis of comparison;
you need to read the notes if you want to learn.” They argue that learning sight-reading along with
the appropriate music theory (E2) and historical interpretation of the musical piece (E3, E6, E9)
helps the students appreciate the piece, which in turn may improve the learning experience. Based
on their experience (E1, E3, E6), using visual aids and animations (e.g., animated videos of frogs
jumping on a lotus leaf to denote beat and timing) also helped their students learn other concepts
such as time signature and rhythm.

E7 and E9 mentioned that there are usually two types of learners - those who are aurally gifted
(those who can learn and play by ear) and those who are not. Students who cannot learn or play
by ear need sight-reading, and those who can play by ear may rely more on auditory feedback.
E8 notes that students initially learn music theory first so they can later on “break these rules”
especially when they are learning improvisation. When it comes to teaching sight-reading, our
experts vary in some of their approaches. E2, E3, and E10 teach the basics of note reading first as
fast as possible, contrary to how E9 focuses on the problematic parts of sight-reading (measures,
chord combinations) and lets the student learn the easy parts on their own. E2 and E6 believe that
the current system needs a better approach to teaching sight-reading since many still struggle in
this area.

Along with sight-reading and music theory, we note that experts highly regard physical anatomy
concerning proper movement (E1, E2, E3, and E8). “There are statistics on people with posture
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problems and injuries, so this area needs focus also” as shared by E1. “[Body] technique is important
in the long run, but this depends on the focus of the teacher and goal of the student” E5 says. To
address this, they sometimes borrow methods from dance following Dalcroze principles (E9) or
using regular exercise routines (E3). This potentially helps the body, especially the fingers and arms,
warm up in preparation for more extended practice periods. When some students struggle because
of these anatomical features, E6 prepares specialised routines to help them while E9 focuses on
different body parts (right hand first, then left hand next ...). In addition, E6 mentions the VARK
framework in music pedagogy, which stands for Visual, Aural, Reading, and Kinesthetic approaches
to learning the piano. E3 and E6 also incorporate a learner-centred approach to customise and
adjust their methods based on where the students strive or struggle. E1, E2, and E3 record their
sessions and use them as a reflective approach to improve their subsequent sessions. E6 and E7
use a journaling/annotative technique alternatively. E5 uses a piano-teaching chart to monitor the
practice sessions of their students.
All of our respondents have emphasised that practice is crucial for learning the piano. While

younger kids quickly learn music theory, they struggle more in the practice department (E7). “Talent
is not enough, you need to practice and work hard” added by E9. While dedicated practice time is
incorporated into the delivery of their lessons, some experts also noted the importance of immediate
feedback and positive reinforcement during their sessions (E4, E6, E7, E8, and E10). Introducing
variety in their assigned music pieces to learn has also helped the students’ experience (E2 and E4),
while E3 and E5 think repetition is key to mastering a specific piece. E2, E4, and E10 also believe
that other approaches (such as game-based) might be able to motivate students and help them in
their struggle to practice.

3.2.2 On Improvisation. We specifically inquired about expert methods, frameworks, pains, and
experiences during our interviews when teaching the piano. Interestingly, during our interviews,
improvisation emerged as a notable topic for discussion (only E4 did not mention or share insights
about it). To quote E3, “there are [always] 50 [and] more rules in music to follow, and I’m trying
to find a hack” as they referred to improvisation. E2, E3, E9, and E10 believe that improvisation
leans on more creative aspects of music as it encourages “playing by heart” (E2) or gives focus on
having “your own interpretation of the song” (E3) as it “adds artistry to one’s talent” (E9). The notion
of improvisation involves a “listen, imitate then try” approach to music (E1), where even though
you need an understanding of the music rules, the exercise gives you a certain level of freedom in
terms of interpretation (E5).

Despite all of this, our experts believe that improvisation needs an extra level of focus in the piano
learning process. E1 thinks that improvisation is not common in the Western systems anymore,
while E2 believes that improvisation is challenging to assess and measure, underrated and hard to
teach (E8). E6 believes that improvisation requires an advanced level of aural ability and feedback,
while E9 mentioned that students struggle in learning and are confused when they try to improvise.
The experts also believe that teaching improvisation may benefit from approaches such as the use
of cadenzas1 for references (E8), giving immediate feedback in terms of sound quality (E9) and
possibly with the use of technology-aided visualisations.

3.2.3 On Technology and Digital Augmentation. Our experts have been teaching piano for an
average of 21.4 years. This means that they have spent a significant amount of time teaching the
piano before the covid-19 era, where at present, they are forced to teach remotely using technology.

1In music, a cadenza is, generically, an improvised or written-out ornamental passage played or sung by a soloist or soloists,
usually in a “free” rhythmic style, and often allowing virtuosic display. Source: https://en.wikipedia.org/wiki/Cadenza
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In our interviews, we explored their openness to technology, their tools, and their wishful thoughts
on the technology that may help teach piano.

All experts argue that teachers should still be the primary providers in the piano learning process
instead of being replaced by digital apps and tools. E1 thinks that while technology is their weakest
point, they have expressed their openness to using technology when teaching. Other experts
provided several points on how technology can aid them in piano teaching. E1–E3, and E7 record
their students’ sessions using video and multimedia capture devices. “I wish I could annotate my
comments on their performance” as shared by E7. E5 believes that the best way to learn the piano
using tech should be [almost] similar to how it is taught traditionally. A metronome-related app
could be an ideal concept, as shared by E4. Similarly, E5 resonates with this idea but adding “I should
know the tempo element in these apps” possibly referring to the visuals commonly used in piano
roll apps. Concepts in dynamics (such as crescendo and descrendo) are not typical and evident in
these apps (E6). Beyond apps and visualisations, software features should be able to encourage and
motivate students to practice outside teaching sessions and foster collaboration. E3 and E6 use
available tools to share notes, and “musical repositories” consist of different materials and lessons.
During the interviews, we showed our experts videos and previews of augmented piano apps

(such as the works of [113, 132]) and solicited their opinion about these prototypes. “Combine
traditional notes and falling bars and you get the best of both worlds” stated by E3. E7–E10 resonates
with this sentiment by emphasising including or mapping musical notation somewhere so students
do not neglect sight-reading. They think they can remain fluent with notes if they had prior
training when using these augmented pianos. From a different angle, E5 believes that when you
teach students using piano rolls alone, you only teach them how to play a song. They add “if you
already know how to play [by sight-reading], using the piano roll might be hard for you since you need
to unlearn the notes you have learned prior.” E3 believes that learning the piano roll alone would be
“static.” E6 thinks that some students will benefit from the piano roll if they have the excellent aural
ability. As these opinions may vary, it is clear that our experts would recommend that piano roll
visualisations should be mapped with an additional level akin to that of classical musical notation.

3.2.4 Other insights on the piano learning process. Our experts were also able to share some other
insights into the context of learning the piano. E10 believes that tactile feedback is also essential
when learning the piano. Similarly, E6 and E8 think the same, which is why they also consider
the type of interface (classical piano, organ or a Clavinova) their students use when learning. E8
shares that students also lack training with sound feedback - they need to know what a note should
sound. This helps significantly in helping students learn improvisation. E9 supports this claim
from experience. They have observed that students grasp a piece listening by listening to it by ear
and then integrating the Suzuki method to integrate sound, movement, and music notation easily.
Some experts (E7, E10) also believe that the human touch should be incorporated when teaching
the piano since some students learn by heart (E3). In the experience of E10, they customise their
lessons based on their students’ personalities. We believe these comments and insights warrant
further investigation and may be worth exploring in the future.

3.3 Synthesis of Findings and Deriving of Themes
The coding resulted in four (4) recurring learner-based themes concerning piano teaching and
learning: (i) synchronising movement and posture between various body parts, (ii) improving
sight-reading skills, (iii) motivating students to practice, and (iv) encouraging improvisation. These
will be discussed further in Section 5. These four themes were then used to categorise the prototypes
found in literature as explained in the next section. Figure 3 shows different steps involved in
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transcripts
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papers
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recommendations

Fig. 3. Overview of steps in this paper. PRISMA principles were incorporated in the qualitative review.
Thematic analyses were done in the interviews and synthesis section.

this research. It includes two branches whose results were then synthesised to come up with
recommendations for our research question.

4 SYSTEMATIC REVIEW OF PROTOTYPES
To understand the space of augmented piano prototypes and their support for learning experiences,
we followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
technique [94]. Approaches from similar reviews on related topics such as augmented reality in
education [7, 118], mobile augmented reality applications [120], mixed reality [128], learning and
information management [69], as well as reviews in music systems and prototypes [35, 84] were
also followed. A visual abstract of these augmentations is displayed in Figure 4.

4.0.1 Search for Prototypes. We conducted a literature search in Google Scholar, ACM Digital
Library, and other digital libraries. Scientific articles ranging from January 2005 until Decem-
ber 2021 were considered in the search. We used all combination of the following keywords
{“augmented reality”, “AR”, “augmented”} with these {“piano”, “keyboard”, “guitar”,
“drum”, “violin”, “flute”}, resulting in search terms such as {“augmented reality piano”}.
We included the words {“guitar”, “drum”, “violin” and “flute”} to understand how many
contributions have been published for a particular instrument and to confirm if the piano is the
most augmented one. We considered only scientific papers written in English and ended up with a
total of 1,307 search results. Among found, 635 papers focused on piano and keyboard (48.6% of the
results), 260 on violin (19.9% of the results), 206 on guitar (15.8% of the results), 174 on the drum
(13.3% of the results), and 32 on flute (2.4% of the results). Based on these numbers alone, we can
observe that the piano is a popular choice for augmentation.

4.1 Inclusion Criteria
We defined selection criteria to identify a subset of papers that fit with the context of our research
questions. We included papers about:
(1) a physical prototype involving a piano or keyboard, which has been augmented or equipped

with auxiliary hardware (e.g., sensors, cameras, projectors) and software (e.g., features,
lighting, modules) OR

(2) a virtual piano prototype that has been implemented in a mixed/virtual/augmented reality
environment;

(3) a usable piano prototype, and not an abstract or a schematic concept only;
(4) the augmentation is intended towards solving a specific piano user problem; and
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Table 2. The corpus of the papers on digitally augmented piano prototypes and the learner-based themes they
cover, sorted by the year of publication. Legend: # = number of citations; Synch = Synchronising movement
and posture between various body parts; Sight = Improving sight reading skills; Motiv = Ensuring motivation
of students; Impro = Encouraging improvisation.

Author(s) Year # Synch Sight Motiv Impro Additional info

P01 Barakonyi and Schmalstieg [3] 2005 58 ✓ ✓ suggests chords and harmonising melodies
P02 Schmalstieg and Wagner [119] 2007 298 ✓ ✓ rewards users with artefacts
P03 Correa et al. [25] 2009 75 ✓ considers hand, arm, leg mobility
P04 McPherson and Kim [85] 2010 3 ✓ gestures for improvising
P05 McPherson and Kim [88] 2010 55 ✓ cont. of P04
P06 Zhang et al. [163] 2010 25 ✓ repetitive motion for use of glove;
P07 McPherson and Kim [89] 2011 31 ✓ identifiers improper actions by user
P08 Huang et al. [60] 2011 60 ✓ detailed tracking of fingers
P09 Xiao and Ishii [153] 2011 42 ✓ ✓ piano collaboration space
P10 Xiao and Ishii [154] 2011 8 ✓ ✓ watch recording for self reflection
P11 Hadjakos [54] 2012 43 ✓ head, shoulder, arm detection, depth sensing
P12 Nicolls and Gillian [101] 2012 12 ✓ gesture controlled live impro, motif grabbing
P13 Yang and Essl [156] 2012 23 ✓ ✓ guided note viz, gesture to adjust quality
P14 McPherson and Kim [90] 2012 47 ✓ ✓ detects shallow or deep presses
P15 Takegawa et al. [132] 2012 33 ✓ ✓ notation is mapped to viz
P16 McPherson et al. [87] 2013 23 ✓ tracks intentional and unintentional presses
P17 Yang and Essl [157] 2013 9 ✓ ✓ same as P13
P18 McPherson [86] 2013 26 ✓ captures continuous key motion
P19 Chow et al. [22] 2013 64 ✓ ✓ piano roll and notation mapping
P20 Weing et al. [144] 2013 37 ✓ ✓ specific finger mapping, has practice mode
P21 Chouvatut and Jindaluang [21] 2013 8 ✓ notes are accompanied by sound feedback
P22 Oka and Hashimoto [103] 2013 30 ✓ recognises multiple fingering
P23 Xiao et al. [152] 2013 17 ✓ ✓ conjured projection to review performance
P24 Goodwin and Green [47] 2013 15 ✓ observing of hands from a monitor
P25 Zandt-Escobar et al. [160] 2014 12 ✓ monitors synchronisation of presses
P26 Xiao et al. [155] 2014 36 ✓ uses body rhythm to guide movement
P27 Raymaekers et al. [110] 2014 26 ✓ ✓ game based incentives for practise
P28 De Pra et al. [29] 2014 9 ✓ teaches proper finger movement
P29 Chiang and Sun [19] 2015 3 ✓ teaches which key to press based on sound
P30 Dahlstedt [26] 2015 4 ✓ focused on gesture impro, harmonics
P31 Zaqout et al. [161] 2015 1 ✓ mobile based keystroke gesture detection
P32 Fernandez et al. [43] 2016 9 ✓ fun way of practising, agent points out errors
P33 Liang et al. [78] 2016 27 ✓ detects soothing rhythm movements
P34 Ogata and Goto [102] 2017 1 ✓ allows users to use other hand for gesture improv
P35 Liang et al. [77] 2017 9 ✓ tracks foot pedalling
P36 Hackl and Anthes [53] 2017 13 ✓ HMD viz to guide key pressing
P37 Das et al. [27] 2017 12 ✓ ✓ ✓ has jazz, blues rock; has lesson builder
P38 Rogers et al. [113] 2017 50 ✓ ✓ ✓ colours to support correct fingering; practice modes
P39 Birhanu and Rank [6] 2017 5 ✓ ✓ Hololens; maps keys to notes; detects posture
P40 Trujano et al. [138] 2018 8 ✓ teaches length of notes when pressing
P41 Sun and Chiang [131] 2018 4 ✓ ✓ ✓ practise mode
P42 Pan et al. [107] 2018 2 ✓ ✓ paired user play; shows note information
P43 Granieri and Dooley [50] 2019 3 ✓ hand tracking of gesture impro
P44 Zeng et al. [162] 2019 9 ✓ pairwise collaboration and key finger harmony
P45 Molloy et al. [96] 2019 8 ✓ ✓ measures cognitive load, gamification of notation
P46 Cai et al. [15] 2019 3 ✓ ✓ competition as a motivating component
P47 Gerry et al. [44] 2019 3 ✓ teaches improved motor sensing in performances
P48 Cai et al. [14] 2019 2 ✓ ✓ key presses with note mapping
P49 Sandnes and Eika [116] 2019 3 ✓ ✓ ✓ jazz chords; chord info mapped on keypress
P50 Santini [117] 2020 2 ✓ ✓ virtual note sheet that moves with keypress
P51 Karolus et al. [63] 2020 10 ✓ EMG to measure user flow in impro
P52 Moro and McPherson [98] 2020 0 ✓ ✓ continuous key sensing and gestural technique of pianist;
P53 Molero et al. [95] 2021 7 ✓ visualise music concepts (using metaphors), gamified
P54 Stanbury et al. [129] 2021 0 ✓ instructors remotely teach students, live demo of keyboard view
P55 Guo et al. [52] 2021 3 ✓ ✓ ✓ 3D animation of natural hand motion, piano roll hint
P56 Kilian et al. [67] 2021 1 ✓ interface to replace piano pitch wheel for improv

39 (80%) 14 (27%) 16 (31%) 16 (31%)

(5) an augmentation that uses digital technology beyond what is already commercially available
(e.g., an electronic keyboard is technically an augmented classical piano, but since these are
commercially available, we look at augmentations beyond their features).

Following the said criteria, we narrowed down the set of 595 piano and keyboard papers to 56
papers.
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4.2 Qualitative Analysis of Prototypes
Following the PRISMA approach, we collected qualitative data on the included papers. We extracted
categorical information from the papers such as year of publication, the number of citations, the
technology used, type of augmentation, number of participants in a user study, metrics or constructs
measured (e.g., satisfaction, user experience, immersion, etc.), experiment treatment, tools and
other descriptive information. This information was tabulated and stored for the succeeding steps.
It is important to note that the aim of this review is not to define a digitally augmented piano but
rather to collect as many examples of pianos that have been digitally augmented.

We then coded the extracted information from each of the 56 papers selected in the process (as
in [147]) to see whether there are patterns or similarities in how the prototypes presented were
designed. Initially, the four (4) domains presented in Section 2 (physical, cognitive, psycho-cognitive
and affective) guided us in this conceptualising the themes, which in turn was used as the basis in
organising our corpus of papers. We categorise the prototypes based on learner-based themes for
the piano (see Table 2).

5 LEARNER-BASED THEMES
In this section, we discuss the four (4) learner-based themes we have derived from the interviews. In
addition, we present 56 augmented piano prototypes and categorised them on how they subscribed
to these learner-based themes.

5.1 Synchronising Movement and Posture Between Various Body Parts
Playing the piano involves several motor skills, such as maintaining proper posture, using both
hands and all fingers to press keys, and coordinating everything with the foot movement (pedalling).
These skills fall under a the physical domain used when learning a particular instrument [45]. In
retrospect, most traditional music teaching frameworks (see Section 2) introduced various methods
(in the form of mechanically repetitive exercises or kinesthetic activities) that help novice students
to develop the required skills to play an instrument. However, the difficulty in synchronising
movement goes beyond motor skills and is also related to understanding basic music rudiments and
theories. Synchronising movement and posture and an almost natural flow to the piece’s rhythm is
essential in ensuring sound quality. Here, we highlight augmented piano prototypes that captured,
tracked body movement (key presses, hand movement, body posture) and provided feedback to the
user.
Earlier prototypes began with the goal of detecting key presses and giving immediate or post-

performance feedback to the user [3, 60, 89, 131] (displaying errors in timing, colouring which
press was correct). Some prototypes focused on synchronising finger-hand-arm movement with
the ultimate goal of improving the moving flow or enabling faster movement among users [25, 163]
- a type of feedback that learners will usually receive when being observed by a piano teacher.
With the help of these augmentations, piano teaching systems can show the learner if there are
areas for improvement in their movement or posture almost immediately. Some augmented piano
prototypes distinguished between deep and shallow presses [90], or intentional and unintentional
presses [87]. These prototypes were meant to develop systems to help recognise “natural” flow of
movement of the body parts involved.

There were 39 papers in total that discussed the synchronisation of body parts as (one of) their
focus (foci). Out of these, only one covered foot pedalling [77] while the rest focused on monitoring
and giving feedback on finger presses alone [29, 53, 86, 96, 103, 107, 110, 113, 116, 138, 144], finger-
and-handmovement [14, 78, 161], finger-hand-and-arm [25] and finger-hand-arm-and-shoulder [54]
movement as well as whole body movement [6].
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The MirrorFugue series [152–155] along with some other prototypes [47, 129, 160] tackled the
problem of synchronisation of body movement with the use of self-reflection. In this technique,
the researchers used various visualisations (showing a remote tutor or players’ body reflection)
projected and seen by the user, thereby allowing them to watch, review, and reflect on their
own movement. The technique acts as indirect feedback that enables users to learn from their
mistakes and improve on their movements. Besides self-reflection, some prototypes utilised real-
time visualisations to help learners improve their movement and synchronisation. For example. the
Augmented Design to Embody a Piano Teacher (ADEPT) [44] prototype provided a virtual teacher
(or a tutor in the case of the prototypes by [15, 52, 98, 162]) visible through an AR head-mounted
display in front of the student. At the same time, the virtual hands of the teacher were visible on top
of the physical keyboard, together with blue highlights on the currently pressed keys. Fernandez
et al. [43] also tracked the keys on the keyboard, highlighted the keys needed to be pressed, and
entertained players with anime-inspired agents to teach piano. The prototype also featured a piano
roll visualisation to guide the student.

Sitting posture has not been explored yet in the context of digitally augmented piano prototypes.
However, various technology-supported monitoring of a proper sitting posture exist and have used
computer vision techniques with camera(s) either in front (e.g., Mu et al. [99]) or on the side of
users (e.g., Zorč et al. [165]), as well as sensors either on the body (e.g., Dunne et al. [40]), chair
(e.g., Tan et al. [133]), or clothes (e.g., Mattmann and Troster [82]). Foot dynamics while playing
the piano is usually not in the users’ sight and is, together with monitoring sitting posture, least
explored in the context of augmented piano prototypes.

5.2 Improving Sight Reading Skills
A prior understanding of music notation is necessary for students to play an instrument effectively.
Ideally, a user can sit down in front of a piano, read the music sheet notation, and play the piano
following the said notation. This skill is referred to as sight-reading, which includes reading the
notes and synchronising them with various parts of the body. While the previous theme focuses on
the movement aspect (thus the physical domain in piano learning), sight-reading takes the skill to
a different level, which also uses the sense of vision and cognitive processes. Therefore, the skill of
sight-reading falls under the domain of a psycho-cognitive task [150]. This skill is also challenging
and not quickly learned by piano learners.
Several papers addressed the difficulty in sight-reading by incorporating visualisations. These

prototypes omitted the music sheet notation entirely, intending to lessen the learning curve in
sight-reading [113]. They do this by overlaying moving piano roll visualisations, making them
more straightforward [141], thereby teaching players which key to press, when to press and when
to release/hold it. The authors of these prototypes believe that the complexity of the music sheet
notation (especially in more advanced musical pieces) adds to the cognitive load that overwhelms
piano learners. In these visualisations, information usually denoted in music sheets is abstracted in
coloured bars that may be translated into finer details such as the length of a beat, trill, staccato,
and many others. In effect, these prototypes may teach users to play a piece or a song but not
necessarily to play the piano - with sight-reading as a skill. The interviewed teachers often do not
agree with such an approach since they believe that this does not use all the skills that piano learner
acquires when they learn the instrument traditionally. According to our interview findings, an
ideal augmented prototype must represent sheet notation into a compelling visualisation that helps
the learner process this information - not remove them entirely. In some instances (especially for
complex chords and progressions), audio feedback is also a desirable augmentation. We used these
findings to categorise which piano prototypes had sight-reading as a theme of focus. Based on our
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analysis (Table 2), we found that 14 (out of 56, roughly 27%) of the papers included in this review
complied with this theme based on this criteria.

To make piano roll visualisations more effective, we argue these visualisations should be mapped
with the music sheet notation to teach or help in sight-reading. The papers seen in Table 2 marked
under Sight have been categorised to satisfy this criteria. Their piano roll visualisations came with
an extra layer of information that allowed the user to review and map these visualisations to their
representation in a musical sheet [119, 156, 157]. The most common approach involved a projector
that overlaid visualisations of moving piano bars [6, 14, 113, 113, 131, 132, 144]. Head-mounted
displays (HMDs) were also used to show these piano visualisations [5, 22]. While the majority of
such prototypes featured classical music in piano roll visualisations, other music genres were also
explored, such as jazz [116]. Some included additional visualisation guiding user gestures [117].
Other prototypes expanded the scope of piano roll visualisations on other devices (e.g., Chow
et al. [22]) or other use cases such as gestures [117, 156, 157], game-based learning (quizzes and
hints) [52, 119]. Lastly, some prototypes augmented visualisations with sound feedback [19, 21, 131]
to teach learners how to map music notes, piano rolls and corresponding sounds.
The papers categorised in this theme focused on whether learners understand music sheet

notation and know which keys and when to press them. Thus, a construct measured in these studies
is key-press accuracy. While this can be a good metric of performance (number of correct presses
vs number of total presses; the number of correctly-released presses vs number of total presses),
we argue that measuring actual sight-reading is more challenging to assess. A psycho-cognitive
task would require more factors or parameters to be measured more accurately (such as knowledge
of music theory and, in some instances, sound quality). As playing a musical instrument is similar
to speaking a second language, their differences end with the tactile part of properly pressing the
right keys. As emphasised in our interviews, a solid understanding of musical notation is necessary
for learners to play the piano in the long term. Ideally, as being able to press the right keys at the
right time needs to be synchronised with it, the language represented by a (complex) notation of
notes, rests, staffs, and other musical notations are considered simultaneously. We provide more
details on this in our recommendations; see Section 7.

5.3 Motivating Students to Practice
Traditionally, piano students attend one-on-one classes run by a teacher. In these classes, students
gain fundamental theory and practical lessons to play a particular piece of music. However, their
skills can only be improved further by regular practice. Thus, the teacher often provides students
with take-home activities, while students are expected to practice and master the content in prepa-
ration for the next class. Yet, being self-regulated to practice continuously is a difficult task on top
of practising the piano itself. Thus, several approaches have been introduced to encourage and
sustain the motivation of piano students. This makes the theme of motivating students to practice
an effective one since it considers the context of emotion and motivation.
Monitoring students’ progress, tracking their performance and accuracy, encouraging regular

practising, and generally motivating students are critical elements in the learning process. Ex-
perienced teachers believe that novices and proficient students are set apart by the hard work
dedicated to mastering the craft [2]. In the context of piano learning, several strategies to motivate
students have been introduced by digitally augmented piano prototypes. The most common ap-
proach is through the use of gamification, where the learner becomes motivated by the elements of
game playing [95, 119] and other game-based incentives [43, 96, 110] such as earning points by
regularly playing the piano. Another strategy is introducing competitions in collaborative piano
environments [15, 107].
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Fig. 4. Approaches to Piano Augmentation based on themes.

Self-regulation has also been observed among students as they are encouraged to maintain a
regular practice schedule with the help of augmentations that introduce interpersonal and remote
spaces (involving a tutor) [153, 154]. With this feature, students can watch their performance
either in real-time or after performing a piece. This feature draws inspiration from the theory
of Zimmerman and Moylan [164] on how self-reflection promotes self-regulated learning, which
has been supported by numerous experiments (e.g., Deja and Cabredo [33], Lyons and Zelazo
[79]), showing that students reflecting on their performance feel motivated afterwards. Aside from
self-regulation and self-reflection theory, social learning theory (SLT) has also been explored in the
context of augmented piano prototypes. SLT emphasises four distinct steps in learning: attention,
retention, reproduction, and motivation [2]. In attention phase, a piano student observes how a
certain piece should be played by carefully watching a teacher perform. During the retention phase,
the student tries to remember what they have observed. The reproduction step covers performing
the activities by the student, which further supports retention [130]. This learning process becomes
sustainable in the med- to long-term by learner’s motivation, where reinforcement (either positive
or negative) can also ensure continuous practice.

In the P.I.A.N.O prototype [113, 144], authors employed SLT through the design of their learning
modes. The listen (attention) mode allows students to listen to a song and observe its visualisation.
The practice (retention) mode provides students with feedback by highlighting the correct and the
wrongly-pressed keys. Lastly, the play (reproduction and motivation) mode provides additional
feedback on students’ performance while playing. Besides the correctly or incorrectly pressed keys,
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details on expected notes (missed keys), irregular duration, and a summary of their performance
through a progress bar were also displayed.
Several digitally augmented prototypes introduced extra modules in their software, such as

practice mode [22, 52, 113, 131, 144], which gave learners additional content to practice on, or a
lesson builder [27], which allowed learners to customise their lessons.

5.4 Enabling Improvisation
For experienced and advanced piano players, being able to improvise is proof of a wide musical
vocabulary. Also, according to our experts, those who are talented with “perfect pitch” are easily able
to perform improvisation. The practice involves the application of current music knowledge skills
and applying them in an impromptu (or any scenario without prior practice) to a performance which
produces a musically-sound piece [4]. This makes improvisation a task under the cognitive domain.
Improvisation at all levels of music education “creates an environment where children can express
their creativity” [11]. Teaching improvisation to novice and intermediate students can improve
their rhythmic accuracy and note reading skills, concentration, self-actualisation, imagination, and
nonetheless increases their confidence level [23, 97]. Besides mastering proper body/hands/fingers
posture, reading music sheet notation and motivation, confidence is also an essential aspect of
playing an instrument for novice students as well as more experienced and even expert piano
players [1, 31]. This is true especially as it has been shown that piano students can experience
anxiety and being overwhelmed during their performances [1]. Teaching improvisation to novice
and intermediate students has also been observed to help improve their rhythmic accuracy and note-
reading skills [97]. This could be one reason why roughly 27% (14 out of 51) of augmented piano
prototypes reviewed have considered improvisation. While this theme has appeared several times
in our review, experts argue there is much room for development since the skill of improvisation is
challenging to assess from the perspective of a piano teacher.
Augmented piano prototypes have enabled improvisations in various forms and approaches.

The most common approach is to incorporate gesture detection allowing musicians to use their
hands freely during performances, thereby improving their musical vocabulary [85, 88, 116, 119].
Some prototypes enabled users to move freely and perform natural gestures, which allowed them
to express themselves further [50, 63, 102]. These studies also investigated several constructs
such as levels of expressiveness and improvisation. Their findings show that their finger-based
control of additional features does not interfere with the playing flow of a performer. Researchers
proposed that improvisations improved user experience, especially in live performances, as observed
inherently in the prototypes of [27, 101, 117, 152]. Furthermore, in some instances, improvisations
were enabled to improve the sound quality [26, 156, 157], which in turn has effects on listeners
besides performers.

6 TRENDS IN PIANO AUGMENTATION USER STUDIES
In this section, we analyse user studies in surveyed papers. This will help us to understand how
the reviewed prototypes were studied and where the focus should shift in the future.

The results in Table 3 show that the experiments in papers published before 2014 were designed
with measuring general usability as a goal. The authors considered notation accuracy, general
satisfaction, finger information, level of immersiveness, and in-game scoring as constructs measured
(labelled as No, Sa, FI, Im, Sc respectively in Table 3). These studies focused on whether the related
prototypes technically work and can emulate the piano in the closest way possible. They measured
these constructs by either (1) letting the users play a specific piano chord or a (2) full piece, (3)
generally practising or (4) exploring the augmented piano prototype or (5) completing a quest
(if the prototype came with game-related features) (labelled as pc, pl, pr, ex, qu respectively in
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Table 3. List of studies with user evaluation. This table provides an overview of their treatment, metrics or
constructs and tools used.

TREATMENT METRICS TOOLS

ID Ref # of users ex
-f
re
e
ex
pl
or
at
io
n

m
d
-m

ar
ke
rd

et
ec
tio

n

ob
-o

bs
er
va
tio

n

pc
-p

la
y
a
ch
or
d

pl
-p

la
y
a
fu
ll
pi
ec
e

pr
-p

ra
ct
ic
e
fr
ee
ly

qu
-c

om
pl
et
e
a
ga
m
e
qu

es
t

A
t-

at
tr
ac
tiv

en
es
s

CL
-c

og
ni
tiv

e
lo
ad

Fi
-fi

ng
er

ac
cu
ra
cy

Im
-l
ev
el
of

im
m
er
si
on

M
o
-l
ev
el
of

m
ot
iv
at
io
n

N
o
-n

ot
at
io
n
ac
cu
ra
cy

O
p
-f
un

ct
io
na
lc
he
ck

of
fe
at
ur
es

Sa
-s
at
is
fa
ct
io
n

Sc
-s
co
rin

g
(fo

rg
am

ifi
ed
)

Sk
-s
ki
ll
im

pr
ov
em

en
t

U
s-

us
ab
ili
ty

Ti
-t
im

e
an
d
us
ag
e

O
EQ

-o
pe
n
en
de
d
qu

es
tio

nn
ai
re
s

Q
U
E
-p

ee
r-
re
vi
ew

ed
qu

es
tio

nn
ai
re
s

PS
P
-p

la
ye
rs

co
rin

g
pl
ug

in
s

RE
C
-o

bs
er
va
tio

n
of

re
co
rd
in
gs

SM
Q
-s
el
f-m

ad
e
qu

es
tio

nn
ai
re
s

SS
I-

se
m
is
tr
uc
te
d
in
te
rv
ie
w
s

TT
M

-t
im

e
tr
ac
ki
ng

m
ec
ha
ni
sm

s

Notes

P02 [119] 6 ✓ ✓ ✓ ✓ ✓ ✓ ✓
P03 [25] 1 ✓ ✓ ✓ ✓ ✓ ✓ patient motor effects
P07 [89] 30* ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 3 tests with 10 n each
P09 [153] 5 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ improvise a piece
P10 [154] 3 ✓ ✓ ✓ ✓ ✓
P15 [132] 9 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
P16 [87] 8 ✓ ✓ ✓ ✓ ✓ ✓ ✓
P19 [22] 7 ✓ ✓ ✓ ✓
P20 [144] 5 ✓ ✓ ✓ ✓ ✓ ✓ ✓
P23 [152] 15 ✓ ✓ ✓ ✓ ✓ ✓
P27 [110] -* ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ open demo UT
P34 [102] 3 ✓ ✓ ✓ ✓ ✓

P38 [113] 74* ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ *𝑛1=56, 𝑛2=18, †[42, 58, 68, 149]
P41 [131] 20 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
P42 [107] 13 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
P43 [50] -* ✓ ✓ ✓ *open demo UT, n not reported
P45 [96] 23 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ *SUS [76]
P51 [63] 12 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ *TLX [57], CSI [17], HEMA [62]
P52 [98] 6 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
P53 [95] 13 ✓ ✓ ✓ ✓ ✓ ✓ *5 students, 8 teachers, **TAM [28]
P55 [52] - ✓ ✓ ✓ ✓

# of dimensions (x̄=13) 10 1 2 5 15 6 2 4 4 4 5 1 5 9 7 3 3 10 6 6 4 9 6 5 8 9

Table 3). In order to gather data, the authors used several instruments and data sources such as
player scoring plugins (PSP), semi-structured interviews (SSI ), time-tracking mechanisms (TTM),
and manually observed recordings of users (REC). The study size averaged at 5-6 participants for
these papers. Analysing the trend during this period reveals that technology augmentation in
pianos is relatively new and is focused on the success of the prototypes themselves: (Do the keys
play a sound? Can users play a chord? Can they play a piece? Is there a delay between the sound
produced, the graphics rendered and with how the player uses the prototype?). Looking at the relation
with the four learner themes introduced in this paper, there is a general lack of learner-centric
considerations that have been measured other than the quantitative metrics (such as finger and
notation accuracy) mentioned.

With technology-specific APIs and hardware improving as the years progressed, we can notice
that there is also a shift from prototype performance to user performance in the way these papers
have conducted user studies. Different metrics have been considered such as attractiveness (At),
satisfaction (Sa), ease of use and usability (Us), cognitive load (CL), skill improvement (Sk), and
motivation (Mo). Similarly, the treatments used in more recent studies have not changed (they have
also used pc, pl, pr, ex, qu). However, even if they used the same treatment, having a different set
of constructs would also mean having to use different instruments and data sources to measure
these metrics accurately. These studies have developed their own questionnaires (SMQ- which
they built on top of a specific paradigm or framework) or used peer-reviewed questionnaires
(QUE). Some notable instruments used were the NASA-TLX [57], Creativity Support Index [17]
and the measurement of hedonic and eudaimonic attributes [62]. The study size averaged 20-21
participants per study, a noticeable increase from the studies done before 2014. The trend in recent
years has focused on the success of the piano users rather than the success of the prototypes
(addressing questions such as Do users play properly with the piano? Do users learn faster with
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this augmentation? Does this feature motivate or encourage users [to improvise]? Does augmentation
overwhelm the user?). Despite having a broader user base in the later studies, there is a lack of
longitudinal studies to understand the long-term effects of augmented prototypes better. In addition,
the prototypes presented do not take into account the specific learner-based themes identified
by interviewing expert teachers. In the next section, we provide recommendations for future
development, implementations and research of the augmented piano prototypes.

7 RECOMMENDATIONS FOR FUTURE EXPLORATIONS
The difficulties when learning the piano have pushed for several digitally augmented innovations
within the last two decades. While we understand that learning the piano is a physical, cognitive,
psycho-cognitive and affective task, we have reported that some of these augmentations may
lack the essential learner-based focus that emerged during the interviews with piano experts
(teachers). Moreover, hardware or software augmentations have shown how technology can also
introduce newer problems brought about by affordances [30]. At the same time, we posit that
most of these augmentations bring about short-term improvements to the student. As such, we
present recommendations that provide improvements to the student in the long term. We base these
recommendations on the core elements of gamification and game-based learning, social learning
theory (SLT), experiential learning theory (ExL), and many others. We map these recommendations
with our music experts’ insights and verify them on classical music pedagogy.

Balance Between Traditional Techniques and New Approaches. Music experts claim that playing
the piano is a centuries-old technique and is best experienced when learned traditionally. Piano roll
visualisations and other gamified elements have been a popular choice to help teach a more “natural”
flow of movement of hands and posture when playing the piano. However, most visualisation
approaches implemented missed or neglected the elements in a traditional music sheet (such as
time signature, octave, which finger to use and many others). For example, based on our expert
interviews, users get to learn how to press the right keys at the right time but do not necessarily
acquire the skill to learn to read notes to play musical pieces independently. Thus, piano roll
visualisations should visualise the abstraction of music notes that work in both ways (help the user
learn sight reading and recognise heard audio with its equivalent notation, thus achieving balance
on both traditional and newer techniques). Users should be able to match the moving rolls and their
equivalent musical sheet counterparts (both in notation and in sound). While some prototypes
implemented this, there is a lack of user studies on what is the best way to achieve this while not
overwhelming users with extra information shown. Future user studies should explore various
visualisations and combinations of, e.g., piano roll and music notation. It should also guide the
user to learn from both aural (sound and tune) feedback to visual (notes) form and back. This also
satisfies the needed skill to hear and recognise music rudiments and be able to translate them back
into sounds (thus being able to do it the other way around). As most systems have fed students
with visualisations on which keys to press, when and for how long, it is also crucial that these
systems would recognise and know how these sheet notations might sound (or might form a general
harmonic melody in a greater sense). This would equip learners with longer-lasting skills that are
not only being able to know how to play the piano but also being able to integrate the theory with
practice. However, this should also be empirically tested in longitudinal studies. In this approach,
we present students with both traditional approaches (sight reading, feedback, practising, music
theory) and newer approaches (augmented visualisations, practice and reflection modes) to learning
the piano.

Ensuring Motivation and a Consistent Practice Regimen. Motivation plays an essential role in
helping piano students. There have been several studies that have explored motivation and various
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constructs to measure it: (i) motivating students to be competitive [140], (ii) using gamification [112],
(iii) via self regulation [38] and others [105]. Allowing students to reflect on their learning and
their progress, giving them a clearer view of the mistakes they may have committed in their recent
performance, can help motivate dedicated learners. While these contributions have presented study
designs that measured engagement, immersiveness, motivation and cognitive load as constructs,
these have yet to be fully explored in the context of music learning (such as in the piano). As these
factors contribute to assessing motivation and how it affects learning, there is a need to conduct
more studies involving a broader array of metrics or constructs that may lead to a consistent and
sustained learning experience. This can be facilitated by borrowing established methods from other
domains such as cognitive load, physiological signals (e.g., GSR, ECG), eye-tracking, and many
others to make measuring engagement and motivation more accurate as possible. While these have
been incorporated in short-term studies [159], it would be interesting to see whether there are
greater benefits when observed in the long term. In addition, several prototypes mentioned had
gamification elements embedded to keep users engaged. However, the long-term effects are not
known as learning a piano is a years-long task. It should also be explored what game elements are
suitable for a particular age since every age requires a different approach [10].

Measuring Expressiveness and Improvisation. Being able to apply a creative approach in one’s
performance is a measure of how confident a person is when playing the piano [126]. Unfor-
tunately, most augmented piano prototypes have contributed to mechanical and intra-personal
piano playing so far. Thus, we found that expressiveness and improvisation in piano learning are
underrepresented [27, 39, 151] but are equally important as well. As mentioned earlier, improvising
on the piano demonstrates a higher level of skill that involves mastery of music theory and natural
movement in the piano. Piano experts believe that expressiveness and improvisation are difficult-
to-measure skills in the piano [74, 127], which is why it is usually skipped even though they are
prescribed in the standardised music curriculum. Developing important key features that promote
and encourage learners to improvise is desired despite being a relatively-new domain if we will
look at it from the perspective of piano augmentation. We recommend that exploring user studies
and technology augmentations that aid in measuring and enabling expressiveness following the
initial work by Karolus et al. [63] could open more opportunities for personalised and pleasant
improvisations during learning. While improvisation is also effective in other related domains such
as music therapy [146], it would be interesting to explore whether these techniques can also help
the general learner be more confident in their performance or help them have a broader musical
vocabulary.

Learner Personalisation. User modelling has been a long-existing technique in the broader domain
of technology-aided learning. However, work on personalised student experiences in the context
of piano learning is a less-explored research area. There have been some studies on understanding
the pace of the user and their preferences [46], personalised error interventions based on user
input [73] and how learners studied (for better or worse) with personalised visualisations and
others [115]. Yet, much of these studies have been explored in the context of either using a general
graphic user interface and have not been explored specifically for music learning (like in the piano).
Their results show potential for personalised learner experiences enhanced by user modelling
and are worth exploring specifically for this context. On the other hand, there are also several
studies that attempted to understand user proficiency [64, 65] in a specific context and the internal
mechanisms [61, 75, 108] that go with it - but outside the domain of learning. Their results show
that they can model user movement and predict user errors which later on they could use to design
interventions to mitigate these errors. While their works have been used on general pointing tasks
or in game-based environments, we argue that the elegant structure and form of music make it
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an interesting domain that goes well with personalised learning. Furthermore, as user modelling
has been explored with various input modalities, these personalised experiences can supplement
teacher-based piano sessions. Therefore, we suggest looking intomovement patterns, music features,
and even expert heuristics, among many others, when building general or user-specific models of
piano students. Studies involving these variables have been proposed prior [31, 32] but have yet to
be explored further and deeper.

Exploring Other Types of Interventions. As several types of students and a broad spectrum of
music-based pedagogies exist, we recommend future directions in digital technology augmentation
based on the appropriate interventions that fit students’ corresponding learning types [34]. Apart
from gamified approaches to piano learning, we noticed that most existing augmented piano
prototypes have not used other forms of interventions such as (but not limited to): (i) predicting
user errors in key-pressing (e.g., Buschek et al. [13], Mecke et al. [92]), (ii) managing the cognitive
load of students (e.g., Kosch et al. [71]), (iii) simplifying or streamlining the number of piano
rolls (e.g., Kosch et al. [72]), and (iv) supporting collaborative or grouped learning (e.g., Wozniak
et al. [148]). Different types of intervention can also be introduced at varying levels of interaction
(from macro to micro e.g. improving synchronisation based on the ideal finger or hand-angle and
positioning [13, 92], analysing where the learners are looking/gazing to understand better cognitive
load [71, 72], and understanding spatial elements around the user to explore better context involve
the task [148]). This way, augmented piano prototypes can understand the context and introduce
interventions to the user at the specific pain point that needs improvement or adjusting.

8 CONCLUSION
In this paper, we did a systematic review of digitally augmented piano prototypes based on the
four learner-based themes that were conceptualised during the interviews with piano teachers: (1)
synchronising movement and posture between various body parts, (2) improving sight-reading
skills, (3) motivating students, and (4) enabling improvisation. Based on the data we collected
from the papers, we saw how smaller (local) experiments succeeded with their objectives (e.g.,
several prototypes helped users become better in terms of movement and synchronisation, and other
prototypes noticed a change in behaviour ormotivation for students).We found that synchronisation
and motivation studies worked, while authentic sight-reading and improvisation studies require
further exploration. Combining these findings with the themes we derived, we call for more studies
that involve larger samples done over a longer duration to properly-assess learning success. For
such large-scale and long-term studies, we laid out a set of recommendations to guide researchers
in designing their prototypes and experiments.
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Fig. 5. Affinity diagram containing insights that were coded and sorted. These were extracted from the
transcripts of interviews from the experts. Each row represents insights from E1 down to E10.
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