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Figure 1: (a) Passive haptic rehearsal gloves. (b) Web app for active and passive practice. (c) Active practice on light-up keyboard.

ABSTRACT

Passive haptic learning (PHL) uses vibrotactile stimulation to train
piano songs using repetition, even when the recipient of stimulation
is focused on other tasks. However, many of the benefits of playing
piano cannot be acquired without actively playing the instrument.
In this position paper, we posit that passive haptic rehearsal, where
active piano practice is assisted by separate sessions of passive
stimulation, is of greater everyday use than solely PHL. We pro-
pose a study to examine the effects of passive haptic rehearsal for
self-paced piano learners and consider how to incorporate passive
rehearsal into everyday practice.

CCS CONCEPTS

« Human-centered computing — Human computer interac-
tion (HCI); Haptic devices.
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1 INTRODUCTION

Playing piano improves mental health and has a positive impact
on welfare [11]. However, the learning process can take significant
time between learning theory and technique, practicing new piano
pieces and rehearsing previously learned ones. Passive haptic learn-
ing (PHL) offers an alternative method of rehearsal, speeding the
learning process and increasing retention [3].

Previous PHL studies have involved almost entirely passive train-
ing, with users only actively playing on a keyboard for evaluation
[17]. This research prioritized internal validity, focusing on narrow
conditions: simple, short songs, rigid pedagogical methods, and
inexperienced students. If PHL is to be a successful piano education
tool, it must be usable by real piano students learning complicated
songs and engaging in multiple forms of practice through various
mediums. We expand upon existing work by integrating passive
training into a piano learning program we hope to be suitable for
songs and students of all levels. We propose passive haptic rehearsal,
in which students learn songs through a combination of active prac-
tice and passive training sessions, to reinforce developing skills.

2 RELATED WORK

Existing work in piano skill acquisition primarily focuses on learn-
ing assisted by a piano instructor. We focus instead on self-paced
piano learning where the user learns without any direct human as-
sistance. Consistent feedback can encourage learners’ progress [1],
and the process can be gamified by providing more incentives as
the learner spends time practicing piano, ensuring continuity and
regular practice [14]. New piano interfaces seek to speed learning
and reduce the cognitive load demanded by practice. Visual cues,
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Figure 2: Deriving vibrotactile stimulation from sheet music

such as light-up keys, new piano notations [15] and finger position
tracking [10] have enabled such advances in active learning.

Passive learning, in contrast, is "caught, rather than taught" [8]
and can enable learning even in the absence of motivation and effort
[18]. PHL uses vibrotactile stimulation to teach piano passively us-
ing intensive repetition of instructional cues applied directly to the
fingers [4]. Surprisingly, learning occurs whether or not the tactile
stimulation is accompanied by audio of the notes playing [9]. Early
studies extensively compared passive and active learning for piano
and confirmed that PHL did not occupy the user’s attention during
learning [5, 7]. Newer research has expanded from simple melodies
to complete, two-handed chorded piano pieces [17]. Furthermore,
recent work shows that passively learned note sequences can be re-
called with greater accuracy than actively learned sequences when
recall is supported by audiovisual cues [3].

3 PASSIVE PIANO LEARNING FRAMEWORK

Our proposed framework includes a pair of vibrotactile haptic feed-
back gloves, a Bluetooth-capable tablet such as a Samsung Galaxy
Tab A8 and a Casio LK-5250 keyboard. The Casio keyboard can
illustrate how to play a song using light-up keys and can capture
the user’s practice sessions using MIDI. We use soft, faux leather
driving gloves with sizes varying for each user. The PHL gloves
contain five vibration motors (Precision Microdrives 310-103) at the
base of the fingers and a 3D-printed case at the back of the palm to
protect the electronics from sweat, dust and other damage.

Our web app allows users to manage and interact with scores and
the selected hardware. Users can interact with a song in a number
of ways, such as viewing the sheet music, playing through the song
with audio and visual cues, recording their own performances of a
song, and taking personal practice notes. All users also have access
to songs in a public corpus (e.g. the study curriculum). Users can
also upload their own songs as MusicXML files, which are processed
and stored in their account. Our software makes heavy usage of
the computational musicology library music21 for processing and
interacting with digital scores [2].

When new songs are uploaded to our web app, they are pro-
cessed in two significant ways. First, we automatically produce
fingering data for each note in the song, which is necessary for
tactile vibrations but not contained in most MusicXML scores. We
utilize the open source pianoplayer package to produce optimal
fingering patterns [12]. Second, because passive training works
optimally on short segments of 10-17 stimuli, we chunk each song
into small “lessons,” which are repeated multiple times during pas-
sive training. This “chunking” follows the guidelines established
by Seim [16].

The web app allows users to connect the tablet to the PHL gloves
over Bluetooth LE or to the keyboard over USB. When connected to
the gloves, they can initiate passive training sessions with a variety

of parameters such as length of session and number of lesson re-
peats. When connected to the keyboard, they can record and upload
their performance of a song, which is then evaluated by our scoring
algorithm (discussed below).

3.1 Integrating PHL with Active Practice

We restrict active piano lessons to 30 minutes to prevent fatigue,
though students are allowed to use whatever active practice tech-
niques they prefer. We incorporate feedback as an incentive and a
method of gamifying the learning process. First, the Casio keyboard
demonstrates the song to be learned by playing the song and light-
ing the keys in synchrony. The learner attempts to repeat the score
and then proceeds to their active lesson. Afterwards, the keyboard
again demonstrates the song, and the learner tries to repeat it. The
web app then graphs the student’s progress. Feedback immediately
after, but not during, the lesson allows students to learn from their
mistakes faster and build confidence as they remedy errors. Offer-
ing feedback gives the participant a sense of accomplishment and a
frame of reference over time, thus encouraging progress [1].

Dual cuing has been shown to greatly improve performance in
active learning [6]. During active practice, we display the piano
keys and sheet music on the web app while concurrently playing
the song. This process increases learning and reduces frustration
[17].

In addition to the 30 minute active practice session each day,
learners wear the PHL gloves for 2.5 hours. Using vibration motors
at the base of each finger, the gloves repeatedly stimulate the user’s
fingers in the order and rhythm in which the piano keys are played.
The gloves are fingerless so as not to interfere with the user’s
everyday tasks. Since no audio is played and the stimulation is
relatively subtle, the user can ignore the gloves. The gloves are
self-contained in that they do not need a continuous connection
to an external device to operate. The right glove controls the left
through Bluetooth LE. Battery life is around three hours.

Testing the learner before and after active sessions also provides
data on passive rehearsal. The test at the end of the previous active
session provides a baseline to compare to the test at the beginning
of the current active session to determine how much “forgetting”
has happened between sessions. Without passive stimulation, we
expect significant degradation of performance, but in pilot testing
with passive rehearsal, learners seem to retain or even improve
upon the benefits of their previous active learning session [4].

3.2 Performance Evaluation

To evaluate the performance of a user, we treat the notes played as
a temporal sequence P for calculating Eval(P). We use the Needle-
man-Wunsch algorithm [13], a dynamic programming algorithm
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for optimal global sequence alignment, for matching the note se-
quence played to the note sequence in the original piece. Previ-
ous work utilized Dynamic Time Warping for sequence alignment
which ignores the error of multiple presses of the same key (the
error between the key-press sequences “C A AB” and “C A B” is
zero) [5, 17]. Needleman-Wunsch is “stricter” when assigning error
costs. In addition to alignment errors, we have included a timing
error in our new algorithm to measure rhythmic inaccuracies. Once
the two sequences are matched, a timing error is applied to matched
key presses in which the time difference between user played and
original key presses crosses a pre-determined threshold.

Original Times: th tp - 13 tg - Iy tg -
OriginalNotesss C B B A E E F C -
PerformedNotesss C B - A E C F C C
Performed Times: ¢; t, - t; t, - ti t; -

1 I 1

Deletion Substitution Insertion

For the above example, assuming m total matched notes and the
timing error threshold to be T:

m
Timing Cost = Timing cost of matched notes = Z 1(] —ti’| >T)

i=0
Alignment Cost = Deletion cost + Insertion cost + Substitution cost

=1+1+1=3

Alignment and timing can be weighted to give an overall evaluation
of the performance; with weights W, and W; as the weights of
alignment cost and timing cost respectively:

Total Cost = W, * Alignment Cost + W; * Timing Cost

Key presses that occur in rapid succession are extracted as chords
and treated as unordered sequences.

4 PROPOSED STUDY

Since we focus on self-paced piano learning, we wish to recruit hob-
byist piano learners who are practicing in their own time without
formal piano lessons. We plan to reach these participants by adver-
tising to people who watch content from online piano instructors
on video streaming platforms. 16 participants will be recruited and
paired by skill level based on the improvements they achieve while
practicing a previously unseen piece actively for half an hour.

For the study, we chose a pair of songs from the composer Bartok:
Children at Play and Young Men’s Dance. Our participants likely
have not heard or learned these songs before, and a disqualification
criteria during recruitment will be if they have learned these songs
previously. The songs are of a difficulty level and length such that
they are not trivial to learn but our target subjects should be able
to adequately learn them in a two week period.

The study will follow a counter-balanced Latin Square design
for four conditions: two each for starting one of two piano pieces
and starting with the sham or functional gloves. Over the course
of 2 weeks, participants will be required to log a total of 3 hours
of practice per day: 30 minutes of active practice and 2.5 hours of
passive practice.

During active practice, subjects have access to our interactive
web app, which allows them to view sheet music, play back songs
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with audio and visual cues and record their own performances.
However, we will not mandate particular modes of active prac-
tice (i.e. scales, repetitions, metronome work, etc). During passive
practice, the subjects will wear our PHL gloves, and may go about
regular daily tasks during the session.

We will bring subjects into the lab three times throughout the
study for more in-depth evaluations: once at the beginning of the
study, once at the midway point (two weeks), and once at the con-
clusion. These evaluations will consist of recording their unaided
performance of each of our curriculum songs. Likert scale and pref-
erence surveys and free responses about their progress will also be
compared between the conditions.

The experiment is designed to be both within-subjects and be-
tween subjects. Each pair will be assigned the same song. One
learner will be using a fully operational glove while the other will
be given a similar glove and be told that the vibrations are set at
a level below perception (when in fact they will not be vibrating
at all). Using the daily pre and post active session tests, we will
compare learning and “forgetting” rates between subjects. After
two weeks, the pair will change to the second song, and we will
switch the sham and active glove condition. In this manner we can
compare each participant’s performance to themselves between
the sham and active condition. Note that, because of the pairing,
participants must be recruited and randomized in teams of eight to
maintain counterbalancing. ANOVAs and permutation tests will be
used to determine if the learning rates differ statistically.

5 CONCLUSION

This work presents a new framework for PHL by designing a cur-
riculum that combines active learning with passive haptic rehearsal.
We focus our efforts on hobbyist piano learners as they may most
appreciate the benefits of the PHL gloves. In order to examine the
effects of passive haptic rehearsal, we propose a controlled, ran-
domized study to test the augmented piano learning process in the
users’ own environments over the course of four weeks.
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