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ABSTRACT
We performed an experiment to investigate diﬀerences between deaf and hard of hearing people and hearing people
when playing an audio-based game on a tablet computer,
and how deaf and hard of hearing people appreciated the
game when they played it with three diﬀerent types of sound
material— speech, music, or mixed speech and music. We
analyzed game log files and participants’ self-assessments
and obtained results showing that there were significant differences between the two participant groups in terms of
whether they completed the game. Moreover, the deaf and
hard of hearing group showed a preference for music among
the three types of sounds and for the game itself. The two
groups listened to music in diﬀerent ways: hearing participants worked with the music material diﬀerently compared
with other two types of material, implying that music is the
most diﬃcult among the three types. The finding of the
preference for music only by the deaf and hard of hearing
group is consistent with the results from preliminary experiments we have done. We suggest that the game has the
potential to improve the listening ability of deaf and hard of
hearing people.

Categories and Subject Descriptors
K.8 [Personal Computing]: Miscellaneous; K.4.2 [Computers and Society]: Social Issues—Assistive technologies
for persons with disabilities
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Music, Game, Deaf and Hard of Hearing

Glennie and P. Whittaker OBE. A Chinese deaf and hard
of hearing troupe performs all over the world. From several years of experiences with the deaf and hard of hearing
students, we understand that they have passions to enjoy
music. We know that many of the deaf and hard of hearing
university students have been to karaoke, they like dancing,
and they also enjoy playing arcade games and console games
with music, using visual interface [1].
The advent of camera-equipped mobile phones and recently smartphones has widened the range of activities of
deaf and hard of hearing people in terms of communication and obtaining information. Thus, we thought that an
audio-based game on a smartphone or a tablet would be interesting to them and would inspire them to listen to sound
attentively, which has proved to be a beneficial activity for
improving hearing abilities (e.g. [6]). To this end, we developed a game named the Music Puzzle [4]. It provides
deaf and hard of hearing people an environment of active
listening with which they can enjoy music.
In this paper, we describe an experiment using Music Puzzle in which participants listened to three types of sounds:
speech recordings, music recordings, and mixed versions of
these two. The purpose of the experiment was to determine
whether there are any diﬀerences in how deaf and hard of
hearing people and hearing people listen to diﬀerent types of
sounds and how Music Puzzle is appreciated as a game. Results from an early study show that the game was generally
well liked, though the players had diﬃculties in completing
the game. The most notable finding was the preference by
the deaf and hard of hearing participants for music among
the three types of sound, and also practical findings concerning how to adjust game diﬃculty.

1. INTRODUCTION
Music has been shown to have direct links with a person’s well-being, social development, language, and several
other aspects [11]. Music is not only for hearing people. We
could find many musical activities by deaf and hard of hearing people. There are professional musicians like Dame E.
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2.

RELATED WORK

There has been research on the relationship between deaf
and hard of hearing people and music. Most of this research
has been on how music is perceived. Darrow, a music therapist, conducted several experiments that sought to elucidate
how deaf and hard of hearing children understand music [2].
Hiraga reported there were no diﬀerences between deaf and
hard of hearing people and hearing people in recognizing
certain emotions expressed in drum performances [5].
Other research groups have found that children who have
cochlear implants and who perform musical activities have
a better understanding of speech. Torppa et al. found that
musical experiences have a strong link to the perception of
focus in children with cochlear implants [9]. Trehub et al.

found that such children could recognize music even when
the stimuli had been altered [10].
There are systems to analyze the musical performance of
deaf and hard of hearing people, and others that can be
used for attention-focusing tasks. MIRToolbox is used in
music therapy sessions for analysis purposes [7]. The Soundscraper [3] is a play gadget that works to focus the attention
of children with compound impairments, including impairments related to listening. With the Soundscraper, children
can easily produce various sounds and using physical interaction change audio parameters of these sounds. SPREAD [8]
is one of several examples of games for reforming and training speech.

3.

Start

Play

THE MUSIC PUZZLE

The Music Puzzle is a computer game for tablets and
smartphones using sounds for the gameplay. The goal of
the game is to reconstruct the original sound from unordered
pieces. Figure 1 shows the concept of the game. At the beginning of the game, sound data is divided into segments of
the same length. Each segment is then distorted by shifting
the pitch and equalization. To finish the game, the user listens to each segment visualized with no clues on the sound
information as pieces on the screen, reorders them, and corrects their pitch and equalization.
We choose the analogy to a traditional jigsaw puzzle game.
The puzzle thus represents the complete solution or goal;
traditionally a well-known picture divided into many small
pieces, in our case a sound recording of 15 seconds duration
(any duration is possible) divided into several small sound
segments. Pieces represent the jigsaw pieces that must be
put together to form the picture; traditionally in two dimensions with fitting forms, in our case the pieces must be
ordered temporally without visual cues. A game session represents the action of trying to solve a puzzle from scrambled
pieces to a whole; in our case we estimated that the time
needed for completing a session should be a few minutes.

3.1 Hardware and Software
The application runs on Android 2.2 or above. Audio
programming was done in Pure Data (Pd) with the libpd
library for mobile systems, and Android View components
for the visual representation on the screen. Pd is a real-time
programming environment for audio and has the necessary
functions for pitch shifting and equalization.
During development, Music Puzzle was assured to run on
all the Android devices to be used in the experiment, including Samsung tablets and smartphones, Google Nexus,
Kindle Fire HD and Sony devices.

Goal
Figure 1: Outline of Music Puzzle. A sound recording is divided into smaller pieces of equal duration.
Each piece is shifted in pitch and equalization. The
goal is to rebuild the original.
The created pieces contain a segment of the original sound
and have equal durations. The user can then press to listen
to a piece, drag and reorder it, with the goal of arranging
the pieces in the same sequence as the original sound.
Since pitch and equalization shifts are applied to each
piece, the user also has to correct the pitch and equalization to make the sound assigned to a piece the same as the
original. Correcting options become selectable when the user
presses and holds a piece on the screen. The selection is illustrated in Figure 3. Radio buttons for options have random
color and order each time the window opens to prevent giving visual cues to the player. Alternatively, these properties
can be automatically corrected with buttons “Pitch Cheat”
and “EQ Cheat” at the left bottom corner as in Figure 2(b).

3.2 User Interface
The game provides a simple user interface with only a
few visual objects in order for players to concentrate their
eﬀorts to listening to the sounds. Figures 2(a) and (b) show
the tablet screens that a user sees during the game. When
the user starts a game session, a ball appears in the center
of the display, Figure 2(a). Then the user presses the ball,
complete sound is played. The user is requested to shake
the tablet. The ball responds to the shaking by breaking up
into several smaller pieces, as illustrated in Figure 2(b). The
number of pieces that are created depends on both the force
of the shaking and the diﬃculty level, which are predefined
in a game settings file.

Figure 3: Pitch and equalization dialog. Radio buttons are used for correcting pitch (above) or equalization (below).
Besides interacting with the sound pieces, users can use
four square buttons on the top row of the screen, Figure 2(b).
They have the following functions:
How did I do? This button shows correctness of the order
of pieces as well as pitch and equalization.

(a)

(b)

Figure 2: The user interface. (a) The user initiates the game by listening to the sound then shaking the
tablet. (b) The game starts with the pieces randomly positioned on the screen.
Play Solution This button repeats the original sound.
Play the current This button plays the sound pieces in
sequence as they are arranged on the screen.
Oh, I give up! This button ends the session and initiates
a new, starting from selecting the sound set.

3.3 Preparation
Before playing the game, the game administrator has to
prepare sounds and diﬃculty settings. Sounds are placed
in folders, and settings are defined in a text file. Any type
and duration of sound recording can be used, depending on
the experiment’s aim. From tests, we have noticed that the
total duration, the pieces’ duration, and the sound contents
need to be carefully balanced to avoid getting, for instance,
pieces that are silent. For speech especially, pauses between
words might need to be reduced.
The diﬃculty level is determined by the number of pieces
possible to create from shaking, the range of the pitch shift,
and the equalization’s filtering settings. When the shaking
yields many pieces, the game is in most cases more diﬃcult
because the sound duration of the piece gets short.

3.4 Game Logs
Each game session is recorded in a log file when a user
finishes playing. The log file includes time-stamped information on the session and the user’s actions on the tablet.

4. EXPERIMENT
The experiment was designed to collect gaming data and
user evaluations. Mainly, we look at time measurements, frequencies of interactions and chosen sound types. The game
settings including diﬃculty, sound material and interaction
were adjusted based on prior tests, described briefly below.

4.1 Preliminary Experiment
Prior to this experiment, we conducted preliminary experiments on the game with twelve hearing Swedish university
students and fifteen deaf and hard of hearing Japanese university students. They used their own native languages as
the speech data. The most interesting result was that most
hearing participants preferred to play with speech, whereas
most deaf and hard of hearing participants showed a preference for music, though we used diﬀerent sound sets in these

experiments. We interpreted the results as meaning that
without other non-verbal information, music has a more
communicative meaning to deaf and hard of hearing students. It is easier to communicate with deaf and hard of
hearing students if we pay attention to non-verbal information such as facial expressions. Likewise, when the speech is
not accompanied by any context or supplemental information, the contents can expectedly be harder to comprehend.

4.2

Participants

Twelve deaf and hard of hearing university students (aged
between 19 and 23; 10 male, 2 female) and the same number of hearing university students (aged between 21 to 24;
3 male, 9 female) participated. Both student groups were
Japanese natives.
Among deaf and hard of hearing participants, there was
one participant whose range of hearing ability was between
70 to 90 decibels. Eleven had ranges of hearing ability over
90 decibels. Eleven of the participants used hearing aids in
the experiment; one used a cochlear implant.
The constituent ratios of the frequency of listening to music in the two groups were quite similar. Half of both participant groups often listened to music. The participant with
the cochlear implant did not listen to music.
Twelve of the fifteen deaf and hard of hearing students
who participated in the preliminary experiment told us that
they were willing to use the game if it was free of charge, and
hence we interpreted that as encouragement for running further experiments. The hearing students participated in no
particular musical activities, such as playing an instrument
regularly, and none were enrolled in sound-related studies.

4.3

Materials

We prepared four sets with three types of sound material
to be used by all participants: speech, music, and mixed.
The speech material did not contain any musical sounds,
and the music material did not contain any speech. All materials were fifteen seconds long, and the sound data sets
were installed on four Nexus 7 tablets and two Samsung
Galaxy tablets. The previous experiments revealed no effects of having diﬀerent tablet screen sizes.
The speech recordings were from readings of Japanese poems. Two poems were read by female readers and two by
male readers. The sets one and four were from old Japanese
poems, while set two was from a Japanese translation of

Table 1: Speech and music material used in the experiments. Names of authors and composers are in
parentheses.
Set

Speech

Music

1

Under a cherry tree
(M. Kajii)

Après un réve
(G. Fauré)

2

Do not stand at my grave
and weep
(Translated by M. Arai)

Nausicaa Requiem
(J. Hisaishi)

3

Lemon
(M. Sada)

Always with me
(Y. Kimura)

4

Not losing to the Rain
(K. Miyazawa)

Castle in the Sky
(J. Hisaishi)

ing participants (in the following: HP) undertook 79 sessions. We statistically analyzed log data of the sessions of
sets two to four (see Table 1) and the self-assessments in
order to investigate the diﬀerences between the three sets,
between participant groups, and between sound types, using
one-way analysis of variance (ANOVA). When the one-way
ANOVA was significant at a p-value of ≤ 0.05, post hoc
multiple comparisons were made by using Tukey’s test.

5.1

5.2
an English poem, and the reading of set three was from a
Japanese pop song. Most Japanese young people with hearing would be familiar with the poems of sets one, two, and
four. The music was excerpted from cello performances. Table 1 lists the four sets of sound material. The order of sets
two to four were not necessarily assigned to tablets in the
same order.

4.4 Procedure
Each experimental session took one hour. First there was
an eight minutes preparation that consisted of reading an explanation of the game purpose and how to play and a short
demonstration. After that, participants gave their consent
and other information such as their musical experience and
hearing levels. Participants tried set one as training for fifteen minutes; then they proceeded to play with sets two to
four for thirty-five minutes. We asked them to play with all
types of sound in a set, though the order was voluntary. Finally, participants gave post-descriptions of their preference
regarding the type of sound.
The experiment took place in a classroom with 2–6 students at a time, and each participant had a tablet and a
headphone. They were instructed to adjust the sound volume to a comfortable level and were free to readjust this
setting when necessary. Also, they were allowed to take
breaks if needed. They received a token gratitude of about
USD10 for their participation.
The pieces that comprised the whole puzzle, as shown in
Figure 2(b), varied in number from five to seven. Pitch shift
was done in five steps: −1000 cents, −500 cents, unaltered,
+500 cents and +1000 cents.1 The equalization was done
with a high-pass filter, a low-pass filter and an unaltered
version. The high-pass filter had a 500 Hz cutoﬀ frequency
and the low-pass filter had a 2000-Hz cutoﬀ frequency. This
yielded three timbres that all included the sensitive region
between 500–2000 Hz. Figure 3 shows the five and three
alternatives for pitch and timbre respectively.

5. RESULTS
The deaf and hard of hearing participants (in the following: DHHP ) undertook 57 game sessions, whereas the hear1

100 cents change is equivalent to a whole tone step.

Differences between sets

The number of sessions of set two in Table 1 was significantly diﬀerent from the other two sets. The second set
was played more than other two sets. Among the 24 participants, 23 used tablets on which set two was assigned to
choose at first. Sets three and four were evenly assigned to
the choice of the second and the third. There were no other
diﬀerences concerning the sets of sound data.

Differences between participant groups

There were diﬀerences in the following aspects between
the two groups, DHHP and HP.
The rate of successful sessions. A comparison of the
successful session rates showed there were significant diﬀerences between the subject groups (p < 0.001). The mean
success rates of DHHP and HP were 0.092 and 0.303, respectively.
The number of actions of listening to the original
sound (p < 0.001). The mean number of listenings to the
original sound during a game session by DHHP was 5.03
while that of HP was 1.00.
The rate of sessions in which the user who did
not use the “Cheat Pitch” button improved the pitch
properties (p < 0.001). The rate of improvement by DHHP
was 0.50, while that of HP was 0.82.
The rate of sessions in which a user who did not
use the “Cheat EQ” button improved the equalization properties (p < 0.001). The rate of improvement by
DHHP was 0.50, while that of HP was 0.90.

5.3

Differences between types of sound data

We analyzed game sessions in terms of the three types of
sound data. There were significant diﬀerences in the following items.
Time spent on a session (p = 0.006). The multiple
comparison test showed diﬀerences between music and the
other two sound types (speech and mixed). The participants
spent longer with the music. With the further investigation
on the time spent on a session by each participant group,
only HP showed diﬀerences.
The number of actions of listening to the current solution (p < 0.001). The multiple comparison test
revealed diﬀerences between the music and the other two
sound types. Participants chose to listen to the current solution more often with the music than the other two types of
sound. Only HP showed diﬀerences in the number of actions
for listening to the current sound.
Table 2 shows the p-value and the mean value of each
participant group for each sound type on the time spent in
a session and the number of listenings to the current sound.
The rate of sessions in which the equalization improved (p = 0.034). The multiple comparison test showed
diﬀerences between speech and music. The mean ratios were

Table 2: P-value and mean values of the time spent in a session and the number of listenings to the current
sound.
Time spent on a session (seconds)
Participant
group

Deaf and
hard of hearing

P-value

Number of listenings to the current sound

Hearing

0.448

Deaf and
hard of hearing

<0.001

Hearing

0.100

0.004

mean

Speech

Music

Mixed

Speech

Music

Mixed

Speech

Music

Mixed

Speech

Music

Mixed

value

254.27

316.24

259.04

172.41

332.62

137.72

0.98

2.74

2.11

1.22

3.67

1.20

the pieces be given memos, fewer options for sound alterations, and some suggested that concentration on listening
to the sound improves hearing ability. From HP, we learned
that the speech type of sound was easy, whereas the music type was diﬃcult, and that familiar music was easy. In
addition, we got many suggestions for improving the game
interface.

6.

Figure 4: Preferences of sound type of the two participant groups.

0.62, 0.83, and 0.77 for speech, music, and mixed, respectively.

5.4 Questionnaire data
We asked participants to rate each game session with a
diﬃculty level from one (very hard) to five (very easy).
Diﬃculty level of a session based on self-assessments.
There were diﬀerences between the two groups in terms of
the experienced diﬃculty of sessions (p = 0.015). The mean
value of DHHP was 2.34, while that of HP was 3.35.
Experienced diﬃculty of the Music Puzzle as a
whole. The self-assessments on the diﬃculty level of the
game were analyzed by sound type. There were significant
diﬀerences between types (p = 0.032). The multiple comparison test showed there were diﬀerences between the music
and the other two types of sound. Also, we performed an
ANOVA on the sound type by participant group, then found
significant diﬀerences only for the HP.
Preferred type of sound for playing Music Puzzle.
Figure 4 shows which sound types the two participant groups
liked. More than half of DHHP liked music, while 75% of
HP liked the mixed sound.
Evaluation of the Music Puzzle. Eight DHHP and
seven HP answered positively to the question “Would you
use Music Puzzle if it were free?”.

5.5 Comments from participants
We also obtained free form comments from the participants. DHHP wanted the pieces to be colored diﬀerently,

DISCUSSION

The most notable finding in the experiment is that out
of the sound stimuli types of speech, music and mixed, music conveyed more information to deaf and hard of hearing participants than to hearing participants. In particular,
the deaf and hard of hearing people preferred the musictype sounds more than hearing people did, even when they
had diﬃculty completing games. The interpretation of the
preliminary experiments described in Section 4.1 is in fair
agreement with this finding.
The supportive results of the experiment are as follows.
1. The deaf and hard of hearing participants had diﬀerent attitudes to listening to sound from those of the
hearing participants.
2. The music meant diﬀerent things to the two participant groups.
3. The deaf and hard of hearing participants preferred
playing the game with music.

6.1

Attitude of listening to sound

The participant groups showed diﬀerent styles of listening.
The hearing participants diﬀerentiated the sound type, while
the deaf and hard of hearing participants listened to the
three types of sound evenly. The common aspect of the
two participant groups was that they both spent more time
playing with the music type sounds than with speech or
mixed.
The original sound (without pitch or equalization alterations) could be replayed by pressing the “play solution”
button. Both this and the cheat buttons for pitch and equalization were used more frequently by the deaf and hard of
hearing group. One possible reason for this could be that
the task of getting the order right seems to get priority over
the finer details, and that the participants in that group are
eager to work with sound material they know is correct as
fast as possible.

6.2 Meaning of music

8.

In spite of the diﬃculty in completing the game, the deaf
and hard of hearing participants preferred the game, and
they preferred music to the other types of sound. The results
are consistent with our preliminary experiments. The sound
of music seems to attract deaf and hard of hearing people
very much.
We suggest two possible explanations to why deaf and
hard of hearing people prefer music to other sounds: 1) Musical sound is generally diﬀerent from speech in that it has
a broader frequency band, a complex combination of the
fundamental frequency and overtones, and clearer rhythmic
patterns. These properties of musical sound give deaf and
hard of hearing people relevant clues that they may find
more interesting or useful than other types of sound. 2) As
we supposed in Section 4.1, in the absence of non-verbal information, the acoustic contents of speech signals seem to
convey less information.
On the other hand, the reason for the low preference to
the combination sound is an open question.
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6.3 Preference of music with the game
Many of deaf and hard of hearing people felt that the
game was interesting. The comments we got indicated that
the deaf and hard of hearing participants would have liked to
have visual cues. However, their concentration on listening
was much higher than we had imagined. As one participant
commented, the game has the potential to develop their listening ability.

6.4 Future Work
We have started and have planned several new experiments with Music Puzzle that aim to study how people listen
to sound and to improve listening ability.

6.4.1 Speech
The results of the current study suggested to us that people who are not familiar with the sound of a certain language
may show the similar inclination as deaf and hard of hearing
people. To test this assumption, we have started an experiment with non-Japanese natives that uses the same sets of
sound data as the game of the experiment presented here.

6.4.2 Music
We used cello music in this experiment. By providing the
game with a variety of music, we would be able to explore
various possibilities of music for deaf and hard of hearing
people.

6.4.3 Training
One of the deaf and hard of hearing participants commented that playing with Music Puzzle improved her hearing ability. We have started a longer-term experiment on
how the game aﬀects the listening ability of deaf and hard
of hearing people.
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