oF T mp

—_—
X

oo To

R B RN MrE

(o II=—T o )



o] A B (2 1£ 15)

Mo
K

o
Mo

T
o

2010



12
HT
(I
>
Ol0
o
Bal
ol
E
rm
Pal
2
H
44

Vibrotactile Score for Designing Vibrotactile

Patterns



Vibrotactile Score for Designing Vibrotactile

Patterns

by

Jaebong Lee

Division of Electrical and Computer Engineering
(Computer Science and Engineering)

POHANG UNIVERSITY OF SCIENCE AND TECHNOLOGY

A thesis submitted to the faculty of Pohang University of Science and
Technology in partial fulfillment of the requirements for the degree of
Master of Science in the Division of Electrical and Computer Engin-

neering (Computer Science and Engineering)

Pohang, Korea
December 8, 2009

Approved by

Seungmoon Choi, Major Advisor



In
by

=

Kl

Hy

=
1=

{0
K
o)

00

ol

ol

ol M S

<0
DH
A

ol
11
0|
DH
ol

m._;
ol

<
ol

__o_p
—_

mo
__oo
I
0lJ
D
HJ

ok

ol
oD
8%

1o

140
el_e
o4
op
ok

2009 A 12 & 8L

DR
{[0
)

ke

K0
oM

o

s
Bl

or



MECE 0| A &, Jaebong Lee, Vibrotactile Score for Designing Vibrotactile

20080313 Patterns. &P = AIZ2St Fl=E I|& HZF &2, Division of Electrical
and Computer Engineering (Computer Science and Engineering),
2010, 53 P, Advisor: Seungmoon Choi. Text in English

Abstract

Despite the plethora of available vibrotactile applications that have already begun to impact
our everyday life, how to design vibrotactile patterns easily and efficiently continues to be a
challenge. As an intuitive and effective approach for vibrotactile pattern design, this paper
proposes a vibrotactile score. The term comes from a metaphor of a musical score and
its design is adapted from two common musical scores (piano score and guitar tablature).
Another metaphorical feature analogous to the musical clef, named a vibrotactile clef, is
also introduced to decouple the processes of low-level vibrotactile signal design and high-
level pattern composition. The conceptual design of the vibrotactile score and clef are fully
realized in a graphical authoring tool named the Vibrotactile Score Editor (VibScoreEdi-
tor). We demonstrate the expressiveness of the vibrotactile score with several examples. In
addition, the usability of the vibrotactile score was evaluated, focusing on its learnability,
efficiency, and user preference. Experiment 1 was to compare the vibrotactile score and the
current dominant practices of vibrotactile pattern implementation including programming
and scripting. The results gained from programming experts validated the substantially su-
perior performance of the vibrotactile score. Experiment 2 was to compare the vibrotactile
score with the waveform-based design already implemented in a few recent graphical au-
thoring tools for vibrotactile patterns. Ordinary users without programming backgrounds
participated in this experiment, and the results substantiated the excellent performance of

the vibrotactile score.
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Chapter

INnfroduction

1.1 Motivation and Related Works

Vibrotactile feedback can enhance interactivity between the user and a device by conveying
useful information to the user, especially when visual and audio information is limited. A
large number of studies have investigated the usefulness of vibrotaction for various applica-
tions in the areas of HCI (Human-Computer Interaction), VR (Virtual Reality), and gaming.
A detailed literature review of the subject can be found in [10, 17] centered on information
communication and [28] focused on in-vehicle applications. Furthermore, vibrotactile ren-
dering has recently been adopted for use in commodity products including full touch-screen
mobile phones and active safety systems for automobiles.

In parallel with technological advances, there has been an increasing demand for soft-
ware tools that can facilitate the design and evaluation of vibrotactile patterns. Notable
developments include the Hapticon Editor [9], Haptic Icon Prototyper [29], VibeTonz stu-
dio [12], and posVibEditor [24]. All of these editors offer an intuitive and easy-to-use GUI
(Graphical User Interface) along with some unique features.

The Hapticon Editor and its upgraded version, the Haptic Icon Prototyper (Fig. 1.1a),
were developed for haptic icons to be played with a one degree-of-freedom force-feedback
device (e.g., a haptic knob). Even though the target attribute was a force profile, the two

editors can be easily adapted to allow for vibrotactile pattern design. The VibeTonz studio
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Fig. 1.1 Previous vibrotactile pattern authoring tools.

(Fig. 1.1b), a commercial editor from Immersion Corp., is for mobile devices, and offers
a template of simple pattern elements and a timeline interface in which the elements are
combined for complex vibrotactile patterns. In addition, the VibeTonz studio can automat-
ically generate vibrotactile patterns from music files in MIDI (Musical Instrument Digital

Interface) format, which is a convenient feature for application development. A simplified
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version was included in a Haptic Phone (Samsung Electronics; model SCH-W420), so that
the users could create their own vibrotactile patterns (Fig. 1.1c). Recently, our research
group released the posVibEditor that had several advanced functions. For instance, it sup-
ports pattern design and tests for multiple vibration actuators, which are common in HCI
and VR research, using a multi-channel timeline interface. Another unique feature is a de-
sign mode for perceptually transparent rendering that can minimize distortion in the user’s
percept from the intended vibrotactile effects using a psychophysical magnitude function

[26, 23].

1.2 Research Goal

Previous vibrotactile pattern authoring tools are analogous to a sound composition program
that allows for the direct manipulation of sound waveforms. Although this low-level access
provides the greatest flexibility in shaping a waveform, composing music or audio icons
in this way is far from being intuitive or efficient. For this reason, we usually rely on a
musical score. Based on the same metaphor, we propose, to compose vibrotactile effects
or tactile icons, the use of a vibrotactile score that represents vibrotactile patterns using
symbols adapted from musical scores. Previously, a similar but simpler representation was
anecdotally used to describe tactons [1]. In this paper, we formalize the definitions of
symbols for a vibrotactile score with an explicit link to their signal-level counterparts.

Our vibrotactile score is based on a piano score with a few features borrowed from a
guitar tablature. Using the score, we can represent the desired pitch, strength, and duration
of a vibrotactile note, and compose “vibrotactile music” in the same way as we do with
musical scores. This process is intuitive and easy to learn, allowing for the efficient design
of vibrotactile patterns even for non-experts.

We also implemented the conceptual design of the vibrotactile score in a graphical editor,

named the Vibrotactile Score Editor (VibScoreEditor), which has the following features:

¢ An intuitive GUI: Vibrotactile patterns can be graphically designed and edited simply

by adding and deleting the notes and rests on a score.
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e Decoupled management of vibrotactile notes and corresponding vibrotactile signals:
The VibScoreEditor provides a “vibrotactile clef” to define the physical characteris-
tics of a vibrotactile signal for each staff line in a vibrotactile score in a way analogous

to a musical clef.

e Data files in the XML (eXtensible Markup Language) format: By using XML docu-

ments to store data, the VibScoreEditor ensures reusability and extensibility.

e On-the-fly tests of designed patterns: A vibrotactile pattern player is embedded in the

editor to facilitate iterative designs and testing.

e Support of different vibration actuators: A driver module for a vibration actuator can

be independently developed and linked to the VibScoreEditor.

In addition, we experimentally evaluated the usability of the vibrotactile score in two
experiments. The experiments differed in target user populations and the design methods
used for comparison. In Experiment 1, conventional design methods, programming in C
language and scripting in XML, were compared with editing with the VibScoreEditor by
expert users. In Experiment 2, two graphical vibrotactile pattern authoring methods, wave-
form editing and vibrotactile score editing, were compared by ordinary users. The results
of both experiments demonstrated the greatly improved performance of vibrotactile score

in terms of learnability, efficiency, and user preference.



Chapter

Vibrotactile Score

Our vibrotactile score has been designed by combining the features of two musical scores

(piano score and guitar tablature). This section presents its conceptual design.

2.1 Musical Scores

It goes without saying that the piano score is the most widely used musical score. In this
score, the pitch of each note is represented by its position with respect to the five staff lines
with a higher position indicating a higher tone, and its duration is denoted by its shape
(Fig. 2.1). The symbols for rests represent their durations only. This is quite an effective
notation for the piano, since the position of a note is mapped on a one-to-one basis to the
position of a key on the keyboard.

However, using a piano score to play a guitar is not straightforward. The position of a
note is not intuitively mapped to a finger position on the fingerboard of a guitar, and can even
be mapped to multiple finger positions. A more popular way is to use the guitar tablature
that has six horizontal lines mapped on a one-to-one basis to the six strings of a guitar
(Fig. 2.2). In the guitar tablature, the head of each note includes a number that specifies the
fret number on which a finger should be placed on the fingerboard. Another difference is
that in the guitar tablature, the half note (the fourth symbol in Fig. 2.2) is distinguished from

the quarter note (the second symbol) by the lengths of their stems (a vertical line connecting
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Fig. 2.1 Each note in a piano score (left) corresponds to a key on the keyboard (right). See
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Fig. 2.2 Guitar tablature (left) and corresponding fingering positions on the guitar finger-
board (right). See the circled numbers.

the head and flag of a note). The shapes of other note and rest symbols are the same as those
of the piano score. These features in the guitar tablature (use of strings, fret numbers, and

duration) allow for easy and intuitive score reading for guitar players.

2.2 \Vibrotactile Score

When designing the vibrotactile score, we had two major considerations to take into ac-
count. The first was that to minimize the learning and design times, the vibrotactile score
needs to be as similar as possible to one (or two) widely recognized musical scores. The
second was that the representations of vibrotactile patterns must be comprehensive enough
to cover vibrotactile signals that can be generated by currently available vibrotactile actua-
tors.

For the first design goal, we speculated on which requirements are unique to a score
for vibrotaction. It immediately became clear that whereas a musical score is played by
a human, a vibrotactile score is played by a computer. The absolute strength of a note

is not specified in a musical score since it is determined by a human performer. On the
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first measure in (a).

()=

Fig. 2.3 Conceptual design of the vibrotactile score.

contrary, a vibrotactile score must have a way to represent the strength of a vibrotactile note
to be produced by a vibration actuator. Even though computer-playable music protocols
exist that contain intensity information such as MIDI, they are excessively complicated for
vibrotactile patterns and recognizable only by music experts. Our strategy, therefore, has
been to combine the features of two common musical scores, the piano score and guitar
tablature, while preserving their familiarity to ordinary users.

In our design (Fig. 2.3a), the pitch of a note is represented by its vertical location on the
staff lines (as in the piano score), and its duration is determined by its shape (as in the piano
score and guitar tablature). We denote the strength of the note by an integer inside its head.
It is important to point out that this notation is the same as the fret number in the guitar
tablature, but its meaning is different. We use six staff lines as in the guitar tablature simply
to express one more pitch. More staff lines can be added if more pitches are desired, but
this may weaken the score metaphor. Overall, the appearance of the vibrotactile score is
more similar to the guitar tablature, but its functionality is closer to the piano score.

Four more symbols, among the many used in musical scores, are employed in the vibro-

tactile score (see the second measure in Fig. 2.3a). The first two are dynamics symbols:
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the crescendo and decrescendo (a and b in the figure), which express gradual changes of
vibration strength. As in music, the former indicates that the intensity of a note is to be
increased over time, and the latter suggests that it should be decreased. These two patterns
are very effective and frequently used in tacton design [4]. The other two symbols, legato
and portamento (c and d in Fig. 2.3a), describe how to play adjacent notes. When playing a
vibrotactile score, a short silence interval is inserted between two adjacent notes by default
to make them distinguished. When the notes are tied with a legato, they are played con-
tinuously without a silence interval. If a portamento connects two neighboring notes, the
pitch and strength of their vibration are interpolated continuously from those of the preced-
ing note to those of the following note without a silence interval. Diverse and expressive
transition effects can be designed using the four symbols.

For the second design criterion, we introduced another metaphor named the vibrotactile
clef. The “vibrotactile clef”, which is analogous to the musical clef', defines a mapping
from the position and intensity level of a vibrotactile note to the respective physical param-
eters associated with the pitch and strength of a vibrotactile signal. For example, assume
that we use simple sinusoidal vibrations expressed by y(t) = Asin(27Ft) where A is
amplitude, F is frequency, and ¢ is time. Then, in its vibrotactile clef, the position and in-
tensity level of a note are mapped to the frequency and amplitude of a sinusoid, as shown in
Fig. 2.3b. A tempo variable stores the duration of the quarter note in seconds, and the du-
rations of other notes are scaled accordingly. With this vibrotactile clef, the first four notes
in the vibrotactile score shown in Fig. 2.3a will generate the vibrotactile pattern shown in
Fig. 2.3c.

Note that the current design of the vibrotactile score places notes only on the staff lines
(but not between them), which provides only six available pitches for pattern design. This
decision was due to the limited frequency discriminability of our vibrotactile perception.
The JND (Just Noticeable Difference) of signal frequency is about 20% for sinusoidal vi-

brations perceived at the fingertip [18]. Moreover, the number of vibrations that can be

IThe musical clef indicates the actual pitches of staff lines. For example, the treble clef makes the five
staff lines represent E-G-B-D-F from bottom to top. If other clef symbols are used, the pitches of the lines are
changed accordingly.
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reliably distinguished by frequency only is also fairly small; three in 100 — 300 Hz [27] or
three in 80 — 250 Hz [25]. From our experience, including diverse features to express more
pitches, such as placing note heads between the staff lines or using sharp and flat symbols,
tends to make the design and editing process unnecessarily complicated. If more than six
pitches are indeed necessary, the user can use multiple vibrotactile clefs as shown in the
first design example in Chapter 5.

Our design of a vibrotactile score with a vibrotactile clef has several important advan-
tages over other methods. First, since the vibrotactile score shares exactly the same notation
as piano scores and guitar tablature, it is intuitive and easily to learn, even for non-experts.
Second, the decoupled structure of the vibrotactile score and clef allows the user to focus
on pattern composition using a sequence of score symbols while not paying much attention
to their low-level physical parameters. Third, given a vibration actuator, the expert user can
define a vibrotactile clef using a set of vibrotactile stimuli that are effective with the actu-
ator. A well known fact is that each type of vibrotactile actuators has different actuation
characteristics [21]. Lastly, given a vibration actuator and a vibrotactile score, changing a
vibrotactile clef from one setting to another may produce perceptually distinct vibrotactile
patterns, greatly increasing the expressiveness of pattern composition. The only require-
ment is that to preserve the metaphor, a vibrotactile tone represented by a higher string

should have a higher pitch than one represented by a lower string.



Chapter

XML Schema for Vibrotactile
Score

We have embodied the conceptual design of the vibrotactile score in an XML format, which
has strong structurability, extensibility, and interoperability [11]. It is therefore a suitable
format for representing the structured data in a vibrotactile score. It has been also used for
other types of haptic data [32, 24]. We define XML schemas for the vibrotactile score and

clef in two respective documents.

3.1 XML Document for Vibrotactile Score

The document structure for the vibrotactile score is shown in Fig. 3.1. This document stores
information about notes and rests separated by bars in a score. The definitions of elements
and associated attributes are summarized in Table 3.1. The vibrotactile clefs to be used in a
vibrotactile score are declared in element Clef. Each Bar element designates a vibrotactile
clef to use via attribute clef, in a similar way to a clef change in a musical score. The
attribute length in the Note and Rest elements can have one of ten discrete values: whole,
half _dot, half, quarter_dot, quarter, 8th_dot, 8th, 16th_dot, 16th and 32th, where the
postfix _dot indicates a dotted symbol (e.g., a Rest element with length = quarter_dot

represents the dotted quarter rest). A dynamics attribute is used to specify a special pattern

10
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VibScore

— Note | ! length )
O"w@ { length )

Fig. 3.1 XML schema for a vibrotactile score document.

of intensity change, and can be one of crescendo, decrescendo, or none. Notes tied with
legato are represented by the same non-zero serial integer in the legato attribute. The same
applies to the portamento attribute. The roles of the other elements should be self-evident

in Table 3.1.

3.2 XML Document for Vibrotactile Clef

The XML document for the vibrotactile clef has the hierarchy shown in Fig. 3.2, with
the elements and attributes defined in Table 3.2. The clef document supports three types
of vibrotactile waveforms: sinusoidal, curve, and line waveforms, which are denoted in

attribute type by sine, curve, and line, respectively. If type = sine, element String has
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Table 3.1 Roles of elements and attributes in the score document.

VibScore

Root element of a score document

version

Current version number

Title

Title of a vibrotactile score

Clef

Declaration of vibrotactile clefs that will be
used in the score

id

Identifier of a vibrotactile clef

href

Relative path to the XML doc-
ument of a vibrotactile clef

Bar

Definition of a bar

clef

Identifier of the vibrotactile
clef that will be used in the bar

Note

Definition of a note

length Duration of the note

number Number inside the note

string String of the note

dynamics Dynamics of the note

legato Legato serial number of the
note

portamento | Portamento serial number of

the note

Rest

Definition of a rest

length

Duration of the rest

Blank

A white space, needed for editing only
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frequency values in its definition. For example,

<Strings>
<String>50</String>

<String>300</String>
</Strings>
If type = curve, String stores a set of control points that are smoothly interpolated to form
a curve waveform using the Catmull-Rom spline [6]. If type = line, the control points in
String constitute a piecewise linear waveform. In both cases, a set of Point elements are

used in the definition, such as

<Strings>
<String>
<Point time="0.0000" level="0.3000"/>

<Point time="1.0666" level="0.0000"/>
</String>

<String>

<Point time="0.0000" level="0.2000"/>
<Point time="1.0666" level="1.0000"/>

</String>
</Strings>
The time and level attributes of each Point element represent the normalized time and
amplitude of a control point, respectively. The element Number is a scaling factor for the
normalized amplitude of waveforms stored in String elements, and the element Tempo
does the equivalent to scale time. The pitch of a vibrotactile signal that is perceived by the
user is determined by the waveforms and the associated parameters of normalized amplitude
and tempo [20].

The waveform for each string is specified for a quarter note. A note that has a shorter
duration than a quarter note plays the quarter note waveform only for the duration of the
note. If a note has a longer duration than the quarter note, the quarter note waveform is
repeated during the duration of the note. For example, an eighth note plays only the first

half of a quarter note waveform, and a half note plays a quarter note waveform twice.
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VibClef

Fig. 3.2 XML schema for a vibrotactile clef document.

Table 3.2 Roles of elements and attributes in the clef document.

VibClef

Root element of a clef document

type

Type of a clef document

version

Current version number

Tempo

Duration of a quarter note

Number

Definition of a number inside a note head

String

Definition of a string

Point

Definition of a control point

time

Normalized time of a control point

level

Normalized amplitude of a control
point




Chapter

Vibrotactile Score Editor

All of the conceptual designs and the XML documents related to the vibrotactile score have
been implemented in the VibScoreEditor on Microsoft Windows using Microsoft Visual
C++ 2003. The editor consists of four modules for XML loading, data management, user

interface, and vibration playback, respectively.

4.1 XML Loading and Data Management

The XML loader was implemented using the MSXML (Microsoft Core XML Service) 6.0
library. It loads and stores the XML documents for vibrotactile score and clef definitions.
The loaded XML data are managed in the data management module using a C++ class
hierarchy. This class instance is also referenced by other modules for user interface and

vibration playback.

4.2 User Interface

To provide an easy-to-learn and easy-to-use design environment, the VibScoreEditor em-
ploys the user interface shown in Fig. 4.1, which is similar to those of guitar tablature au-
thoring tools such as Power Tab Editor [15]. To begin a pattern design, the user first defines

a set of vibrotactile clefs using the two small windows shown on the right side in the figure.

15



4.2. USER INTERFACE

16

VibTest.xml - VibScoreEditor (a) @@ Clefs (b)
File Edit Score View Help
e o File _I
DEES | s aGod J JJLlfHFFld-201 o~ *
A~ IO ceft Type |sine <
4 4 4 4
portamento oefs Hew
| / | clef2
bl — [e]
V e e e e e
T Pv— 7T W O D) Y - = Delete
1 ind 1WA 1 %] 1 %] ==
B ' 4 LI LI 1 i ]
< B < i
C\vibration playback cursor editing cursor §
Tempo
. 4 A 4 P 1.0000
/ legato Number 1 [ 0.1000  Sting1 [ so
v 7.\\3 — - -\,‘ F\/\’ - i Ik'\} Number2 [ 0.2000  Sting2 [ 100
T [ & I } 3 I I" - ]' yA o = Number 3 | 0.3000 String 3 150
9 M 7 S O
B — 1 I< 1 ; = Number 4 | 0.4000 String 4 200
crescendo— ~— decrescendo Mumber S | 0.5000  StingS | 250
4 1 % 5 1? Number 6 | 0.6000 String 6 300
Number 7 | 0.7000
K~ Number 8 | 0.8000
[ & I T 3 T 3 Iy : =
I 5 | K K | K | Number 9 | 0.9000
Total 20 bars, 56/89 symbols (46 notes, 10 rests, 33 blanks) bar 4, symbol 1 OVERWRITE A

Fig. 4.1: User interface of the VibScoreEditor.
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(a)Curve waveform window.

(b)Line waveform window.

Fig. 4.2: Curve and line waveform windows.

Fig. 4.1(b) shows a clef management window in which the user can add a vibrotactile clef

by making a new clef or loading an existing one. Fig. 4.1(c), called the waveform window,

provides an interface to view and edit the actual properties of the vibrotactile clef currently

selected in the clef management window. Depending on the type of the selected clef, one of

three waveform windows (sinusoidal, curve, or line waveform) appears. For the sinusoidal

option, a user can assign each string to a desired frequency and set each in-head number
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to a desired amplitude using the edit boxes. For the curve or line waveform option, a user
can manipulate a waveform by adding, dragging, and deleting control points using a mouse
(see Fig. 4.2).

In the main window (Fig. 4.1(a)), the blue vertical bar on the staff lines represents an
editing cursor. The current active string is the one between the upper and lower vertical
bars of the cursor. The user can move the cursor to a desired position by using the arrow
keys or the mouse. A score symbol can then be inserted via the corresponding key, menu
item, or tool bar icon, as summarized in Fig. 4.3. The duration of a note or rest can be
selected from the menu or toolbar. Convenient editing functions such as block selection
along with copy and paste functions are fully supported in the standard way of Microsoft
Windows. Strings and the in-head numbers of notes can be changed simultaneously after
selecting them in a block. This is done by pressing the up or down key in conjunction with
the shift key to increase or decrease the strings of notes, and by pressing the plus or minus
key to increase or decrease the in-head numbers of notes.

A small box above each bar line displays the ID of the vibrotactile clef to be used for
the bar. The ID can be set by using a popup menu, or by selecting a desired clef in the clef
management window and then double-clicking the clef ID box above the bar. In addition,
a number above a clef box denotes the total number of beats in the bar. We set one beat to
be the same as the duration of a quarter note. The VibScoreEditor computes the number of
beats in each bar, displays it, and denotes whether the number is less than, equal to, or larger
than a default value by coloring the corresponding clef box with cyan, white, or magenta,

respectively. The default number of beats is set to four in each bar.

4.3 Vibration Playback

The VibScoreEditor includes a playback module for vibrotactile patterns. To enable this, a
vibration playback cursor is shown in a red-filled circle under the bars in the main window
(see Fig. 4.1(a)). The user can move the playback cursor to the position at which playback
should begin, and start or stop playback using the corresponding controls in the toolbar.

During playback, the playback cursor automatically progresses to a position under the note
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Function Key Icon
move editing cursor arrow key
insert note number key (1~9) -
insert rest zero key (0) 2
split bar grave accent key (*) |
delete symbol or block |delete key
set crescendo c key =
set decrescendo d key >
remove dynamics e key 7
set legato 1 key ~
remove legato g key »
set portamento p key
remove portamento m key »
set current length Shift + number key (Shift + 0~9) | |0 ~| F

Fig. 4.3 Editing functions and corresponding keys and tool bar icons in the VibScoreEditor.

(or rest) that is being played, and meanwhile all the editing functions are disabled.

Another important implementation issue is how to support the various hardware configu-
rations of vibrotactile actuators and communication devices. Since no such standards exist
for vibrotactile rendering, we encapsulate the vibration playback module in a DLL (Dy-
namic Link Library) for this purpose. Each DLL controls a specific vibrotactile rendering
device. This allows the user to extend the VibScoreEditor for use with their hardware sim-
ply by implementing a DLL as long as the DLL shares the header file interface. By default,
the VibScoreEditor loads ‘VibModule.dIl” in the same directory where the executable file of
the VibScoreEditor is located, and then the user can change the vibration playback module
at runtime by selecting the ‘Load DLL’ menu and opening another DLL file.

The current VibScoreEditor provides three DLLs for a mini-shaker (Briiel & Kjar; model
4810), a voice-coil actuator (Samsung Electro-Mechanics; also called a linear resonance
actuator; used in the Samsung Haptic phone), and a vibration motor. A data acquisition
board (National Instruments; model PCI-6229) is used for communication. A null DLL is

also included to support vibrotactile pattern design without playback.
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4.4 Design Issues of Vibrotactile Clef

The vibrotactile clef serves as a gateway to send patterns in a vibrotactile score to the physi-
cal world. Therefore, vibrotactile clefs must be designed with an adequate understanding of
the dynamic performance of a vibration actuator. Otherwise, the actual vibrotactile signals
produced by the actuator could significantly deviate from those intended using a vibrotactile
clef (e.g., see [2]).

Actuators that have a wide bandwidth, such as the mini-shaker and a piezoelectric actua-
tor, do not put a severe limit on the design of vibrotactile clefs, except that even such high-
performance actuators may not be able to produce waveforms with very sharp transitions
(e.g., a square wave). A voice-coil actuator has a frequency band of large gains centered at
its resonance frequency. The principal frequencies selected in the vibrotactile clef should
reflect this fact. For a vibration motor, a vibrotactile clef should use either strings or in-
head numbers to represent the driving voltage levels, since the voltage applied to the motor
determines both the frequency and amplitude of vibration [13]. For the successful design
of vibrotactile patterns, it is important to confirm whether or not the vibrotactile clef works

as intended by measuring actually produced vibrations.



Chapter

Design Examples

In this section, we demonstrate the expressiveness of the vibrotactile score by using three
examples. The first example as shown in Fig. 5.1a is to make a vibrotactile score for tactons
taken from [1]. In these simple tactons, a high-frequency vibration with an increasing in-
tensity represents ‘create,” a low-frequency vibration with a decreasing intensity represents
‘delete,” two consecutive notes with a decreasing frequency represent ‘file,” and two consec-
utive notes with an increasing frequency represent ‘folder.” They can also make compound
messages.

Fig. 5.1c shows a score example for a tacton ‘create file’ where ‘create’ is designed
using a crescendo. The vibrotactile clef is made for a mini-shaker and is similar to one
shown in Fig. 4.1(c) with a linearly increasing intensity. The data in the right panel is an
actual vibration measured from the mini-shaker with an accelerometer when the tacton was
played back. In contrast, a tacton for ‘delete folder’ in Fig. 5.1d uses two clefs as defined
in Fig. 5.1b. They represent exponentially decaying sinusoids that are frequently used to
model high-frequency vibrotactile transients that occur during collisions between rigid ob-
jects [22]. The two sinusoidal clefs have the same frequency set but different intensity sets,
one for a low amplitude range (0.0027 — 0.0447) and the other for a high amplitude range
(0.0447 — 0.7351), with an exponentially growing intensity. In this example, the part for

‘delete’ is implemented using many notes of the same duration, with a sufficiently small

20
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tempo (0.15 seconds for a quarter note) to produce continuously varying waveforms.

The second example uses the vibration motor included in the vast majority of cellular
phones. Since the frequency and amplitude of vibration induced by a vibration motor are
correlated, rhythm and roughness are used to encode information in this example, based on
the approach taken by [5]. As illustrated in Fig. 5.2a, the rhythm represents a message type.
Then, the roughness delivers the message priority with a rougher tacton indicating a higher
priority. One effective way to modulate the roughness is to use a vibrotactile clef in Fig. 5.2b
where each string represents a square wave with a period in the range of 20 ms (string 6)
— 120 ms (string 1). Due to the large actuation delay of a vibration motor (typically in 100
— 300 ms), using such short duration pulses cannot fully accelerate the motor to a steady
state. Instead, it results in a waveform that includes high-frequency sinusoids (determined
by the level of applied voltage) with their amplitude spiking irregularly, as seen in the right
panel of Fig. 5.2c. The perceived roughness increases along with the signal duration to a
certain degree. For example, string 4 feels much rougher than string 6, but not string 1 (also
see [5]). Using this effect, a tacton for a ‘high priority voice call’ can be designed as seen
in the left panel of Fig. 5.2c, which then produces an acceleration profile in the right panel.

The last example demonstrates how easily a musical score can be translated to a vibro-
tactile score. In Fig. 5.3a, the first part of the main theme of movie “Mission: Impossible” is
presented, with its vibrotactile version in Fig. 5.3b. The two scores are very similar and have
identical rhythms. Slight differences in the staff positions of corresponding notes are due
to the simpler structure of the vibrotactile score which places notes only on the staff lines.
The note intensities were manually tuned by the designer. This vibrotactile music example
was demonstrated to the public at the World Haptics Conference 2009 via the mini-shaker

using a clef similar to the one in Fig. 5.1c, and received very favorable responses.
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(c)Design example of the ‘create file’ tacton and a measured vibrotactile pattern from the mini-shaker.

DeleteFolder - VibScoreEditor (A=) a b ¢
File Edit Score View Help 4.0
DSBS (s RaGllod JJLJESFII-2]] .
Ol~x|wx|lpium|y
&
2 2 —
ier2 [E=i0) Q
=
[n's T ] c
I S N S W W W —————— o
L e e I L L
|5 : E———- 5 4 3 2 T8 8 7 & & 4 3 2 ] ©
o
[0)
. a 3
1 Q
8
R —
% 4.0
e 0.0 0.3 0.6 0.9
b c E ’
Total 3 bars, 16/19 symbols (18 notes, O rests, 1 blanks) bar 3, symbol 3 OVERWRITE | time (s)
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Fig. 5.1: Design example 1: Compound tactons.
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Fig. 5.2: Design example 2: Tactons for a mobile phone.
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(b)Vibrotactile score composed from Fig. 5.3a.

Fig. 5.3: Design example 3: Vibrotactile music.



Chapter

Usability Evaluation 1

In order to evaluate the usability of the vibrotactile score, we have conducted two quanti-
tative user experiments with an emphasis on learnability, efficiency, and subjective prefer-
ence. The two experiments differed in terms of the representative user group and the design
method used for the comparison. In Experiment 1 (reported in this section), the sample
user group were experts in vibrotactile pattern design who could provide authoritative and
informed assessments. The design method used for the comparison was programming,
since it is currently the dominant and most powerful method for vibrotactile pattern de-
sign. However, it was infeasible to recruit a large number of participants with expertise in
both fields because vibrotactile pattern design experts are still scarce. As an alternative,
we used programming experts for this experiment. In Experiment 2 (reported in the next
section), the participant group consisted of common users without any prior experience in
programming. The design method used for the comparison was GUI-based authoring with

a waveform-based editor.

6.1 Methods
6.1.1 Participants

Twelve participants (all male; 21-28 years old) took part in the experiment and were paid

for their efforts. All participants were seniors or graduate students with a computer science

24
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Fig. 6.1 Example solutions in vibrotactile scores.

major attending the authors’ institution. They had considerable knowledge and experience
in programming with the C language and in coding with HTML or XML, but no prior
exposure to vibrotactile pattern design. They also passed a simple screening test to confirm

their familiarity with basic musical scores and symbols.

6.1.2 Experimental Conditions

The participants implemented vibrotactile patterns using three methods: programming with
C, scripting with XML, and graphical editing with the VibScoreEditor. For the C pro-
gramming, the participants were provided with a complete sample program that included

all working functions, e.g., those for device initialization, sinusoidal wave generation, and
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communication. They were allowed to modify, copy, and paste codes as necessary. For the
XML scripting, templates of the XML documents used in the VibScoreEditor (e.g., those
presented in Chapter 3) were given along with example files. A separate playback program
for XML documents was also provided for testing designed vibrotactile patterns. The par-
ticipants could select their favorite text editor for editing. For graphical editing with the
VibScoreEditor, the participants began with an empty document. The preparation ensured
that only the time necessary for the implementation and test of vibrotactile patterns was
measured. The time required to make the initial working codes was excluded for the C
programming and XML scripting methods.

For each design method, the participants completed three tasks. Task 1 was implement-
ing simple 5-second long compound tactons that consisted of three elements for action,
object, and result, respectively, taken from [1]. The participants were given the graphi-
cal instructions shown in Fig. 6.2. No musical notations were used since that could have
been advantageous to the vibrotactile score. The participants implemented two compound
tactons (e.g., ‘move file success’). No elementary tactons were used twice for the same
participant. One elementary tacton for action was selected as ‘create’ or ‘delete,” and the
other; was selected as ‘copy’ or ‘move.” In task 2, the participants were asked to make
a long vibrotactile pattern (13.6 seconds) by combining 42 short sinusoidal vibrations. A
graphical illustration similar to those in Fig. 6.2 was used to define the pattern. Task 3 was
to compose vibrotactile patterns based on music. The participants were presented with the
musical score of a very popular Korean pop song (‘Tell me’ by Wonder Girls), and were
asked to compose a vibrotactile music piece that matched the first four measures of the
song. To help with the task, a few guidelines were also given; a high-pitch note should have
higher frequency than a low-pitch note, a quarter note should be played for 0.8 seconds, and
the first note of each measure should have a larger amplitude than the following notes.

In order to illustrate the complexity of the tasks, example solutions for the VibScoreEdi-
tor are presented in Fig. 6.1.

To objectively declare that each task was complete, all of the tasks involved implement-

ing specified vibrotactile patterns rather than designing new creative patterns. The latter,
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Fig. 6.2 Graphical instructions used in task 1. The length and darkness of a bar denotes the
length and intensity of vibration, respectively.

which corresponds to the actual design process, would require much more repetitions of
implementation and test. Thus, the differences in some usability metrics, such as the task

completion time, can be significantly amplified in practice.

6.1.3 Procedures

The experiment took place during three consecutive days per participant. The experiment
of each day consisted of a training session followed by the three main sessions for the three
tasks, all done using one design method per day. During the training, the experimenter
explained the design method based on a script, which was written and memorized prior to
the experiment, to regulate the amount of knowledge provided to the participants. Then,
as exercise, the participants implemented three simple vibrotactile patterns that contained
patterns useful for the main tasks. After the training, the participants performed tasks 1,

2, and 3 in the increasing order of expected difficulty. It usually took 60 — 90 minutes to
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complete the one-day sessions. The order of the design methods used on the three days
were balanced across the participants using the Latin square to avoid any order effects [31].

The participants were closely monitored in all sessions, and were given a hint if they did
not make any progress for more than one minute during the exercise and for more than ten
minutes during the main tasks. After the participant declared that the task was completed,
the implementation results were inspected. If errors were identified, the participant was
asked to fix them. The task completion time was recorded after the participant fixed all of
the errors.

After finishing the experiment sessions each day, the participants filled out a question-
naire to assess the easiness to learn and use, intuitiveness, and efficiency of the design
method used in the day. After completing the entire experiment, they were asked for their
subjective preference for each design method and each task. All of the questions were rated

on a seven-level Likert scale.

6.2 Results and Discussion

The experimental results are summarized in Fig. 6.3, and the results of the one-way ANOVA
with the design method as an independent variable are shown in Table 6.1.

Fig. 6.3 shows that the average task completion times of the C language condition were
555 — 1097 seconds (about 9 — 18 minutes), those of the XML condition were 377 — 578
seconds (about 6 — 10 minutes), and those of the VibScoreEditor condition were 228 — 487
seconds (about 4 — 8 minutes). The VibScoreEditor resulted in the smallest average task
completion time for all tasks. The design method was a statistically significant factor for
the task completion time in all tasks (Table 6.1). Tukey’s HSD test indicated that the task
completion times were all statistically different, except for task 2 in a comparison between
XML and the VibScoreEditor (Fig. 6.3a).

The task completion times had large individual variances, especially in the C language
condition, due to the nature of programming. In particular, they were distributed between
545 — 1878 seconds for task 2. In spite of the large variances, the vibrotactile score was

more efficient than C programming for all tasks with a statistical significance. The C pro-
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Fig. 6.3: The results of usability evaluation 1. Error bars represent Tukey multiple
comparison intervals. Line above the bar indicates that there is no clear difference
between the design methods (Tukey grouping).

gramming required a 2.4 times longer completion period than the vibrotactile score editing
in task 1 which was the simplest, and took 4.3 times longer in task 3 where a vibrotactile
pattern was designed from the musical score. The efficiency gain of the VibScoreEditor is
expected to be even higher in actual use when vibrotactile patterns are designed and tested
repeatedly. It also should be reiterated that all the pre-made functions were given for the C
programming activity, which would not be always the case in practice.

The XML condition shared exactly the same data structure as the VibScoreEditor. The
major difference between them was whether a text editor or the GUI was used to input data.

The VibScoreEditor showed smaller average task completion times than the XML condition
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Table 6.1 ANOVA results at significance level @ = 0.05.

Task completion time ~ F 2 p
Exercise 23.39 < 0.0001*
Task 1 45.52 < 0.0001*
Task 2 19.89 < 0.0001*
Task 3 63.78 < 0.0001*
Subjective metric F> 00 p
Easiness to learn 4.16 0.0293*
Easiness to use 7.37 0.0036*
Intuitiveness 5.60 0.0108*
Efficiency 7.59 0.0031*
Preference F 2 p
Task 1 5.26 0.0136*
Task 2 1.83 0.1847
Task 3 12.45 0.0002%*
Overall 2.49 0.1060

o Statistically significant cases are marked by *.

with a statistical significance, except in task 2. At the individual data level, XML scripting
had slightly shorter task completion times in only 3 cases out of the 48 trials (12 participants
X (exercise + 3 tasks)). This suggests that the use of the score GUI improves efficiency in
vibrotactile pattern design.

It should be noted that even in the exercise, the VibScoreEditor resulted in a significantly
lower task completion time, indicating its excellent learnability. Before the experiment, the
participants were already familiar with C programming and XML scripting, but not with
the VibScoreEditor.

In the subjective evaluation (Fig. 6.3b), the VibScoreEditor exhibited the best ratings in
all of the subjective metrics: easiness to learn, easiness to use, intuitiveness, and efficiency.
The design method had a statistically significant effect in all the subjective metrics (Ta-
ble 6.1). For user preferences (Fig. 6.3c), the participants preferred the VibScoreEditor for
all tasks except task 2 and also in the overall rating. The effect of the design method was
statistically significant in tasks 1 and 3 (Table 6.1).

The raw data of the subjective evaluation showed very large individual variances. This
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Table 6.2 Summary of verbal comments.

Advantages of the C language

o Provides the maximum flexibility in pattern design.

o Easy to learn and use since it is a very familiar language.

Disadvantages of the C language

o The code tends to grow very long.

o Memories and all kinds of detailed must be managed by a
programmer.

o Itis difficult to debug.

Advantages of the XML

o Familiar text editors (e.g. Vim) can be utilized.

o Errors can be easily found and fixed.

Disadvantages of the XML

o Many new keywords must be memorized.

o Less convenient than the VibScoreEditor, and less flexible
than the C language.

Advantages of the VibScoreEditor

o Easy to learn and use.

o Vibrotactile patterns can be managed intuitively and errors
can be found easily.

o No need to concern about memory management and pro-
gramming details.

o Allows consistent parameter management via a vibrotac-
tile clef.

o Has many convenient features (e.g. legato).
Disadvantages of the VibScoreEditor

o A vibrotactile clef must be referred to frequently.
o Takes time to learn.

seems correlated with the preference and skills of each participant. The participants were
programming experts who usually have strong habits and preferences that have developed
over the years. For example, one participant who was an expert at HTML coding using Vim
(a popular VI clone) exhibited an extraordinary preference for the XML condition. After
finishing task 2, the participant reported that he felt using the VibScoreEditor took longer
than using XML since he was new to the VibScoreEditor. In the measured task completion
times, however, he spent 64 more seconds for XML scripting. A few other participants

showed similar responses; they thought that they spent more time in the VibScoreEditor
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condition than in the C programming or XML scripting condition, but actually they did not.
It is likely that these tendencies led to the individual differences in the subjective ratings.
Verbal comments collected from the participants are summarized in Table 6.2. Most of
the comments agreed with our expectations. Noticeably, it was reported that in tasks 1 and
2 the VibScoreEditor was inconvenient since they needed to refer to the vibrotactile clef
frequently to convert the properties of vibration to a corresponding note. This was because
the vibration properties were specified in terms of numbers for frequency, amplitude, and
duration. It seems easier for experienced programmers to copy and paste the necessary text
codes and then change several numerical parameters in them, which can the most effec-
tive strategy for coding with C or XML. We however note that such an implementation is
not common in actual vibrotactile pattern designs. Instead, several predefined properties
are combined for “design,” with little need to remember their physical definitions. For in-
stance, to design tactile icons, [2] used three roughnesses and three rhythms, [16] used three
waveform shapes, four frequencies, and three amplitudes, and [25] used three frequencies
and two amplitudes. The vibrotactile score and clef can be much more useful for making a

sequence of predefined properties, as demonstrated in Chapter 5.



Chapter

Usability Evaluation 2

In this experiment, two GUI-based vibrotactile authoring methods, waveform editing and

score editing, were comparatively assessed by common users.

7.1 Methods
7.1.1 Participants

Twelve participants (ten males and two females; 17-25 years old) took part in the exper-
iment, and were paid for their efforts. All the participants were undergraduate students
enrolled in the authors’ university. They had no prior knowledge or experiences of vibro-
tactile pattern design. They had moderate skills in computer use (e.g. Microsoft Office),
but no programming experience. The participants passed a simple screening test to con-
firm their familiarity with basic musical scores and symbols. No participants had special
music skills. Besides regular school education, the participants did not receive extra music

training for more than three years.

7.1.2 Experimental Conditions

The participants implemented vibrotactile patterns using two graphical authoring tools: the
posVibEditor for waveform editing [24] and the VibScoreEditor for score editing. The

posVibEditor was the only waveform-based authoring tool that we had access to at the

33
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Fig. 7.1 Adapted posVibEditor for the usability evaluation 2.

Fig. 7.2 Adapted VibScoreEditor for the usability evaluation 2.

& VibEditor

File Edit View Help
D& 2| & %

3.6

3.2

2.8

2.0

0.4

4.0

|

O Segment Control
O Channel Control

<
X\, New VibSeg

Ready

¥ Untitled2- - VibScoreEditor
File Edit Score View Help
DEH® s htllod JJJIITIFFII-2?

5~ %

EE&

P Il o=V

3
105

| |
SRS IR

-

<<

*

Total | bars, 9/10 symbols (6 notes, 3 rests, 1 blanks)

ewave

Tempo. 0.8000

Number 1 [ 0:4000
Number 2 0.8000

Number 3

Number 4

1.2000

1.6000

Number 5 | 2,0000
Number 6 | 2.4000

Number 7

Number 8

2.8000

3.2000

Number 9 | 3,6000

bar 1, symbol 10

~

Losvel |
sting1 [ 5o
string2 [ 100
Sting3 [ 150
String 4 [ 200
strings [ 250
string6 [ 500

<

INSERT v

source-code level. Owing to the different functionalities of the two editors, we slightly

modified both editors to offer similar capabilities. In the posVibEditor, the multichannel

timeline interface for multiple actuators was removed since the VibScoreEditor supports

only one actuator (compare Fig. 7.1 to Fig. 3 in [24]). In the VibScoreEditor, only one

staff line was used since the posVibEditor was developed for a vibration motor that has a
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Fig. 7.3 Instruction used in task 2.
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Fig. 7.4 Instruction given as a waveform.

< =

Fig. 7.5 Instruction given as a musical score.

correlated output frequency and amplitude (compare Fig. 7.2 with Fig. 4.1).

The participants completed four tasks with each design method. Task 1 was essentially
the same as task 1 of Experiment 1. The graphical instructions in Fig. 6.2 were slightly
modified. The frequencies were removed and the voltages were slightly adjusted for the
vibration motor used in this experiment. Task 2 was also similar to task 2 of Experiment
1. The participants made a long vibrotactile pattern (12 seconds) as a combination of 27

short sinusoidal vibrations (Fig. 7.3). The next two tasks were to examine the effect of in-
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structions given in different forms. In the literature, several notations were used to describe
vibrotactile patterns in the design step, e.g., detailed description [7], waveform [8, 19], and
musical score [2, 3]. Both tasks consisted of combining 12 short sinusoidal vibrations to
make a 9.6-second long pattern (Fig. 7.4 and 7.5). In the task given as a musical score,
we also instructed the participants to play a quarter note for 0.8 seconds and to make the
voltages of four notes in each measure 3.6, 1.2, 2.4, and 1.2 V, respectively. When the
participants used waveform editing, they solved the task given as a waveform first and then
solved the task given as a musical score. When the participants used vibrotactile score

editing, the order was reversed.

7.1.3 Procedures

Each participant carried out the experiment on two consecutive days. Six participants used
waveform editing on the first day and score editing on the next day. The other six partici-
pants followed in the opposite order. Each day, the participants finished the main sessions
consisting of the four tasks in addition to a training session. A vibration motor was used as
an actuator as the posVibEditor only supports vibration motors. The other procedures were
the same as Experiment 1.

The questionnaire was also very similar. In particular, the participants were asked to
answer the questions based on the editing methodology itself and not on the functions of the
two editors. As the target population was common users, the question for overall subjective
preference was changed to be more practical: “How much do you like waveform editing (or

vibrotactile score editing) as a part of the functions in your mobile phone?”.

7.2 Results and Discussion

The experimental results are shown in Fig. 7.6. The results of a one-way ANOVA performed
with the design method as an independent variable are summarized in Table 7.1.

Editing with the vibrotactile score resulted in lower average task completion times than
editing with the waveform for all tasks (Fig. 7.6a). The average task completion time of

waveform editing and score editing were in the range of 155 — 416 seconds (about 3 — 7



7.2. RESULTS AND DISCUSSION 37
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Fig. 7.6: The results of usability evaluation 2. Error bars represent standard errors.

minutes) and 77 — 199 seconds (about 1 — 3 minutes), respectively. The differences were
statistically significant for all tasks (Table 7.1). Waveform editing took 1.8 times longer
than vibrotactile score editing for the simplest task (task 1), and 2.1 times longer for the
complex and long task (task 2). This suggests that as a task becomes more difficult, the
difference in task completion time may also increase further. Even when the task was
given as a waveform, score editing showed a significantly lower task completion time than
waveform editing. When the task was given as a musical score, the performance gain was
much more evident.

In the subjective evaluation, score editing received better ratings in all the subjective

metrics, easiness to learn, easiness to use, intuitiveness, efficiency, and fun (Fig. 7.6b).
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Table 7.1 ANOVA results at significance level @ = 0.05.

Task completion time ~ Fj 19 p
Exercise 34.12 0.0001*
Task 1 47.39 < 0.0001*
Task 2 131.02 < 0.0001*
Wave 23.43 0.0005%*
Score 28.11 0.0003*
Subjective metric Fi11 p
Easiness to learn 0.65 0.4382
Easiness to use 0.19 0.6742
Intuitiveness 0.03 0.8742
Efficiency 3.88 0.0745
Fun 1.35 0.2691
Preference F p
Task 1 1.05 0.3283
Task 2 5.03 0.0464*
Overall 7.37 0.0201*

e Statistically significant cases are marked by *.

Although the ratings of score editing were consistently higher, the differences were not no-
ticeable except for efficiency. The differences due to the design method, however, were not
statistically significant in any metric (Table 7.1). In addition, the subjective ratings of this
experiment were higher than those of C programming and XML scripting of Experiment 1
(compare Fig. 7.6b and 6.3b). This indicates that both methods are easy, intuitive, efficient,
and fun, but just have different characteristics. For example, some participants commented
that waveform editing was more intuitive since it showed changes in vibration strength us-
ing a graph. On the other hand, other participants commented that score editing was more
intuitive since it effectively expressed vibration rhythm using familiar musical notations
(Table 7.2).

In terms of user preference, the participants preferred vibrotactile score editing more than
waveform editing (Fig. 7.6c¢). Its statistical significance was confirmed by ANOVA except
in task 1 (Table 7.1). It appears that the preference of score editing is more apparent in

complex and long tasks. In terms of overall preference, the participants gave much higher
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Table 7.2 Summary of verbal comments.

Advantages of the waveform editing

o Easy to learn and use.

o Intuitive and easy to read since it shows changes in vibra-
tion strength over time us-ing a graph.

Disadvantages of the waveform editing

o Frequent use of mouse is annoying.

o Takes time to design pattern.

Advantages of the vibrotactile score editing

o Easy to learn and use.

o Expresses vibration rhythm effectively and intuitively us-
ing musical notations.

o Efficient since it expresses strength and duration con-
cisely.

o Interesting and fresh design method.

Disadvantages of the vibrotactile score editing

o Confusing to novice who is unaccustomed to musical
score.

o Difficult to read strength and duration simultaneously.

ratings for the score editing task. In the individual data, 10 out of the 12 participants pre-
ferred vibrotactile score editing. Most participants reported that vibrotactile score editing
was a fresh and new idea, and that it was more efficient than waveform editing (Table 7.2).

Verbal comments collected from the participants are summarized in Table 7.2.
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General Discussion

In the two usability experiments, the vibrotactile score demonstrated quantitative and quali-
tative performances that were superior to the other existing vibrotactile pattern design meth-
ods of programming with C, scripting with XML, and waveform editing with the posVibEd-
itor. This was unanimous in both the user groups consisting of programming experts and
common users, even when the tasks were unfavorable to the vibrotactile score. We believe
that the strength of the vibrotactile score stems from its concise and abstract representation
of various vibration attributes adapted from the musical symbols that have been refined for
centuries. The vibrotactile score may prove more useful in actual authoring where pattern
designs and tests are repeated.

Another unique strength is that the vibrotactile score is adequate by its nature for design-
ing vibrotactile patterns from musical sources, as demonstrated in the usability experiments.
This feature can be very useful for several important applications, such as tactile icons for
information delivery using rhythm variations [17], tactile melodies transformed from music
[30], and tactile stimuli for the hearing impaired to feel music [14].

In addition, the vibrotactile score can be valuable in small electronic devices such as
mobile devices. Programming or scripting is not an option in mobile devices for obvious
reasons. Waveform editing is essentially a continuous process, and is not suitable for a

mobile device with a limited number of buttons. It is likely that a touch-screen interface
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with a stylus would be necessary for waveform editing. In contrast, a vibrotactile score
consists of discrete symbols and therefore it can be easily managed with a small number of
buttons and/or with a GUI interface using a stylus.

An obvious drawback of the vibrotactile score is the need to learn symbols for users
unfamiliar with musical scores. For this reason, we used only basic and simple musical
symbols in the design of the vibrotactile score that are usually included in regular elemen-
tary education. To assess the learnability in a formal experiment, we attempted to find many
participants who could use the computer but not read basic musical symbols, but this search
failed as such people were not common. Instead, we asked two participants who did not
pass the screening test about the basic musical notations to solve the tasks of Experiment
2. They memorized the basic musical symbols for only five minutes before the experiment.
Interestingly, the task completion times were similar to those reported in Experiment 2. The
errors found in the results, however, were about five times higher than those of the ordinary
users who passed the screening test. Most mistakes were made on the durations of a note
and a rest. Although informal, these results also corroborate the excellent learnability of
the vibrotactile score, which originated from the use of musical symbols that are already

familiar to most people.



Chapter

Conclusions

In this paper, we have presented the vibrotactile score, an easy and effective method for
authoring vibrotactile patterns, by adapting the common musical scores to vibrotaction.
The high-level composition process using the vibrotactile score is made independent from
the hardware and the low-level physical characteristics of vibration by another metaphoric
concept, vibrotactile clef. The vibrotactile clef determines the physical roles of score sym-
bols in pattern playback. We also developed VibScoreEditor, a graphical authoring tool that
implemented the musical metaphor with the data structure defined in XML. Several exam-
ples that showed the advantages of the vibrotactile score were given. Finally, the usability
of vibrotactile score editing with the VibScoreEditor was evaluated with two user groups
and various metrics, which proved the efficacy and adequacy of the vibrotactile score for
vibrotactile pattern design.

The source code of the VibScoreEditor is available for downloading at http://hvr.

postech.ac.kr/wiki/wiki.php/VibrotactileScore.
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