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Abstract

A Study of Input and Output Haptic Modalities in Pen-based

User Interfaces: Vibration, Texture and Hand Posture

Minghui SUN

This thesis investigates human performance in relation to different kinds of tactile
feedback in pen-based interfaces, including active tactile feedback (vibration) and pas-
sive tactile feedback (texture), and proposes natural and seamless interaction techniques
with the information of kinesthetic sense (hand posture).

With the development of technology, more and more digital devices, such as mobile
phones, PDAs and wireless tablet PCs, are appearing in the market. Since natural and
conventional input properties, pen is widely used together with those input devices for
choosing target, writing and drawing. Traditionally users get feedback with graphical
user interfaces (GUI) in pen-based interaction. GUI has long been used to communicate
between humans and computers through the visual channel, i.e., “what you see is what
you get”. As interaction tasks become more complex and intense, visual feedback as
the sole channel is showing its limitations. The use of additional haptic feedback is
potential solution to expand the bandwidth between human and computer. This thesis
investigates how haptic feedback affects the human performance and how to use the
properties of haptic sensation to assist human computer interaction.

Several experiments are presented. For efficient feedback in steering tasks, ex-

periment 1 of Chapter 2 examines feedback presented in visual, auditory and haptic



modalities, both individually and in combinations. The results show that users per-
formed most accurately with tactile feedback. And it was found that feedback type
significantly affects the accuracy of steering tasks but not the movement time. For
efficient feedback location in steering tasks, experiment 2 of Chapter 2 examines the
feedback locations presented with inside of tunnel, at the boundary of tunnel and out-
side of tunnel. It was found that feedback location affects movement time significantly
and outside of tunnel outperforms other two locations. Experiment 1 and 2 of Chapter
3 evaluates different human modalities for both 1D and 2D pointing tasks in tracking
state seperately. Results for both the 1D and 2D pointing tasks show that tactile plus
suitable visual feedback can improve accuracy and audio is not efficient to give user
feedback in tracking state. Experiment of Chapter 4 investigates the effects of different
textures of input surface. It was found that different textures significantly affects the
accuracy of steering tasks and pressure, but not the movement time. In Chapter 5,
we also propose a number of natural interaction techniques with kinesthetic and angle
information. All of these techniques effectively let users focus on their work but not
tool selection.

This thesis will contribute to basic understanding the relationship between different
human modalities and human performance in fundamental human computer interaction
tasks. And this thesis also proposes several interaction techniques. All these results offer
insights and implications for the future design of applying human modalities into input

channel and feedback mechanisms of pen-based interfaces.

key words Human-computer interaction, human modality, human performance, in-

teraction techniques, pointing task, steering task, haptics.
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Chapter 1

Introduction

1.1 Research Motivation

Human computer interaction (HCI) is the study of how people and computers com-
municate with each other. It intertwines with computer science, psychology, statistics,
design and other research fields. Both input and output are the research topics. With
the advances in hardware techniques, pen-based input devices are becoming more and
more popular. People start to use pen when they are very young. Pen-paper metaphor
becomes a natural way for people to communicate with each other, assist to think and
draw. Due to the natural and convenient properties, most of the ubiquitous devices,
like PDAs, Tablet PCs, cell phones (see Fig.1.1), use digital pen as input device.

The current pen-based interface has relied on Graphic user interface (GUI) for a
long time. However, pen-based interface design has become increasingly challenging
by the increase of information, different workload, security and physical limitations.

In many scenarios, interaction with visual interface creates competition for different

Fig. 1.1 Samples of pen-based devices. (All pictures are downloaded from web sites)
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environments and different people. For example, dark environment are difficult to verify
the operation, especially for the old and visual impaired users. In subway and train
scenario, the unstable screen limits the visual feedback and audio feedback would not
be heard. Even in normal life and stable scenario, visual feedback from small screen
of mobile devices may increase the workload of input and tactile feedback can improve
the drawback of virtual buttons which are lack of tactile feedback. For virtual buttons,
there is no tactile feedback available and it affects users’ abilities and forces them to get
information only from visual feedback. Hoggan et al. [40] designed an experiment to
investigate the effectiveness of tactile feedback for mobile touch-screens. Results showed
that tactile feedback improved user performance significantly with virtual buttons on
touchscreen mobile devices.

With the development of haptic technology, many tactile technologies have been
applied into Virtual Reality, medical training, remote control, flight simulation and other
application fields. However, there has been little study to investigate human modalities
in pen-based interfaces. Thus there is a strong motivation for comprehension of different
human modalities in pen-based interface and designing natural and seamless interaction

techniques with properties of haptic modality.

1.2 Background Knowledge

Several previous literatures related to my thesis are reviewed in this part. We first
introduce the models of human performance in Human Computer Interaction (HCI).
Both Fitts’ law and Steering law are presented. These two laws are the fundamental
theories in HCI. And then we present an overview of haptic sensation in psychology
and applications in HCI briefly. We will also give the introduction in the related work

subsection in each of chapters.



1.2 Background Knowledge

Fig. 1.2 Fitts’ reciprocal pointing paradigm [27].

1.2.1 Predictive Models of Human Performance
Fitts’ Law

Fitts’ law, developed by Fitts [27], provides a model to predict human performance
when users interact with computers: how long user can point at a target? He designed
1D reciprocal pointing task (see Fig.1.2). Two targets with suitable height, width and
amplitude were shown to subjects. The subjects used a pen to tap two targets back
and forth on a platform. According to the experiment results, Fitts’ law revealed a
relationship between movement time and experimental variables. The movement time
MT to move the hand and point to a target of width W at a distance A is:

A
MT:a+blog2(W+1) (1.1)

Where a and b are empirically determined constants. And the index of difficulty

(ID) is:

A
ID = logQ(W +1) (1.2)
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To evaluate the information capacity of various limbs, different input devices and

other environments, the index of performance (IP) is proposed.

P = (1.3)

1
b

The linear speed-accuracy relationship revealed by Fitts’ law has been applied in
many research areas, like psychology, HCI and kinematics. Fitts’ law, one of the very
few useful and quantitative laws, is also be used to evaluate input devices [14,25,48].
This law helps designer to understand and evaluate the capacity and performance of

system and human being. It contributes to design natural and efficient human computer

interfaces.

Steering Law

Trajectory-based tasks (also known as steering tasks) stand for a set of human
actions in HCI, such as navigation in hierarchical menus (see Fig.1.3), drawing and
writing. The goal of trajectory-based tasks (see Fig.1.4 ) is to navigate from one end of
the tunnel to the other one as quickly as possible. In steering tasks, the width of tunnel
is the constraint of movement. Users should try their best to avoid touch the boundary
of the tunnel. In calligraphy practice, tracing paper with standard sharp letter is used.
The sharp letter (see Fig.1.5) is a kind of tunnel. Children are taught how to control
the calligraphy to write beautiful characters while they should avoid writing out of the
sharp letters. We can easily know that steering task also obeys speed-accuracy tradeoff
as the same as the pointing task. The faster we move the stylus, the less precise the
trajectory is, and vice versa.

Johnny Accot and Shumin Zhai [1] designed experiments to model the steering task

based on the Fitts’ law. Firstly they identified that goal passing task also obeyed the
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Fitts’ law, despite the different nature of movement constraint. And then they defined

a recursion with goal passing tasks. The amplitude A of steering task can be divided

into N parts of goal passing tasks. When N becomes bigger, subject has to be careful

to pass through all goals without touching the boundaries. The I D of goal passing task

is:

A

If N tends to infinity, it becomes a steering task. And the I D changes to:

IDoo =
= Win2

(1.5)
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Fig. 1.5 Sharp letters of Chinese caligraphy.

Finally the equation reduces to

A
MT = b— 1.6
a—+ W ( )

Where A is the length of the tunnel and W is the width of the tunnel. The move-
ment time in steering task is linearly related to the amplitude of the tunnel and inverse
related to the width of the tunnel. The steering law gives another theory foundation

for device comparison and interface design in HCI.

1.2.2 Haptic Modality

Human beings communicate with the world through five sensory modalities, visual,
auditory, haptic, taste, and smell. Haptics, which is the earliest sense to develop in the
human embryo [65], is a term derived from the Greek verb “haptesthai” means “of or
relating to the sense of touch”. Haptic modality has several unique properties in human
modalities: Every part of skin can receive haptic feedback. The largest organ system
of body is the skin which is about 2,500 ¢m? in the newborn and 18,000 c¢m? in the
average male. All the cortical areas (see Fig. 1.6) are intuitive receptors in the skin.

Haptic modality is both input and out channel between human and the world.
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The single most important feature of the haptic interaction modality is bidirectional-
ity. Except haptics, all sensory modalities are input channel. The haptic information
can be transferred between human and computer in the background when user con-
trols the computer. Haptic sensation is comprised of tactile sensations and kinesthetic
sensations. Tactile sensations include pressure, texture, puncture, thermal properties,
softness, wetness, vibrotactile parameters; kinesthetic sensations include awareness of
one’s body state, position, velocity, forces supplied by muscles. As described by Klatzky

and Lederman [50], the tactile systems receptors embedded in the skin while the kines-
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thetic system employs receptors located in muscles, tendons, and joints.

Haptics techniques have been applied into several fields including virtual reality,
surgical simulation, augmented reality, visualization and data perceptualization.

There are several researches showed feasibility of tactile composition. Lee et al. [53]
designed a tactile stylus to simulate several different statues. The tactile feedback
from this haptic pen enhanced interaction with GUI and help to make system more
accessible to visual and motor impairments. Kaaresoja et al. [46] applied tactile feedback
into the mobile devices with touch screen. In four different applications, the tactile
feedback all improved user performance. Nashel [67] also presented tactile feedback to
virtual buttons on mobile devices with touch screen. In studies [71-73], Poupyrev et al.

amounted piezo actuators on the touch screen and resistive touch panel.

1.3 Dissertation Structure

The structure of this dissertation is shown in Fig.1.7. The rest of this thesis is orga-
nized as follows: In chapter 2, we investigate the relationship between “error feedback”
(when tracking or trajectory errors are made) and user performance in steering tasks.
The experiment, examines feedback presented in visual, auditory and tactile modalities,
both individually and in combinations. This chapter contributes to the basic under-
standing of “error feedback” and how it impacts on steering tasks, and it offers insights
and implications for the future design of multimodal feedback mechanisms for steering
tasks.

Pointing task is the other fundamental task in HCI. The time during users click
target with pen is very short and the click also supplies tactile feedback to confirm this
action. However, pointing task in tracking state is difficult for users to detect with

default visual feedback. In chapter 3, we report on two experiments which are designed
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to evaluate multimodal feedback for pointing tasks (both 1D and 2D) in tracking state.
This part proposes several guidelines for feedback design in tracking state. We believe
these results can aid designers of pen-based interfaces in tracking state.

Both chapter 2 and chapter 3 explore the haptic feedback (vibration) on pen. There
is another part of input device in pen-based interfaces - tablet. There is little study
about the effect of surface environment especially for the texture of interaction surface.
In chapter 4, we experimentally investigate the users’ performances with the change of
surface textures in steering tasks. Five different materials in the real world are used
to supply different textures. Several possible factors of friction are considered in this
study.

Haptics is not only the input modality but also the output modality. In chapter
5, we will use the properties of kinesthetic sensation to naturally and seamlessly im-
prove pen-based interfaces. Several interaction techniques will be designed according to

different hand postures (grasp).

1.4 Terminology

Haptic: Relating to the sense of touch which is one of five modilities of human
being.

Haptics: Concerns the actions and manipulations of targets using the sense of
touch, it includes tactile sense and kinesthetic sense.

Perception: Awareness of environment and objects of environment through phys-
ical sensation.

Kinesthetic: Relating to the ability to sense body position and the movement of
muscles, tendons and joints.

Texture: In this thesis, we use the term texture to refer to the fine structure of a
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surface (microstructure), and as independent of the shape (macrostructure) of an object
or surface.

Multimodal Feedback: The feedback combined various the modalities of people,
for example, speech recognition, gaze, body movements, gesture and so on.

Multitouch Pen or M Tpen: It is an input device with a capacitive sensor around
the digital pen and was designed by Microsoft Research. With this device, the positions
of fingers can be detected with sensors.

Hand Posture: means the postures how user holds or grasps the pen. User can
know the hand postures with the kinesthetic information.

Interaction technique: is a combination of hardware and software design to

provide user a good solution to accomplish a task.

,10,
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Chapter 1
Introduction

Tactile sensation

Chapter 2 Chapter 3 ‘
Multimodal feedback in Multimodal feedback in Vibration
steering tasks pointing tasks ‘
Chapter 4
Relationship between texture and Texture
human performance

2/

Kinesthetic sensation

Chapter 5
Natural interaction techniques with
passive feedback

Chapter 6
Conclusion and Future
Directions

Fig. 1.7 The dissertation structure.
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Chapter 2

Effects of Multimodal Error
Feedback on Human

Performance in Steering Tasks

2.1 Introduction

Graphical user interfaces (GUI) have long been used to communicate between hu-
mans and computers through the visual channel, i.e., “what you see is what you get”.
As interaction tasks become more complex and intense, visual feedback as the sole chan-
nel is showing its limitations. It is necessary to study user performance under different
modalities both individually and in combinations. Several classes of fundamental tasks
exist, such as pointing, crossing [3], and steering. Burke et al. [11] mentioned that the
effect of sensory channel feedback was likely to vary across different tasks. Many re-
searchers [4] [5] [44] [45] have compared the effects of different modalities of feedback on
user performance in pointing tasks and crossing tasks. However, little study has been
done on steering tasks. The term “steering task” stands for a set of human actions
in HCI, for example, navigation in hierarchical menus, drawing, writing, etc. With
pen-based interaction becoming increasingly popular, the steering task has also become
a common task in daily human-computer interaction, and is thus worthy of further

investigation.

,13,
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Another reason we chose the steering task is we are interested in feedback that
continuously alerts users to errors and prompts them to make corrections on the fly;
discrete tasks such as pointing and crossing are not as suitable. Trajectory-based tasks
(also known as steering tasks) [1], such as navigating through a tunnel or tracing a
picture, require continuous adjustment along the trajectory and are thereby appropriate
for our purpose. In standard steering tasks such as those performed with a stylus, the
user traces a path through a visual tunnel, and is required to keep the stylus within
the tunnel at all times. Therefore, we conducted a controlled experiment to study the
effects of multimodal feedback on human performance in steering tasks.

Although two papers [16] [21] present studies on steering tasks, they only used “af-
firmative” feedback for guidance and affirmation. Affirmative feedback means feedback
is given only when the cursor is moved inside the tunnel or area in which the user ex-
pects it to move. Affirmative feedback only reminds the user that the cursor (pen-tip)
is in the correct area or direction. It has been shown to be beneficial especially for
the older and/or visually impaired population as it confirms that they are on the right
track. For example, when a pedestrian light turns green, a sound starts and changes
over time. The blind can be guided to cross the road with the help of voice prompts.
They can also understand how long it will be before the light changes color, according
to the rhythm or tempo of the sound. Affirmative feedback is also used for guiding
the user through the ideal motion in steering tasks in GUI environments. As exam-
ples, there are computer-aided design, surgical training, computer gaming and other
simulated environments.

However, continuous affirmative multimodal feedbacks may have considerable draw-
backs for people with normal sensory capabilities. Firstly, most people do not like to
be disturbed when they are performing normally. Imagine how disturbing or annoy-

ing it would be if you are driving on a flat road and nonstop vibrations or constant
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extraneous sounds, above the normal traffic noise is used to, inform you that you are
in the right lane. Secondly, when presented over a long period, continuous tactile or
auditory feedback may result in fatigue or even low responsiveness from the user. As
a result, the user may not be able to promptly detect feedback that indicates that an
abnormal situation requires attention. Thirdly, for motor tasks, the presence of tactile
feedback may interfere with the normal motion of the hand and pen and compromise
performance. For example, continuous vibrations may affect the stability of a stylus
causing lower trajectory accuracy.

Due to several drawbacks with affirmative feedback, we study the effects of feed-
back only when the cursor is moved out of a tunnel or a specified (required) area in
a steering task. In this part, we define this kind of feedback as “error” feedback. In
GUI environments, “error” means the cursor is moved outside of the tunnel or the area
which the system expects. “Error” feedback can alert the user promptly when she/he
makes an “error” in order to make a correction promptly, i.e., it may decrease the error
rate. There are several literature review about providing haptic feedback to improve
driving performance [23,24,32]. However, We observed that, in contrast to the affirma-
tive feedback studies mentioned above, there has been relatively little research on the
effects of various types of error feedback in fundamental steering task.

There are many examples of steering tasks in GUI environments, not only hierarchi-
cal menu selection, but also computer-aided design, writing, drawing, surgical training,
computer gaming and other simulated environments and so on. Here we give some
scenarios to show the merits of error feedback.

Menu selection is a traditional steering task in GUI environments. In this scenario,
users want to select an item. When the menu button in menu bars is pressed, the pull-
down menu appears and users can navigate through this menu and sub-menus. If the

cursor is out of the area of pull-down menu and sub-menus, error feedback is triggered
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to alert users and prompt them to make corrections. Error feedback can not stop until
the cursor returns to the inside of tunnel or the user clicks the left button to end the
task.

In a cardiac intervention therapy scenario, a guide wire is pushed through a blood
vessel from the leg to the heart. Haptic guidance is often used to simulate the different
forces of vessels. Based on the results of this study, vibrations should also be added to
prompt the user. The distance between the top of the guide wire and the vessel’s walls
can be detected. If the top of the wire is too close to the vessel walls, error feedback
will be triggered.

In calligraphy practice, children are taught how to write beautiful characters. Trac-
ing paper with standard sharp letters is used; this is a kind of visual feedback. Tra-
ditionally, after tracing the characters, children will be given comments by teachers,
indicating where they should be more careful when writing particular characters. This
post hoc feedback can prove inefficient sometimes. In order to get a better effect, we
can apply real-time tactile feedback on the pen, when the pen tip is outside of the
printed trajectory (area). In addition, we may create a “pre-warning” buffer area which
prompts users before a mistake is made. Given this potential, it is important to have a
detailed understanding of different error feedback modalities to inform future software
designers.

In driving simulation scenarios, if a car moves too close to the edge of the road,
error feedback is used to prompt drivers. This kind of feedback is already used to good
effect to warn drivers who unintentionally drift between lanes.

In this part, we review related work and then an experiment is reported which
investigates the effects of multimodal feedback on human performance in steering tasks.
Several parameters are measured to evaluate accuracy and speed. We conclude with

a discussion of our results, implications for feedback design and directions for future
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work.

2.2 Related Work

In this section, the related works of both multimodal feedback and feedback location

are introducted here.

2.2.1 Multimodal Feedback

A high demand for visual attention is imposed on computer users. This not only
causes fatigue, but it also prohibits the performance of secondary activities. The in-
creasing requirement to present a large amount of information to the user also challenges
the capacity and effectiveness of visual modality. It becomes necessary to expand the
interaction bandwidth by introducing alternative or additional sensory modalities, and
many devices [56] [58] [63] [66] [73] [72] [101] have been developed to enable this. For
example, Luk et al. [58] created a handheld display platform to provide tactile feed-
back for users. EarPod [101] enables eyes-free menu selection with the help of reactive
auditory feedback, and its performance is comparable to traditional visual techniques
in terms of both speed and accuracy. Poupyrev et al. [73] [72] applied tactile feedback
not only to desktop computing but also to mobile devices. Liao et al. [56] developed
a pen with multimodal pen-top feedback, which effectively helped users detect errors
early and provided support for interface discovery.

Akamatsu et al. [4] used a multi-modal mouse to confirm that the cursor was on
a target during pointing tasks. Although the overall response times did not change,
final positioning time with tactile feedback improved significantly. In another paper,
Akamatsu et al. [5] concluded that tactile feedback could reduce selection times. Tac-

tile and force feedback improved performance when the interface contained small tar-
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gets. Jacko et al. [44] [45] conducted a series of experiments to examine the effects of
multimodal feedback on the performance of senior adults whose visual health varies a
lot. Multimodal feedback was triggered when a file icon was correctly positioned. In
drag-and-drop tasks, non-visual and multimodal feedback demonstrated significant per-
formance gains over sole visual feedback for both Age-Related Muscular Degeneration
(AMD) and normally sighted senior users.

Five different task activities were analyzed in a meta-analysis. Burke et al. [11]
compared the effects of uni-modal and bi-modal feedback on user performance. The
effects of workload, and the number of tasks were considered. Error rate, performance
score, and reaction time were analyzed. The results showed that bi-modal feedback
improved performance and reduced reaction times, however it had little effect on error
rates.

To investigate the effect of force feedback in steering tasks, Dennerlein et al. [21]
used a mouse that employed a force to pull the cursor to the center of the tunnel. Results
showed that force feedback improved movement times by 52%. A combined steering and
targeting task of navigating through a tunnel and then clicking on a target also showed
that force feedback can reduce times to complete such a task. In order to investigate
the interaction between the tactile and visual modalities, Campbell and Zhai [16] used
an IBM Trackpoint mounted with an actuator and put virtual bumps in the tunnel.
When the cursor entered or left a bump, a tactile pulse was triggered to guide the user
through the tunnel. They concluded that user performance was enhanced by tactile
feedback and that it is important to ensure that the visual feedback corresponds to the
tactile feedback.

In summary, our literature review indicates that little work has been done on the
study of the relationship between the modalities of error feedback and user performance

in steering tasks. This study offers an important basic understanding in this field of
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HCIT literature.

2.2.2 Feedback Location

Motor skill [80] is widely around us and requires people to control their muscle,
joints and body to trajectory with a path accurately, such as riding a bicycle, handwrit-
ing, driving a car and so on. Traditionally people learn motor-skills with observation
through visual channel and then practice. The teacher’s action is recorded by learner’s
brain and learner follows the same way to practice. Based on the complexity of task
and learning capability of learner, the learning time and performance are different.

With the development of haptic technology, more and more haptic devices are
applied in daily life. Some studies [82], [57], [7], focus on using haptic technology
to improve users’ motor-skill learning. Some paid more attention to use pen-based
interfaces to simulate the motor skill tasks in the real world, for example, handwriting
[83], [98], remote control, virtual realities, and surgical simulation [31] and so on.

Srimathveeravalli and Thenkurassi [83] designed an experiment of character writ-
ing to compare the different learning modes supplied to the subjects. There were three
modes here: BASIC mode without training assistance, PCONTROL mode with posi-
tion feedback and ALPHA with force guidance feedback. Results showed that the shape
accuracy with haptic attributes guidance was better than the one with position infor-
mation. Yang et al. [98]gave a study to validate the different performance in short-term
and long-term improvement. Subjects were trained for four days. The results proved
that subjects gained long-term skill improvement with visuohaptic training. Gibson et
al. [31] designed a system to help doctor to explore with real-time force feedback.

Most of these studies mentioned above use Phantom products as equipment to
supply user haptic guidance. However, several issues should be considered carefully.

First, Phantom products are expensive. They can be used in the laboratory to do
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the research. Imagine if the children want to be trained for handwriting learning, is it
worth for the parents to buy a Phantom produce? It can not be afforded by normal user.
Second, there is an arm in Phantom, which is designed to supply user force feedback
and detect the force and direction. However, it affects users’ normal actions, because
the arm limits the length hand move, and the weight of arm can not be ignored.

In order to avoid these two drawbacks, there were some studies use vibration motors
to present user feedback. Hoggan et al. [41] used C2 tactor to give user affirmation when
they did the text entry task with touchscreen mobile. Results showed that this feedback
improved performance much better than only visual interface. Lee et al. [53] designed
a system to present user tactile feedback with pressure-sensitive stylus. The stylus
was mounted with a small solenoid to supply different tactile sensations. Forlines and
Balakrishnan [30] used the same device as Lee to present user affirmative feedback in
pointing and selection tasks. Sun et al. [85] presented an experiment to get the basic
understanding of error feedback. Multimodal feedback were used in the experiment.
They got the conclusion that tactile feedback improved users’ performance in steering
tasks. Campbell et al. [16] designed an experiment to prove that tactile feedback can
improve steering performance if the visual feedback matched the tactile feedback. In this
experiment, tactile feedback was given for the guidance in the tunnel. The drawback of
the method in the tunnel is user should follow the tunnel strictly. However, in most of
the motor skill tasks or interaction scenario, there is an area or buffer should be allowed
user to navigate freely.

There are two kinds of vibration, continuous vibration and single vibration, can
be used in the applications. Continuous vibration can remind user continuously but it
affects the stability of user’s action and makes user feel dysphoric. Single vibration gives
a sudden feedback to user. However, this feedback is much weaker than the continuous

one. In this experiment, we investigate not only the effect of feedback position but also
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the effect of two different kinds of feedback.

2.3 Pilot Study

We conducted a pilot study with eight participants to determine suitable feedback
parameters for the experiment. A pen with an attached motor was used in the ex-
periment. We wanted to determine the input voltage that would provide maximum
comfort and effectiveness for users. Different input voltages (2.0V to 3.6V) supplied
to the motor, which mapped to different amplitudes of vibration, were chosen as input
parameters. During the pilot study no participants complained that the vibration was
significantly disturbing. After summarizing the experiment results and subjective evalu-
ations, most of the participants preferred tactile feedback supplied at 3V. The vibration
motor can reach full speed within 60 milliseconds. Compared with the movement time
of task, this time delay of motor is not significant and can be ignored. Audio feedback
is also discussed. Firstly, we chose the Windows XP Error sound found in the Windows
XP Operating System. However, some participants complained that the sound was
too loud. We changed it to the sound of Windows XP Notify. Visual feedback was in
the form of color change. The results gave us the required data to choose appropriate

parameter values for our experiment.

2.4 Experiment 1: Multimodal Error Feedback

2.4.1 Participants

Twelve right-handed university students (10 males, 2 females, aged from 21 to
32 years) participated in the experiment. All participants had normal or corrected to
normal vision and reported that they each had normal hearing. Eleven of the partici-

pants had previous experience using a stylus. All of them had medium-to expert level
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computer experience.

2.4.2 Apparatus

The experiment was conducted on an IBM ThinkPad X41 Tablet PC, running
Windows XP and using a stylus as the input device. The screen size was 12.1-inches
with a resolution of 1024 x 768 pixels. The experimental software was developed with
Java. In order to supply tactile feedback, a vibration motor (2.0V to 3.6V, SE-4F-
A3A1-X0, manufactured by Shicoh Engineering Co., Ltd. Japan) was mounted on the
stylus. The size of the motor was 4 x 10.9 mm. The rated speed was 8400rpm. We
used adhesive tape to attach the motor to the tail of the stylus, 2 ¢cm from the end.
The stylus was about 13 c¢m long in total. This product was a brushless and geared
motor supplied with 3.0Vdc as determined in the pilot study. The electrical signal was
supplied by an AD/DA converter card (CSI-360116, manufactured by Interface Co.,
Ltd. in Japan) and was controlled by the Tablet PC. The motorized pen [53] is shown

in Fig.2.1.

Fig. 2.1 Stylus with an attached motor and the motor.

2.4.3 Task and Procedure

There are two kinds of traditional steering task. In general, straight steering rep-

resents linear movement and circular steering represents non-linear movement. Our
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experiment uses a steering task through a circular tunnel (see Fig.2.2). The circular
steering task is more complex than the linear movement task. For a circular tunnel,
the movement amplitude A is equal to the circle’s circumference 27 R, where R is the
radius. According to the steering law [1] developed by Accot and Zhai, the index of
difficulty for steering through a circular tunnel is ID = 27 R/W. The task completion
time MT can then be expressed in the formula: MT = a + b ID, where a and b are

empirically determined constants.

End line Start line

Fig. 2.2 Experimental task.

If the stylus moved out of the boundaries of the tunnel during the task, feedback is
presented to the user to indicate an error. We used three modalities for error feedback:
visual, auditory, and tactile. Visual feedback turned the steered trajectory (trail) to
red when an error occurred. Auditory feedback was a notifying sound that played
repeatedly. Tactile feedback was supplied by the vibration of the motor. In all three
cases, the error feedback continued until the stylus returned to the tunnel. We also
included a baseline condition where there is no feedback.

The direction of the circular steering task was always clockwise. At the beginning

of each trial, the tunnel was displayed in the center of the screen. Omnce the stylus
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crossed the start line, the color of the drawn trajectory turned from green to blue as a
signal that the task had begun. The user then steered the stylus through the circular
tunnel. The trial ended once the cursor crossed the end line. Then the next trial was
presented.

Before the experiment, the task was explained to the participants and they were
asked to perform some warm-up trials in each operational bias until they were familiar
with both the steering task and the different kinds of feedback and felt that they could
begin the experiments. Participants could adjust the volume of the auditory feedback
themselves. The participants were seated and instructed to perform the tasks as fast
and as accurately as possible. Participants were allowed to have a rest between trials.

We measured the movement time MT (time taken to move from the start line to the
end line). To measure the accuracy of the trajectory produced, we calculated its lateral
standard deviation SD (standard deviation of the distances between trajectory points
and the center of the circular tunnel) and out of path movement OPM (percentage of
trajectory points outside the tunnel boundary). For both SD and OPM, higher values
indicate lower accuracies. In this part, we use the OPM to measure the out of path
movement. This metric was previously used by Kulikov et al. [51]. During the period
of one trial in this experiment, we recorded the coordinates of sample points per 10
milliseconds. The number of sample points and the number of times the pen-tip moved
out, of the tunnel between these sample points were collected. The value of OPM was
calculated by these two parameters. For example, if 100 points were sampled and 14 of

those points were outside the Constraint lines, then OPM would be 14.

2.4.4 Design

We used a fully crossed within-subject factorial design. The independent variables

were: tunnel width W (12, 20, 30, 40, 50, 60 pixels), tunnel amplitude (300, 600, and
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800 pixels), and feedback type (no feedback (NONE), auditory (A), tactile (T), visual
(V), auditory + visual (AV), visual + tactile (VT), auditory + tactile (AT), auditory +
visual + tactile (AVT)). Each participant performed the experiment using all 8 feedback
types in sequence. The presentation orders of the feedback types were counterbalanced
across participants.

All participants conducted the experiment in sitting postures. Within each
feedback type, the participant performed all combinations of tunnel widths and tunnel
amplitudes 3 times each and presented in random order.

In summary, the experiment consisted of:

12 participants x

8 feedback types x

6 tunnel widths x

3 trials X

3 tunnel amplitudes
= 5184 times in total.

The experiment took approximately 30 minutes per participant. After the exper-
iment, participants completed a questionnaire to rate their subjective preferences for

the feedback types.

2.4.5 Hypotheses

H1. Feedback type will affect movement time, especially when the task is difficult.
H2. Feedback type will affect accuracy.

H3. The single tactile feedback outperforms other individual feedback modalities.
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2.4.6 Results

Repeated measures of analyses of variance were used to assess the effects of mul-
timodal error feedback (eight kinds) on movement time, standard deviation and out of

path movement.

Movement Time (MT)

An ANOVA test showed that there was no significant effect (F7 77 = 0.575,p =
0.774) from feedback type on the movement time MT. The index of difficulty (ID =
2R /W) for the tasks had a significant main effect (Fi4 154 = 91.666,p < 0.001), with
higher I D corresponding to longer MT'. There was no significant interaction effect from
feedback x ID (Fog 107s = 1.118,p = 0.212). The overall means for MT were 1567,
1657, 1600, 1601, 1588, 1582, 1595, and 1619 ms for the NONE, A, T, V, AV, VT, AT,
and AVT feedback (see Fig.2.3). The movement time with NONE feedback was the

shortest among these feedback types.
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Fig. 2.3 Mean MT by different feedback types (with standard error bars).
The regression analysis on MT and ID indicated that they followed a linear re-

lationship with each feedback type, as predicted by the steering law (R2> 0.97 in all

cases).
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Standard Deviation (SD)

The overall mean of SD is 4.62 pixels (see Fig.2.4). The main effect of feedback
type was statistically significant (Fr 77 = 2.148,p = 0.048) on SD. There was also a
significant effect (Fi4,154 = 110.05,p < 0.001) of ID on SD. There was no significant
interaction effect from feedback type x ID (Fog 1078 = 0.876,p = 0.796). Pair-wise
comparison tests showed that the participants produced significantly lower SD (p <
0.05) with the A feedback and T feedback compared with the other feedback types and
significantly higher SD (p < 0.05) with AV and V compared with the other feedback
types. There was no significant difference in SD between A and T, or between AV and
V. The baseline performance with NONE feedback was between these two extremes,

however this difference was not statistically significant.
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Fig. 2.4 Mean SD with different feedback types.

Out of Path Movement (OPM)

The overall mean of OPM was 2.35% (see Fig.2.5). The main effect of feedback
type was statistically significant (F7 77 = 3.458,p = 0.003) on OPM. There was also a
significant effect (Fi4,154 = 13.942,p < 0.001) of ID on OPM. There was no significant

interaction from feedback type x ID (Fog 1078 = 1.034,p = 0.395). Pair-wise compar-
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ison tests showed that the participants produced significantly lower OPM (p < 0.05)
with the AVT feedback and T feedback compared with the other feedback types and
significantly higher OPM (p < 0.05) with NONE, V, AV and VT compared with the
other feedback types. There was no significant difference in OPM between AVT and
T, or between NONE, V, AV and VT.

Summarizing the experimental data, we showed that different modalities of feed-
back significantly affected human performance in steering tasks in terms of accuracy but
not in terms of completion time. From the results of OPM and SD, we concluded that
users performed the task most accurately with tactile (T) feedback, and least accurately

with AV (auditory + visual) and V (visual) feedback.
35
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Fig. 2.5 Mean OPM with different feedback types.

Subjective Evaluation

According to the results of the questionnaire, the majority of participants (8/12)
preferred AV feedback to indicate an error condition. The reason is that “hearing the
sound feels comfortable and gives a clear warning. Compared to sole auditory feedback,
the additional visual modality makes cursor movement more accurate”. Some partici-

pants (7/12) disliked tactile feedback because “vibration from the motor disturbed the
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movement, of the pen-tip”, but, one participant highly praised the direct and active
response delivered by tactile feedback. Some participants (7/12) disliked AT and AVT
feedback, because they felt “the combination of auditory feedback and tactile feedback

confused them”.

Steering Law Analysis

Each of the feedback modalities fit the steering model with correlations greater
than 0.97. As mentioned before, there was no significant effect from feedback type on
the movement time MT. The indexes of performance (I P=1/b) for different feedback

types are similar.

Table 2.1 Steering law models with different feedback

Feedback Steering law model R?

NONE | MT = 64.7ID + 87.5 | 0.98

A MT = 64.7 ID + 177 | 0.99
T MT = 67.9 ID + 47.7 | 0.98
\Y MT = 67.3 ID 4 61.8 | 0.98

AV MT = 68.3 ID + 26.2 | 0.97

VT MT = 67.8 ID + 32.1 | 0.98

AT MT = 64 ID + 130.3 | 0.99

AVT MT = 68.8 ID + 45.6 | 0.98
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2.5 Experiment 2: Feedback Locations

2.5.1 Participants

Six right-handed university students (4 males and 2 females; aged from 20 to 32
years old, mean age 25.3) were recruited to participate in the experiment. All partic-
ipants had normal or corrected to normal vision. All of them had medium to expert

levels of computer experience, and all of them had prior experience with this devices.

2.5.2 Apparatus

An IBM ThinkPad X41 Tablet PC was used in our experiment, with a default
stylus as input. The screen size was 12.1 inches (1024 x 768 pixels resolution). The
experimental software was developed in Java Environment and ran on a 1.5 GHz CPU
with Microsoft Windows XP tablet edition. We used a haptic pen to give user tactile
feedback. The motor was SE-4F-A3A1-X0, manufactured by Shicoh Engineering Co.,

Ltd. Japan. It was mounted at the end of the stylus with black tape and given 3.0 Vdc.

2.5.3 Task and Procedure

This task and preocedure are the same as those ones in experiment 1 (see Fig.2.6)
. Visual, tactile, and visual plus tactile feedback were investigated in this experiment.
There were three feedback position designed in this study. The feedback which was
applied in the tunnel was called IF method. It was a kind of guidance and was similar
with dumm drift. We also designed the feedback interface that put the feedback outside
of the tunnel which was called OF method or at the boundary of the tunnel which was
called BF method.

In TF method, if the cursor was in the tunnel, the trajectory was blue and there was

no tactile feedback. If the cursor was out of the tunnel, the trajectory was changed to
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Fig. 2.6 Experiment environment.

red with visual feedback, the motor started to vibrate continually and gave user tactile
feedback, until the cursor went back inside of the tunnel and the two feedback were
given with visual plus tactile feedback. In OF method, all the situations were opposite.
In BF method, when the cursor moved from inside to outside of the tunnel, the color of
circle changed to red once and then turned back to default color with visual feedback;

a single sudden vibration was given with tactile feedback.

2.5.4 Design

This part employed a within-subject design. The within-subject factors were:
tunnel width W (20, 30, 40, 50, 60 pixels), tunnel amplitude A (300, 600, and 800
pixels), feedback position (inside, boundary, outside) and feedback type (tactile (T),
visual (V), visual + tactile (VT)). Each condition contained 3 trials. Presentation of
trails was randomized.

We used a fully crossed within-subject factorial design. The independent variables

were: tunnel width W (12, 20, 30, 40, 50, 60 pixels), tunnel amplitude A (300, 600, and
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800 pixels), and feedback type (no feedback (NONE), auditory (A), tactile (T), visual
(V), auditory + visual (AV), visual + tactile (VT), auditory + tactile (AT), auditory +
visual + tactile (AVT)). Each participant performed the experiment using all 8 feedback
types in sequence. The presentation orders of the feedback types were counterbalanced
across participants.

All participants conducted the experiment in sitting postures. Within each
feedback type, the participant performed all combinations of tunnel widths and tunnel
amplitudes 3 times each and presented in random order.

In summary, the experiment consisted of:

6 participants x

3 feedback types x

5 target widths x

3 trials X

3 feedback positions x
3 tunnel amplitudes

= 2430 times in total.

2.5.5 Results
Movement Time (MT)

Movement time was recorded from the time when participant crossed the start line
to when he or she crossed the end line. A repeated measures analysis of variance showed
that there was a significant main effect of feedback position (F3 22 = 2.538,p < 0.05) on
movement time. Mean movement time (see Fig.2.7) with OF method was the shortest
and the one with BF method was shorter than the one with IF method. It meant if

the cursor was out of the tunnel, user could drag the cursor back fastest when feedback
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position is outside of the tunnel. There was no significant main effect of feedback type

on movement time.
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Fig. 2.7 Mean Movement time with different feedback positions.

Standard Deviation (SD)

Standard Deviation is a parameter to investigate the distance between the trajec-
tory and the central line of the tunnel. A repeated-measures ANOVA showed there was
no significant main effect for feedback position on standard deviation (F3 20 = 1.95,p =
0.166). Mean Standard Deviation (see Fig.2.8) with IF method is the smallest and the
one with OF method was smaller than the one with BF method. The mean of standard

deviation was 4.825 pixels.

Out of Path Movement (OPM)

Standard deviation could investigate the correct rate of experiment. If someone

liked dragging along the boundary of the tunnel, it’s a correct action, but the value of
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Fig. 2.8 Mean SD with different feedback positions.

SD was higher. In order to avoid this point, in this study, we also recorded OPM which
revealed how many times cursor was out of the tunnel. When the value was higher, it
meant the more error happened.

A repeated-measures ANOVA showed that there was no significant main effect for
feedback position on OPM (F3 22 = 0.073, p = 0.93). The values of OPM with different

position were almost the same (see Fig.2.9).
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Fig. 2.9 Mean OPM with different feedback positions.
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Subjective Evaluation

After the experiment, participants were asked to answer several subjective ques-
tions. None of them felt tired when they were given tactile feedback with vibration.
Generally most of them preferred tactile feedback should be given outside of the tunnel

(see Fig.2.10). No one liked feedback supplied inside of the tunnel.
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Fig. 2.10 Subjective evaluation with different feedback positions.

2.6 Discussion

2.6.1 Multimodal Error Feedback

This study investigates the relationship between “error feedback” (when tracking
or trajectory errors are made) and user performance in steering tasks. The experiment
examines feedback presented in visual, auditory and tactile modalities, both individually
and in combinations. In the experiment, the analysis of SD and OPM shows that
feedback type affects accuracy significantly. The simple tactile error feedback (T),
outperforms the other error feedback types and combinations in steering tasks. In

contrast to H1, no significant effect of feedback type on MT was found. However,
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Forlines and Balakrishnan [30] found that feedback type did have a significant effect on
completion time in their study on pointing and crossing tasks. Although Akamatsu et al.
[5] concluded the effect is more pronounced for small targets for the tactile condition, we
cannot draw the same conclusion from the results of our experiment. These observations
could be explained by their different usage of feedback. They used feedback as an
affirmation, e.g., notifying the user when the tip of the cursor was on a target. Therefore
the feedback was always in effect in every trial. By contrast, in our study we used
feedback as an alarm to indicate errors. There are two possibilities in extreme cases.
Firstly, if the tunnel is wi de enough, no error occurs during the trial and no feedback
was presented. Secondly, if the tunnel is too narrow, error activated feedback is very
similar to “affirming” feedback. In summary, feedback type was irrelevant to the overall
temporal performance in most cases.

On the other hand, feedback directly contributed to the reduction of errors in the
task and therefore, feedback type has a significant effect on performance accuracy, and
thus H2 is confirmed. Comprehensive analysis of OPM and SD confirms that the
simple tactile feedback (T) outperforms or is similar to all other feedback types (both
single and combined), thus confirming hypothesis H3. This phenomenon may also be
explained from the following point. We used a direct input device in this study. Visual
feedback is more or less unavailable when the target is covered by the hand or stylus (this
particularly relates to the sitting posture and writing posture). Compared with audio
feedback, tactile feedback is a real-time interactive modality. It transforms information
through skin displacement both in space and time, while audio feedback is transmitted
though the air and has some delay.

An interesting observation is the apparent disparity between the actual perfor-
mance of the users and the subjective preferences of the users. Despite the fact that

the majority of participants felt that tactile feedback disturbed the movement of the
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pen-tip, they all achieved the highest level of accuracy with tactile feedback. This could
indicate that participants wanted to avoid triggering the vibration so that they per-
formed the task more carefully, i.e., this probably explains why tactile feedback was so
effective. Visual feedback does not impact the user forcefully and is the easiest to ignore.
This may be the reason the lowest levels of accuracy are produced by the AV and V
feedbacks. This tradeoff between performance and comfort may guide us to choose the
most, suitable form of feedback in different scenarios. In addition, the different human
response times for different sensory channels (with tactile being the fastest [79], while
visual and auditory having more considerable delay) may have also contributed to the
performance difference.

Considering these points, we suggest that error feedback mechanisms, as investi-
gated in this part, might be the most suitable applications for tactile feedback, where
the feedback is presented intermittently to indicate abnormal situations rather than con-
tinuously to indicate normal situations. The results of our experiment confirmed the
suitability of the tactile modality for this purpose, especially in the context of a steering
task. Accot and Zhai [1,2] gave some examples of steering tasks. For example, drawing,
writing, and steering in 3D space. Error feedback can be widely used to improve the
performance of these tasks, or used as a training tool such as to teach handwriting.

Based on the result of our experiments, the simple tactile error feedback (T) out-
performed the other feedbacks. The GUI is designed for visual feedback but audio
feedback and tactile feedback are not considered. Campbell et al. [16] also mentioned
that today’s GUIs may be not suitable for tactile feedback. A new user interface should

be proposed to replace the ones we use now.
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2.6.2 Feedback Location

In this study, we use the vibration to give user tactile feedback. The experiment
results showed that feedback position affected movement time significantly and outside
feedback method took the shortest time to finish the trajectory task. The possible
reason was that user moved the stylus freely and performed an initial action inside the
tunnel without any disturbance in outside method. Once the error happened, they were
reminded with the help of three feedback types. Compared with inside method, the
user did not need to receive the feedback for a long time. The feedback for a long time
may cause the fatigue and decrease the sensitivity of response. Although the tactile
feedback on the inside of the tunnel was a kind of guidance, it decreased the speed
of stylus movement. Compared with boundary method, the most difference between
outside method and boundary method was single feedback or continual feedback. The
possible reason was that when participant focused on finishing the trajectory task, they
were so rapt that they might miss the single feedback and continual feedback could
improve this point.

Although the experiment results showed that there was no significant difference
among three feedback positions in accuracy, subjective evaluation indicated that most
of the participants preferred outside method. Someone said that “I don’t want to be
disturbed when I'm correct”. In summary, we get the conclusion that 1) feedback should
be given on the outside of the tunnel, and 2) vibration technology is a good method to
improve the abilities of acting in the 3D dimensional. These conclusions can be used
to improve the several existed motor learning applications, for instance, handwriting,
sports training, playing musical instrument, skiing and so on.

When children learn how to play violin, the most basic and important technique

is how to control the bow which has a high relationship with tone. Generally, teacher
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introduces how to play it face to face. The teacher plays firstly and children should
follow the same way to do that. The teacher corrects the wrong posture and guides
children to practice. However, the time when children practice alone is much longer
than the one when they practice with the help of teacher. In order to correct the wrong
posture without the guidance of teacher, we can mount several motors at the different
parts of the body and OF method is used. When they perform correct, there is no
vibration feedback. When they do not control the bow to the right position, the motor
will vibrate and remind user to correct the action. Through this method, children can

learn to play violin by themselves.
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This is a blank page.
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Chapter 3

A Comparison of Multimodal
Feedback in Pointing Task
with Tracking State

3.1 Introduction

The digital stylus, which is similar to a common pen, has long been used as an
input device. It is used in PDAs, Tablet PCs, Graphics Tablets and Ultra Mobile PC
(UMPC). There are two modes in pen-based interaction: ink mode and gesture mode.
Ink mode allows users to input handwriting, drawing etc. Gesture mode allows users to
manipulate the entered data. Many researchers [29,37,55] have paid attention to how
to switch between the two modes efficiently and naturally. Most of them applied an
additional button and pen gesture to improve mode switch. However, these methods
are unnatural for user to control and hard for the computer to interpret. Furthermore,
the user’s focus on the current task is often disturbed by these methods.

Recently, the tracking state (hover state) is used to deal with this problem [13].
There are three states in a pen operation (see Fig.3.1): non-sensed state, tracking state
and dragging state. Most pen-based devices, such as Tablet PCs, the Wacom pad and
display, have the tracking state. However, it is different from tapping with a stylus due

to the lack of effective feedback. Users can get feedback through haptic modality when
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the tip of the stylus touches surface. Visual feedback is invisible for user until the tip of
the stylus enters the “above-the-surface” interaction layers. Due to the hand and stylus
cover significant parts of the display, it is hard for user to know whether the stylus is
in the tracking state [30]. This delays the user’s awareness of the tracking state status.
This phenomenon will lead two possibilities in extreme cases. Firstly, if the user is too
careful with slow movements, it will increase trigger time. Secondly, if the user is too
urgent with rapid movements, accidental missed tracking state may be produced, e.g.,
directly touching the screen surface, resulting in an unexpected outcome. Audio and
tactile technologies have developed to a stage where we can apply these modalities to
alert the user while in the tracking state. One question should be asked: “which feedback
can help users to get the best performance in tracking state?” However, there is no study
on this question. In this study, we want to offer an important basic understanding of

this issue.
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Fig. 3.1 Pen Operation States.

In the following sections, we begin with a review of related work and then we report
on two experiments which investigate the effects of multimodal feedback on human
performance for two different pointing tasks in the tracking state. Several parameters

are measured to evaluate accuracy and speed. Both direct and indirect pen-based
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devices are investigated. We conclude with a discussion of the results, implications for

feedback design in the tracking state and directions for the future work.

3.2 Related Work

3.2.1 Tracking State

Tracking state and space above the work-surface [33,34,47] have been investigated
recently. For example, Subramanian et al. [84] presented an experiment to investigate
multiple layers of interaction above the tablet. The results revealed that all subjects
could control the stylus and move between layers naturally and easily. Grossman et
al. [33] used a backwards "L’ shape to activate a hover widget which was a new command
layer. This extended the capabilities of pen-operated devices. Instead of moving the
cursor to click on an icon, users could trigger the mode switch command in the current
work area. The experiment showed that a mode switch with a hover widget was faster
than the traditional command activation technique and it also reduced the error rate.

Kattinakere et al. [47] explored human capabilities for performing steering tasks. A
new model was proposed and results showed that the model was effective in predicting
movement times when steering through constrained tunnels. The pointing task was
also an important task in pen-based interaction. However, little work has been done
to explore the human capabilities for pointing tasks in the tracking state. In this
study, we investigate pointing tasks which are the fundamental tasks in human computer

interaction.

3.2.2 Effects of Multimodal feedback

When audio and tactile perception feedbacks are included in the GUI, one partic-

ular question should be answered: with what combination of multimodal feedback can
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users get the best performance in a GUT interface? Numerous studies have been done in
this field. Akamatsu et al. [4] showed that the addition of tactile or audio information
did not dramatically improve overall response times or error rates in a routine target se-
lection task. But, in the final positioning times, tactile feedback was the quickest among
the feedback modes tested. Burke et al. [11] compared visual-auditory and visual-tactile
feedback to visual feedback alone with a meta-analysis. The results showed that reac-
tion time and performance were improved when an extra modality was added to visual
feedback, but the error rate was not reduced. Jacko et al. [1,45] conducted a series
of experiments to examine the effects of multimodal feedback on the performance of
older adults with different visual abilities. In drag-and-drop tasks, their overall results
indicated that non-visual and multimodal feedback forms demonstrated significant per-
formance gains over the visual feedback form, for both AMD (Age-Related Macular
Degeneration )and normal sighted users. Emery et al. [22] designed the experiment so
that older adults were grouped based on different levels of computer experience in a
drag-and-drop computer task. The results showed that, under auditory-haptic bimodal
feedback, all subjects performed well and experienced users all preferred multimodal
feedback. Vitense et al. [91,92] showed that the bimodal condition of haptic and visual
feedback was beneficial to user performance.

In summary, our literature review indicates that little study has been done on the
study of multimodal feedback for pointing tasks in the tracking state. This study offers

an important basic understanding in this significant field of pen-based interaction.

3.3 Pilot Study

A pilot study was conducted to determine appropriate parameters for multimodal

feedback for the experiment. Eight right-handed subjects participated in the pilot study
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(6 males and 2 females) and their average age was 21.2 years. All participants had
normal or corrected to normal vision and reported that they each had normal hearing.

Two kinds of motors (see Fig.3.2) were applied as tactile feedback in our experiment.
One was a vibration motor (2.0 volts to 3.6 volts, SE-4F-A3A1-X0, manufactured by
Shicoh Engineering Co., Ltd. Japan) mounted on the stylus. The size of the motor
was 4 X 10.9 mm. The rated speed was 8400rpm. We used adhesive tape to attach
the motor to the tail of the stylus, 2 cm from the end. Another one is a flat coreless
vibration motor (2.5 volts to 3.5 volts) attached to the non-dominant hand with a belt.

The size of the motor was 3.4 x 12 mm. The rated speed was 13000rpm.

Fig. 3.2 (a) Motorized Pen; (b) Motorized Belt.

Vibrations were given using the first motor with different volts (2.0, 2.5, 3.0, and
3.6 volts) and the second motor with different volts (2.5, 2.75, 3, 3.25, and 3.5 volts).
Subjects were asked to answer the questions about ease of use and fatigue with a Likert
scale. The question about ease of use was “how comfortable and undisturbed can you
feel when vibration is supplied?” and the question about fatigue was “How tiring is it
to feel the vibration?” The Likert scale range from 7 (“comfortable” or ”undisturbed”)

to 1 (“very tired” or “badly disturbed”).
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None of the subjects felt tired when different input voltages were supplied to the
motor. After summarizing the results and subjective evaluation, we determined the
tactile feedback input voltage. 2.5v was supplied to the first motor while 3.0v was
supplied to the second one. The “notify” sound from the Windows XP Operating

System was used for audio feedback. Visual feedback was in the form of colour change.

3.4 Experiment 1: 1D Pointing Task

3.4.1 Participants

Twelve right-handed university students (10 males, 2 females, average age 22.7
years old, aged from 20 to 32 years) participated in the experiment. All participants
had normal or corrected to normal vision and reported that they each had normal

hearing. All of them had medium to expert levels of computer experience.

3.4.2 Apparatus

The experiment was conducted on a Dell Latitude D620, running Windows XP.
The experimental software was developed with Java and Visual C++ 6.0 using Java
Native Interface. Motors were introduced in the pilot study. We chose a display tablet
(Wacom DTI-520) [93] with a stylus (12.5x146.5 mm, 10g) as the direct input device
(left in Fig.3.3). A Wacom tablet (Wacom Intuos3 PTZ-430) [94] with a stylus (18.8
x174.8 mm, 17g) was used as the indirect input device (right in Fig.3.3). The computer
can detect the coordinates (x, y) of pen-tip even when it is above the tablet screen

surfaces (within a height of 18 mm).
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<
/'

Fig. 3.3 Indirect input (left); direct input (right).

3.4.3 Task and Procedure

Fitts’ law [1,27,60] is a model which predicts movement time and reveals the
relationship that models speed and accuracy tradeoffs in target selection tasks. The
selection time T, when pointing to a target of width W, and at a distance A, is linearly
related to the index of difficulty (ID = log, (A/W + 1)) for pointing. The formula is:
T =a +bxID, where a and b are empirically determined constants.

In our experiment, two targets were presented on the screen (see Fig.3.4) at the
beginning. When the stylus pen was in the starting target area and in the tracking state,
the user pressed the “Enter” key with the non-dominant hand (Li et al. [55] concluded
that the most effective technique for switching was using the non-preferred hand button)
and the experiment began. When the stylus was in the other target area with tracking
state, multimodal feedback reminded the user, the user pressed the “Enter” key and
the time was being recorded. Visual, audio and tactile modalities, both individual and
combined, were used for feedback. Visual feedback turned the target to green. The
Auditory feedback played the “notify” sound to warn the user. Tactile feedback was
supplied by the vibration of the motor. These multimodal feedbacks were triggered
when the stylus was in the tracking state. Feedback would not stop until the user
confirmed by pressing the “Enter” key which was the signal of the end of the trial.

The experimental process was introduced to the users before the experiment. All
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(a) (b)

(d)

Fig. 3.4 The Process of 1D pointing task in tracking state.

of the subjects were seated with an earphone and asked to practice until they were
familiar with the experiment and with multimodal feedback. They could adjust the
volume of the audio feedback by themselves. In order to avoid fatigue, they could have
a rest in the intervals between trials. They were asked to perform the tasks as fast
and accurately as possible. Loss of tracking state resulted in the failure of the trial
and subjects were asked to do the trial again. The movement time (MT) recorded the
whole time from subject pointed the starting target to they pointed the ending target
in tracking state. The error rate showed the percentage of points outside the purpose
target. After the experiment, the subjects were asked to answer a questionnaire and give
their preferences. The levels of fatigue and usability were measured. The Likert scale
range from 1 (“comfortable” or “undisturbed”)to 7 (“very tired” or “badly disturbed”).

The subjects were asked to give the preference finally.

3.4.4 Design

Independent variables were target Width (W =4, 8, 16 and 32 pixels), distance
between two targets (A=250, 500, 750 pixels), input devices (direct and indirect), dif-

ferent motors attached on either the stylus or to the non-dominant hand with a belt,
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and feedback type or combination (i.e. no feedback (NONE), auditory (A), tactile (T),
visual (V), auditory + visual (AV), visual + tactile (VT), auditory + tactile (AT),
tactile+ visual + auditory (TVA)). The index of difficulty had 9 different values. For
each trial, subject performed the task with all combinations of different conditions. The
experiments were counterbalanced between participants. All of the independent vari-
ables, such as multimodal feedback type, tactile feedback (which hand), input devices,
tunnel widths and tunnel amplitudes, were presented in random order. In this study,
the screen resolution is 1024 x 768 pixels and 1 pixel is equal to 0.297mm. Subjects
spent half an hour to finish this experiment.
In summary, the experiment consisted of:

12 participants x

8 feedback types x

4 target widths x

3 trials X

3 distance between targets x

2 types of input devices x

2 different hands x

= 13824 times in total.

3.4.5 Hypotheses

H1. Feedback types will affect movement time in 1D pointing tasks (tracking state).

H2. Feedback types will affect error rate in 1D pointing tasks (tracking state).

H3. Types of input devices will affect movement time in 1D pointing tasks (tracking
state).

H4. Types of input devices will affect error rate in 1D pointing tasks (tracking

state).
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Hb5. Different hands will not affect movement time in 1D pointing tasks (tracking
state).

H6. Different hands will affect error rate in 1D pointing tasks (tracking state).

3.4.6 Results

Several variables were measured by repeated measures of analyses of variance. The

hypotheses were evaluated in this part.

Movement Time (MT)

A repeated-measure ANOVA showed a significant effect for Input device type
(Fi,11 = 18.415,p = 0.001) on movement time. Averaging all the experiments, the
direct input method (see Fig.3.5) was 12.6 % faster than the indirect input method (see
Fig.3.6), thus confirming hypothesis H3. In contrast to H1, there was no significant
effect for feedback type (Fr7 77 = 1.973,p = 0.070). There was no significant effect for
different hands (Fj 11 = 1.240,p = 0.289) on movement time, thus confirming H5. The
regression analyses on MT and ID indicated that they followed a linear relationship in

each experiment, as predicted by Fitts’ law (all R? > 0.90).

Error Rate

A repeated-measure ANOVA showed a significant effect on error rate for input
device type (Fi11 = 23.833,p = 0). Averaging all experiments, the error rate for
indirect input (see Fig.3.8) was 68.9% more than the error rate for direct input (see
Fig.3.7), thus confirming hypothesis H4. There was a significant effect for feedback
type (F777 = 2.865,p = 0.010), thus confirming hypothesis H2. T and NONE produced

the lowest error rate while audio feedback (either by itself or in combination with tactile
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Fig. 3.5 Mean MT by different feedback types with direct input device in 1D

pointing tasks (Error bars represent 95% confidence interval).

and visual) produced the highest error rate. In contrast to H6, there was no significant

effect for different hands (F} 11 = 0.298,p = 0.596).

Subjective Evaluation

After the experiment, subjects were asked to answer a questionnaire and give their
preferences. The level of fatigue and usability were measured. The results showed that
there was no significant effect for all parameters on fatigue. NONE and A feedback
types rated a low level of usability. Fig.3.9 shows the results of 7-point Likert Scales with
different tools and different feedback types. Most subjects preferred the TV feedback
(see Fig.3.9). They said “visual feedback can help in the normal condition. If the target

was covered by hand, tactile feedback reminded me clearly”.

,51,



3.5 Experiment 2: 2D Pointing Task
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Fig. 3.6 Mean MT by different feedback types with indirect input device in 1D

pointing tasks (Error bars represent 95% confidence interval).

3.5 Experiment 2: 2D Pointing Task

3.5.1 Participants

Twelve right-handed university students (10 males, 2 females, average age 22.3
years old, aged from 20 to 32 years) participated in the experiment. All participants
had normal or corrected to normal vision and reported that they each had normal
hearing. All of them had medium-to expert level computer experience.

3.5.2 Apparatus

The apparatus is the same as that used in experiment 1.

3.5.3 Task and Procedure

Two-dimensional target acquisition tasks [61,62] are commonly applied in Human

Computer Interaction. Fitts’ law also models 2D pointing tasks. Beyond 1D pointing
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Fig. 3.7 Error rate by different feedback types with direct input device in 1D

pointing tasks.

tasks, different directions (see Fig.3.10) are discussed in 2D pointing tasks and it is
necessary to investigate 2D pointing tasks.

In this experiment, one circular target was presented on the screen (see Fig.3.11)
at the beginning. When the stylus pen was both in the starting target area and in
the tracking state, the user pressed the “Enter” key with the non-dominant hand, the
experiment started, the target appeared and the time was being recorded. When the
stylus was in the other target area and in the tracking state, multimodal feedback alerted
the user, the user pressed the “Enter” key and the trial ended. Visual, audio and tactile
modalities, both individual and combined, were used for feedback. The types of these
multimodal feedbacks were the same as those used in the first experiment. Subjects
must keep the stylus’ tip on the tracking state all the time. If they fail, they are asked
to do the trail again. The process and parameters of the experiment were the same as

in Experiment 1.

,53,



3.5 Experiment 2: 2D Pointing Task
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Fig. 3.8 Error rate by different feedback types with indirect input device in 1D

pointing tasks.

3.5.4 Design

Independent variables were the width of the target (W =4, 8, 16 and 32 pixels), dis-
tance between the two targets (A =100, 200, 300 pixels), eight directions, input devices
(direct and indirect), the motor attached at the stylus and another motor attached to
the non-dominant hand with a belt and feedback type (no feedback (NONE), auditory
(A), tactile (T), visual (V), auditory + visual (AV), visual + tactile (VT), auditory +
tactile (AT), tactile+ visual 4+ auditory (TVA)). The index of difficulty has 9 different
values. For each trial, subject performed the task with all combinations of different
conditions. The experiments were counterbalanced between participants. All of the in-
dependent variables, such as multimodal feedback type, tactile feedback (which hand),
input devices, tunnel widths and tunnel amplitudes, were presented in random order.
Because there are many independent variables and trails in this experiment, subject
was asked to perform 3072 times per day at most. Totally it took each subject 3 hours

to do the entire experiment.
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Fig. 3.9 Subjective evaluation in 1D pointing tasks.

In summary, the experiment consisted of:
12 participants x
8 feedback types x
4 target widths x
2 trials x
8 directions X
3 distance between targets x
2 types of input devices x
2 different hands x

= 73728 times in total.

3.5.5 Hypotheses

H7. Feedback types will affect movement time in 2D pointing tasks (tracking state).
HS8. Feedback types will affect error rate in 2D pointing tasks (tracking state).

H9. Types of input devices will affect movement time in 2D pointing tasks (tracking
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Fig. 3.10 The 2D pointing tasks.

state).

H10. Types of input devices will affect error rate in 2D pointing tasks (tracking
state).

H11. Different hands will not affect movement time in 2D pointing tasks (tracking
state).

H12. Different hands will affect error rate in 2D pointing tasks (tracking state).

3.5.6 Results
Movement Time (MT)

A repeated-measure ANOVA showed a significant effect for feedback type (F7 77 =
7.787,p = 0) on movement time, thus confirming hypothesis H7. Subjects with audio
feedback spent the shortest movement time while with tactile feedback they spent the
longest movement time. In contrast to H9, there was no significant effect for types

of input devices (Fy 11 = 0.269,p = 0.615) (see Fig.3.12 and Fig.3.13). There was no
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Fig. 3.11 The Process of 2D pointing task in tracking state.

significant effect for different hands (F3 117 = 0.199,p = 0.665) on movement time, thus
confirming H11. The regression analyses on MT and ID indicated that they followed a

linear relationship in each experiment, as predicted by Fitts’ law (all B2 > 0.90).
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Fig. 3.12 Mean MT by different feedback type with direct input device in 2D

pointing tasks. (Error bars represent 95% confidence interval)
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Fig. 3.13 Mean MT by different feedback type with indirect input device in 2D

pointing tasks. (Error bars represent 95% confidence interval)

Error Rate

A repeated-measure ANOVA showed a significant effect for input device type
(F1,11 = 65.869,p = 0) on error rate. When all experiments are averaged, the error
rate of indirect input (see Fig.3.15) was 40.3% more than that of direct input (see
Fig.3.14), thus confirming hypothesis H10. There was a significant effect for feedback
type (F7 77 = 2.393, p = 0.029), thus confirming hypothesis H8. TV produced the lowest
error rate while audio feedback produced the highest error rate. In contrast to H12,

there was no significant effect for different hands (F3 11 = 0.042,p = 0.841).

Subjective Evaluation

The results showed that there was no significant effect for all parameters on fatigue.

Most subjects preferred the TV feedback (see Fig.3.16).
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Fig. 3.14 Error rate by different feedback types with direct input device in 2D

pointing tasks.

3.6 Discussion

The tracking state, which increases the bandwidth of HCI, is an important state
in pen-based interaction. We designed two controlled experiments to investigate with
which multimodal feedback type users can get the best performance.

From (Table 3.1), we can see that there was a significant effect for feedback type on
error rate in 1D task, movement time and error rate in 2D task. Results showed tactile
plus visual feedback was the best feedback among these multimodal feedback in tracking
state. Input devices affected error rate and movement time in 1D task, error rate in 2D
task significantly. Direct input method was much faster and more secret than indirect
input method. The choice of hand (used for detecting feedback vibrations) affected
neither the error rate nor movement time in 1D and 2D tasks significantly.

Experimental results and subjective evaluations showed that although tactile feed-
back did not decrease the movement time, it decreased the error rate and served as an

alert to the user. Most of the participants preferred TV feedback. It can be explained
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2D Indirect Error Rate
Ewor Rate (%) M Belt

24 O Pen
23 A
22 4
21 A
20 A
19 -
18 -
17 A
16
15 T | T T

T V A ™V TA VA TVA NONE

Fig. 3.15 Error rate by different feedback types with indirect input device in

2D pointing tasks.

Table 3.1 The results of two experiments. (Y means there is a significant effect

on variable; N means there is no significant effect on variable.)

Feedback types | Input devices | Different hands

1D MT N Y N
1D | Error rate Y Y N
2D MT Y N N
2D | Error rate Y Y N

here. In tracking state, the problem was how to avoid occlusion and alert user as quickly
as possible. Tactile modality has many properties. For example, silent characteristic,
every part of body can be applied with haptic, quick response, secrecy characteristic
and so on. Therefore, tactile feedback can cover the drawbacks of visual feedback.
Although different hands did not affect movement time or error rate, the motor

mounted on the stylus might change the trajectory of the stylus’ tip when it is triggered,
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Fig. 3.16 Subjective evaluation in 2D pointing tasks.

especially when the input voltage of the motor is not appropriate. So we suggested
that the feedback and input device should be applied to different hands. In the first
experiment, the results showed that audio feedback (either by itself or in combination
with tactile and visual) produced the highest error rate with the same movement time
as other feedback. In the second experiment, we observed that subjects with audio
feedback spent the shortest movement time to finish the task. However, the audio
feedback produced the highest error rate. In summary, although the audio feedback can
improve the movement time, the performance with the audio feedback is not good. So
it is not efficient to use audio to give user feedback.

Our experimental results indicated that the direct input device outperformed the
indirect input device in both error rate and movement time. This was different from
the result of the pointing experiment designed by Forlines and Balakrishnan [30]. This
phenomenon may be explained from the following points. After pointing to the first
target, if the tip of the stylus was out of the tracking state, the position of the cursor

was different between different devices when approaching the other target. The position
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of the cursor did not change with the indirect input device while it was random with the
direct input device. Most of the subjects decided to finish the pointing task with the
stylus in the tracking state all the time. We also asked the subjects to do the pointing
tasks in the tracking state. The movement distance in the direct input device was longer
than the distance in the indirect device for the same task. However, it was much more
difficult to remain in the tracking state with the indirect input device than it was with
the direct input device. When using indirect device, user should divide their attentions
into two parts, getting visual feedback from display and maintaining the tracking state
with the tablet. It is much harder than direct input device. Compared with direct input
device, user should move the stylus more carefully and focus on the position change of
cursor due to the control-display gain (CD) with the indirect input device. This resulted
in an increased error rate and movement time. In summary, we believe that the tracking
state is more suitable for direct input devices.

The movement time in the 2D experiment is longer than in the 1D experiment.
The difference in movement time in the 2D pointing experiment with different input
devices (direct or indirect devices) is smaller than that for the 1D pointing experiments.
This proved that 2D tasks were more difficult than 1D tasks. Contrasted with the 1D
task, there is no significant difference between direct and indirect devices in the 2D task.
This may explain the different results from 1D and 2D experiments (Table 3.1).

The results of the experiments provided several guidelines for the design of feedback
in tracking state:

(1) Tactile feedback plus suitable visual feedback can improve users’ performance
in tracking state.

(2) Design in tracking state is suitable for direct input device.

(3) Tactile feedback should avoid supplying with the same hand of input.

(4) Compared with other feedback, audio is not efficient to give user feedback in
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the tracking state.

We also proved that each of the conditions of the pointing task in the tracking state
matched Fitts’ law with correlations greater than 0.90. There is no study proved the
Fitts’ low in tracking state before. This study addressed an empty area in this field.

As an empirical evaluation study, these experiments had limitations. For example,
due to the devices limitation, the devices in two experiments were different. However,
the different feedback were compared in the same condition. In this part, we studied
multimodal feedback in tracking state with subjects of university students. In the future,

we want to investigate the effects of age and gender on the conclusion.
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Chapter 4

An Investigation of the
Relationship between Texture
and Human Performance in

Steering Tasks

4.1 Introduction

With the development of complex computer rendering technologies, widgets and
controlling interfaces are now often featured as multi-dimensional objects with sophis-
ticated textures and physical properties. However, the manipulation of those objects is
still constrained by the same controlling interfaces, making it difficult for users to feel
the physical features of widgets in the real world. Texture is passive haptic feedback, as
explored in [18,49], with many properties, (e.g., roughness, hardness, stickiness, ther-
mal conductivity). Nowadays, there are many input devices, from traditional mouse
to pen-based devices such as tablet PC, PDA, mobile phone, and touch-based devices
such as Microsoft Surface, Apple iPhone. Different displays or surfaces (even human
skin) have different textures. We can imagine high-resolution texture display will be
designed and widely used in the near future. Harrison and Hudson [36] used actuator to

adjust the textures of six materials and proposed different displays with textures. Re-
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sults showed that user could recognize 2-4 different textures of each display. However,
there is no study illustrating the relationship between texture and user performance and
satisfaction in HCI tasks.

Many tablet users complain that tablet is too slippery for writing characters or
draw pictures. In order to avoid the discomfort, some of them put a paper upon the
surface of tablet. With this additional media, users can simulate the touch of writing
or drawing on the paper. On the other hand, users may have different performances
with different textures of devices. Imagine that you walk from place A to place B, and
the distance between A and B is S. Compare the movement times when you walk on
the ice and when you walk on the asphalt road. Obviously, the time for walking on the
ice is much longer than one walking on the asphalt road. People can walk due to the
ground friction. When people walk on the ice, they tend to or do slip since coefficient
of friction is very small even to zero as well as friction is nearly zero. In this study,
we asked how this situation can affect the performance in steering tasks. Although
we did have different experiences in writing characters with different texture surfaces,
there is no study to investigate the relationship between texture and user performance
and satisfaction. In this chapter, we provide insight into this question and design an

experimental study to investigate this relationship.

4.2 Related Work

The steering law is derived from crossing law whose recursion is the same as the
Fitts’ Law [27], that is MT=a+ b log, (A/W +1), Where MT is the movement time to
cross through the tunnel, a and b are constants by devices, A is the path amplitude and
W is the path width. Accot and Zhai [1] divided a tunnel into N parts. The steering

task is composed by N parts of crossing tasks when N tends to infinity. Steering law
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MT=a+ b(A/W)was proposed in that study.

There are several studies to include force factors into the steering law. Yang et
al. [99] proposed a new haptic-steering model MT=a+ b (A/(W+n x S)), where is
a constant determined by the intensity of guiding force, to predict movement time for
steering task with guiding force. Results showed the model was more accurate than
the traditional one for predicting performance times with force. The effects of stiffness
and control gain on user performance were investigated for elastic devices by Casiez
and Vogel [15]. Results showed that control gain affected error rate and movement time
significantly but there was no significant effect for stiffness on user performance. There

has not been study that investigated texture effect in steering tasks.

4.3 Experiment
4.3.1 Participants

Twelve right-handed university volunteers (9 males, 3 females, aged from 23 to
34 years) participated in the experiment. All participants had normal or corrected to
normal vision. All of them had previous experience using a stylus and had medium to

expert level computer experience.

4.3.2 Apparatus

Hollins et al. [42] chose 17 tactile stimuli to show subject mapped their judgments
of texture into perceptual dimension. We selected materials based on this literature.
However, even for the same material, different objects may have different textures. In
this study, we compared five materials, Wacom tablet (tablet), A4 paper on top of the
Wacom tablet (Paper), plastic sheet on top of the Wacom tablet (Plastic), imposing

several A4 papers between plastic sheet and Wacom tablet (Soft plastic), and hard
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plastic cover on top of the Wacom tablet (Hard cover) (see Fig.4.1).

Fig. 4.1 (a) Paper. (b) Hard cover. (c) Soft plastic. (d) Plastic. (e) Tablet.

The experiment was conducted on a 2.13GHz Intel Core2 CPU PC with Windows
XP. A 17-inch 1024 x 768 monitor and Wacom inuos3 PTZ-431W connected to PC. This
Wacom tablet can detect the pressure with 1024 different levels corresponding to 0 - 4
Newton. The experimental software was developed with Java 6.0. In order to evaluate
whether these five materials affected the accuracy and response time of Wacom tablet,
we did a pilot study before the experiment. In pilot study, tracing task was designed
to evaluate accuracy and pointing task was to test response time. Results showed that

both accuracy and response time were not affected by these materials.

Measurement of Coefficients of Friction

Since dynamic friction played a major role in the whole process of steering task, we
used weight ratio method, which was the normal method measure the dynamic friction

of all materials. The coefficients of dynamic friction were shown in Table 4.1.
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Table 4.1 The coefficients of dynamic friction

Materials Hard cover | Plastic | Tablet | Soft plastic | Paper

Coeflicient of friction 0.081 0.126 0.153 0.233 0.295

Subjective Evaluation before the Experiment

There are also several factors which affect the friction such as softness, pressure,
speed, human factor and so on. The purpose of this measurement is to explore whether
subjects can distinguish different textures among these five materials with stylus. Par-
ticipants with normal touch sense, seated in front of a desk. The subjects were asked
to complete the experiment with their hand in a box to prevent participants using vi-
sual feedback to distinct the different materials. Each subject estimated the roughness
and smoothness of five surfaces with stylus. We used Thurstone paired comparison
method [90] and designed the experiment to compare each two materials in each trial.
There were 10 trails in this experiment.

After each trail, each participant was asked. “Which material was much smoother?”
and “Which material was softer?” If they could not distinguish from each other, they
should answer “same”. The result showed the sequence from the smoothest to the
roughest was plastic, tablet, hard cover, soft plastic and paper. The sequence from
the softest to the hardest was soft plastic, paper, plastic, hard cover and tablet. The
sequence of real smoothness was not the same as the one of subjective evaluation. The
reason of this maybe if the difference is not big and the coefficient value is not much

enough, they consistently perceived it differently.
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4.3.3 Task and Procedure

A circular steering tasks (Fig.2.2 was used in this study. The direction of the
circular steering task was always clockwise. Each experimental trial started after the
cursor crossed the start line and ended with crossing the end line. Both start line
and end line must be successfully crossed otherwise the trial failed. Participants were
asked to move the cursor inside the tunnel and they should finish the task as quick
and accurately as possible. If the cursor was out of the tunnel, an error feedback with
the color change of trajectory was triggered to warn participants. MT (movement
time taken to move from the start line to the end line), SD (standard deviation of the
distances between trajectory points and the center of the circular tunnel) and average
pressure from the stylus’ tip (detected by Wacom stylus) were measured in each trial.
Before the experiment, the task was explained to the participants and they were asked
to perform some warm-up trials until they were familiar with both the steering task and

the different material types. They were asked to have a rest between blocks.

4.3.4 Design

We used a fully crossed within-subject factorial design. The independent variables
were: tunnel width W (15, 30, 45 and 60 pixels), tunnel amplitude A (300, 450, 600, and
750 pixels), and material type (Paper, Hard cover, Plastic, Soft plastic and Tablet),
3 blocks. The presentation orders of the material types were counterbalanced across
participants. The five different materials were taped on the top of Wacom tablet.

All participants conducted the experiment in sitting postures. Within each
material type, the participant performed all combinations of tunnel widths and tunnel
amplitudes presented in random order, each for 3 trials. In summary, the experiment

consisted of:
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8 participants x
5 material types x
4 tunnel widths x
3 trials x
4 tunnel amplitudes x
3 blocks
= 5760 times in total.
The experiment took approximately 40 minutes per participant. After the exper-
iment, participants completed a questionnaire to rate their subjective preferences for

the material types.

4.3.5 Hypotheses

H1. Different material type affects movement time significantly.
H2. Under the same amount of movement time in a steering task, the lower coeffi-

cient of friction, the more accurate users perform.

4.3.6 Results

After analyzing the data, we found when the index of difficulty (ID= A/W) was
higher, some participants could not finish the task correctly. Based on Accot and
Zhai [1], if the cursor was out of the tunnel, the task was not the steering task any
more. Therefore, we removed the part of data. 88% percentage of trials was successful.

Finally, 8 participants’ data were used to analyze in this study.
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Movement Time (MT)

In contrast to H1, a repeated-measure ANOVA showed that there was no significant
main effect for material types (Fy 28 = 2.296,p = 0.084). This meant that the average
speed that user performed the task was almost the same. As showed in Fig.4.2, the

overall average movement time was 2051 ms.
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Materials

Fig. 4.2 Mean MT by different material types (Error bars represent 95% con-

fidence interval).

Error Rate

A repeated-measure ANOVA showed there was a significant main effect for material
types (Fy28 = 8.859,p = 0.001). As Fig.4.3 illustrated, the sequence from the biggest
SD to shortest SD was plastic, tablet, hard cover, paper and soft plastic, thus con-
firming hypothesis H2. An interesting phenomenon was that the subjective smoothness
sequence was almost the same as this SD sequence (except the soft plastic). It showed
that, within the range of coefficients of friction, the smoother the surface is, the more

error trajectory user performs.
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Fig. 4.3 Mean SD by different material types (Error bars represent 95% confi-

dence interval).

Pressure

A repeated-measure ANOVA showed there was a significant main effect for material
types (Fu28 = 3.681,p = 0.016). As Fig.4.4 illustrated, the sequence from the biggest
pressure to lightest pressure was hard cover, paper, tablet, soft plastic and plastic.
This showed another interesting phenomenon that each participant may use different
forces to do steering task. It can be explained as such: each participant has a different
comprehension of the task demand [102] which they should finish task as fast and
accurately as possible. When there were several different textures, participants tried
to keep the speed and accuracy as they thought. So they dynamically adjusted their
behavior and their forces to suit the texture. Subjective bias played a role in it and
covered the effect of texture. This also maybe the reason why there was no significant

effect on from material types on MT.
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Steering Law Analysis

A linear regression of MT by ID for each material was summarized in Table 4.2.

The results of linear regression for each materials suggested the information capabilities

(described by 1/b) [100] of same devices with different texture surfaces were almost the

same.

Table 4.2 Steering Law regression values for material types.

Materials | a (ms) | b (ms/bit) | R?
Paper 23.85 125.54 0.992

Hard cover | 152.65 126.97 0.994
Plastic 132.23 125.37 0.996

Soft plastic | 140.87 119.47 0.991
Tablet 123.27 128.58 0.997
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Subjective Evaluation

We used two dimensions which were ease-of-use and accuracy to evaluate the five
materials subjectively. Participants were asked to rate these materials using a 7 point
Likert scale (7 for best, and 1 for worst). As showed in Fig.4.5, most of participants
liked paper and disliked plastic. Most of them reported “It is comfortable to steer on the
paper” and it is the “natural” material suitable for stylus. Someone said that “plastic

is too slippery for me and I can’t have precise control over the stylus”.
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Fig. 4.5 Subjective evaluation of ease-of-use and accuracy.

4.4 Discussion

Haptics is one of the people’s modality has been investigated and exploited in
human-computer interaction. Due to the limit of the hardware which produces haptic
feedback, most of the haptic feedback are vibration (supplied with motor) and force
feedback (supplied with Phantom [70], Cyberglove [20]). Texture as passive feedback
reveals the status of target and increases the interaction information. This factor plays

a significant effect on pen-based interface. This study contributes to investigating the
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effect of texture in steering task at the first time.

The movement time results indicated that texture did not affect the time signifi-
cantly as hypothesis 1. One of the potential reasons is that circle steering task is not
sensitive to detect the relationship between movement time and the friction of mate-
rials. In the further work, we will use different tasks to explore the effect of texture.
Another potential reason is that users dynamically changed their forces to suit different
textures with the task demand that user should perform the task as fast and accurate
as possible. In order to get the larger anti-friction force to assist movement, users have
to apply harder force to tablet and therefore movement time is delayed.

The accuracy results showed that texture had a significant main effect on standard
deviation which was a symbol of accuracy. Under the same amount of movement time
in a steering task, the lower coefficient of friction, the more accurate users perform.
Discussed with pressure together, the harder user applies the force, the more accurate
users perform. For the slippery material, user controlled the pen actively with harder
force. However, for the rough material, user had to reduce the force and reduce the
friction. The movement of pen was much more affected with rough material than the
one with slippery material. Therefore, the trajectory with slippery surface was much
more accurate.

All results of experiments showed that the relationship between MT and ID obeyed
the steering law. The changes of constant a and b revealed the adjustments of different
materials. Subjective evaluation showed that most of users preferred paper and dislike
plastic. We observed that, in the pilot study of subjective evaluation, the sequence from
the smoothest to the roughest was plastic, tablet, hard cover, soft plastic and paper.
It means that most of users preferred rough material but disliked slippery material. It
can be explained that user has to use harder force and will be fatigue with slippery

material. Another potential reason is paper has long been familiar with users. This
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long and natural knowledge leads this result. This research investigates the effect of
texture in steering tasks. As information communicating between human and computer
increases, it is critical that we explore and apply different modalities of human being
into interactive interfaces. This work gives a basic understanding of this kind of haptic
feedback. Gesture has been stuided for a long time. In the future, we also want to use

the gesture tasks to investigate the effect of differnt textures.
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Chapter 5

Interaction Techniques with

Personal User Input
Modalities for Natural

Pen-based Interfaces

5.1 Introduction

With the development of techniques, there are many input device now. From
traditional mouse to Microsoft surface, smart phone, game controller (Wii), webCam
and so on. However, the way of mode switch is still the same. User should select tool
firstly and then input. If the task is complex, user has to switch among different tools
frequently (for example, artist scenario). As also mentioned by Jun and Eduardo [77],
mode switch becomes more time-consuming and causes tired arms with the increase of
screen size.

It has been a long time for people to dream have a “to be anything” tool. Monkey
King is a mythologized character in the classical Chinese epic novel Journey to the West.
He protected monk Xuan zang’s pilgrimage to India. He has many fighting abilities and
owns many tools. One of tools is Golden-banded staff. It can multiply, transform, and

act intelligently. Everyone dreams to have same tool like that.
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Many researchers used different techniques to build “rich-action” input devices.
Toolstone [78] was proposed to select different tools by changing the way how they
hold the toolStone with non-dominant hand. Visionwand [17] was a low-cost passive
wand. Users can trigger different commands with changing the postures and gestures
of Visionwand. All these two widgets are prototypes and need user to memory the one-
to-one correspondence between command and the holding way. Since different people
have different memory skills, it limits the applications of these techniques.

There are also many studies on the utilization of pen input parameters to expand
the bandwidth in pen-based interfaces. Pressure [75,76], tilting [69, 95,97], rolling
[10,86], hover state [33] are investigated. However, the purpose of them is to use the
properties to be an additional input channel and enhance pen input. It takes time for
user to learn or be familiar with those techniques. In this study, we used multi-touch pen
(MTpen) with a capacitive sensor around the digital pen. Different grasp and gesture
which is natural for user can be recognized with MTpen and are used to select different
tools.

In this real drawing or writing tasks, when people use the pen, different people
(age, gender, nationality, and other factors) have different ways to write or draw with
pen. Everyone has their personal and unique holding ways and angles. Several literature
reviews [28,81] showed that drawing and tablet rotation were subconscious activities
and people often adjusted the tilt and orientation of tablet. The distance between tablet
and stylus was also discussed in this part.

Note that our study does not focus on the techniques or input modalities. Our
interest is in the natural input in the real scenario. In this study, we use the MT-
pen to recognize grasp gestures and IMU to record angle information. And then use
recognition-based method to do the model switching naturally and uniquely with all the

input dimensions of input devices, both pen and tablet. Finally we explore the natural
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interaction techniques and implement several tools, which all are long, thin, rounded
shape, in artist scenario.

The rest of this part is organized as follows. We first re-view related work, and then
describe a preliminary user inquiry. Based on the observations from this user inquiry,
we then show how our system is designed. Afterward, we outline the user study tasks
that were con-ducted to evaluate our system. Finally, we discuss findings that can be

generalized to other designs, as well as future work.

5.2 Related work

There are several input dimensions in pen-based interfaces. Here we category them
into two parts. The first is to apply pen input parameters in human computer interac-
tion. The second one is work about input panel, such as tablet, the surface of PDA and

smart phone.

5.2.1 Additional Input Channels on Stylus

There are many additional input modalities proposed to expand the human- com-
puter interaction bandwidth in pen-based interfaces without the keyboard and mouse.
Ramos et al. [75] designed an experiment to investigate human ability of controlling
pressure. The result showed that 6 levels was optimal choice in the usage of pressure
technique. Pressure marks [76] and Zliding [75] used pressure variations to assist se-
lection and action efficiently. Bi et al. [10] explored incidental pen rolling and user’s
control ability to control rolling. The results suggested 10 degrees rolling could be used
in mode switch and rolling speed should also be considered in rolling-based interaction
techniques. The Rockin’Mouse [8] is a promising device for both 2D and 3D interaction

that uses tilt input to facilitate 3D manipulation on a plane. Tilt Menu [89] is imple-
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mented by using 3D orientation information of pen devices for enhancing one-handed
techniques.

Graspable recognized interface [88] has been investigated for a while. Hyunyoung et
al. [43] prototyped a MTpen with a capacitive sensor which can detect grips and touch
gestures. They also designed a crossing task to compare barrel button and two kinds
of MTpen gestures. Results showed that the performance of mode switch with gestures
in MTpen is much better than one with barrel button. However, the properties and
potential are worth of deeply investigation, especially how combine all the properties of

pen to increase recognition and explore interaction techniques in the real scenario.

5.2.2 Input Modalities on Input Panel (Canvas)

“Good paper orientation not only provides designers with articulation comfort, but
also enhances quality of sketched curves.” [88]. Fitzmaurice et al. [28] investigated the
range of orientation and tilt of tablet in drawing tasks. They found rotating the artwork
while drawing is important and comfortable for user.

A flexible and interactive surface, FLUX [54], can track pen and finger input. It
can be used as three different boards. However, there is no study to investigate the
interaction technique with the angle of the tablet and the angle between tablet and
stylus. We believe our study will encourage more researchers focus on this point.

Our literature reviews indicated that while many different input modalities in pen-
based interfaces had been investigated, they were designed for expanding the bandwidth
of interaction. In this part, natural interface worth to explore is the use of all the
information (angle and grasp) which focused on the personal and unique posture and

grasp in pen-based interfaces.
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5.3 Interview Investigation

In order to explore factors in the real artist scenario, we interviewed an oil painter
(see Fig.5.1). She has more than 20 years of oil painting experience and has more than
50 kinds of different oil brushes in her work room. Usually she uses 10 different brushes
in one painting. The materials of brushes are pig hair, wolf hair and horse hair etc. The
harder material is, the closer she holds the brush near the tip of brush. She reported
the frequency of changing brushes (different color and different widths) was high.

We observed how she grasped the oil brush. Her left hand often is used to sustain
right hand and keep stability when painting. Her left hand holds several brushes which
are frequent to use. When she used narrow width of brush, the hold position is near

the tip of the brush, and vice versa.

Fig. 5.1 The interview of oil painting.

Except different kinds of brushes, she also uses spatulas to mix colors and carbon
sticks to sketch. The grasp and angle are different when she uses different tools. There
are four different angles of her easel (see Fig.5.2). For her, she prefers 85 degree. The
reason is that she can get the overview of the painting and avoid the influence of light.

When she uses spatulas and carbon sticks, she is familiar to put the canvas on the table.
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Fig. 5.2 Four easel angles.

All of the observations from this interview motivated us to combine all information

to assist computer to recognize which tools people want to use.

5.4 Interaction Techniques

Several interaction techniques and applications were implemented with MTpen
and IMU sensors. We recognize that the tool and scenario user want to use. Fig.5.3
shows state transitions of interaction techniques. When user grasps the pen, system can
recognize the tool user wants to use with grasp and angle information in State 1. User
can adjust different grasp and stylus’ angle to change different tools. Gestures can be
applied to change the parameters of the tool, such as the width of pen and the pen color
in State 2. They can also change tools as the same as State 1. When user chooses the
tool, there are several hierarchical choices in State 3. For example, when users choose
the flute, they can dynamically press or release holes in the body of stylus to change

the pitch of the sound. A serial of dynamic input can be used to trigger a command.
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Different grasp and
stylus® angle

State 1
Tool selection

Gestures
Hierarchy

Different grasp and
stylus® angle

State 2
Tool paramefers
adjustment

State 3
Dynamic tool
recognition

State 4
Trigger command

Fig. 5.3 State transitions of interaction techniques.

Applications of Tool Selection

Sketch pencil

The way of grasping a sketch pencil is very different from other tools (see Fig.5.4).
This tool is often used in artist scenario.

Pen

Pen (see Fig.5.5) is one of the most normal tools in our lives. We can’t change the
width of ink by pressure sensor.

Chinese Calligraphy

Normally user should keep the Chinese brush vertically (see Fig.5.6). The width of

ink stroke can be adjusted with pressure sensor.
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Fig. 5.4 Sketch pencil grip.

Fig. 5.5 Pen grip.

Compass

We can hold the end of stylus and use it as a compass see (Fig.5.7). The contact
point between stylus tip and display surface is the center of circular arc. User can
change the radius and length of circular arc by adjusting the raw (azimuth) and pitch
of MTpen. When stylus’ tip leaves the display surface, the circular arc will be drawn
in the canvas.

Airbrush

We use the swipe gesture to trigger the buttons of airbrush (Fig.5.8).
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Fig. 5.7 Compass grip.

Eraser

Here we use it as white board eraser (Fig.5.9). The pitch is 0 degree.

Background Selection

Many researchers investigated user control of multi-touch using two hands (pen

plus multi-touch input). Here we can explore multi-touch pen interaction using two
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Fig. 5.9 Eraser grip.

hands (left hand holds a tablet [81], right hand holds an MTpen). This is the first time
to explore this two-handed interaction. In this study, three different tablet angles are
implemented. If horizontal tablet, the background is white-board. All of the tools are
related to the whiteboard. If vertical tablet, the background is Chinese painting. If

tablet is neither horizontal tablet nor vertical, the background is oil painting or sketch

book.
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5.5 System Implementation
Apparatus

IMU sensor (CHR-6dm AHRS) was paralleled mounted on the stylus and tablet.
The angles (yaw, roll and pitch) of digital pen and tablet can be detected with TMU
sensor. We use the hardware which was designed by [43]. It is a standard Wacom
Intuos digital pen covered with a plastic cylindrical enclosure and a capacitive sensor.
The length of the pen is 175mm and the diameter is 16mm.

The size of the capacitive sensor is 50mm X 100mm which is roughly 2/3 of the pen
(see Fig.5.10). Most parts of area where user holds the pen are covered with this snsor.
We also use architectural velum to avoid direct electrical contact between user’s fingers
and the sensor. We can get a 20x 10 grid image from the sensor. When a user’s finger is
placed on the sensor, it affects the mutual capacitance between the sensing elements of
nearby rows and columns which is detected by the microcontroller. The raw capacitive
sensor values are converted into a 20x 10 grayscale image at 100Hz which is the raw

data for recognition algorithm.

Fig. 5.10 Multi-touch pen hardware.
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Grip Recognition

We use k-Nearest Neighbor (KNN) algorithm [19] to compare the different contact
sensor images, distances between tablet and stylus, stylus’ angle information and tablet
angles. Yaw angle is not used in our recognition algorithm because user always changes
the twist angle with any tools. To increase the recognition rate, we processed the raw
sensor image firstly. Raw sensor image was transferred by rolling angle. And then we
blurred the image by a Gaussian function. We defined the distance between tablet and
stylus into three states: dragging state, hover state and remote state. So the distance
is discrete variety and all the other factors are continuous varieties.

In order to decrease the training data, we did not record the data until the difference
between new image and recorded data was more than a threshold. The recognition rate
for ten different grips was 85% based on the training data.

Our informal user studies showed that our recognition algorithm can recognize
most of the tools subjects wanted to use. Some users reported they felt comfortable to
change the tools with eye-free selection. Because some users have not used such digital
pen before, they are not familiar with the size and feeling of pen. The grasp is different
from they hold normally. It will be interest to compare the different grasps with digital

pen and physical pen in the future work.

5.6 Discussion

As the strategy of tool selection, our system does not need the area to select tools
in screen and saves area to draw. One of the most important properties of our system is
that users do not need to memory all the commands. This property could be good for
old people and children especially. Another property is personal and natural. Although

it is the same grasp and gesture, different people uses it as different tools. For example,
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people from different countries, people with different dominant hand and different age
or gender people. Based on these two properties of our system, it helps user to change
the tools quickly and decreases the workload of tasks. In our system, users do not need
to explicitly consider in which mode they are. Our system can recognize which tool
they want to use with hand posture and angle information. All of the recognitions are
implemented dynamically. Compared with VisionWand [17] implemented with com-
puter vision technique, our system used capacitive sensor and did not have limit on the
environment (lack of light).

In addition to the artist scenario, there are several scenarios in which using the
pen-type also can use these interaction techniques. For example, most of the musical
instruments are pen-type tools, such as flute and saxophone. We can use MTpen to
simulate the flute and saxophone. Based on different grasp (with pressing down and up
the finger holes) and angle information, different tools and syllables can be recognized.
We can also define a series of syllables to trigger commands. In first personal shooting
game (FPS), for example, in counter strikes, different weapons can be changed with
these interaction techniques, such as knife, machine gun and pistol.

In our system, the purpose of this study is to ask computer recognize which tool
user wants to use and hide the tool selection on the background. There are also several
important dimensions which assist system to recognize user’s expected tool can be
applied into this system. First one is the distance between MTpen and tablet. There
are three states in a pen operation (see Fig.3.1). Although the grasp and angle are
the same, the distance can distinguish different tools. And also we can use distance
information to increase the input bandwidth. Second one is the tilt angle of tablet and
the angle between tablet and MTpen. In the real world, users display the tablet with
different angles according to the comfortable usage or personal preference. For example,

when using chalk, they display the blackboard and whiteboard vertically. They place the
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paper on the horizontal table when they draw Chinese painting or write characters with
calligraphy, otherwise the ink would flow to other directions. When drawing oil painting
and sketch, users put the paper or canvas on the artist easel which is fully adjustable
to accommodate for the different angles artists need. All of these rich funds of context
awareness can help system to recognize different tools much more correctly. A one-to-
one correspondence between tilt angle of tablet and layout can be proposed. Third one
is tablet orientation. According to the study of [28], there was a wide range of individual
orientation differences when users were drawing, and user adjusted the orientation of
artwork many times while drawing. We can also use the tablet orientation to assist tool
recognition.

It enlarged the space of interaction techniques in natural. All the painting tools were
triggered in dragging state. Other commands can be implemented in hover and remote
states, such as flute, clarinet and pie menu. Our interaction techniques were applied
with kinesthetic sensation and easily understandable. They obeyed all the principles
for rich-action input devices proposed by [77]. The angles of MTpen and tablet will be

also investigated in the future.
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Chapter 6

General Conclusions and

Contributions

The current pen-based interfaces have relied on Graphic user interface (GUI) for a
long time. However, pen-based interfaces design has become increasingly challenging by
the increase of information, different workload, security, physical limitation. In many
scenarios, interaction with visual interface creates competition for different environments
and different people. There is a trend to design the natural and efficient interface in
pen-based interfaces. This dissertation explores how to use haptic modality which is
both input and output modality of the human being. Vibration, texture and kinesthetic
sensation are investigated.

This thesis contributes on the basic understanding of human performance (both
in the pointing task and steering task) with haptic feedback in pen-based interfaces
and investigation of relationship between texture and user performance. It also con-
tributes on the interaction techniques with kinesthetic sensation for natural pen-based
interfaces. In summary, it makes a contribution to the development of using haptics to
expand the bandwidth between human and computer. In the following, we summary

the contributions in details.
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6.1 Effects of Multimodal Error Feedback on Human

Performance in Steering Tasks

Contribution 1: Demonstration, through experimental results, that feedback sig-
nificantly affects the accuracy of steering tasks but not the movement time. And users
perform most accurately with tactile feedback in steering task. It contributes to the
basic understanding of “error feedback” and how it impacts on steering tasks.

Contribution 2: Demonstration, through experimental results, that there is a sig-
nificant main effect of feedback position on movement time. But there is no significant
difference between three feedback positions in accuracy. Out findings suggest that vibra-
tion feedback should be applied outside of the trajectory as a warning signal. There are
several different positions, inside the tunnel, outside of the tunnel and at the boundaries
of tunnel, where designer can supply tactile feedback to the user. This part contributes
to insights and implications for the future design of multimodal feedback mechanisms

for steering tasks.

6.2 A Comparison of Multimodal Feedback in Point-
ing Task with Tracking State

Contribution 3: Quantitatively analyzing the multimodal Feedback in Pointing
Task with Tracking State. We explored the use of multimodal (audio, tactile, visual)
feedback for pen pointing tasks in the tracking (hover) state. We also report on the
effectiveness of such feedback for pointing in 1D and 2D contexts, for direct and indirect
inputs, and for different possibilities for tactile feedback.

In 1D pointing experiments, results show that there is a significant effect for input

types on movement time while feedback type and the use of different hands for receiv-
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ing feedback (i.e. the dominant or non-preferred hand) do not affect movement time
significantly. (We report also that) there is a significant effect for feedback types and
input device types on error rate while the choice of hand (used for detecting feedback
vibrations) does not affect the error rate significantly. In the 2D pointing experiment,
results show that there are no significant effects for either input type or the use of differ-
ent hands on movement time while feedback type affects movement time significantly.
Results for both the 1D and 2D pointing tasks show that tactile plus visual feedback
can improve accuracy and audio is not efficient to give user feedback in tracking state.

Hover space is starting to be looked at seriously in the context of pen and even
touch interfaces, the task of being able to point at an object in the tracking (hover)
state is certainly a useful one to explore. This part contributes to the use of different
types of multimodal feedback that can make the task more efficient and reduce errors.
We propose several guidelines for feedback design in tracking state. We believe these

results can aid designers of pen-based interfaces.

6.3 An Investigation of the Relationship between
Texture and Human Performance in Steering

Tasks

Contribution 4: This is the first time to evaluate the effect of surface environment
especially for the texture of interaction surface. Demonstration, through experimental
results, that the texture has no significant effect on movement time in steering task.
The smoother the surface is, the more error trajectory user performs. Our evaluation

also proved that different textures can affect user’s satisfaction significantly.
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6.4 Interaction Techniques with Personal User Input

Modalities for Natural Pen-based Interfaces

Contribution 5: We propose a new natural user interface with kinesthetic which
is to faciliate reducing the workload and memory of triggering commands. User can
change the tools implicitly and all selection commands are triggered in the background.
Many applications are developed with this natural interfaces in this part. This is the
first time to consider the information of tablet’s angle. The setup of tablet contains
many potential informion inside. We use this information to apply several applications.

This thesis investigates human performance with haptic sensations in pen-based
interfaces. There are many different sensations in haptics. For example, pressure,
texture, puncture, thermal properties, softness, wetness, vibrotactile sensations and so
on. In the future study, we will apply more haptic sensations into pen-based interfaces

and use the properties of these sensations into natual interface design.
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