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Abstract

Interaction Techniques Utilizing Pen Device Characteristics

and Various Input Modalities for Pen Computing

Jibin YIN

Pen computing has attracted a lot of attention as an important access technology,

in particular Tablet PCs, PDAs and other pen-based devices are available in the market.

However these devices have not carved out a big niche in the market as expected. One

of reasons is that current interaction techniques for pen-based systems are mostly only

imitations of interaction techniques for mouse devices, i.e., pen interaction model just

diverts from WIMP (window, icon, mouse/menu, pull-down menu/pointer) interface.

Furthermore, not enough empirical tests have been performed to determine how we can

improve pen-input usage and efficiency. Taking advantage of pen devices (mobile, direct

pointing/manipulation, user-friendliness, etc.) and utilizing the information of various

input modalities sensed from the pen, this thesis, therefore, seek to design and develop

easy-of-use interaction techniques that are suitable for pen-based systems, and identifies

and quantifies the influential factors that make pen-based interaction techniques more

efficient with a view to improving performance and subjective usability for pen-based

systems.

This thesis explores fundamental issues on input modalities: pressure and tilt. A

series of three experiments were conducted to evaluate human capabilities and limi-

tations in using pen-tip pressure as an additional channel of control information in

carrying out trajectory tasks such as drawing, writing, and gesturing. We also explore
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the human capability of performing discrete target selection tasks by varying the pen

tilt angle, with full or partial visual feedback, including different techniques for confirm-

ing selection once the target is acquired. A classification of pen tilt based techniques is

proposed, along with a series of possible pen tilt technique designs.

Target selections and document navigations are the most common and fundamental

tasks. For pen-based OS effective interaction techniques for such selecting and navigat-

ing performances play important roles. Therefore, utilizing multiple input modalities

and considering pen device characteristics, a series of novel pen-based selection and nav-

igation techniques are proposed (such as ZWPS, Beam Cursor, Adaptive Hybrid Cursor,

Line-based Multi-target Selection Techniques and Stroke-based Scroll Techniques). We

also designed and conducted experiments to prove their effectiveness.

The major contributions of the thesis can be summarized briefly as: (1) this the-

sis investigates human performance in relation to couple various input modalities with

pen-based interactions by conducting a series of experiments. The highlights of the

results of fundamental studies provide guidelines for designs of interaction techniques

utilizing various input modalities. (2) This thesis also proposes a variety of interaction

techniques for enhancing selection or navigation tasks. We also conducted the experi-

ments to evaluate these techniques, comparing with the current promising techniques or

standard techniques in GUIs. The experimental results indicate that these techniques

offer significant advantages to pen interface design.

key words Pen computing, pen device characteristic, input modality, human ability,

pen interaction technique, selection task, navigation task.
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Chapter 1

Introduction

1.1 Research Motivation

This thesis is concerned with pen-based interaction techniques and interrelated de-

sign factors that influence human performance. The need for this research has emerged

from the development of a variety of pen-based devices (see Fig.1.1) such as PDAs,

Tablet PCs and whiteboards. Pen-based interaction is an attractive user-computer in-

terface paradigm. With the advances in hardware technology, off-the-desktop computing

in the forms of handheld devices and tablets has made pen-based interfaces increasingly

more relevant to mainstream applications. The pen-based interaction is one of natural

computer interactions that can enable the ultimate ubiquitous computing. The natural

style of pens is in that pen-based interfaces are designed on the Pen-Paper metaphor

which is analogous to the user’s real working environment; it is natural for people, es-

pecially fits for the handwritings. Pen-Paper metaphor is a universal and fundamental

way for capturing daily experience, communicating ideas, recording important events,

conducting deep thinking and visual descriptions.

Although pen-based interactions have much potential to facilitate computer users

there is still dilemma that cumbers advantages of pens. The current pen-based OS (e.g.,

OS in Tablet PCs released by Microsoft) has relied on a UI that is simply incremental

over the existing desktop UI and still remains the WIMP style of mouse-keyboard-based

UI. The pen is little more than a mouse pointer in the existing GUI. Therefore, some of
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Fig. 1.1 A sample of pen-based devices. (a) small size devices: PDAs; (b)

medium size devices: Tablet PCs; (c) big size devices: whiteboards.

the mouse-based interaction techniques may not be suitable for pen-based systems. For

example, in traditional GUIs, scrolling tasks are commonly accomplished using Scroll

Bars, which are always fixed on the right and bottom sides of windows. For mouse-based

systems, it is not difficult to perform scrolling tasks with a mouse because mouse motion

is relative movement. However, because pen motion is absolute movement, traditional

scrolling tasks performed with a stylus pen make users feel tired because they have to

make longer pen-movements than movements made with a mouse for similar tasks. With

a pen, users have to switch their attention between working areas and then drag the

elevator. To overcome the above drawback, we need to design scrolling techniques which

are suitable for pen based systems, e.g. stroke-based scrolling described in Chapter 8.

To solve the problems mentioned above, i.e., finding pen-suitable UI, we begin to

address this issue by investigating pen devices characteristics. Pen devices are feature

with electronic pens and touch screens. Electronic pens, the input tools of them, origi-

nate from physical pens (age-old and traditional writing instruments) so electronic pens

inherit the physical properties of real pens, e.g., performances of easily writing and

painting for information exchange - taking notes and so on. Electronic pens, as elec-

tronic tools, also have their own properties. Electronic pens like mice, are able to use
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Fig. 1.2 Pen devices characteristics and the additional input modalities sensed

from pens: Pressure, Tilt, Azimuth and so on.

the information offered by the two dimensional coordinates x-y. But Electronic pens

also offer other potential input modalities which are not available with mice and which

can be used to affect a wide variety of interaction techniques in which some may be

with minimal user movement. As a direct input device, a unique capability of the pen

as an input device would be possible to sense the contact force (e.g. pressure) of the

pen tip on the screen thus potentially making it a highly effective input modality for

a variety of useful interactions. In a similar way, the pen can also sense the angle (tilt

and azimuth) information between the stylus pen and the screen. Pressure reflects users

force information and angle reflects position information of users holding pens in pen

interaction performances.

In addition to the usual x-y positional cursor control and button clicks that pens

are currently used for, one can imagine using the pens’ pressure to operate performances

that have several discrete states, or to control a continuous variable. These additional in-

put modalities could serve to increase the human-computer communication bandwidth,

particularly when pen-based devices are used as pure slates with no keyboard. The
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current pen-based OS are designed to be operated by pointing devices only with two

degrees-of-freedom (coordinates x, y) that map to the x-y position of the cursor, and

binary buttons on barrels of pens that enable discrete selection. However, the current

pen-based OS lacks of utilizations of pen devices characteristics and additional multiple

input modalities (to date, these input modalities have typically only been used by a few

drawing, such as stroke thickness or color opacity.), which limits much potential of pens

and leads to weakness of The current pen-based OS.

In the research on pen-based user interface software, many researchers have fo-

cused on issues about on-line handwriting recognition, and informal user interface (i.e.,

sketching/drawing-based interface). We emphasize that a successful pen-based applica-

tion must also include pen-based interaction techniques which are apt to pen character-

istics. In views of computer operation pen-based interaction techniques have not been

paid much attention on by researchers yet.

Therefore, there is an urgent need to explore pen-based interactions coupling with

pen devices characteristics and multiple input modalities, which enable the user to

interact with pen-based devices in a natural way.

1.2 Research Goal

With a view to improving performance and subjective usability for pen-based sys-

tems, we seek to:

• Investigate the characteristics of stylus pens, and identify and quantify the influen-

tial design factors that make pen-based interaction techniques more efficient.

• Design and develop interaction techniques that are suitable for pen-based systems.

As shown in Fig.1.2 the functional potential of stylus pens is far greater than that

of the mouse in many situations and that the investigation and exploitation of this
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Fig. 1.3 The paradigm shift from desktop computing to pen computing.

potential is still in its infancy. Therefore, the central goal of this thesis is to study

pen-based interaction which employs the multiple input modalities available with pens

and considers pen devices characteristics. There are two key parts which must be taken

to accomplish the main goal:

Part1: We investigate some fundamental issues related to multiple input modalities,

i.e. human ability to control and perform one or more input modalities with the stylus

pen. Although, at present, a few researchers have applied input modalities to pen-

based interaction techniques a coordinated and systematic approach to the study of

the characteristics of stylus pens is lacking. Our aim is to establish guidelines for this

important area of HCI research and design.

Part2: We develop some novel interaction techniques based on multiple input

modalities.

In fact, in research fields of pen computing, there are many voids on investigation

to additional input modalities. Such researches are necessary, which can offer guidelines
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for pen UI design based on additional input modalities sensed from pens. In Part 1, we

explore fundamental issues on input modalities: pressure and tilt. Drawing strokes is

quite easy for pens to performs, which utilizes coordinates x, y (position information of

a pen tip). Such tasks are defined as trajectory-based tasks in HCI (Human computer

interaction), which can be modeled by Steering law (section 1.3.2 ). Pen-tip pressure

measurement has been enabled in many of the state-of-the-art pen-based computing

devices. Taking advantage of this additional channel of control information in user

interface design is an attractive option. The pen as an input device is particularly apt

for trajectory tasks, but a scientific study of human ability in pressure control when

performing trajectory tasks has not been previously conducted. Our study in Chapter

2 is one systematic attempt at filling such a void. With varying degrees of experimental

control, we conducted three experiments, each focusing on a different aspect of the topic.

They can provide a body of empirical knowledge as the basis for future research and

design of pressure sensitive UIs and applications.

Like pressure, pen tilt input could also serve to further increase the human-

computer communication bandwidth. In particular, literature lacks a body of empirical

knowledge on the human ability to control pen tilt, which could be used as a guide

for designing appropriate pen tilt techniques. Moreover, there are some questions that

need to be answered: What target (sector) angle can a user easily select by pen tilt?

Whether and how does visual feedback of pen tilt change human performance in pen

tilt selection tasks? What mechanisms can be used to indicate the completion of a

targets selection when pen tilt is used to select one of a discrete set of targets? These

questions are studied in Chapter 3.

Target selections and document navigations are the most common and fundamental

tasks. For pen-based OS effective interaction techniques for such selecting and navigat-

ing performances play important roles. Therefore, utilizing multiple input modalities
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and considering pen device characteristics, a series of novel pen-based selection and

navigation are proposed. We also designed and conducted experiments to prove their

effectiveness. These are studied in Chapter from 4 to 8.

1.3 Background Knowledge

1.3.1 The Development of Pen Computing

The now ubiquitous direct manipulation interface, where visible objects on the

screen are directly manipulated with a light-pen, was first demonstrated by Ivan Suther-

land in Sketchpad [109], which was his PhD thesis. SketchPad supported the manip-

ulation of objects using a light-pen, including grabbing objects, moving them, chang-

ing size, and using constraints. It contained the seeds of myriad important interface

ideas. The system was built at Lincoln Labs with support from the Air Force and

NSF. William Newman’s Reaction Handler [84], created at Imperial College, London

(1966-67) provided direct manipulation of graphics, and introduced “Light Handles,” a

form of graphical potentiometer, that was probably the first “widget.” Another early

system was AMBIT/G (implemented at MIT’s Lincoln Labs, 1968, ARPA funded). It

employed, among other interface techniques, iconic representations, gesture recognition,

dynamic menus with items selected using a pointing device, selection of icons by point-

ing, and moded and mode-free styles of interaction. David Canfield Smith coined the

term “icons” in his 1975 Stanford PhD thesis on Pygmalion [107] (funded by ARPA

and NIMH) and Smith later popularized icons as one of the chief designers of the Xerox

Star [105]. Many of the interaction techniques popular in direct manipulation interfaces,

such as how objects and text are selected, opened, and manipulated, were researched

at Xerox PARC in the 1970’s. In particular, the idea of “WYSIWYG” (what you see is

what you get) originated there with systems such as the Bravo text editor and the Draw
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drawing program [39] The concept of direct manipulation interfaces for everyone was

envisioned by Alan Kay of Xerox PARC in a 1977 article about the “Dynabook” [53].

The first commercial systems to make extensive use of Direct Manipulation were the

Xerox Star (1981) [105], the Apple Lisa (1982) [116] and Macintosh (1984) [117]. Ben

Shneiderman at the University of Maryland coined the term “Direct Manipulation” in

1982 and identified the components and gave psychological foundations [102].

Early attempts to use pen input were limited by the touch screen technologies. In

the late 1980s, early pen computer systems generated a lot of excitement and there was

a time when it was thought they might eventually replace conventional computers with

keyboards. Pen computers, as envisioned in the 1980s, were built around handwriting

recognition. In the early 1980s, handwriting recognition was seen as an important future

technology. In 1991, the pen computing hype was at a peak. The pen was seen as a

challenge to the mouse, and pen computers as a replacement for desktops. Microsoft,

seeing slates as a potentially serious competition to Windows computers, announced Pen

Extensions for Windows 3.1 and called them Windows for Pen Computing. However,

pen computers did not sell well. Most of users found pen tablets difficult to use. They

also criticized handwriting recognition and said it did not work well.

In fact pen computing has many advantages such as natural operations and mo-

bility. The pen-based input on handheld devices now looks promising. The problems

existed in current pen computing are due to the lack of interaction techniques that are

quite suitable for pen computing. This is the direct motivation of our research.

1.3.2 Models of Human Performance

A model is a simplification of reality. In human-computer interaction (HCI), models

allow metrics of human performance to be determined analytically without undertak-

ing time-consuming and resource-intensive experiments. Predictions of models allow
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Fig. 1.4 Fitts’law reciprocal pointing paradigm.

a design scenario to be explored hypothetically without implementing a real system

and gathering the same performance metrics through direct observation on real users.

Therefore, Models help in designing, evaluating, or otherwise providing a basis for un-

derstanding the behaviour of a complex artifact such as a computer system. Fitts’ law

and Steering law are two fundamental models in HCI, which are used in our researches.

Now we introduce the two models in the following sections.

Fitts’law

Fitts’ law is a model of human psychomotor behavior developed in 1954 [34]. Ex-

tending Shannon’s theorem in information theory (a formulation of effective information

capacity of a communication channel), Fitts discovered a formal relationship that models

speed/accuracy tradeoffs in rapid, aimed movement (not drawing or writing). Accord-

ing to Fitts’ Law, the time to move and point to a target of width W at a distance A

is a logarithmic function of the spatial relative error ( A
W ), that is:

MT = a + b log2(
A

W
+ 1) (1.1)

where, MT is the movement time. a and b are empirically determined constants,

that are device dependent. A is the distance (or amplitude) of movement from start to

target center. W is the width of the target, which corresponds to “accuracy”.
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The term log2(
A
W +1) is called the index of difficulty (ID). It describes the difficulty

of the motor tasks. 1/b is also called the index of performance (IP ), and measures the

information capacity of the human motor system. Mathematically interpreted, Fitts’

Law is a linear regression model.

Fitts’ law is an effective quantitative method of modeling user performance in

rapid, aimed movements, where one appendage (like a hand) starts at a specific start

position, and moves to rest within a target area. Card et al. [23] reported the first

comparative evaluation of the mouse, and also the first use of Fitts’ Law in Human-

Computer Interaction. Fitts’ Law is an intensively used theory in Human-Computer

Interaction. It can be used in assisting interface designs and in interface evaluation.

Steering law

The steering law is a predictive model of how quickly one may navigate, or steer,

through a 2-dimensional tunnel. The tunnel can be thought of as a path or trajectory

on a plane that has an associated thickness or width, where the width can vary along

the tunnel. The goal of a steering task is to navigate from one end of the tunnel to

the other as quickly as possible, without touching the boundaries of the tunnel. A real

world example that approximates this task is driving a car down a road that may have

twists and turns, where the car must navigate the road as quickly as possible without

touching the sides of the road. The steering law predicts both the instantaneous speed

at which we may navigate the tunnel, and the total time required to navigate the entire

tunnel. Within human-computer interaction, the law was rediscovered by Johnny Accot

and Shumin Zhai [1], who mathematically derived it in a novel way from Fitts’ law using

integral calculus, experimentally verified it for a class of tasks, and developed the most

general mathematical statement of it. Some researchers within this community have
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sometimes refer to the law as the Accot-Zhai steering law. In this context, the steering

law is a predictive model of human movement, concerining the speed and total time

with which a user may steer a pointing device (such as a mouse or stylus) through a 2D

tunnel presented on a screen (i.e. with a bird’s eye view of the tunnel), where the user

must travel from one end of the path to the other as quickly as possible, while staying

within the confines of the path. One potential practical application of this law is in

modelling a user’s performance in navigating a hierarchical cascading menu.

Many researchers in human-computer interaction, including Accot himself, find it

surprising or even amazing that the steering law model predicts performance as well

as it does, given the almost purely mathematical way in which it was derived. Some

consider this a testament to the robustness of Fitts’ law.

In its general form, the steering law can be expressed as

T = a + b

∫

C

ds

W (s)
(1.2)

where T is the average time to navigate through the path, C is the path parame-

terized by s, W (s) is the width of the path at s, and a and b are experimentally fitted

constants. In general, the path may have a complicated curvilinear shape (such as a

spiral) with variable thickness W (s).

Simpler paths allow for mathematical simplifications of the general form of the law.

For example, if the path is a straight tunnel of constant width W, the equation reduces

to

T = a + b
A

W
(1.3)

where A is the length of the path. We see, especially in this simplified form, a

speed-accuracy tradeoff, somewhat similar to that in Fitts’ law.

We can also differentiate both sides of the integral equation with respect to s to

obtain the local, or instantaneous, form of the law:

ds

dT
=

W (s)
b

(1.4)
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which says that the instantaneous speed of the user is proportional to the width

of the tunnel. This makes intuitive sense if we consider the analogous task of driving a

car down a road: the wider the road, the faster we can drive and still stay on the road,

even if there are curves in the road.

1.3.3 Research Methodology

The research methodology in this thesis is a combination of experimentation and

development of interaction techniques. Experimentation is quite accepted method in

HCI research. However, meaningful and significant experimental results depend not only

on the execution of the experiment but also on the design of the experimental task and

paradigm and, most importantly, on the formulation of the experimental hypotheses,

which relies on the theoretical analysis of the issues being investigated.

Interaction techniques are often evaluated in terms of usability. The essential com-

ponents of usability can be summarized as follows:

• Efficiency: resources expended in relation to the accuracy and completeness with

which users achieve aims should be small

• Satisfaction: there should be freedom from discomfort, and positive attitudes to-

wards the use of the techniques should be high

• Learnability: the use of the technique should be easy to learn

To evaluate Efficiency and Learnabilities, accuracy and speed of task completion

are usually measured.

Each chapter begins with a research motivation, followed by a literature review. In-

terfaces that embody the issues being investigated are then designed and implemented.

Experiments are then carried out for carefully designed representative tasks. Conclu-

sions are drawn based upon rigorous statistical analysis of the experimental results.
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Fig. 1.5 The dissertation structure.

Finally, these results are discussed in relation to the literature. The structure if this

dissertation is shown in Fig.1.5.
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This is a blank page.
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Chapter 2

Pen Pressure Control in

Trajectory-based Interaction

2.1 Introduction

As discussed in Chapter 1, there are urgent requirements for the fundamental stud-

ies on multiple input modalities sensed from pens. This chapter focuses on human

abilities of controlling pressure when performing trajectory-based interaction tasks. We

first introduce the motivation of this study.

Pen-based interaction is an attractive user-computer interface paradigm. With the

advances in hardware technology, off-the-desktop computing in the forms of handheld

devices and tablets has made pen-based interfaces increasingly more relevant to main-

stream applications. Consequently, research into pen-based interaction methods has

intensified in recent years [9] [47] [59] [66] [67] [99] [124].

A unique capability of an electronic pen as an input device is that it is possible to

sense the contact force of the pen tip with the screen (commonly called pen pressure in

the UI field although more precisely pressure is defined as force per unit area in physics

terminology). Using this third sensing dimension of the pen in addition to the 2D x and y

coordinates appeals to both practical software applications (such as in Adobe Photoshop

for controlling drawing width or opacity) and HCI research [66] [80] [93] [94] [95]. Using

pen pressure, it is possible to increase interaction efficiency since another variable (e.g.,
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width or other drawing properties) can be changed simultaneously while controlling

the regular 2D x-y input without resorting to frequent mode switching as in typical

mouse-based interactions. Despite such an appealing possibility, pen pressures actual

application to date is rather limited. Two types of interrelated research efforts are

needed to advance this topic. One is creative design and experimentation, particularly

for specific application domains [66] [93] [94] [95], and the other is characterization of

the fundamental human capabilities and limitations of using pen pressure [94]. This

chapter focuses on the latter, particularly when performing trajectory-based interaction

tasks.

To provide further motivations for our study, we first briefly review a few possible

designs and applications of pressure-modulated trajectory tasks. These designs and

applications illustrate the types of design efforts our study attempts to support at a

more basic scientific level.

2.2 Sample Applications of Pressure Trajectory

Tasks and Basic Human Performance Issues

Many types of pressure-modulated trajectory tasks can be designed. Here we pro-

pose a few examples.

Drawing with different properties: In addition to the previously mentioned width

and opacity, it is possible to use pressure to control other properties of drawing, for

example, line texture, line type (broken vs. continuous), line color, contrast with back-

ground color, etc. Another application is to use pressure to control a third spatial

dimension. For example, when drawing with a circle shape, the pen pressure can si-

multaneously control the height, resulting in a cylinder (see Fig.2.1). Pressure stroke-

based scrolling: Normally, a pen stroke produces a dragging or a line drawing function.

– 16 –



2.2 Sample Applications of Pressure Trajectory Tasks and Basic Human Performance Issues

Fig. 2.1 Drawing graphs with pressure as additional dimension.

Fig. 2.2 Activating different commands with varying pressure.

When maintained at a certain (higher) pressure level, a stroke can cause the active

document to scroll instead. Furthermore, the scrolling movement ratio (document dis-

placement/stroke length) can be modulated by the pressure level. The higher the pres-

sure, the higher the scrolling ratio. Pressure stroke gesture commands: For text editing,

drawing a stroke over text usually highlights the characters or words crossed over. With

pressure modulation, it is possible to carry different commands when sliding the pen

over text. A low pressure level selects the text. A higher level copies the text. A higher

still level cuts the text, and so on. Careful design is needed to assign the more “difficult

levels to more consequential commands (e.g., delete or cut). See Fig.2.2. Many other

similar or completely different pressure-modulated trajectory tasks can be imagined.

But, clearly, common basic questions regarding humans ability to use pressure arise. A

systematic, theoretical, and empirical basis is needed to design these types of application

efficiently without extensive trial and error iteration. For example:

• Without conscious control of force level, what is the natural range of pressure that
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is typically used when drawing or writing with a pen?

• How does human performance differ at different pressure levels? Whether and how

does visual feedback of force change human performance in pressure control?

• What is the human force resolution when controlling pen pressure in trajectory

tasks? How many layers (error tolerance interval) of pressure can users discriminate

and control? At what error rates?

• Does the steering law [1] [2] [3] apply to “steering under pressure”? How does

human ability to control pressure change with the index of difficulty as quantified

by the steering law?

The goal of our study is to answer these fundamental and general questions system-

atically and empirically. In the remainder of this chapter, we first review the literature

related to the current work and then report three experiments with increasing com-

plexity and experimental control. Experiment 1 establishes the normal range of force

used in drawing with an electronic pen. Experiment 2 examines how well people can

maintain pen pressure at different levels, with and without visual feedback. Experiment

3 investigates pressure control in the steering law paradigm. Finally, we discuss and

make conclusions of our findings.

2.3 Related Work

Early studies on force-enabled devices include the work of Herot and Weinzapfel

[44], who investigated how pressure and torque can be applied to object manipulation

on a computer screen. Another early study by Buxton, Hill, and Rowley [21] analyzed

the characteristics of touch-sensitive tablets and presented application examples such

as using continuous pressure sensing to control the width of a drawing tool.

Recent research on using pen pressure in user interfaces has primarily focused on
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novel interaction technique design. For example, Ramos and Balakrishnan investigated

a video editing application that allows users to annotate video segments using pressure-

sensitive techniques [93]. The researchers implemented a pressure widget to assist users

in previewing large sequences of video frames. By varying the amount of pressure ap-

plied, users were able to view frames in larger or smaller segments. The same researchers

later designed Zlider, which allows users to apply pressure to zoom in while performing

x-y cursor motion for scrolling or sliding [95]. They tested the widget with different in-

put devices and found that using a stylus for zooming and sliding tasks yielded slightly

better performances than using input devices that separate the zoom and slide controls.

Psychophysics, the study of psychological scale (human senses) as a function of

physical stimuli, is a relevant discipline when considering a new modality of inter-

action. One of the main results of psychophysics is Webers law, which models the

just-noticeable-difference (JND) of a physical variable as a constant proportion of the

reference stimulus value. There is a surprising lack of psychophysical research on hu-

man sensitivity to force. One exception is a study conducted by Durlach and col-

leagues [86] [111]. Their study showed that force, as experienced and tested in an active

figure motion paradigm that let participants squeeze two plates separated by a pro-

grammable linear motor, does follow Webers law; the average force JND was around

7% to 8% of the reference force. In other words, the greater the operating force is, the

larger the JND is. However, pen-tip pressure perception may be very different from

perception measured in the active finger motion paradigm since the former is isometric

whereas the latter involves motion, among other different characteristics. It is unfor-

tunate that to date no systematic psychophysical studies on pen pressure have been

reported that we could base our study on.

The closest empirical study to our current inquiry is one by [94] that systemat-

ically evaluated human capability in using pen pressure when performing target se-
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lection (Fitts law) tasks. Letting participants push the pen tip to drive a vertical

one-dimensional cursor, these researchers were able to establish that pressure control

can follow Fitts law (more distant or smaller targets take more time to reach). The in-

vestigators found that providing visual feedback of the current pressure level improved

performance, to the extent users could reliably control pressure to 6 intervals (bands).

While many of these findings are relevant to our current questions, a major departure

point is that their study evaluated pressure control while the pen was stationary (for

1D target reaching), while our current interest is human capabilities and limitations in

controlling pressure while moving the pen (for trajectory tasks).

The steering law has been proposed by Accot and Zhai [1] [2] [3] as a model and

paradigm for studying trajectory-based human-computer interaction tasks, akin to Fitts

law for target pointing tasks. The steering law quantifies the difficulty of a trajectory

task with an index, and relates path steering time with the index in a linear fashion.

The steering law has been verified with several input devices, such as the stylus, mouse,

isometric joystick, touchpad, and trackball [2], in different scales [3] and in locomotion

[122]. Other researchers have studied and applied the steering law in a variety of settings

[30] [43] [89] [110]. For example, recently [89] studied steering through paths with

corners, and found that some corner angles were more difficult than others. Clearly,

the steering law can potentially offer a systematic evaluation paradigm for studying pen

pressure in trajectory-based tasks, which to our knowledge has never been done.

2.4 Experiment 1

Regular use of a pen for drawing or writing inevitably involves a certain range

of variable pen-tip contact force. Understanding such a natural range is a necessary

starting point of studying human capabilities and limitations in controlling pressure
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in trajectory tasks. Furthermore, the “weight” of the pen and its holding hand when

resting on the screen is probably not zero. To use the pen-tip force as an explicit

separate channel of control information, we may need to avoid using force that is below

this resting balance point. Our first experiment therefore consisted of two parts. Part

1 measured the distribution of pen-tip force in drawing and writing. Part 2 measured

the weight of the pen tip when the user rests the pen tip on the surface of the tablet

sensor.

2.4.1 Participants

Ten volunteers (9 males and 1 female) participated in the experiment. The average

age was 25.3 years (ranging from 21 to 31). All were right-handed.

2.4.2 Apparatus

The hardware used was a Wacom Cintiq21UX interactive LCD graphics display

tablet with a wireless pen, which has a pressure-sensitive isometric tip that is capable

of reporting up to 1024 units of force (corresponding to 4N according to the manufac-

turer’s specification). We selected and verified that the digits reported and force applied

were linear. The experimental software ran on a 3.2GHz P4 PC with Windows XP Pro-

fessional operating system. The software for the experiment was developed using Sun

Microsystems’ Java.

2.4.3 Part 1

Part 1 of the experiment consisted of three tasks. The first task was to draw

freehand strokes (arbitrary curves and straight lines) on a blank space in a natural

manner, lasting for one minute. The second was to draw basic geometric graphs, such
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as rectangles and circles, in specified sizes. The third was to write a mixed set of Roman,

Japanese, and Chinese (kanji) characters and signatures. Pen-tip pressure was recorded

in a 17ms sampling period.

Results

The force distribution in all three tasks combined, and the distributions in each task

individually are presented in the histograms in Fig.2.3. There was not much difference

in force distribution among the three tasks. Ninety-five percent of the force samples fell

within the 210 to 810 units range (corresponding to 0.82 N to 3.16 N) in the combined

distribution. As a user drew a stroke with a pen on a screen, the contact force varied,

but the force was rarely below 0.82N (3.6% of the total samples) or higher than 3.16N

(1.4% of the total samples). Since the participant was not asked to control the pen-tip

pressure, 0.82N to 3.16N can be considered a natural and comfortable range of force

for most users when performing pen-based trajectory tasks. However, we caution that

these measurements were made with, and therefore dependent on, today’s state-of-the-

art electronic pen technology. It is conceivable that these measurements may change

with the mechanical properties of the pen (size, weight, shape) and the screen (friction).

2.4.4 Part 2

Part 2 of this experiment measured the weight of a pen plus its holding hand

naturally resting on the screen, with the same 10 participants as in Part 1. They were

asked to take up a pen, naturally rest the pen tip on the tablet screen, then lift the

pen up and put it back on a desk. This procedure was repeated 10 times for each

participant. The steady state value of the pen-tip resting force was recorded.

– 22 –



2.5 Experiment 2

Fig. 2.3 Pressure distribution histograms for three tasks combined and individually.

Results

Fig.2.4 shows the histogram of all recorded resting force values. As shown in Fig.2.4,

90% of the force samples were between 200 units (0.78N) and 400 units (1.58N). The

mean resting force was 280 units (1.09N). The significantly non-zero value of the resting

force offers one explanation as to why the very low range of pen pressure was less

controllable in previous pen-pressure control studies [94].

2.5 Experiment 2

Having established the range of force used in natural drawing and writing, as well as

the range of resting forces, our second experiment evaluated people’s ability to maintain

the pen-tip force within a specified error tolerance interval at different pressure levels

while moving the pen. In particular, we were interested in the relative controllability of
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Fig. 2.4 Distribution of “resting force” the weight of a pen and its holding hand.

different levels of pen pressure as well as the impact of visual feedback of pressure.

2.5.1 Design and Procedure

The apparatus used in Experiment 2 was identical to the apparatus used in Experi-

ment 1. Fifteen volunteers (10 males and 5 females) participated in the experiment. The

average age was 24.1 years (ranging from 21 to 40). One participant was left-handed,

and the others were right-handed.

The task of this experiment was to draw as long a line as possible (toward a series of

targets) while maintaining the pen-tip force within a prescribed error tolerance interval.

The first independent variable was the level of pressure. We divided the total measurable

pressure range of the pen into 6 layers of equal intervals. Previous research [94] using

pressure to perform selection tasks has shown that people could reliably separate and

control the pen-tip force to such a resolution. However, maintaining a stable pressure

in a drawing or steering task could be more difficult than controlling pressure into 6

layers when the pen was stationary.

The second independent variable was visual feedback conditions (with and with-

out feedback). Previous studies have shown that (continuous) visual feedback could
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Fig. 2.5 The visual feedback of pressure.

Fig. 2.6 Experiment 2’s task. (a) The participant adjusted the pen pressure to

within the desired pressure range; (b) kept the desired pressure while dragging

the pen-tip toward the red solid circle.

markedly improve pressure control performance in stationary conditions [94]. We ex-

pected the same in pressure control during movement in trajectory tasks. In one con-

dition of the experiment, we used a visual display that provided graphical real-time

indication of the pressure being applied to the pen tip. Inspired by the pressure cursor

design by Ramos and Balakrishnan [95], pen-tip force in the feedback condition was

displayed in a wedge-shaped graphical widget (see Fig.2.5and2.6). The green area indi-

cates the current pressure value. Two arc lines define the error tolerance interval that

the participants needed to maintain throughout the trial.

The experiment started with an explanation of the task, followed by several warm-

up trials in different conditions. The experiment proceeded to three trials of line drawing

at each of the 6 (pressure levels) x 2 (with visual feedback and without feedback)

conditions. The participants were allowed to rest between trials. For each trial, the

participant was asked to draw a stroke toward a marker (solid red circle in Fig.2.6).
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The participant first placed the pen tip inside the start circle and adjusted the pen

pressure to within the desired pressure interval. They then dragged the pen while

maintaining the pen-tip pressure in the interval. As the pen tip left the edge of the

start circle, a dark green stroke appeared, showing the pen’s trajectory, and the system

started to record the distance of the stroke. As soon as the target was reached, the target

marker disappeared, and the next target marker appeared. The participant continued

drawing toward the next target until the last (the fifth target) was reached. The task

was deliberately designed to be almost impossible to finish, so the participant was asked

to draw as long a stroke as possible; the stroke length was used as the dependent variable

of the experiment. In the actual experiment, 11% of the trials with visual feedback and

4% of the trials without visual feedback reached the last target. The trial terminated

whenever the pen pressure was out of the specified error tolerance interval. The direction

of each target was random, but the distance between two consecutive targets was kept

the same; therefore, the maximum possible length with each trial was a constant (4500

pixels). The participant drew the strokes at a self-chosen speed.

For the visual feedback condition, the visual display of pressure remained through-

out the trial. For non-visual feedback, once the pen tip moved out of the start circle,

the visual feedback disappeared.

A balanced within-participant factorial design was used.

2.5.2 Results

The main results of Experiment 2 are presented in Fig.2.7. As shown, the par-

ticipants’ ability to maintain pen-tip force within the specified error tolerance interval

changed with the pressure level required. They were more successful at the medium

(1.30N to 3.26N) and high pressure levels (3.26N to 3.91N) than at the very low pres-

sure levels (0 N to 1.30N). Visual feedback improved performance, particularly for the
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Fig. 2.7 The average movement distance duration while maintaining pen pres-

sure at each of the six levels.

medium-range pressure levels. With visual feedback, the participants were most suc-

cessful at the 4th level (1.95N to 2.60N).

Statistically, repeated measure variance analysis showed that the pressure level had

a significant main effect on the stroke distance, both with visual feedback: F(5,84)=33.8,

p<0.0001, and without visual feedback: F(5,84)=18.4, p<0.0001. The effect of visual

feedback was also significant: F(1,28) = 9.05, p< 0.01. The distance drawn with visual

feedback was significantly longer than that with non-visual feedback. The mean drawn

distance was 1821 pixels for visual feedback and 1412 pixels for non-visual feedback.

For the visual feedback trials, post hoc Turkey HSD tests showed that there was

no significant difference between the 1st and the 2nd pressure level, and no significant

difference among the 3rd, 4th, 5th, and 6th levels. The distances drawn using the 3rd,

4th, 5th, or 6th levels were significantly longer than with the 1st level or 2nd levels

of pressure (see Fig.2.7). For non-visual feedback trials, post hoc Turkey HSD tests

showed that there was no significant difference among the 1st, 2nd, and 3rd levels and

no significant difference among the 4th, 5th, and 6th levels. The stroke distances at the

4th, 5th, and 6th levels were significantly longer than those at the 1st, 2nd, and 3rd

levels.
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Comparing these results with the results of Experiment 1, as well as the results

in the experiment of Ramos et al. in stationary pressure control [94], we concluded

that pressure below 1.30 N, which invades the resting force region, is not usable for

prolonged pressure control. The user would have to overcome the natural weight of the

pen and the holding hand in order to express a desired level of pressure. In contrast, in

the higher end of the pressure spectrum tested, although performance appears to begin

to degrade at the highest pressure level (Fig.2.7), the levels of pressure that were above

those naturally occurring in free drawing and character writing (Experiment 1) were

not significantly more difficult to control than the medium range.

2.6 Experiment 3

Built on the first two experiments and with a greater level of experimental control,

Experiment 3 evaluated human performance in controlling and maintaining pressure

during trajectory tasks in the steering law paradigm. There were multiple goals for this

final experiment in our series. First, we wanted to test whether the steering law still

held when a certain level of pressure had to be maintained within a tolerance interval

while performing the path steering task (called “pressure steering” hereafter). Pressure

steering in fact is a 3D task, although the depth dimension is not spatial. Second, if

the steering law held for steering with pressure, it would be informative to find out

how pressure affects the steering law parameters and how pressure interacts with the

steering law index of difficulty. Third, we wanted to further explore human performance

(time and error) in pen-pressure control as a function of the number of pressure layer

divided. The greater the number of layers the same range of force is divided into, the

more precise the pen force has to be controlled to stay within a layer, the greater the

number of bits of information one could potentially carry, and the greater difficulty one
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Fig. 2.8 Pressure conditions in Experiment 3.

would encounter. We wanted to reveal the relative pressure steering performance as

pressure error tolerance interval changes, hence providing systematic empirical findings

to UI designers when considering pen pressure in trajectory tasks.

Since Experiments 1 and 2 had shown that the low pressure range in the resting

force region was markedly more difficult to control than other regions, we limited the

required pressure to 300 to 1000 units (1.17N to 3.91N). From the results of Experiment

2, it was also clear that visual feedback was critical. To keep the size of the experiment

manageable, we limited this experiment to visual feedback conditions only.

2.6.1 Steering Law and The Experimental Tasks

The tasks used in this experiment (Fig.2.9) were based on the steering law. The

basic formulation of the steering law is the following:

T = a + bID (2.1)

ID =
∫

C

ds

W (s)
(2.2)

where T is the time to successfully steer through path C and W (s) is the path width

at s . ID is the index of difficulty. a and b are constants. The current experiment used

two types of path: linear and circular. For a linear path with constant width W, (2.2)

can be simplified to:

ID =
A

W
(2.3)
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where A is the path length.

For a circular path with constant width W, (2.2) can be simplified to:

ID =
2πr

W
(2.4)

where r is the radius of the circular path.

a and b change with the steering device, type of path, etc., and hence can serve as

performance indicators.

In this experiment, there were a start segment and an end segment on the two

ends of each steering path. The participants first placed a pen tip on the start segment,

triggering the visual feedback widget. The participants then adjusted the pen pressure

within the required pressure interval. Once adjusted, the entire steering tunnel changed

to green to signal that the steering trial could begin. The participants proceeded to draw

a red line on the screen, displaying the pen’s trajectory. The steering timer started when

the pen tip left the start segment and ended when the pen tip entered the end segment.

An error was recorded and the trial was abandoned if the pen-tip pressure was out of

the specified layer or when the pen tip steered outside of the borders of the path. The

participants were asked to minimize errors.

2.6.2 Procedure and Design

The participants and apparatus used in Experiment 3 were identical to those used

in Experiments 1 and 2.

A within-participants factorial design with repeated measures was used. The in-

dependent variables were the following: path type (linear and circular), the number of

layers divided from the 300 to 1000 units of force range (from 1 to 6) (see Fig.2.8),

the pressure level maintained (from the lowest layer to the highest layer divided), path

length (A=200 and 800 pixels), and path width (W= 30, 40, and 60 pixels). The am-
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Fig. 2.9 pressure-modulated steering tasks. (a) linear; and (b) circular.

plitudes and widths defined 6 different IDs, ranging from 3.3 to 26.7. The dependent

variables were the steering time and error rate. For each combination of the indepen-

dent variables, two trials were performed. The total number of trials was 2 (types of

steering tasks) x 21 (1+2+3+4+5+6 precision conditions) x 2 (length) x 3 (width) x

2 (repetitions) = 504. In the beginning of the experiment, 20 trials ranging from the

easiest to most difficult conditions (A, W, and pressure conditions) in both linear and

circular paths were run as practice trials. The total duration of the experiment was

about 120 minutes. Whenever the participants felt tired, they were allowed to take a

break.
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2.6.3 Results

The applicability of the steering law, linear path

As the steering law predicted, ID, the steering law’s index of difficulty (equation

3) had significant impact on mean successful steering time: F(5,84)=114.2, p<0.0001.

Although pressure steering should be considerably more challenging than regular steer-

ing and maintaining pressure might have required greater attention than staying on the

path, the steering law still held well. As shown in Fig.2.11, within each and every preci-

sion category (the number of pressure layers divided), the mean steering time correlated

with the steering law’s index of difficulty with 0.90 to 0.95 R2 values. The steering law

coefficients a (intercept) and b (the rate of time change per unit of ID change) both

increased as the pressure control precision increased (with one point minor exception).

The steering time for each category of precision can be expressed as (in ms):

6 layers: T = 110ID + 678 (R2 = 0.95)

5 layers: T = 93 ID + 711 (R2 = 0.93)

4 layers: T = 90 ID + 709 (R2 = 0.94)

3 layers: T = 81 ID + 729 (R2 = 0.90)

2 layers: T = 70 ID + 518 (R2 = 0.91)

1 layer: T = 59 ID + 507 (R2 = 0.94)

These results indicated that a pressure steering task could still be approximately

modeled by the steering law, and the values of the steering law constants a and b indi-

cated the increased task demand as the pressure control precision requirement increased.

The impact of pressure precision, linear path

As expected, as the number of pressure layers increased (hence a narrower band

of each pressure error tolerance interval), the steering task took significantly longer
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Fig. 2.10 The mean steering time (a) and error rate (b) as a function of the

number of layers divided. Larger number of layers required higher pressure con-

trol.

Fig. 2.11 The steering law regression in different pressure precision categories.

time: F(5,84)=15.5, p<0.0001, with a significantly higher error rate: F(5,84)=12.2, p<

0.0001. Fig.2.10 illustrates this.

To analyze more quantitatively, we defined σ (called the pressure precision ratio) as

the ratio between the error tolerance interval (i.e., the width of each pressure layer) and

the total range of force divided. In other words, σ is the size of each pressure layer as a

fraction of the total pressure range used. If the number of the pressure layers is N , then
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Fig. 2.12 The mean steering time for each ID against different pressure ratios.

σ = ( 1
N pressuremax/pressuremax) = 1

N . The regression results of the mean steering

time against the pressure precision ratio separated by steering law ID are illustrated in

Fig.2.12. A logarithm function could be used to describe the relationship between the

mean steering time (in ms) and the pressure precision ratio:

ID=26.6: T = -806 Ln(σ) + 1797 (R2 = 0.91)

ID=20: T = -643 Ln(σ) + 1701 (R2 = 0.95)

ID=13.3: T = -561 Ln(σ) + 1504 (R2 = 0.96)

ID=6.67: T = -217 Ln(σ) + 807 (R2= 0.81)

ID=5: T = -265 Ln(σ) + 670 (R2 = 0.90)

ID=3.33: T = -233 Ln(σ) + 657 (R2 = 0.95)

Fig.2.13 illustrates the mean steering time as a function of both ID and pressure

precision σ.

– 34 –



2.6 Experiment 3

Fig. 2.13 3D perspective illustration of the relationship between mean steering

time, ID and Pressure ratio in linear steering.

Error rate, linear path

In Experiment 3, if a trial went out of the boundaries of the path or was out of the

pressure layer specified before completion of a trial, an error was recorded and the trial

was repeated. For the linear steering tasks the error rates were 4.9%, 14.7%, 20.1%,

26.0%, 26.03%, 26.2%, and 37.0%, respectively, when the 300 to 1000 units (or 1.17N

to 3.91N) of force range was divided into 1 to 6 layers (Fig.2.10b). In Accot and Zhai’s

reports [1] [2] [3] on steering tasks without pressure control, the error rate was in the

range of 10% to 25%. Note that both Accot and Zhai’s studies and our current study

used the most stringent error standard: a correct trial requires the steering trace to

be within the steering path 100% of the time. Other researchers have adopted a more

relaxed standard. For example, Pastel’s study on steering allowed the steering trace

to deviate out of the path boundary but by no more than 5% of the path width [89].

The pressure steering tasks were more difficult than simple steering tasks that required

no pressure control. Consequently, the error rate increased rapidly from steering while

staying in 1 layer of pressure (largest error tolerance interval) to steering while discrim-
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Fig. 2.14 The mean steering time (a) and error rate (b) as a function the

number of layers divided in circular steering.

inating, and staying in 1 of the 6 layers of pressure (smallest error tolerance interval)

(see Fig.2.10b). The greater the number of pressure layers was divided, the greater the

error rate was. The error rate was markedly higher when the precision interval was

1/6 of the total force range. Designers of pen-pressure sensitive interfaces should be

informed of these empirical results on error rates. Depending on the application, these

error rates may or may not be acceptable.

2.6.4 Circular Path

The results of the circular steering task followed trends similar to those of the linear

tasks, as shown in Fig.2.14, 2.15, 2.16 and 2.17. The error rates in circular pressure

steering were higher than those in linear steering (compare Fig.2.10b with Fig.2.14b).

The statistical variance analysis results for circular steering were qualitatively the same

as those of the linear task (hence omitted for brevity).

Specifically, the circular steering times (in ms) as expressed by the steering law for

each of the pressure precision categories (number of layers) were:

6 layers: T = 237 ID + 789 (R2 = 0.96)

5 layers: T = 229 ID + 665 (R2 = 0.98)

4 layers: T= 226 ID + 594 (R2 = 0.98)
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Fig. 2.15 The steering law regression in different pressure precision categories

in circular steering.

3 layers: T = 216 ID + 530 (R2 = 0.98)

2 layers: T = 177 ID + 383 (R2= 0.99)

1 layer: T = 157 ID + 424 (R2 = 0.99)

The circular steering times (ms) as a function of the pressure precision ratio for

each ID categories were:

ID=26.6: T = -1319 Ln(σ ) + 4362 (R2 = 0.98)

ID=20: T = -1207 Ln( σ) + 3571 (R2 = 0.91)

ID=13.3: T = -1156 Ln( σ ) + 2559 (R2 = 0.96)

ID=6.67: T = -386 Ln( σ ) + 1355 (R2 = 0.84)

ID=5: T = -368 Ln( σ ) + 1091 (R2 = 0.91)

ID=3.33: T = -343 Ln(σ ) + 808 (R2 = 0.97)

In summary, both the steering law and the pressure precision model held in the

circular path tasks as well, and in some case better than (as reflected by the greater R2

values) in the linear steering tasks.
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Fig. 2.16 The mean steering time for each ID against different pressure ratios.

2.7 Discussion

At the beginning of this chapter, we posed several basic questions concerning

pressure-sensitive trajectory tasks. The results from the three experiments conducted

can begin to address these questions.

Fig. 2.17 3D perspective illustration of the relationship between mean steering

time, ID and Pressure ratio in circular steering.
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• What is the natural range of pressure that is typically used when drawing or writing

with a pen?

Experiment 1 showed that in regular drawing and writing, pen-tip pressure pri-

marily varied between 0.82N and 3.16N, suggesting pen users could comfortably apply

pressure below 3.16N. On the other hand, there was the natural weight (200 to 400

units, 0.78 to 1.58N) of the pen and its holding hand when resting the pen tip on the

computer screen (Part 2 of Experiment 1). Controlling and maintaining pressure below

the rest force level is considerably more difficult than above it, as shown in Experiment

2.

• How does human performance differ at different pressure levels? How does visual

feedback of pressure change human performance in controlling pressure during tra-

jectory tasks?

Experiment 2 introduced pressure level as an experimental control factor. The exper-

iment showed that controlling and maintaining pressure within a fixed precision band

was more difficult when operating near or below the rest force level. Although began

to degrade at the high end (from the 5th to the 6th level (2.61N to 3.91N) (Figure 7),

it was still possible to control and maintain pen pressure above the high end of the

natural range of pressure applied in regular drawing and writing (3.16N). Providing

visual feedback of the pen-tip pressure significantly improved pressure control perfor-

mance and widened the levels of pressure controllable, consistent with previous findings

in stationary pressure control [94].

• What is the human force resolution when controlling pen pressure in trajectory

tasks? How many layers of pressure (or error tolerance interval) can users discrim-

inate and control? At what error rate?
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One of the factors controlled in Experiment 3 was the number of layers the same

force range was divided into (or the pressure control precision required). While it

was possible to complete successfully stringent steering tasks when the force range was

divided up to 6 layers (on both linear and circular paths, with steering law ID up to

26), the error rates increased rapidly, from 4.9% to 37% in linear steering and 7.4% to

54.7% in circular steering, as the control precision requirement increased to 1/6 of the

force range. The steering time could be modeled by T = a−bln(σ), where is the control

precision tolerance interval as a fraction of the total force range. a and b are constants.

The model can quantitatively predict pressure steering time if we further divide the

same force range into more layers.

• Does the steering law apply to pressure steering? How does human ability to control

pressure change with the steering law index of difficulty?

Experiment 3 also systematically controlled the steering law’s index of difficulty by

varying the length and width of the steering path. Results in both linear and circular

steering showed that the steering law held quite well for “steering under pressure.”

The steering law parameters (a and b) changed as the pressure precision requirement

changed. The higher the steering ID, the more rapidly the steering time increased with

the precision requirement, as is shown by the non-parallel regression lines in Figures 11

and 15.

2.8 Conclusions

Pen-tip pressure measurement has been enabled in many of the state-of-the-art

pen-based computing devices. Taking advantage of this additional channel of control

information in user interface design is an attractive option. The pen as an input de-

vice is particularly apt for trajectory tasks, but a scientific study of human ability in

– 40 –



2.8 Conclusions

pressure control when performing trajectory tasks has not been previously conducted.

The current work is one systematic attempt at filling such a void. With varying degrees

of experimental control, we conducted three experiments, each focusing on a different

aspect of the topic. Together, they can provide a body of empirical knowledge as the

basis for future research and design of pressure sensitive UIs and applications.

We can draw the following conclusions from our results (among many others): The

natural range of pressure used in drawing and writing concentrates in the 0.82N to

3.16N range. The resting force of the pen tip on the screen is between 0.78N and 1.58N.

Near or below, the resting force is markedly more difficult to use. Visual feedback of

pressure improves pressure sensitive trajectory tasks. Up to 6 layers of pressure can be

controlled in trajectory tasks, but the error rate is considerably higher for 6 levels. The

steering law holds for pressure steering tasks, which enables the systematic prediction of

successful steering time for a given path length, width, and pressure precision interval.

The steering time can also be modeled as a logarithmic function of pressure control

precision ratioσ.
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This is a blank page.
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Chapter 3

Human Abilities In Pen Tilt

Control Performances

3.1 Introduction

Pen-based interaction is an attractive human interface paradigm. With advances

in hardware technology, pen computing in the forms of handheld devices and tablets

has made pen-based interfaces increasingly relevant to mainstream applications. Con-

sequently, research into pen-based interaction methods has intensified in recent years

[47] [67] [99]. Stylus pens, like mice, are able to use the information offered by the two-

dimensional coordinates x-y. But stylus pens also offer other potential input modalities

(e.g. pressure and tilt). They are not available with mice but they are natural aspects

of pen usage which can be used to affect a wide variety of interaction techniques with

minimal user movement. Pen pressure has appealed to users of practical software ap-

plications (such as Adobe Photoshop for controlling drawing width or opacity) and to

HCI researchers [94] [95]. To fully use stylus pen input modalities, appropriate interac-

tion techniques need to be designed which are based on an understanding of the human

ability to control these modalities. Ramos et al. [95]have systematically investigated

the human ability to control and exploit pen pressure in interaction techniques.

Like pressure, pen tilt input could also serve to further increase the human-

computer communication interaction bandwidth. To date, pen tilt input has only been
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used in a few applications [60] [85]. In particular, literature lacks a body of empirical

knowledge on the human ability to control pen tilt which could be used as a guide

for designing appropriate pen tilt techniques. This is our main purpose in chapter 3.

There are some questions that need to be answered: What target (sector) angle can

a user easily select by pen tilt? Whether and how does visual feedback of pen tilt

change human performance in pen tilt selection tasks? What mechanisms can be used

to indicate the completion of a target’s selection when pen tilt is used to select one of

a discrete set of targets?

In the following sections we first briefly review previous efforts on this topic. Next,

we explore the human ability to control pen tilt by conducting an experiment where

participants perform discrete target selection tasks by varying the tilt of a pen, with full

or partial visual feedback. The experiment also involves different pen tilt input tech-

niques for confirming selection once the target is acquired. Based on the experimental

results, we discuss implications for the design of pen tilt techniques. We also introduce

a taxonomy of pen tilt techniques, along with several possible technique designs.

3.2 Related Work

Tilt has been applied in two ways: (1) the tilt of the screen (display) or input

devices (regardless of the angle of the pen), we call this device tilt, and (2) the tilt

(angle) of the pen in relation to the screen, called pen tilt in this chapter.

Until now, much research has been aimed at device tilt. This group includes many

compelling interaction techniques based on the physical manipulation of a small screen

device e.g. PDA, including contact, pressure, tilt, and motion directly related to the

device itself. Earlier work was done by Fitzmaurice et al. [35] who investigated the

use of positions and tilting actions based on the Chameleon system. They explored
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the potential of the tilting action as a natural way of issuing commands, e.g., scrolling

up or down. Rekimoto [97] used both tilt and buttons to build several interaction

techniques for navigating menus, maps, and 3-D scenes. During operation, only one

hand is required to both hold and control the device, which is especially useful for

field workers. Rekimoto and Sciammarella [98] proposed a cordless, multiple degree-

of-freedom input device that senses physical manipulation of the device itself, such as

rotating, flipping, or tilting. Harrison and colleagues [42] [46], Hinckley et al. [49], Small

and Ishii [106], and Bartlett [13] used tilt sensors to scroll through and select information

on a handheld device. Eissele et al. [31] used tilt operations to achieve successive scroll

and link-step actions. Moreover, a number of researchers [88] [100] [114] have used

absolute tilt sensing (i.e. the tilting of the whole device) to enter data. Wigdor and

Balakrishnan [114] propose a new technique, TiltText, for entering text into a mobile

phone, which tilts a phone in one of four directions to choose which character on a

particular key to enter. Similar work has also been done by Partridge et al. [88]and

Sazawal et al. [100]. Tilt and orientation have also been used to allow spatially aware

display. Fitzmaurice and colleagues [36] studied how artists take advantage of their

ability to reorient their work surface while sketching and writing. They introduced

and explored many issues relating to Rotating User Interfaces (RUIs), as they called

it: applications and toolkits for pen-based computing systems that take into account

workplane orientation - the angle of rotation, relative to the user, around the axis

perpendicular to the user’s work surface.

The studies mentioned above explore the use of tilt sensed by sensors mounted on

the screens (or devices). But those studies are quite different to our purpose in this

chapter because they do not depend on the characteristics of the pen or on iterations

based on the geometrical relationship between the pen and the plane of the screen. Pen

tilt is a useful input modality, which reflects posture information of users’ holding a
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pen. With the use of tilt, pen-based systems are able to provide an additional channel

to interact with pen-based devices in an intuitive way. Graphics tablets, which are

popular commercial isometric input devices, sense and utilize pen tilt information in a

variety of meaningful ways. For example, Intuos/Intuos2 Graphics Tablet supports pen

tilt, and it has been applied in Photoshop software to vary painting elements such as

brush size.

Compared to device tilt, we found that very little literature has been reported on

pen tilt input potential. Blasko et al. [20]present two complementary methods to achieve

more fine-grained awareness of user-to-device orientation for a hand-held writing surface:

one using computer vision techniques and another based on stylus-pose. Oshita [85]

developed a pen-based intuitive interface to control a virtual human figure interactively.

In this system the tilt of the pen is used to affect the figure’s motion. The figure bends

and stretches according to the direction and degree of tilt applied by the user. Simple

user studies suggest that tilt and other input information from a pen can enhance the

interaction of the system significantly. Kuroki and Kawai [60] proposed the use of

tilt information for pen interfaces. They observed that users hold three physical tools

(pencil, knife, and syringe) differently, and then they implemented drawing software

in which the user can do the three operations (copying, pasting, cutting) by changing

between three pen tilt angles using a tablet. However, no information is provided about

how they determined the range of the three tilt angles of the pen.

In summary, our review indicates that with few exceptions [85] [60] most studies

paid attention to the use of tilt sensors for input operations, while, again, little study

has been done on the use of pen tilt as an effective input characteristic. In particular,

there has not been a systematic exploration into the human ability to control the angle

of tilt-sensitive styluses, nor into the design space of tilt angle techniques. This study

fills a void in this area.
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3.3 Experiment

3.3.1 Aims

The purpose of this study is to explore the human ability to implement discrete

selection tasks by controlling the tilt of the input pen. This includes determining what

target (sector) angle a user can easily select by pen tilt, and also how visual feedback im-

pacts on human performance. We also compare five techniques for confirming selection

after the target has been pre-selected by applying the appropriate pen tilt.

3.3.2 Apparatus

The hardware used was a Wacom Cintiq21UX interactive LCD graphics display

tablet with a wireless pen. The pen has a pen tilt sensitive isometric tip that is capable

of reporting from 30 degrees up to 90 degrees of pen tilt (in increments of 1 degree).

The display was placed horizontally. The experimental software ran on a 3.2GHz P4 PC

with the Windows XP Professional operating system. The software for the experiment

was developed using Sun Microsystems’ Java.

3.3.3 Participants

Twenty volunteers (all male) participated in the experiment. The average age was

21 years (ranging from 20 to 31). All were right-handed. The mean hand size of the

participants was 18.7 cm (measured from the tip of the middle finger to the first wrist

crease with the subject’s hand held flat).
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3.3.4 Task

In the experiment a serial target selection task was used (see Fig.3.1). The pen

tilt was utilized to control the rotation movement of a pink cursor around a fixed

point, either clockwise or anticlockwise. Pen tilt (from 30 to 90 degrees) was mapped

uniformly to a circumferential angle (from 30 to 90). A set of equal and consecutive

sectors (targets) were drawn by dashed lines around the fixed point i.e. radial lines.

The angle of the target was experimentally determined. During each experimental trial,

one of the sectors was highlighted in red to show that it was the desired target, and the

experimental task was to apply the appropriate amount of pen tilt to rotate the pink

cursor into the desired target. When the pink cursor entered the target, the target color

changed to green, then a technique was used to confirm the selection.

The selection was confirmed by a confirmatory beep sound. Participants were told

to emphasize both accuracy and speed. When a participant correctly selected the target

he would hear a beep sound, or else an error had occurred and was recorded.

Two different visual feedback conditions were used in the Experiment: Full-visual-

feedback (hereafter referred to as FLV) (Figure 3.1a, 3.1b) and Partial-visual-feedback

(hereafter referred to as PRV) (Fig. 3.1c, 3.1d). The FLV condition indicates the target

in context with other adjacent targets and it offers continuous visual feedback in the

form of the pink cursor that can be rotated around the fixed point by adjusting the

pen tilt. In the PRV condition, only the target is represented, and the pen tilt cursor

is hidden. When beginning a trial the user has to depend on proprioceptive cues and

memory to accurately determine the amount of pen tilt to apply so as to get the hidden

cursor into the target. When the degree of tilt controlled the cursor within the desired

target, the color of the target changed from red to green. In the FLV condition, visual

feedback includes three parts: the pink cursor, the other adjacent targets and the color
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Fig. 3.1 The hardcopy of Experimental interfaces. The targets are represented

as sectors marked by dashed lines. The red sector is a desired target. When the

pink cursor entered into the desired target its color changed from red to green.

The two visual feedback conditions are: Full-visual-feedback (FLV) and Partial-

visual-feedback (PRV). The pink cursor indicates the current pen tilt amount.

(a)→ (b) shows the selection process in the FLV condition, and (c )→ (d) in the

PRV condition.

change from red to green when pre-selecting a desired target. However, in the PRV

condition, visual feedback is provided at the final stage of the task (i.e., when the color

of the desired target changes). This simulates the condition where expert users may

be able to use pen tilt for quick selection in an eyes-free manner, similar to behavior

exhibited by expert users of marking menus [64].

3.3.5 Techniques for Confirming Selection

Once the pen tilt cursor is in the target, a mechanism for the user to determine the

final selection is required. In traditional graphic user interfaces (GUIs), this is typically

implemented by clicking binary buttons on a mouse. Some pens have buttons on their

– 49 –



3.3 Experiment

barrels, therefore, an analogous mechanism would be achieved by pressing the barrel

buttons. Thus, we use this selection technique in our study. In practice, however, the

ergonomics of the pen do not permit good performance using the barrel button because

users often rotate the stylus and the button may not always be in a position that

facilitates pressing. Additionally, pressing the barrel button often causes inadvertent

movement in a certain direction. Such movements are very likely to change the angle of

the pen and cause selection confirmation at an inappropriate angle. Furthermore, some

pens do not possess such buttons. Therefore, there is a need to explore alternatives to

the above typical mechanism. In this study, a total of five selection techniques were

investigated. They are described as follows:

Pressing by unpreferred hand

This is a two-handed interactive technique [42] [54]. When a desired target is cap-

tured, Pressing by Unpreferred hand uses the unpreferred hand to press a physical key

mounted at the corner of a pen-based device to confirm a selection. When the preferred

hand adjusts the pen tilt so that it is within the desired tilt range, the unpreferred hand

presses the physical key to confirm the selection.

Pressing barrel button

Pressing the button on the pen barrel to confirm a selection is a standard technique

in many existing pen-based applications [68]. The barrel button can also serve as a right-

click equivalent. In our experiment, when the users have adjusted the pen tilt within a

desired target, they press the barrel button to determine the selection.
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Holding for a fixed delay

Similar to Pressing barrel button, Holding for a fixed delay is also a standard

technique for selection or as a right-click equivalent [68]. In this technique the user is

required to press the tip of the pen onto the screen, hold it still for a prescribed delay (in

our experiment the prescribed delay was 1 second) to confirm a selection. This technique

leverages temporal information to confirm a selection, which is useful on devices where

few input channels are available, e.g., a PDA or mobile phone.

Quick Releasing

A selection is confirmed by quickly lifting the stylus from the tablet’s screen when

a target is highlighted.

Drawing a stroke

The user draws a stroke out of a specified area to confirm a selection while main-

taining a desired pen tilt angle. In our experiment the specified area was a circle with

a diameter of 20 pixels, the size having been determined by a pilot experiment.

In the rest of the chapter, we will use the abbreviations NonPrefHand, BarrelBut-

ton, TimeOut, QuickRelease and DrawStroke to refer to these five techniques, respec-

tively. The last four techniques were also studied in the pressure study [95].

3.3.6 Procedure and Design

A within-participants factorial design with repeated measures was used. The in-

dependent variables were the following: visual feedback types V (FLV and PRV), the

angle of each target, W (2 degrees, 4 degrees, 5 degrees, 10 degrees and 20 degrees) (see
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Fig. 3.2 Five target (sector) angles used in the experiment from 2 to 20 de-

grees. These directly correspond to the actual pen-tilt angles tested for user

discrimination sensitivity.

Fig.3.2), selection techniques T (NonPrefHand, BarrelButton, TimeOut, QuickRelease

and DrawStroke).

To explore the human ability to control the pen tilt at different levels the whole

pen tilt range is divided into three pen tilt range intervals: low range (30-50 degrees),

medium range (50-70) and high range (70-90). The three pen-tilt range intervals were

determined in a pilot study. 20 participants were asked to take up a pen, naturally

rest the pen tip on the tablet screen, then lift the pen up and put it back on a desk.

This procedure was repeated 20 times by each participant. The steady state value of

the tilt-angle between a pen and a screen was recorded. More than 80% of the pen

tilt samples fell within the 50 to 70 degrees range. This was also the natural range

of tilt-angle that is typically used when the hand holds a pen naturally resting on the

screen, i.e. when the user was not exercising conscious control of the tilt-angle. The
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range from 30 to 50 and the range from 70 to 90 were seldom used naturally. For each of

the combinations of V, W and T three trials were performed, which were selection tasks

in low, medium and high pen tilt range intervals respectively. Each trial was repeated

three times. Participants were asked to perform two blocks. Each block included all the

combinations of V, W and T. The order of techniques was counterbalanced using a 5

x 5 Latin square. In order to familiarize them with the experimental environment, we

set a practice session for each technique. When participants understood the task and

could perform it correctly, they completed the experiment unassisted. Each participant

typically spent 120 minutes finishing all the tasks. In summary, the experiment consisted

of:

20 participants

5 angles of targets

5 selection techniques

2 visual feedback

2 blocks

3 types of trials

3 repetitions

= 18000 target selection trials

After they finished testing each technique, the participants were asked to fill in

a questionnaire which consisted of three questions regarding “selection difficulty”, “fa-

tigue”, and “overall usability” on a scale of 1-to-7 (1 = lowest preference, and 7 =

highest preference). These questions were made by referring to ISO9241-9 [52].

The dependent variables were selection time (MT), error rate and subjective pref-

erence. The selection time was defined as the time from the moment the pen came into

contract with the screen surface until the moment the user finished the selection using

the appropriate technique. The error rate was defined as the percentage of erroneous
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selection trials in the total number of selection trials.

3.3.7 Results

An ANOVA (analysis of variance) with repeated measures was used to analyze

performance in terms of selection time, error rate and subjective preference. Post hoc

analysis was performed with Tukey’s Honestly Significant Difference (HSD) test.

Selection techniques

Selection time: In our analysis of selection time we discarded erroneous trials. Par-

ticipants’ performances did not significantly improve during the experiment from block1

to block 2. Analysis showed a significant main effect for selection technique on selection

time for the FLV( F(4, 95)=17.2, p<.00001) and PRV (F(4,95)=15.3, p<.00001) con-

ditions. For both FLV and PRV conditions the post hoc Tukey HSD test showed Non-

PrefHand, BarrelButton, QuickRelease and DrawStroke were significantly faster than

TimeOut. There were no other significant differences across the selection techniques.

These four techniques can be grouped according to their selection times. NonPrefHand

was the fastest selection technique followed in order by BarrelButton, QuickRelease,

DrawStroke and TimeOut (see Fig.3.3).

Error rate: Error rate was also significantly different across selection techniques

for both FLV( F(4,95)=19.3, p<.00001) and PRV (F(4, 95)=5.8, p<.0001) conditions

(Fig.3.4). For the FLV condition the post hoc Tukey HSD test showed that TimeOut,

NonPrefHand, QuickRelease and BarrelButton were all lower than DrawStroke in er-

ror rate (all had lower error rates than DrawStroke). There were no other significant

differences across the selection techniques. TimeOut, NonPrefHand, QuickRelease, and

BarrelButton can be grouped based on the similarity of their accuracy in confirming se-
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Fig. 3.3 The mean performance time for each selection technique in both FLV

and PRV conditions.

lections. TimeOut was the most accurate technique followed, in order, by NonPrefHand,

QuickRelease, BarrelButton and DrawStroke (see Figure 4). For the PRV condition the

post hoc Tukey HSD test showed that NonPrefHand, TimeOut, QuickRelease and Bar-

relButton were all lower than DrawStroke in error rate. There were no other significant

differences across the selection techniques. NonPrefHand, TimeOut, QuickRelease and

BarrelButton can be grouped according to their similarity in accuracy in selection con-

firmation. NonPrefHand was the most accurate technique followed in older by TimeOut,

QuickRelease, BarrelButton and DrawStroke.

Subjective preference: Fig.3.5 shows the subjective ratings for the three techniques.

These ratings were based on the average value of the answers given by the subjects to

the three questions. Subjective ratings showed that there was a significant difference

among the five techniques, F(4,95)=8.2, p<.001. The post hoc Tukey HSD test showed

NonPrefHand, BarrelButton, QuickRelease were rated significantly higher than Draw-

Stroke and TimeOut. There were no other significant differences across the selection
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Fig. 3.4 The error rate for each selection technique in both FVF and PRV conditions.

techniques. NonPrefHand was the most preferred followed in order by BarrelButton,

QuickRelease, DrawStoke and TimeOut.

Fig. 3.5 The participants’ preferences for each technique.
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The target angle to be easily selected

One of the main purposes of this study was to investigate what target angle a

user can easily select (See Fig.3.6). Repeated measure variance analysis indicated

a significant main effect for different angles of targets on selection time for the FLV

(F(4,95)=32.3, p<.00001) and PRV (F(4, 95)=28.9, p<.00001) conditions. As target

angles decreased, the selection time (MT) became significantly longer in both FLV and

PRV conditions. It is interesting to note that a power function could be used to describe

the relationship between the mean selection time (in ms) and the angles of targets ( in

degree) controlled in FLV and PRV conditions:

For FLV:

NonPrefHand: MT = 2430.8 θ−0.53 (R2 = 0.97)

QuickRelease: MT = 2739.9 θ−0.56 (R2 = 0.99)

BarrelButton: MT = 2595.7 θ−0.54 (R2 = 0.99)

DrawStroke: MT = 3418.5 θ−0.55 (R2 = 0.97)

TimeOut: MT = 5989.9 θ−0.64 (R2 = 0.75)

For PRV:

NonPrefHand: MT = 3221.8 θ−0.60 (R2 = 0.98)

QuickRelease: MT = 3736.1 θ−0.63 (R2 = 0.98)

BarrelButton: MT = 3641.6 θ−0.64 (R2 = 0.99)

DrawStroke: MT = 3991.4 θ−0.60 (R2 = 0.98)

TimeOut: MT = 6262 θ−0.62 (R2 = 0.89)

Error rate was also significantly different across different target angles for the FLV

(F(4,95)=44.1, p<.00001) and PRV (F(4,95)=32.0, p<.00001) conditions. Except for

DrawStroke, error rates for the FLV condition when the target angles >= 10 ranged

from 1 - 6% and were not significantly different within each selection technique, for
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Fig. 3.6 The error rate for each technique at different target angles in both

FLV and PRV conditions.

all selection techniques (Fig.3.6a). Except for BarrelButton and DrawStroke, when the

target angles >= 10. error rates for the PRV condition ranged from 1 - 12%, and were

not significantly different within each selection technique, for all selection techniques

(Fig.3.6b). These results indicate to us that when the target angle was >= 10 it could

be reliably differentiated with adequate visual feedback.

Effect of visual feedback

In our experiment full visual feedback (FLV) and partial visual feedback (PRV)

were included. Analysis showed that no significant difference was found in selection

time between the two visual feedback conditions. This is also an interesting result that

may be due to the fact that the spatial angle between a pen and a screen could provide

inherent (physical) “visual feedback”. However, there was still significant difference

between the visual feedback conditions in error rate, F(1,38)=5.9, p<.05. The selection

tasks with FLV had lower error rates than those with PRV.
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Fig. 3.7 The error rate for each selection technique at different pen tilt range

intervals in both FLV and PRV conditions.

Pen tilt range intervals (low, medium and high)

Analysis suggested that no significant difference was found between the low,

medium and high range intervals in selection time for each technique in both FLV and

PRV conditions. However, a significant difference was found between the three range

intervals in error rate for each technique except NonPrefHand in the FLV condition

(p<.01) on FLV condition (Fig.3.7a). There was a significant difference between

the three range intervals in error rate for each technique except NonPrefHand and

QuickRelease in the PRV condition (p<.01) (Fig.3.7b). The low range interval (30-50)

was more difficult to control than the medium (50-70) and high (70-90) range intervals.

3.4 Discussion

At the beginning of this chapter, we posed several basic questions concerning the

human ability to control pen tilt. The results from the experiment conducted can begin

to address these questions.

• What target angle can a user easily select by pen tilt?
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The experimental results showed that as the target angle decreases, the selection

time becomes significantly longer in both FLV and PRV conditions. The selection time

(MT) could be modeled by

MT = a · θb (3.1)

where θ is the width of a range of pen tiltand a and b are empirical constants.

The model can quantitatively predict selection time if the pen tilt is changed. The

experimental results suggest that when the target angle >= 10 degrees it can be reliably

differentiated with adequate visual feedback. Investigation of how pen tilt selection tasks

could be modeled by Fitts’ law goes beyond the scope of this chapter and remains an

issue for future research. Analysis suggested that no significant difference was found

between the low, medium or high range intervals in selection time in FLV or in PRV

conditions. However, more errors occur in the low range interval than in the medium

or high range intervals. This indicates that the low range interval is more difficult to

control than the medium or high range intervals. As observed in the experiment, the

hand holding the pen was often unable to adjust pen tilt in the low range interval,

and this lead to inaccurate performances in the low range interval. The cause of bad

performance with pressure control in the low pressure range is that pressure is more

sensitive in the low pressure range and pressure control is likely to be affected by the

weight of the pen, a factor that does not have a significant effect on pen tilt control.

• We asked whether and how does visual feedback of pen tilt change human perfor-

mance in pen tilt selection

In our experiment, full visual feedback (FLV) and partial visual feedback (PRV)

were included. Experimental results suggested that providing FLV of pen tilt signifi-

cantly improved pen tilt control performance in error rate when compared with PRV.
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However, no significant difference was found between FLV and PRV conditions in se-

lection time. Pen tilt between a pen and a screen can be observed by the user’s eye,

and this constitutes significant visible information. Pen tilt provides physical “visual

feedback”. This also reflects the fact that the invisible input information of pressure is

more dependent on appropriate visual feedback than visible input information of pen

tilt.

• What mechanisms can be used to indicate the completion of a target’s selection

when pen tilt is used to select one of a discrete set of targets?

Experimental results have shown that the different selection techniques have signif-

icant effects on the usability of pen tilt for performing discrete selection tasks. During

the experiment it was obseved that the process of performing a selection included two

steps: paticipants first applied the right amount of pen tilt to move the pen tilt cur-

sor into the target, and then ultilized selection techniques to confirm target selections.

Based on experimental analysis in selection time and error rate we found:

TimeOut was the most accurate. This is not surprising because the second step

in this technique involves simply waiting for the fixed time delay to pass without any

other movements being required. However, this technique was also the slowest technique.

This is because, with the TimeOut technique, a fixed delay is required to confirm target

selection.

NonPrefHand was subjectively preferred and it was quantitatively confirmed to be

the quickest technique in this study. Li et al. [67] also suggest that NonPreHand offers

the fastest performance for switching between ink and gesture modes in pen interfaces.

NonPrefHand is a two-handed interaction technique. The two-handed technique takes

advantage of the cooperation and the division of the task between two hands to reduce

task completion time. For the second step of the selection process NonPrefHand also
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does not require any movement of the preferred hand and it enables greater accuracy.

It was closely followed by TimeOut in the FLV condition and it was the most accurate

in PRV condition.

QuickRelease, in which selection is confirmed by a quick release, was very similar

to NonPreHand in accuracy. However, the requirement for sudden action often makes

the user feel nervous, so this technique was not the most preferred by participants.

QuickRelease, BarrelButton, DrawStroke and TimeOut are in the same group of one-

handed techniques, and QuickRelease ranks first overall. Ramos et al. [94] indicates that

QuickRelease shows the best performance of their four pressure selection techniques,

while NonPreHand is not involved in any of their technique comparisons.

For BarrelButton, as might be expected from our earlier discussion about the er-

gonomics of the pen, we observed that pressing of the button in the BarrelButton

technique interfered significantly with pen tilt control. Unless the pen’s design can be

changed significantly, our results indicate that this is not a good technique for pen tilt

target selection. This also indicates that alternative selection techniques need to be

designed.

DrawStroke was the least accurate selection technique overall. This is because with

DrawStroke, the user must draw a stroke while maintaining the pen tilt value within

a specified range, which significantly increases performance difficulties. Our results

indicate that this is not a good selection technique for pen tilt input.

3.4.1 Implications for UI Design

The results of our experiment suggest several guidelines for the design of pen tilt

techniques:

• Reduce interference between spatial x-y movement and pen tilt channels.
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Pen tilt control with poor design suffers from interference between spatial move-

ment and pen tilt channels. We observed that participants inadvertently moved the

pen tip while trying to perform a pen tilt control task in the experiment, even though

participants were instructed that pen tilt was the only factor that affected target acqui-

sition. Many inadvertent movements would decrease accuracy in pen tilt selection tasks.

Therefore, a good design for a pen tilt technique should seek to minimize interference

of this kind.

• Set proper target angles to be controlled

Experimental results show that the width of range of pen tilt of more than 10

degrees can achieve a good performance while decreasing the width of range of pen

tilt drastically degrades performance. Therefore, when designing pen tilt techniques,

discriminations for too small a pen tilt range should be avoided.

• Afford real-time and continuous visual feedback

Although controlling pen tilt angle to perform target acquisition is achievable with-

out continuous feedback (PRV condition), pen tilt control was consistently poor in accu-

racy in that condition. To advance efficiency in pen tilt techniques, full visual feedback

(FLV) is necessary.

• Choose a suitable transfer function

Experimental results indicate that pen tilt control in the low range interval signif-

icantly degrades performance accuracy, which was also demonstrated by participants

during the experiment. To overcome the “poor performance of low pen tilt, an appro-

priate transfer function is required when incorporating pen tilt into UI designs. For
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example the low spectrum of pen tilt can be mapped to a “dead zone to prevent its

poor performance effect.

3.5 Pen Tilt Techniques

Based on our experimental results a series of interactive techniques are proposed

to demonstrate the potential of pen tilt to enhance pen-based interactions. To aid the

demonstration, it is useful to analyze key factors relevant to pen tilt control in such

techniques.

Pen tilt control manners: In views of operation manners pen tilt can be used to do

two types of tasks: discrete or consecutive variants to control attributes of an object

correspondingly, e.g., discrete selection, like choosing a color from a list or pie menu,

and continuous parameters, like varying brush size.

Pen tilt mapping: In designing pen tilt technique we first consider what visual

attribute of a technique the pen tilt channel is to map. In our experiment, the set of

sector targets was fixed in space, while pen tilt controlled the pink cursors angle. In other

words, the pen tilt channel was coupled to the cursors angle. Generally, pen tilt can

be mapped to displacement if the pen tilt is translated into changes in x-y coordinates;

angle if it translates into changes in angle or orientation; scale if it is translated into

changes in size or scale of cursor or target.

Elements to be controlled: In graphic user interfaces (GUIs), targets and cursors

are the distinctive elements in performances. A pen tilt technique needs to operate on

these two basic elements: targets and cursors.

According to these key factors: Pen tilt controlling (discrete and consecutive), Pen

tilt mapping (displacement, angle and scale) and Elements to be controlled (targets and

cursors) a design taxonomy is created, which describes the nature of our proposed pen
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Table 3.1 A taxonomy for the design of pen tilt techniques. “D” means pen tilt

is coupled to displacement; “A” means pen tilt is coupled to angle; “S” means

pen tilt is coupled to scale.

Tilt control manner

Discrete Consecutive

Angle List Menu (D) Angle Slider (S)

Target
Angle Pie Menu (A) 3D Object operation

3D Object operation (D+A+S)

(D+A+S)

Cursor
Angle Marking Menu(S)

Projected Cursor (S)
Magic Pen (S)

tilt techniques (see Table3.1).

In designing pen tilt based techniques we use a pen tilt cursor (Fig.3.8), instead

of the default cursor found in most GUIs. Our pen tilt cursor provides users with a

real-time indicator (the appearance of a red pen) of the pen tilt value they are applying

with the input transducer. In pen tilt cursor a series of radial concentric dashed lines

show the pen tilt scales. The pen tilt cursor is similar to the setup of our experimental

tasks. The rotation direction of the pen tilt indicator follows that of the pen (in other

words, in the pen tilt cursor, pen tilt is coupled to cursor angles). Pen tilt cursor is

more intuitive because the pen tilt cursor can map the physical stylus naturally. This

shows that pen tilt can be one of the S-R (Stimulus-Response) compatible [33] solutions

in UI design.

Angle List (or Pie) Menu (Fig.3.9a): the first example is a menu interface. We
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Fig. 3.8 The pen tilt cursor.

implemented two variations, the list menu and the pie menu. The basic interactive

mechanism is the same: the user first presses the pen-tip and adjusts pen tilt between

the pen and the screen and this moves a menu item. For the list menu, the menu item

is moved by the pen tilt; for the pie menu, the menu item is rotated by the pen tilt.

When an item is highlighted (pre-selected), a suitable preselected method is used to

confirm this selection. With pen tilt, the movement of targets does not require any

motion of the pen-tip. This attribute is highly suited to pen-based devices with small

screens (e.g., PDAs, and mobile phones).

Angle Slider: Slider is a graphical widget in a GUI with which a continuous value

is achieved by dragging a thumb for manipulations such as scrolling or zooming. Angle

Slider uses pen tilt to map different scales of a parameter space, while dragging a thumb,

to allow highly precise parameter manipulation (see Fig.3.9b). In other words, the scale

factor of Angle Slider is adjusted by the tilt of the pen, and the pen-tip x-y position

determines the parameters value. There are many scenarios where users may need

to fluidly adjust the scale of the parameter space in order to make precise parameter

adjustments. For instance, the user may need to achieve navigation tasks (through a

map) both at a very large and at very fine scales. This scale can easily be varied by a

users adjustment of the pen tilt value.
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Fig. 3.9 The design for pen tilt techniques. (a) List or Pie Menu. (b) Angle

Slider. c) Projection Cursor (Target). (d) Angle Marking Menu. (e) Magic Pen.

(f) 3D Operations.

Projected Cursor: Projected Cursor maps pen tilt to its cursor size. The lower the

pen tilt value, the bigger the cursor size, which follows the change principle of projection

of a pen length (this means when the pen tilt becomes lower the projection of the pen

length becomes longer. The cursors size becomes bigger). The cursor with zoomable

size can be utilized to select one or multiple targets, or to specify an area. A similar

mechanism can be used for target manipulation (see Fig.3.9c).

Angle Marking Menu: this maps pen tilt to different discrete states to extend the

number of items available on regular marking menus. Instead of having one option

available at a given path, Angle Marking Menu has two or more, depending on the pen
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tilt difference between the starting and ending points of the marking gesture. Angle

Marking Menu has another version, if additionally inducing the azimuth of pens, which

couples the azimuth to marks in different paths. This version does not need any sliding

movement of the pen-tip (see Fig.3.9d).

Magic Pen: in GUIs some tasks require more than one step to be implemented

with different operation methods. If a seamless switch mode is available, two or more

techniques can be coupled together. Pen tilt has the potential to be used as a switch

mode method. Magic Pen couples two types of painting together (hard pen and soft

pen). In high pen tilt, hard pen (where the width of stroke is consistent.) works, while

in low pen tilt, the soft pen (where the width of strokes can be changed by pressure)

works (see Fig.3.9e).

3D Object Operation: In this example, the user can operate or inspect a 3D ob-

ject model by controlling pen tilt. While changing pen tilt, the 3D object is rotated.

By coupling with azimuth, users can see 3D models from different directions just like

inspecting a small object in their hand (see Fig.3.9f).

3.6 Conclusions

Pen-tip pen tilt input has been utilized in some applications of pen-based computing

devices. Taking advantage of this additional channel of information control in user

interface design is an attractive option. But no empirical study of the human ability

to control pen tilt in pen-based interfaces has been conducted previously. The current

work is one systematic attempt at filling such a void.

We have presented an experiment that investigated the human ability to use pen

tilt to perform discrete target selection tasks, with five different selection techniques.

Experimental results show that the NonPrefHand selection technique was preferable
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overall. With the (target angle) decreasing the selection time significantly increases

in both FLV (Full Visual Feedback) and PRV (Partial Visual Feedback) conditions.

Selection time could be modeled by a mathematical model (see Equation 1). The width

of range of pen tilt of more than 10 degrees can achieve a good performance. Appropriate

visual feedback was also found to be beneficial for pen tilt techniques.

Based on the results of our experiment, we have inferred design recommendations

and proposed a design taxonomy of pen tilt techniques. Some possible designs of pen

tilt techniques were also presented.
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This is a blank page.
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Chapter 4

ZWPS and Pressure Scroll:

Two Pressure-based

Techniques in Pen-based

Interfaces

4.1 Introduction

In traditional GUIs many computing performances such as selection tasks and

scrolling tasks are commonly driven by coordinate (x, y) input from pointing devices

(e.g., Mice), binary buttons or Wheels. Some pen-based input devices provide addi-

tional inputs such as pressure, which can obviously widen the input bandwidth. Some

fundamental studies have proved that pressure affords significant benefits to computer

interactions [21] [44] [94]. However, with few exceptions [93] [94] [95] pressure is seldom

coupled with current interaction techniques. Pressure can be typically used to perform

interactions by mapping it into several discrete states, or by controlling a continuous

variable. Investigation of the potentials of these two use manners of pressure for inter-

action techniques should be performed. Therefore, this study seeks to look at two novel

techniques which incorporate pressure to enhance user performance and preference

First, we propose a hybrid selection technique coupled with a standard Point Cur-
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sor and a zoomable technique, using pressure as the switch mode, to enable a quick

pixel-level target selection. ZWPS employs the discrete state of pressure to widen the

performance of target selection. It has two major advantages: first, it zooms only the

specified area to facilitate pixel-level targets, without breaking overview information in

interfaces; second, it maintains standard pointing manners for selecting normal or big

targets. We also propose a new scrolling technique, Pressure Scroll, which we developed

to facilitate scrolling tasks in pen-based interfaces. Pressure Scroll uses the continuous

variable of pressure to enhance scrolling performance and utilizes strokes (circular or

linear) to control scrolling velocity and variable pressure is utilized to further finely

adjust the scrolling velocity.

In the following sections, we will review related work; discuss the design and im-

plementation of ZWPS and Pressure Scroll; evaluate the performance of these two tech-

niques in two experiments; and conclude by discussing implications for user interface

design.

4.2 Related Work

The related work to this study includes pen pressure researches, precise selection

techniques and scrolling techniques.

4.2.1 Related Work on Pressure

Studies on pressure can be roughly divided into two categories. One category

investigates the general capabilities of humans to interact with computers using pressure.

For example, Herot and Weinzapfel [44] investigated the human ability of the finger to

apply pressure and torque to a computer screen. Buxton [21]studied the use of touch-

sensitive technologies and the possibilities for interaction they suggest. Ramos et al. [94]
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explored the human ability to vary pen-tip pressure as an additional channel of control

information.

The other category of study is where researchers build pressure enabled applica-

tions or techniques. For instance, Ramos and Balakrishnan [93] demonstrated a system

called LEAN and a set of novel interaction techniques for the fluid navigation, segmen-

tation and annotation of digital video. Ramos and Balakrishnan [95] designed Zlider

widget that used pressure to produce different scales to achieve high precision param-

eter manipulation. Li et al. [67] investigated the use of pressure as a possible means

to delimitate the input phases in pen-based interactions. Although these works opened

the door to establish pressure as a research avenue, we are unaware of any work which

addressed the issue of applying pressure in selection or scrolling techniques. Thus, we

attempt to investigate these potentials in this chapter.

4.2.2 Related Work on Precise Selection Techniques

On many occasions there are requirements for precise selection such as searching

for a location in a map application. This issue was notably addressed by Sears, Shnei-

derman and colleagues [90] [101] [103]. Their basic technique, called Take Off, provides

a cursor above a pen-tip or the user’s finger tip with a fixed offset when touching the

screen to achieve precise selection. Zoom pointing is also a typical technique for small

target selection, which is currently used in many painting systems. Ren and Moriya [99]

investigated different strategies for handling small targets and reported that 1.8 mm (5

pixels) was a crucial limit beyond which special needs arise. Worden et al. [118] pro-

posed an enhanced Area Cursor to alleviate the ambiguity, by including a single point

hotspot centered within the area cursor, which took effect when more than one target

was within the cursor’s bounds. The enhanced Area Cursor performed identically to

regular point cursors when targets were close together, and it outperformed point cur-
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sors when targets were far apart. Ramos et al. [96] presented pointing lenses techniques

to help users easily select targets by offering them an enlarged visual and interaction

area. Experimental results showed that Pressure-Activated Lens was the top overall

performer and all activation lenses had benefits for selecting targets of less than 5 pix-

els. Albinsson and Zhai [7] proposed Precision-Handle and Cross-Keys to complement

existing techniques for touch screen interaction. We present ZWPS which integrates

two techniques (Point Cursor∗1 and the zoomable technique) by using pressure as the

switch mode to allow both precise and imprecise selections.

4.2.3 Related Work on Scrolling Techniques

Scrolling is also a fundamental task, particularly for devices with small screens.

Igarashi and Hinckley [50] proposed a SDAZ (speed dependent automatic zooming)

technique. When using it to scroll documents, the documents are automatically zoomed-

out as the scroll rate increases. By automatically zooming, the visual flow rate is reduced

enabling rapid scrolling without motion blur.

There are efforts that explore navigation techniques in mobile devices with small

screens. Baudisch et al. [12] proposed a Collapse-to-Zoom technique which exploits

strokes to delete the unimportant contents and highlight the selected ones to enhance

navigation performances. MacKay et al. [70] presented a field study comparing software-

based navigation techniques (Scroll Bar, tap-and drag, and touch-n-go) on mobile de-

vices. They explored the efficiency and user preferences of these navigation techniques

for different levels of mobility (sitting, walking and standing). The works that are more

related to ours are the Smith et al. [104]and Moscovich et al [?]. Smith et al. presented

a radial scrolling tool, which exploits circular gestures in the interface to scroll docu-

∗1 The standard regular cursor in GUIs.
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ments, advancing or reversing the document by clockwise or counterclockwise circular

stroke gestures. Moscovich et al. presented a virtual scroll ring which simulates the

hardware scroll ring device that maps circular finger motion into vertical scrolling, to

navigate the document. Both of these utilize arc strokes to perform scrolling tasks. Our

Pressure Scroll introduces pressure as an additional scale trigger to advance scrolling

performance, which is simultaneously controlled by strokes (both arc and line).

4.3 Pressure-based Techniques

Pessure is a continuous scalar value acquired form the interaction of pens and

screens. Generally, during a computer interaction a desired object can be controlled

by two basic operation modes: using a continuous value to adjust its attributes (e.g.,

shape, position or color lightness) and using discrete values to change its states (e.g.,

highlight or not). Correspondingly, there are two fundamental controlled manners for

pressure to map the above operation modes respectively: mapping pressure into a con-

secutive value, or mapping pressure into discrete states in a performance. Based on the

above demonstration this study explores the potentials of incorporating pressure with

computing interactions by proposing two novel techniques: ZWPS and Pressure Scroll.

The following sections describe these two techniques in detail.

4.3.1 Zoom-based Selection Technique with Pressure (ZWPS)

for Pixel-level Targets in Pen-based Interfaces

Pen-based devices (e.g., Tablet PCs) can be directly manipulated by a pen, even

by a bare finger. When targets are very small, especially at pixel-level, such target

selections become very difficult for a pen or a finger to perform. In current applications

(e.g., Photoshop) such problems are resolved by zooming. For example, drawing a
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precise line from one dot (e.g., railway station) to another (e.g., a college) on a digital

map requires the user to zoom in and click on one end, zoom out to find the other end,

zoom in again to click on the other end, then zoom out again to look at both ends, all of

which cause great inconvenience to users. Moreover, after zooming in, the user may lose

information in the overview and the detailed windows. The switch between zooming in

and zooming out often interrupts the user’s attention. This awkward situation becomes

our direct motivation to study alternatives to the current technique.

We seek to find a selection technique that should satisfy the following conditions:

• Have a zoomable function to allow a pixel target selection.

• Provide a flexible and seamless switch mode between zooming in and out.

• zoom only a certain part of the display area to prevent the user from losing the

information in overview.

Therefore, we present a novel technique called ZWPS to enhance pixel-target se-

lection. ZWPS, in essence, is a hybrid selection technique that includes two selection

techniques: the standard Point Cursor and the zoomable technique. The standard

pointing selection mode works in selecting common size targets while zoom selection

mode works best when selecting small size targets.

To couple the two techniques in ZWPS a suitable switch mode is essential. The

properties of pressure (easily producing discrete controlled states) make it competent

to seamlessly switch modes in ZWPS. To determine a proper switch threshold, a pilot

study with 10 subjects was performed. The task was to draw freehand strokes (arbitrary

curves and straight lines), basic geometrical graphs (such as rectangles and circles) and

a mixed set of Roman, Japanese, and Chinese (kanji) characters and signatures on a

blank space in a natural manner. Pen-tip pressure was recorded in a 17ms sampling

periods. Ninety-five percent of the force samples fell within the 210 to 810 units range.
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The results showed that pressure levels of more than 810 units were seldom used in a

natural manner. Therefore, in ZWPS the threshold value is set at 970 units.

An operation circle (see Fig.4.1a) is also defined to specify a zoomed area. When

a user lands a pen tip on a screen surface an operation circle appears. The pen tip is

always at the center of the operation circle. When the user slides the pen tip on the

screen surface the operation circle follows it. Contents that are enclosed by the circle can

be zoomed in by imposing heavy pressure, enough to surpass the switch threshold. The

diameter of the operational circle was set at 24mm by pilot studies. An arc with a dotted

red line, which is attached on the border of the operational circle, is employed as visual

feedback to indicate the current pressure state. When the arc, augmented by pressure

from a pen, increases to a complete circle (surpassing the threshold) it means that

the zoom technique is activated, Conversely, ZWPS still maintains the standard Point

Cursor when effective pressure is not applied. When more than one target is enclosed

by the operation circle, they are zoomed in or out together simultaneously. The parts

of the zoomed contents that are beyond the border of the operation circle cannot be

shown in the operation circle (see Fig.4.1c). If the desired target is not included in

the operation circle the user can move the circle to include it in the operation circle

by sliding the pen tip. In our current implementations we used a zoom factor of 4. A

very small zoom factor value cannot offer significant benefits for small target selections,

while a big value will enable little content to be shown in the operation circle. We found

through early pilot studies that a value of 4 resulted in acceptable performance.

When selecting a target of normal or big size, the user, imposing light pressure on

a pen-tip, taps the target directly to select it in the standard selection mode. When

selecting a very small target, the target is first enclosed (Fig.4.1a and 4.1b) by the

operational circle, and then the zoom selection mode is activated by heavy pressure

(surpassing the specified threshold) to enlarge the target. When the user slides the pen
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Fig. 4.1 (a) the operation circle appears when the pen tip is landed on the

screen. (b) a dotted arc is used to show pressure amount as visual feedback.

(c) the zoomable function is activated by pressure that surpasses a specified

threshold.

tip into the desired target it is highlighted (preselected) (Fig.4.1c). When the pen tip is

lifted from the screen, the target is selected and it recovers to its original size. Note that

ZWPS only zooms in the operation circle area around the cursor, not the whole area in

the view window, which enables the user to avoid losing the information in overview,

even when it is in zoomed status.

4.3.2 Pressure Scroll

Scrolling tasks are also very common operations. A scrolling technique that pos-

sesses speed and accuracy (i.e., quickly find the object in a document and accurately

relocate it in a desired position) is a good one. In traditional GUIs Scroll Bar is a

classic widget which is used to navigate a document. In pen-based systems, Scroll Bar

is still used even though some of its characteristics are not suitable for pens. Some

researchers propose some new scrolling techniques that use circular stroke to achieve a

good scrolling performance for pen-based systems [104] [?]. We also found that a line

stroke is good to fluently perform scrolling tasks. In Pressure Scroll we explore the

possibility of integrating pressure with the stoke-based scrolling technique. Pressure is
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utilized as an additional control factor to widen the adjustable range of scrolling velocity

(e.g., generating a very fine or a very large scale).

We first illustrate how to achieve scrolling performance only by arc and line strokes.

In our implementations, when an arc stroke is drawn to drive scrolling tasks, the coordi-

nates of all points contained in strokes are recorded to determine the direction and the

displacement of the scrolled document. A minimum of three points, A, B, and C, are

required (as shown in Fig.4.2a). Two vectors indicate the previous and current points

passed by the pen. The scrolling direction is determined by the sign of the dot product

of the previous vector
−→
ab and the current vector

−→
bc. If the sign is positive the direc-

tion of rotation is clockwise, and the movement direction is up. The angle difference θ

between the two vectors determines the scrolling displacement.

Fig. 4.2 (a) Arc: to scroll a document using an arc stroke; (b) Line: to scroll a

document using a line stroke.

When a line stroke is drawn to drive scrolling tasks, as shown in Fig.4.2b, P1 and

P2 indicate the previous and current points passed by the pen. The sign of (y2 − y1)

(i.e., direction of the line stroke) determines the scrolling direction of the document:

if the direction of the line stroke is up, the document will scroll up, while drawing

the stroke in a downwards direction causes the document to scroll down. For vertical
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scrolling, the vertical difference (|y2 − y1|) between the previous and current points

determines the scrolling displacement; for horizontal scrolling the horizontal difference

(|x2 − x1|) determines the displacement. Moreover, the line stroke is a much more

natural manner and has the advantage of visual consistency (i.e., the direction the

stroke is consistent with the scrolling direction of the document). We can calculate

scrolling velocity produced only by strokes (hereafter referred to as Vs) according to

the scrolling displacement and the time that is spent to produce this displacement.

In Pressure Scroll, scrolling velocity (i.e., Vscroll ) is controlled by two factors:

strokes and pressure. As shown in Formula 1, Vs is the velocity produced only by

strokes. We use an exponential function to calculate the scale factor by pressure, where

f(p) is a mapping function of the stylus’ reported pressure at a particular time.

Vscroll = Vs · ef(p) (4.1)

Here, the pressure mapping function f(p) is described. As found by previous work

[14], the degree of pen pressure perceived by human users is not consistent with that

sensed by a digitizer. For example, at a low spectrum of pen pressure, the sensed

pressure value increases much faster than users would expect. Previous work [14] has

used a sigmoid transfer function to account for the effects produced by pressure. In our

techniques we also employed the sigmoid transfer function. A number of aspects in the

application of pressure have been identified: an initial “dead zone”, slow response at low

pressure levels (where pressure is too sensitive for users to control) smooth change at

median pressure levels (where users have good control of pressure), and quick response

at high pressure levels (where force applied by the user can produce tremors, causing

sudden pressure variations). We employed a piecewise linear function to approximate

the pressure mapping function f(p).
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4.4 Experiment 1: ZWPS

In Experiment 1, to evaluate the performance of ZWPS, we conducted a quanti-

tative experiment to compare it with Take Off and with the improved Area Cursor.

We chose Take-Off, a promising technique, as the baseline, because it is a very com-

mon baseline in many other evaluations of techniques for small-target selection reported

to date [90] [101] [103]. Area Cursor has a larger than normal activation area. This

characteristic enables more efficient target acquisitions. However, there are potential

problems associated with the implementation of Area Cursor. For example, when more

than one target is within the activation hot spot, it is difficult for Area Cursor to per-

form selection tasks. Therefore, we employed the improved Area Cursor devised by

Worden et al. [118]. As discussed in Section 2.2, even with the enhancement suggested

by Worden et al. [118], Area Cursor does not deliver any benefits when targets were close

together (Area Cursor simply behaves as a point cursor in this situation). We wondered

if ZWPS offers advantages in selecting small targets with the closed distracter targets.

We, therefore, employed virtual target width (V W ) (as shown in Fig.4.3) and designed

the different V W/W (2, 3 and 7) ratios as the setting of the experimental design. The

virtual target reflects the amount of void space immediately around a target, which,

in our experimental settings, is a square and is determined by four distracter targets

placed on four vertexes of the square. In Experiment 1, the operation circle of ZWPS

was set at 81 pixels (about 24 mm) and the zoom factor value was set at 4. The width

size of area cursor was 12 pixels, which followed Worden et al.’s design on Area Cursor.

4.4.1 Apparatus

The hardware used in Experiment 1 was a Wacom DTI-520 interactive LCD graph-

ics display tablet with a resolution of 1024 x 768 pixels (1 pixel = 0.297 mm), using
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a wireless stylus that has a pressure sensitive isometric tip (the width of the pen-tip

is 1.76mm). It reports 512 levels (ranging from 0 to 1024, the minimum unit is 2) of

pressure and has a binary button on its barrel. The experimental software ran on a

3.2GHz P4 PC with the Windows XP Professional operating system.

4.4.2 Participants

Twelve subjects (10 male and 2 female) all with previous experience using comput-

ers were tested for the experiment. The average age was 23.9 years. All subjects used

the pen in the right hand.

4.4.3 Procedure

The experimental task was a reciprocal pointing task in which subjects were re-

quired to select two fixed targets back and forth in succession, but, to simulate a more

realistic two dimensional pointing environment, we used a multi-directional reciprocal

pointing task which included reciprocal diagonal movements. The targets were drawn as

solid circles, and were located at various distances from each other along two directional

axes. The goal target, the one intended to be selected, was colored green. When a goal

target had been selected, it changed color to red which was an indication that the user

now had to select the next goal target. Four red circles were placed around each goal

target to control the V W/W ratio (see Fig.4.3).

Subjects were instructed to select the two goal targets alternately. They were told

to emphasize both accuracy and speed. When the subject correctly selected the target,

he/she heard a beep sound and the targets swapped colors, which was an indication of

a new trial. At the start of the each experiment, subjects were given a warm-up block

to familiarize themselves with the task and the conditions.
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Fig. 4.3 Experimental setup. The green target in the center around four red cir-

cles is the goal target. The four red circles around the goal targets are distracters

which determined the V W/W ratio.

4.4.4 Design

A within-subject design was used. The independent variables were: selection tech-

niques ST (ZWPS, Take Off and the improved Area Cursor), amplitude A (100, 250,

750 pixels), width W (2, 4, 8 pixels), V W/W ratios (2, 3, 7), and direction DR (2 di-

agonals). A full crossed design resulted in 162 combinations of ST , A, W , V W/W , and

DR. Each combination consisted of 4 selection attempts (i.e., 3 reciprocal movements

between the two targets). Each subject performed the experiment in one session lasting

approximately forty minutes, depending on each subject’s proficiency in selecting the

targets. The session was broken up according to selection techniques.

4.4.5 Results

An ANOVA (analysis of variance) with repeated measures was used to analyze

performance in terms of selection time, error rate, and subjective preference. Post hoc

analysis was performed with Tukey’s Honestly Significant Difference (HSD) test.
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Selection time

There was a significant difference in the mean selection times among the three

selection techniques, F(2,33)=7.95, p<.01. The overall mean selection times were 1589

ms for Area Cursor, 1929 ms for Take Off and 1288 ms for ZWPS. Tukey HSD tests

showed that ZWPS was significantly faster than both Area Cursor and Take Off (p<.05).

No significant difference was found between Area Cursor and Take Off.

Fig. 4.4 The mean selection time for different sizes of targets at mean selection

time for different sizes of targets at each V W/W ratio.

As shown in Fig.4.4, at the width of 2 there was a significant difference in selec-

tion time between the three selection techniques, F(2,33)=13.9, 11.8 and 12.9 for the

V W/W ratio values of 2, 3 and 7 respectively, all p<.001. For each V W/W ratio value

Tukey HSD tests showed ZWPS was significantly faster than Area Cursor and Take Off

(p<.001), however, no significant difference was found between Area Cursor and Take

Off. At the width of 2, for each V W/W ratio, there was a little void space around

the goal target. ZWPS still delivered benefits for such selection tasks by enlarging goal

targets, while Area Cursor had no advantages in such situations because it too easily

covered more than one target (Area Cursor simply behaves as Point Cursor in this sit-

uation) at the same time. Take Off was also worse than ZWPS in selecting very small

– 84 –



4.4 Experiment 1: ZWPS

targets.

At the width of 4 there was a significant difference in selection time between the

three selection techniques, F(2,33)=5.89, 9.41 and 6.19 for the V W/W ratio values of

2, 3 and 7 respectively, all p<.001. For V W/W ratio values of 2 and 3, Tukey HSD

tests showed ZWPS was significantly faster than Area Cursor and Take Off (p<.05),

however, no significant difference was found between Area Cursor and Take Off. The

results followed the trends similar to selecting small closed targets (at the width of 2).

For the V W/W ratio values of 7, Tukey HSD tests showed ZWPS was significantly

faster than Take Off (p<.01), however, there was no other significant difference across

selection techniques. Although targets were still small the void space around targets

became bigger. Area Cursor began to show its benefits. ZWPS was comparable to Area

Cursor.

At the width of 8 there was no significant difference in selection time between

the three selection techniques for each V W/W ratio value. When targets and their

surrounding void space both became bigger, the three techniques were comparable.

Fitts’ law [34] is commonly used to predict the time it takes to move a mouse

pointer from one location to another.

MT = a + b log2(
A

W
+ 1) (4.2)

According to Fitts’ law, the cursor movement time (MT ) increases linearly with the

Index of Difficulty (ID), which relies on the logarithm of the distance moved (the

amplitude, A) and the width of the target (W ). The two constants, a and b, are

determined empirically.

We applied Fitts’ law to evaluate the experimental results. For ZWPS and Area

Cursor we used the effective width (e.g., the effective width= the zoomed width for

ZWPS) instead of physical width. As seen in Fig.4.5 ZWPS was modeled by Fitts’

law (R2 =0.98), which indicated that the zoomed size of targets could be utilized fully.
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Area Cursor and Take Off were only roughly modeled by Fitts’ law, R2 =0.82 for Area

Cursor and R2 =0.73 for Take Off. The relatively low R2 for Area Cursor and Take

Off may be due to their special selection mechanism and the complex selection tasks in

Experiment 1.

Fig. 4.5 Line regression of index of difficulty against selection time.

Error rate

There was a significant difference in overall mean error rate between the three

techniques, F(2,33)=55.7, p<.0001. Tukey HSD tests showed ZWPS was significantly

more accurate than both Area Cursor and Take Off (p<.001) in error rate. Take Off

was significantly more accurate than Area Cursor (p<.001). Overall error rates were

31.8% for Area Cursor, 12.6% for Take Off, and 5.5% for ZWPS.

At the width of 2 there was a significant difference in error rate between the three

selection techniques, F(2,33)=40.4, 63.2 and 45.5 for the V W/W ratio values of 2, 3

and 7 respectively, all p<.0001. For each V W/W ratio value, Tukey HSD tests showed

ZWPS was significantly more accurate than both Area Cursor and Take Off (p<.001)

in error rate. Take Off was significantly more accurate than Area Cursor (p<.001).
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At the width of 4 there was a significant difference in error rate between the three

selection techniques, F(2,33)=12.4 and 15.6 for the V W/W ratio values of 2 and 3

respectively, both p<.0001. No significant difference was found for the V W/W ratio

values of 7. For the V W/W ratio values of 2 and 3, Tukey HSD tests showed ZWPS

and Take Off were both significantly more accurate than Area Cursor (p<.001) in error

rate, however, there was no significant difference between ZWPS and Take Off.

At the width of 8 there was no significant difference in error rate between the three

selection techniques for each V W/W ratio value.

From accuracy analysis it was shown that ZWPS significantly outperformed Area

Cursor and Take Off for small targets close together, which reflected the effectiveness

of its zoomable function.

Fig. 4.6 The error rate for different sizes of targets at each V W/W ratio value.

Subjective preference

The three techniques were rated by subjects on “preference” with 1-to-7 scale

(1=lowest preference, and 7 =highest preference). There was a significant difference

between selection techniques in subjective preference, F(2,33)=31.2, p<.0001. Subjects
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gave ZWPS (mean = 6.61) a significantly higher rating than Area Cursor (mean = 3.13)

and Take-Off (mean = 4.25). Take Off was more preferred than Area Cursor. Subjects

preferred ZWPS because ZWPS enables the user to easily select targets by zooming

them, especially for very small (pixel level) targets with little void space.

4.5 Experiment 2: Pressure Scroll

The purpose of Experiment 2 was to examine whether pressure, as an additional

control parameter, deliver benefits to stroke-based scrolling techniques. The stroke-

based techniques with pressure control and without pressure control were compared to

achieve the experimental aim. Although Scroll Bar is a standard technique in current

GUIs our experiment did not involve this technique. The reason is that Scroll Bar

is designed for mice and the result of our pilot studies showed that the stroke-based

techniques without pressure control were better than Scroll Bar in pen-based interfaces.

4.5.1 Participants

Ten subjects (9 male, 1 female), all with previous experience with computers were

tested for the experiment. The average age was 21.6. All subjects were right handed,

and used the pen in the right hand.

4.5.2 Apparatus

The hardware used in Experiment 2 was the same to that in Experiment 1.

4.5.3 Design and Procedure

We conducted the experiment to compare stoke-based techniques with pressure

to stroke-based techniques without pressure. a vertical scrolling task was tested in
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Experiment 2. Closely following Hinckley et al. [48] we evaluated our technique using

a reciprocal framing task. In the vertical scrolling task, subjects scrolled down, then

scrolled up, moving back and forth between two lines that are marked “START” or

“END” respectively. We colored the “START” target line green and the “END” target

line red. In Fig.4.7 the red “frame” at the left of the experimental interface specified

the certain width. For each target, subjects scrolled until the target entered the range

of the screen identified by the frame. The frame was always centered on the screen.

Once the target line was fully within the frame, the subject hit the any key with the

left hand. This selection key let the experimental interface know when the user judged

the scrolling to be complete. If the target line successfully fell within the frame when

the user struck the selection key, there was a short beep sound. If not, the user did not

hear any sound, but we had instructed subjects to always continue to the next target

(rather than trying to repair the error).

Fig. 4.7 The experiment interface of the reciprocal framing task.

The design of the experiment crossed Method x scrolling Distance (D) x target

Width (W ). We chose six representative distances: 48, 72, 96, 256, 416 and 570 lines

and one frame heights: 3 lines. Each line is about 33 pixels (10mm).

Participants read instructions describing the experimental setup and task. The ex-
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perimenter then reviewed these instructions with the subjects and introduced the three

methods. In order to familiarize them with the experimental environment, we set a

practice session for each method. When the experimenter was satisfied that subjects

understood the task and could perform it correctly; subjects completed the experiment

unassisted. For each method, subjects performed trials for each of the distance-width

combinations in a random order. Each trial consisted of 7 phases of reciprocal move-

ment between target lines. Participants typically spent 40 to 50 minutes using the two

methods.

4.5.4 Results

There is a line model [8]for movement time MT in scrolling:

MT = a + bD (4.3)

where a and b are empirically determined constants, and D is the distance (lines) be-

tween two target lines. We use this model to analyze the experimental results.

Arc stroke

A repeated measures analysis of variance showed a significant main effect for the

pressure means (hereafter referred to as Arc-with-pressure) with non-pressure means

(hereafter referred to as Arc-without-pressure), F(1,119)=25.76, p<.01. There was a sig-

nificant difference between the six distances, F(5,119)=43.11, p<.001. Separate paired

samples t-tests were then run for each of the six distances, comparing the scrolling times

for the pressure means and the non-pressure means.

For 256, 416 and 570 lines there were significant differences (256: t[9]=3.46, p<.05;

416: t[9]=2.66, p<.05; 570: t[9]=4.11, p<.05). However, for 48, 72 and 96 there was

no significant difference (p>.05) (see Fig.4.8). The error rates were pressure means,
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3.91%; non-pressure means, 3.0%. There was no significant difference between the two

methods in error rate.

Fig. 4.8 Arc: mean movement time by scrolling distance for pressure mode and

non-pressure mode.

Line stroke

A repeated measures analysis of variance showed a significant main effect for the

pressure means (hereafter referred to as Line-with-pressure) with non-pressure means

(hereafter referred to as Line-without-pressure), F(1,119)=18.11, p<.01. There was

a significant difference between the six distances, F(5,119)=33.90, p<.001. Separate

paired samples t-tests were then run for each of the six distances, comparing the scrolling

times for the pressure means and the non-pressure means.

For 96, 256, 416 and 570 lines there were significant differences (96: t[9]= 2.66;

256: t[9]=2.99, p<.05; 416: t[9]=3.17, p<.05; 570: t[9]=3.96, p<.05). However, for 48

and 72 there was no significant difference (p>.05) (see Fig.4.9). The error rates were

pressure means, 3.71%; non-pressure means, 2.83%. There was no significant difference

between the two methods in error rate.
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Fig. 4.9 Line: mean movement time by scrolling distance for pressure mode

and non-pressure mode.

Subjective evaluation

The methods were rated by subjects on “preference” with 1-to-7 scale (1=lowest

preference, and 7 =highest preference). For both arc strokes and line strokes the analysis

of the questionnaire showed no significant difference on subject preference between the

pressure means and the non-pressure means.

4.6 Discussion and Conclusions

To explore the potentials of incorporating pressure into interactive techniques we

designed two novel techniques ZWPS and Pressure Scroll to improve precise selections

and scrolling performances in pen-based interfaces.

4.6.1 ZWPS

ZWPS utilizes pressure as a switch mode to couple two selection techniques (Point

Cursor and a zoomable technique) to enable it to be competent for both normal and

precise selections. An experiment was conducted comparing it with Take Off and the
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improved Area Cursor. Experimental results indicate that ZWPS outperforms Take Off

and the improved Area Cursor in small target selection performances. In particular,

ZWPS still achieves good performance with small targets with little void space.

ZWPS provides a zoomable function with enlarged effective target size to easily

select very small targets, even with little void space around them. The user tends

to zoom in to small targets to reduce selection difficulties and visual burdens before

selecting them by ZWPS. Moreover, ZWPS employs the selection manner of “Sliding

into targets”, which is significantly more accurate than “Directly landing on targets”

[99]. Although the improved Area Cursor has a big hot area, Area Cursor cannot take

effect when selecting small targets which are close together. This is because, in such

situations, the hot area of Area Cursor tends to cover more than one target and Area

Cursor simply behaves as a Point Cursor. The selection manner of “Direct on” also

tends to be quite inaccurate in such tasks. Take Off provides a cursor above a pen-tip

with a fixed offset when touching the screen to achieve precise selection but it lacks

a mechanism to reduce difficulties when selecting very small targets. The pressure

activation mechanism enables ZWPS to flexibly and seamlessly switch between the

zoomable function and Point Cursor, which allows ZWPS to work like Point Cursor

when selecting normal sized or big targets.

Although Pointing Lenses (Pressure-activated lenses) proposed by Ramos et al. [96]

is similar to ZWPS in basic mechanism, they only compared Pointing Lenses with three

activation manners with Point Cursor by using selection tasks on a small single target.

Comparison between Pointing Lenses and other promising cursors (like our experiment)

was not conducted. Furthermore, we designed complex selection tasks in which the

desired target is surrounded by distracters. Overall, we have proved benefits of ZWPS

through our experiment.

In GUIs some tasks require more than one step to be implemented with different
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operation methods. If a seamless switch mode is available, two or more techniques can

be coupled together. ZWPS is such a hybrid technique that adapts to different types

of tasks. Good selection performances achieved by ZWPS suggest that pressure should

be a good alternative to switch modes.

4.6.2 Pressure Scroll

Pressure Scroll introduces pressure into the stroke-based scrolling techniques as

an additional control parameter. The experimental results indicate that for both Arc

stroke and Line stroke the pressure manners are better than the non-pressure ones. It

also indicates that pressure is a beneficial control parameter in providing fine scale and

large scale adjustments of scrolling velocity.

Pressure reflects the information of the user’s force imposed on pen-tips when using

a pen to interact with screen. Therefore, the use manner of pressure in a performance

should not allow contradicting the habits of imposing the force on the pen-tip. For

an instance, scrolling performance: when fast scrolling a document, much heavy force

is imposed on pen-tips. Pressure Scroll is based on this pre-existing behavior: when

pressure is much heavier, the scrolling velocity becomes much higher.

4.6.3 Implications for The Pressure-based UI Design

The results of our experiments suggest several guidelines for the design of pen pres-

sure techniques. First, our experiments have shown that pressure has the potential to

advance interaction techniques. Second, Pressure in the discrete or continuous manners

can be used as basic pressure control manners in interactive techniques respectively.

As demonstrated in the experimental results, these two pressure-based techniques

deliver some benefits to pen-based interaction. We can develop plug-ins to incorporate
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them into user interfaces. This will be very appropriate to exploit “selection” mode.

We can design an appropriate command to allow switching between them and regular

ones. For example, we can set a command button on the taskbar; when the user wants

to perform operations by them, he/she would just click the command button to activate

them. Or it can be activated by setting this command as an item in the pop-up menu

which is also convenient for the user.
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This is a blank page.
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Chapter 5

The Beam Cursor: A

Pen-based Technique for

Enhancing Target Acquisition

5.1 Introduction

Ubiquitous computing inspires technique development of pen-based interactions.

Currently, pen-based devices have been used widely, such as PDAs, Tablet PCs and

whiteboards. In such situation more and more researchers have pay attention to these

study issues. Target selection is a very fundamental computing task. As the different

display sizes and styles of user interfaces emerges selection tasks become more complex,

so that studies aimed at improving target selection have become essential and very

significant. Hence, many researchers have proposed various techniques that attempt to

enhance target selection. However, most of these new techniques have been designed

for mice. But the selection of targets using a stylus pen has some specific and unique

characteristics which may not apply to the mouse interface. Two examples are, the

lifting and pressing of the pen-tip and the sliding of the pen tip across the screen

surface. Obviously, selection techniques that are suitable for mouse interfaces do not

necessarily suit the special characteristics of stylus pens. Conversely, it seems equally

obvious that the optimal performances of each of these significantly different devices
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will be achieved by significantly different kinds of operations, techniques and graphic

elements.

Therefore, we present the Beam Cursor, a new selection technique which is based

on the Slide Touch strategy [99], which is tailored for pen-based interfaces. Ren and

Moriya [99]studied several selection task techniques for pen-based interfaces and drew

the conclusion that the Slide Touch strategy (Fig.5.1a) outperformed the other five

selecting task techniques that they tested. In this technique, the pen-tip initially lands

outside a target then slides towards the target; when the pen-tip touches the target the

target is selected. The Beam Cursor enhances this technique by adding a virtual target

size to the normal physical target size. The virtual target size feature means that the

Beam Cursor dynamically updates the effective region of targets. When the pen-tip

touches the screen surface, the Beam Cursor uses the initial contact point as a reference

point, and divides the total space in which all targets reside into regions, so that there is

just one target inside each region. When the pen-tip slides towards a target and enters

the effective region of the target, the target is pre-selected and is contained by the beam

(transparent red shading) which is “emitted from the cursor. When the pen-tip is taken

off the screen surface the target is selected. (Fig.5.1b)

In the following sections, we will review previously published research reports deal-

ing with pointing facilitation. We will then discuss the design and implementation of

the Beam Cursor, evaluate the performance of the Beam Cursor in two experiments,

and show that the Beam Cursors performance can be modelled by Fitts law. We will

conclude by discussing some implications for user interface design and also future work.
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Fig. 5.1 (a) The Slide Touch strategy: the pen-tip initially lands outside the

target then slides towards the target; when the pen-tip touches the target the

target is selected. (b) The Beam Cursor: the pen-tip lands on the screen surface

then slides towards the desired target and the target is pre-selected and contained

within a ”beam” (shaded area) which is emitted from the cursor in the direction

of the target; when the pen-tip is lifted the target is selected. The dot line means

the pen movement trace above a screen surface.

5.2 Related Work

5.2.1 Expanding Target or Reducing Distance

Fitts’law [34] is commonly used to predict the time it takes to move a mouse pointer

from one location to another.

MT = a + b log2(
A

W
+ 1) (5.1)

According to Fitts’law, the cursor movement time (MT) increases linearly with the

Index of Difficulty (ID), which relies on the logarithm of the distance moved (the ampli-

tude, A) and the width of the target (W). The two constants, a and b, are determined

empirically and depend on cognition, motor preparation time and on hand-eye coordi-

nation. With respect to Fitts’ law, there are two simple ways to reduce the difficulty of
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a pointing task: increasing the target width or reducing the amplitude. Regarding the

virtual target size, a target has an effective width which can be defined as the effective

area of a target which has been expanded beyond it’s physical graphical width. One

approach to improving target acquisition is to increase the target’s width. McGuffin

and Balakrishnan [75] closely examined the degree to which Fitts’ Law modeled actions

aimed at selecting expanding targets in one-dimensional tasks. They found that Fitts’

Law accurately models the performance of such actions, and that movement time is

primarily governed by the final expanded size of the target. This result held even when

the targets began expanding after most of the movement towards the target (90%) was

complete. McGuffin and Balakrishnan’s [75] study examined selection of a single object

with no surrounding objects, so the influence of distraction due to movement of neigh-

boring objects was not examined. Kabbash and Buxton [55] investigated the use of area

cursors. The basic idea is that an area cursor has a larger active region or hotspot for

target selection, rather than a single pixel hotspot as in standard cursors. Kabbash and

Buxton [55] showed that by setting W to be the width of the area cursor, selection of a

single pixel target could be accurately modeled using Fitts’ law. Thus, very small targets

would have a much lower index of difficulty when selected by an area cursor. However,

a problem of ambiguity arises when the desktop environment is densely populated with

targets, as multiple targets could fall inside the area cursor at one time. Grossman

and Balakrishnan [38] proposed the Bubble Cursor which improves upon area cursors

by dynamically resizing its activation area depending on the proximity of surrounding

targets, so that only one target is selectable at any time. The evaluation results prove

that the Bubble Cursor significantly reduces target acquisition times in both simple and

complex multi-target environments. A way to reduce A (the amplitude) is to bring the

target closer to the cursor. Bezerianos and Balakrishnan [17] developed the vacuum

technique which can bring distance targets closer to the widget’s center in the form of
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proxies that can be manipulated in lieu of the original. This technique is suitable for

large screens. An alternative is to jump the cursor to the target. Guiard et al. [41]

proposed a selection technique called Object Pointing. In this technique the cursor

never visits the empty regions of graphical space. It jumps from one selectable target

to another. Object Pointing was found to be considerably faster than regular pointing

in a 1D reciprocal pointing task. However in a 2D environment, it was shown that the

degree to which object pointing outperformed regular pointing was dependent upon the

density of the targets. There have been a number of efforts to facilitate pointing by

dynamically adjusting the control display (CD) gain. Worden et al. [118] implemented

”Sticky Icons” by decreasing the mouse control-display gain when the cursor enters the

icon. Control-display gain determines the mapping between physical mouse movement

and resultant cursor movement. In this way, the user must move the mouse further to

escape the boundary of the icon, effectively making the icon larger without using extra

screen space. Worden et al.’s evaluation showed Sticky Icons to be efficient for selecting

small targets. In a technique called semantic pointing, Blanch et al. [19] showed that

performance could be predicted using Fitts’ Law, based on the resulting larger W and

smaller A in motor space. Once again, however, problems arise when multiple targets

are presented as the intervening targets will slow the cursor down as it travels to its

destination target.

5.2.2 Other Selection Techniques

Beside target selection techniques described above, there are still techniques that

based on specific operation manners. Ren and Moriya [99] compared pen-based selection

techniques and their characteristics, and proved that the proposed Slide Touch strategy

is the best of the six techniques. Slide Touch is where the target is selected at the

moment the pen-tip touches the target for the first time after landing on the screen
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surface. The experimental results show that it is particularly useful in situations where

the target is isolated or where targets are arranged sparsely. Guan et al. [40] presented

the Zoom Selector which pre-selects, enlarges and relocates the targets covered by a

transparent round circle into a large pie sector to enhance the target’s acquisition. The

evaluation results indicate that the Zoom Selector outperforms the normal click method

when used for small targets. It is suitable for small target acquisition or situations where

targets are arranged densely.

5.3 Beam Cursor Design and Implementation

The Beam Cursor is an interaction technique that enables quick access to targets

on areas of a pen-based display. The Beam Cursor employs the sliding action of the

stylus pen and dynamically updates the effective width of the target according to the

contact point of the pen-tip and the layout of the surrounding targets, thus enhancing

the target’s acquisition. When the pen-tip lands on the screen and slides towards a

target, the target is included in a ”beam” which is ”emitted” from the cursor. This

means that the target is pre-selected as the stylus approaches and it is selected when

the pen-tip is lifted from the screen surface (see fig.5.2).

In designing the Beam Cursor, we explicitly sought to address Slide Touch, which

is the inspiration of the Beam Cursor.

Slide Touch [99] is the technique whereby the target is selected at the moment the

pen-tip touches the target for the first time after landing on the screen surface. It is a

very useful selection technique for pen-based interfaces. However, the technique requires

the pen-tip to touch the target which is to be selected before selection can be affected.

The Beam Cursor combines the virtual target concept and the Slide Touch strategy to

enhance target acquisition. That is, every target is allocated an effective width which is
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Fig. 5.2 (a) A pen-tip lands on screen surfaces and its initial location is

recorded; (b) the pen-tip slides to the desired target; (c) when the cursor en-

ters the effective region of a target the target is contained by a transparent red

beam emitting from the cursor; (d) the pen-tip lifts from the screen surface then

the target is selected.

bigger than its physical width. The following section discusses how the effective width

is allocated to each target.

Regarding virtual target size, every target has an effective width based on its phys-

ical width in motor space. During the actual process of target selection, the user can

first determine the target that he/she will select. Aiming at the desired target, the

Beam Cursor allocates the effective regions of all the targets to enable the desired tar-

get to occupy a much bigger effective region. A simple algorithm is used to continuously

update the effective regions of targets (see fig.5.3).

• When the pen-tip lands on the screen surface, the contact point is recorded as the

reference point.

• Taking that point as the center point, the Beam Cursor divides the total space into

n∗1 equal sectors (If the screen is divided into too many sections the error rate is

∗1 There is a closest target to the pen-tip in the screen, which can be determined by Voronoi diagram

principle. However, in fact, in each direction area of the screen a possible closest target to the
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Fig. 5.3 (a) There are many targets in the screen, where the solid blue target

is the goal target; (b) When pen lands on screen surface, the initial point is

recorded as reference point, which is used as a center point to divide the screen

into n sectors (to clear demonstrate the principle, n is set at 6 in the fig.5.3. At

fact, the Beam Cursor sets n at 15.). The targets in the same sector constitute a

group. (c) Targets in the same group are allocated effective regions according to

the Voronoi diagram principle. (d) When a cursor slides into a certain sector the

target that is closest to it is pre-selected. Note that all the dot-lines are unseen

in the real interfaces.

quite high. The tradeoff of speed and accuracy should be considered. Therefore,

based on an informal test n is set at 15). The targets in the same sector constitute

a group.

• Targets in the same group are allocated effective regions according to the Voronoi

diagram principle. So when a cursor slides into a certain sector the target that is

closest to it is pre-selected.

Based on this algorithm the pen-tip can land on any possible position in the vicinity

of the target to enable it to have a much bigger effective region. The pen-tip then to

pen-tip exists. To find it the Beam Cursor first divides the whole screen into some sections
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travel a very short distance to enter the effective region of the desired target. Even if the

pen-tip lands on a position imprecisely, a slight movement towards the target affects

pre-selection of the desired target. When the cursor enters the effective region of a

target the target is contained by a transparent red beam emitting from the cursor. This

acts as a reinforcing visual cue to the user, showing that the desired target is indeed

pre-selected by the cursor, thus reducing the cognitive load of the user and eliminating

any uncertainty about which target will be selected when the pen is removed.

With respect to ”abort” of a selection task, the method the Beam Cursor employed

is to press an additional button (key) using non-preferred hand [67] to do it, which, in

essence, is the mode-switch between selection and non-selection states.

5.4 Experiment 1

The Beam Cursor not only enlarges the effective width of the target but also dy-

namically updates it, based on the pen-tip’s initial landing point on the screen surface.

From previous work on expanding targets [75] [124] it was found that users were able

to take advantage of the larger expanded target width even when expansion occurred

after 90% of the distance to the target had already been traveled. It was also shown

that overall performance could be modeled accurately by Fitts’ law by setting W to the

expanded target width. So we would expect that Fitts’ law would hold in situations

where the effective width of targets dynamically changes when selecting targets. How-

ever, the Beam Cursor has a few specific properties that make it difficult to directly

apply Fitts’ law to model it.

1. Once the pen-tip lands on the screen surface, the effective width of the target

changes.

2. Before capturing a target, the Beam Cursor should be slid towards the target
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for a very short distance.

It is important to empirically determine if Fitts’ law holds for Beam Cursors. This

is the first goal of Experiment 1.

Even if the Fitts’ law is shown to model the Beam Cursor performance accurately,

this does not necessarily mean that the Beam Cursor provides a significant advantage

over Point Cursors. Furthermore, the Beam Cursor enhances target acquisition by

enlarging the effective width of targets. And, based on the principle of allocating the

effective region to the intended target, the Beam Cursor expands the effective width

of the target the user wants to select while shrinking other targets. So we wondered

whether the performance is governed by the effective width rather than the actual width

of the target. In other words, selecting a target with an actual width W and an effective

width EW with a Beam Cursor should be equivalent to selecting a target with an actual

width of EW with a regular Point Cursor. Thus, the second goal of Experiment 1 is to

determine whether performance is governed by and makes maximum use of the effective

width.

To answer these questions in a systematic manner, we begin by studying the Beam

Cursor performance in the simplest possible pointing task: 1D target acquisition. We

compare the Beam Cursor with the Point Cursor in Experiment 1.

5.4.1 Apparatus

The hardware used in Experiment 1 was the Fujitsu Tablet PC running Microsoft

Windows XP. It weighed 1.48kg, and was 210.432 mm (W) x 157.824mm (H). The

spatial resolution of the screen was 0.2055 mm/pixel. The software for the experiment

was developed using Sun Microsystems Java.
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5.4.2 Participants

Eighteen subjects (three females and fifteen males) who had all had previous expe-

rience with computers were tested for the experiment. The average age was 22.5. All

subjects had normal or ”corrected to normal” vision with no color blindness, were right

handed, and used the pen in the right hand.

5.4.3 Procedure and Design

The task was a reciprocal 1D pointing task in which subjects were required to select

two fixed targets back and forth. The targets were arranged as solid circles, keeping a

distance between them along the horizontal axis. The target to be selected was colored

green, and the other target was red. In reality, if there were only two targets on the

screen, the effective width of targets in a Beam Cursor interface would be very big. The

subject would only have to move the stylus pen a very short distance to select the target.

Thus, to simulate the realistic target acquisition scenario some distracter targets were

placed around both goal targets such that their effective widths (EW ) were controlled.

Distracters were rendered as blue solid circles (see Fig.5.4). Subjects were instructed to

select between the two targets alternately. They were told to emphasize both accuracy

and speed. When the subject correctly selected the target he/she would hear a beep

sound and the targets would swap colors, which was an indication that the subject had

to now move towards and select the other target which was now green.

The design of the experiment was as follows: crossed Cursor Technique (CT ) x

Amplitude (A) x Width (W ) x Effective Width (EW ). A full crossed design resulted in

54 combinations of CT (Point Cursor, Beam Cursor), A (288, 576, 864 pixels), W (12,

24, 36 pixels), EW (48, 96, 144 pixels). Each subject had a total of 27 combinations (=3

Amplitudes x 3 target widths x 3 target effective widths) appearing in random order for
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Fig. 5.4 The setup of the 1D reciprocal pointing experiment. The green circle

is the target to be selected. The red circle is the next goal target. Blue circles are

placed to control the EW/W ratio. Note: EW is an approximate value, which

is gotten based on the effective width allocation principle of Beam Cursor.

each technique. Each combination consisted of 5 selection attempts (i.e., four reciprocal

movements between the two targets). At the start of the experiment, for each cursor

technique, subjects were given a warm-up block of attempts to familiarize them with

the task and conditions. Each subject performed the experiment in one session lasting

approximately thirty minutes, depending on each subject’s proficiency in selecting the

targets. The session was broken up according to cursor technique. Whenever the subject

felt tired he/she was allowed to take a rest.

5.4.4 Results

An ANOVA (analysis of variance) with repeated measures was used to analyze

performance in terms of movement time, error rate and subjective preference. Post hoc

analysis was performed with Tukey’s honestly significant difference (HSD) test.

Selection time

The analysis showed that there was significant difference between the Point Cursor

and the Beam Cursor in selection time, F(1,34)=21.43, p<0.001. The overall mean selec-
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Fig. 5.5 The mean selection time by W , EW values for both cursors.

tion times were 958 milliseconds for the Point Cursor and 718 milliseconds for the Beam

Cursor. A repeated measures analysis of variance also showed a significant main effect

for W, F(2,105)=23.51, p<0.01; EW, F(2,105)=56.25, p<0.01; and A, F(2,105)=78.54,

p<0.01. For each of combinations of W and EW the analysis showed that Beam Cursor

was significant faster than the Point Cursor, all at p<.05 level. As Fig.5.5 illustrates,

performance of the Beam Cursor is dependent on EW rather than W whereas perfor-

mance of the Point Cursor depends on W.

Fig.5.6 plots the movement time as a function of the index of difficulty (ID). For

the Point Cursor, we define ID aslog2(
A
W +1), while for the Beam Cursor, log2(

A
W +1).

Linear regression analysis showed that the Point Cursor fits the Fitts’ law equation

with r2 values 0.9599 and the Beam Cursor fits the Fitts’ law equation with r2 values

0.8727. Here the r2 value is a little low, which is due to the fact that the effective

width of targets is an approximation based on the allocation principle of the effective

width in Experiment 1. This means that selection using the Beam Cursor can not only

be modeled using Fitts’ law, but selection is just as fast as if the target had an actual

width of EW and a Point Cursor were being used.
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Fig. 5.6 Line regression of target distance against movement time..

Error score

The analysis of mean error score shows that there was no significant difference

between the Point Cursor and the Beam Cursor. Overall error rates were 2.78% for the

Point Cursor and 3.24% for the Beam Cursor, all well within the typical < 4% range

seen in target acquisition studies.

5.5 Experiment 2

Experiment 1 determined that the Fitts’ law can model the Beam Cursor and

predict the selection time in 1D reciprocal pointing tasks. The experimental results

show that Fitts’ law can model and predict the Beam Cursor. It also shows that

selection performance is governed by the effective width of targets rather than their

physical width. In Experiment 1, the Beam Cursor significantly reduced selection time,

which further indicates that increasing the effective width of targets does enhance target

acquisition.

However, the experiment on 1D targets is an easy and abstract scenario contrasting

to actual user interfaces. So we wondered whether the Beam Cursor delivers the same
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advantages with complex 2D situations. In the second experiment, we explore the

Beam Cursor’s performance in a more realistic environment with multiple 2D targets

with various target widths and layout densities.

If the space surrounding targets is bigger, the effective width of targets will be big-

ger. In Experiment 2 we will probe this further. And we include the Bubble Cursor [38]

which is discussed in the related work section. This technique is perhaps more promising

than other existing techniques for improving target acquisition. In the previous work on

the Bubble Cursor, it is found that, taking mice as the input device, the Bubble Cursor

significantly decreases selection time. So we wondered if the Bubble Cursor offers the

same advantage when a stylus pen is the input device? In other words, we wanted to

know whether the technique that is suitable for mice is also as suitable for stylus pens.

Since the Beam Cursor is a direct extension of the Slide Touch strategy, there is no

reason to expect it to perform worse than Slide Touch. This was confirmed in pilot

studies, and as such we did not include Slide Touch in our experimental comparison.

5.5.1 Apparatus

The apparatus was the same as in Experiment 1.

5.5.2 Participants

Eighteen subjects (three females and fifteen males) who had all had previous ex-

perience in computers were tested for the experiment. The average age was 22.7 years.

Twelve of them were test subjects in Experiment 1. All subjects had normal or ”cor-

rected to normal” vision with no color blindness, all were right handed, and all used the

pen in the right hand.
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5.5.3 Procedure and Design

This experiment tested 2 dimensional and multiple target display arrangements.

The selection task was serial in contrast to the simple reciprocating movement required

for Experiment 1. The target to be selected was green and the others were pale red.

In this experiment, subjects were required to select the green target which appeared

randomly among a number of pale red targets on the display. When a selection perfor-

mance was finished, that green target would change to red and another target would

become green indicating that it is the new target. This design required the user to jump

in any direction on the screen, not just horizontally as in Experiment 1.

Subjects needed to finish multiple sets of selection tasks. For each set of selection

tasks, the number and the width of targets on the screen were different. When the

experiment began, the subject saw a green target. The time for the task was recorded

from the moment the first green target was selected. Each interval for the two selection

actions was recorded. This allowed us to analyze the time of each selection and the total

time of all the selection tasks. A successful selection resulted in a beep sound. If no

beep sound was heard, it meant that an error had occurred. The feedback we provided

was the same as in Experiment 1. When a target was preselected it would be contained

by a transparent red beam emitted from the cursor.

The design of the experiment was as follows: crossed Cursor Technique (CT ) x

Width (W ) x Density (D). A full crossed design resulted in 27 combinations of CT

(Beam, Point, Bubble), W (12, 24, 36 pixels), D(6, 12, 30). For each of the three

techniques, 9 combinations (=3 target widths x 3 target densities) appeared in a random

order. Each subject had a total of 144 attempts (3 widths x (6 + 12 + 30) densities).

At the start of the experiment, subjects were given a warm-up session for each cursor

technique to familiarize them with the task and the conditions. Each subject performed
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the experiment in approximately forty minutes, depending on individual proficiency.

The experiment was broken up according to cursor technique. Whenever the subject

felt tired he/she was allowed to take a rest.

5.5.4 Results

Selection time

A repeated measures analysis of variance showed that there was a significant in-

teraction between the three cursor techniques in selection time, F(2,51)=10.2, p<0.001.

The post hoc Tukey (HDS) test showed that the Beam Cursor was faster than both the

Point Cursor and the Bubble Cursor(p<0.05). The Bubble Cursor was significant faster

than the Point Cursor in selection time (p<0.01). The overall mean selection times were

1196 milliseconds for the Beam Cursor, 1483 milliseconds for the Point Cursor and 1353

milliseconds for the Bubble Cursor (see fig.5.7). The results clearly show that the Beam

Cursor can improve target acquisition in complex 2D experimental circumstances. On

a pen-based interface and using a stylus pen, the Beam Cursor significantly surpasses

the Bubble Cursor [38]. One reason is that the Beam Cursor can endow a much bigger

effective region to the desired target than the Bubble Cursor. The other reason is that,

in the experimental circumstances of a pen-based interface, the constant lifting of the

pen-tip, limits the advantage of the Bubble Cursor. The results also indicate that the

selection targets using a stylus pen has its own specific characteristics and that selection

techniques that suit mice are not necessarily suitable for stylus pens.

Target width: A significant difference in selection time was observed between the

three cursor techniques for each target width, 12, 24 and 36 pixels, F(2,51)=14.64,

F(2,51)=9.28 and F(2,51)=7.84, p<0.001. This means that significant differences in

selection times remained when the target width was varied. As seen in Fig.5.8, with the
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Fig. 5.7 The overall mean selection time for the three cursor techniques.

Fig. 5.8 The mean selection time for targets of different target widths.

target width increasing the selection time did not significantly decrease for the Beam

Cursor. This is due to the fact that the Beam Cursor is governed by the effective width

of targets, not the physical width of the target.

Target density: A significant difference in selection time was observed between

the three cursor techniques for each target density, 6, 12 and 30, F(2,51)=13.05,

F(2,51)=7.23 and F(2,51)=10.32, p<0.001. This means that significant differences in

selection times remained when the target density was varied. As seen in Fig.5.9, when

the target density was small the difference between the Beam Cursor and the Point
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Fig. 5.9 The mean selection time for targets in layouts with different target densities.

Cursor became more significant. This was due to the fact that, when the target density

was small, the void space among the targets became wider and the effective width of

targets increased. So, for the situation in which targets are placed tightly together, the

Beam Cursor probably has a little advantage in selection time.

Error score

The analysis of the mean error score showed that there was no significant difference

between the Beam Cursor, the Point Cursor and the Bubble Cursor. Overall error rates

were 2.98% for the Beam Cursor, 3.12% for the Point Cursor and 2.45% for the Bubble

Cursor, all well within the typical < 4% range seen in target acquisition studies.

Subjective preference

There was a significant difference between the Beam Cursor, the Point Cursor and

the Bubble Cursor in subjective preference, F(2,51)=18.28, p<0.001. The post hoc

Tukey (HSD) test showed that the Beam Cursor was better than both the Bubble

Cursor and the Point Cursor, p<0.05. The Bubble Cursor was better than the Point
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Cursor, p<0.01.

5.6 Discussion and Conclusions

The article proposes an interactive technique called Beam Cursor, which enables

the quick selection of targets on pen-based interfaces. The Beam Cursor employs the

sliding motion and dynamically updates the effective width of targets according to the

initial contact point of the pen-tip and the layout of the surrounding targets. The

aim is to enhance target acquisition. We then described the methods and results of

Experiment 1 and Experiment 2 respectively.

Experiment 1 verified that the Beam Cursor can be modeled and predicted by Fitts’

law using the one dimension reciprocal pointing task. We compared the Beam Cursor

with the Point Cursor. The evaluation results show that Fitts’ law can model the Beam

Cursor and predict the selection time. Selection performance is governed mainly by

the effective width of targets, not by the physical width of targets. The Beam Cursor

outperforms the Point Cursor for the different E/EW ratio.

Experiment 1 is a simple abstract experimental circumstance. Experiment 2 further

evaluates the effectiveness of the Beam Cursor on target acquisition. In the second ex-

periment we introduced a current promising selection technique, the Bubble Cursor. We

evaluate the three selection techniques under the condition of different target densities

and different target widths. The experimental results indicate that the Beam Cursor

is better than both the Point Cursor and the Bubble Cursor. There is no significant

difference between the Point Cursor and the Bubble Cursor.

Pen devices have specific interactive characteristics: e.g. the lifting and pressing of

the pen-tip and the ability to slide the pen-tip on the screen surface. When contrasted

with the normal click of a mouse, the unsteadiness of the pen tip can make the press
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and click action inaccurate. This unsteadiness makes it difficult for users to hit a precise

point on a target. According to our observations, it is very common for the pen tip to

make contact within a larger range near but outside the target because of the touch

screen’s slipperiness and the pen tip’s vibrations. Therefore, allowing some tolerance

in the initial location of the pen-tip and providing a simple means of adjustment via

a hand movement which approaches the target would appear to greatly decrease the

effect of an imprecise touchdown as well as decreasing the cognitive load of the user.

That is why the Beam Cursor exploits the sliding motion.

Virtual targets means that every target has an effective width based on its physical

width in its relation to the motor space surrounding it. Actually, selection techniques,

such as the area cursor [55] and the Bubble Cursor [38], expand the target width to

enhance selection performance. In other words these techniques make full use of the

void space around the targets in motor space. The Bubble Cursor employs the Voronoi

diagram to increase target size in motor space to the maximum. However, the Beam

Cursor allocates the effective region to targets giving priority to the desired target. The

goal of this allocation principle is to endow a much bigger effective region to the desired

target. Figure 10 shows that the effective region provided by Beam Cursor is more

effective than that allocated by Bubble Cursor. As seen from the experimental results,

the Beam Cursor indeed reduces the selection time.

We also found the Beam Cursor to be better than the Bubble Cursor, one of the

more promising selection techniques in the literature. However, we must be careful be-

fore drawing too many conclusions about the relatively poor performance of the Bubble

Cursor in our experiment. The Bubble Cursor is able to enhance selection performance

where mice are used as input devices. We compared the Beam Cursor with the Bubble

Cursor in the pen-based interface, and found that this environment limits the advantage

of the Bubble Cursor to some extent. This indicates that selection techniques designed
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for mice are probably not suitable for stylus pens.

Another characteristic of the Beam Cursor is that it enhances target acquisition

without changing the position and size of targets, unlike some other selection techniques

[40] [124]. The Beam Cursor dynamically updates the effective width of targets without

altering the arrangement of items on the screen.

The effective width determines the selection performance of the Beam Cursor and

the void space around targets governs their effective width. So even if a target is very

small but its surrounding void space is wide, its effective width is still big and its Index

of Difficulty (ID) with regard to selection is quite small. Obviously, the Beam Cursor

does not yield any benefit for target selection on a screen where the targets are laid side

to side because there is almost no void space among the targets and the effective width

of targets is almost equal to their physical width.

The positive results from our experiments suggest that the Beam Cursor could be a

beneficial addition to user interfaces. We can develop a plug-in to incorporate the Beam

Cursor into user interfaces. This would be very appropriate to exploit ”selection” mode.

We can design an appropriate command to allow switching between the Beam Cursor

and the Point Cursor. For example, we can set a command button on the taskbar; when

the user wants to select targets by Beam Cursor, he/she would just click the command

button to activate the Beam Cursor. Or it may be activated by setting this command

as an item in the pop-up menu which is also convenient for the user.
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The Adaptive Hybrid Cursor

6.1 Introduction

Target selection via pointing is a fundamental task in graphical user interfaces

(GUIs). A large corpus of work has been proposed to improve mouse-based pointing

performance by manipulating control display (CD) parameters [19] [41] [38] [55] [118]

in desktop environments.

Compare with mouse-based desktop GUIs, pen-based interfaces have a number of

different characters. First, pen-based interfaces typically use absolute pointing via a

direct input device (i.e., a pen), which is very different from indirect input, such as

using a mouse. Second, in addition to the 2D position (x, y) values, many pen-based

devices offer additional sensory properties (such as pen pressure values) that can be

useful for interaction. Third, many pen-based interfaces have a limited display space

and input footprint. As the amount of information displayed on the screen increases,

users have to select smaller targets. This is especially obvious in mobile products, such

as personal digital assistants (PDAs), pen-based mobile phones, and other mobile pen-

based applications. Compared with the extensive studies carried out for mouse-based

pointing, more empirical studies are needed to determine how we can improve pen-input

usage and efficiency.

Although previous studies have intended to exploit novel pen-based selection tech-

niques, such as Slide Touch [99], Drag-and-pop [15], Bubble Radar [9] and Beam Cur-
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sor [120] these techniques were mostly designed for the situations where targets are

sparsely, distributed across a display space. When targets are smaller and densely

packed, the benefit of these techniques tend to be diminished or become unavailable.

To solve such problems, chapter 6 presents the Adaptive Hybrid Cursor, a novel tech-

nique that automatically adapts the selection cursor as well as a target space based

on pen-pressure. The experimental results indicated that the Adaptive Hybrid Cursor

improved selection performance related to high-density, small-target environments.

Recently, an increasing amount of work has explored the use of pen pressure, which

is available on pen devices (such as most Tablet PCs or Wacom tablets), as the third

input dimension for interaction design [44] [67] [94] [93] [95], in addition to the 2D x-y

coordinates. However, little attention has been paid to using pen pressure to improve

target selection tasks. This chapter, therefore, investigates the possibility of improv-

ing the performance of target acquisition tasks for pen-based environments by taking

advantage of pen pressure potentials.

There are three fundamental elements in a selection task: a cursor, a target, and a

selection background (including a void space). We explored how the pen pressure can

be employed to improve target acquisition tasks by varying these three elements. A

background plays an important role in many applications but its use is often overlooked

in previous work. For example, numerous functionalities have been designed to associate

with the background in Windows and Mac desktops, from basic but important functions

such as selecting and deselecting, to re-arranging desktop icons and also to more complex

operations such as changing certain properties of applications. A background also serves

as a visual storage space for future elements. Furthermore, group selection techniques

(such as rectangular or lasso techniques) will be awkward to operate without being able

to select an empty space. The famous quote from the ancient Chinese philosopher,

Lao Tze, says, ”the usefulness of the wheel, cup and house is actually based on their
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emptiness”. Without the ability to select the background, many applications become

difficult to use.

This chapter makes the following contributions:

- The Adaptive Hybrid Cursor can be used to select targets that have minimal

surrounding space or densely packed small targets;

- The Adaptive Hybrid Cursor improves performance by manipulating all three

components of target selection: the background, the target and/or the cursor;

- The Adaptive Hybrid Cursor provides easy cancellation without having to use an

extra mode-switch button;

- The Adaptive Hybrid Cursor is the first interaction technique that employs pen

pressure for target selection.

In this chapter, we first review the related work. Next we describe the design of our

new technique. We then present the evaluation of the Adaptive Hybrid Cursor under

various target acquisition conditions. We conclude with a discussion of our results and

directions for future work.

6.2 Related Work

In this section, we discuss related work regarding both target selection techniques

and pen pressure.

6.2.1 Previous Work on Selection Techniques

Target selection tasks can be modeled by Fitts’ law [34] [73]. One common form of

Fitts’ law is MT = a+b log2(
A
W +1), which states that the time (MT) to acquire a target

with width W and distance (or amplitude) A from the cursor can be predicted (where

a and b are empirically determined constants, and the term inside the log function
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is called Index of Difficulty or ID). Obviously, target acquisition performance can be

improved by increasing W, decreasing A, or both.

The width of a target is usually defined by the space it occupies on the screen. The

effective target width (EW) may be defined as the analogous size of a target in motor

space. In standard pointing, the effective target width matches the visual width. How-

ever, the effective width can be increased either for the cursor [38] [55] [118] or the tar-

get [26] [75] [124] to achieve the same effect. Most previous studies have shown the effec-

tiveness of their proposal only for single isolated target, while they have not been shown

to work well when multiple targets are present in close proximity [26] [41] [75] [124].

The state of the art in this category is Bubble Cursor [38], a mouse-based technique

that allows selection of discrete targets by using a Voronoi diagram to associate void

space with nearby targets. Bubble Cursor works well even in a normal-density multiple-

target environment except for the limitations mentioned in the discussion section of this

chapter.

There is also a large body of work that is intended to improve selection perfor-

mance by decreasing A. They either bring the target much closer to the cursor such

as Drag-and-pop developed by Baudisch et al. [15], and ’vacuum filtering’ introduced

by Bezerianos and Balakrishnan [17], or jump the cursor directly to the target, such as

with the object pointing technique [41]. Overall, the performance of techniques aiming

to decrease A is largely affected by the number of distracting targets between the start-

ing position and the target. They tend to work well on large displays where targets

are further away or in low density environments with few distracting targets. These

techniques become less effective with high or normal density environments in regular or

smaller size displays such as Tablet PCs or PDAs.

Some have tried to improve pointing and selection by dynamically adjusting the

Control Display gain. The gain is increased on the approach to the target and decreased
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while inside the target thus increasing and decreasing the motor space at critical mo-

ments in the selection process. TractorBeam [87] is a hybrid point-touch technique that

aids selection by expanding the cursor or the target, or by snapping to the target. Wor-

den et al. [118] implemented ’Sticky Icons’ by decreasing the mouse control-display gain

when the cursor enters the icon. Blanch et al. [19] showed that performance could be

predicted using Fitts’ law, based on the resulting larger W and smaller A in the motor

space. The common problems for these techniques occur when multiple small targets

are presented in close proximity, as the intervening targets will slow the cursor down as

it travels to its destination target.

An interesting special case here is a technique which is used on large displays to help

reach targets that are beyond the arm’s reach [9] [15] [17] [29] [83], e.g., RadarView [83].

However, since RadarView decreases both A and W proportionally, the ID is unchanged.

The benefit of RadarView is only demonstrated on larger displays where users can

operate on RadarView to save the extra movement required to reach a distant target

i.e. one that is beyond arm’s reach. Bubble Radar [9] combines RadarView and Bubble

Cursor by first placing the objects within reach, and then applying Bubble Cursor to

increase selection performance. Bubble Radar also tried to address the background

selection problem of Bubble Cursor by using a button switch controlled by the non-

dominant hand, however, since Bubble Radar is virtually another Bubble Cursor, its

advantage is likely to diminish in a high density environment.

6.2.2 Related Work on Pressure

There has been less work done on pressure than on pointing-based target acquisition

characteristics. Studies on pressure can be roughly divided into two categories. One

category investigates the general capabilities of humans interacting with computers

using pressure. For example, Herot and Weinzapfel [44] investigated the human ability
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of the finger to apply pressure and torque to a computer screen. Buxton [22] studied

the use of touch-sensitive technologies and the possibilities for interaction they suggest.

Ramos et al. [94] explored the human ability to vary pen-tip pressure as an additional

channel of control information. The other category of study is where researchers build

pressure enabled applications or techniques. For instance, Ramos and Balakrishnan [93]

demonstrated a system called LEAN and a set of novel interaction techniques for the

fluid navigation, segmentation and annotation of digital video. Ramos and Balakrishnan

[95] designed Zlider widget. Li et al. [67] investigated using pressure as a possible means

to delimitate the input phases in pen-based interactions. Although these works opened

the door to establish pressure as a research avenue, we are unaware of any work which

addressed the issue of applying pressure into discrete target acquisition. We attempt to

investigate this issue in this chapter.

6.3 Adaptive Hybrid Cursor Design

A few previous studies have shown that a reasonable manipulation of targets, cur-

sors and context can enhance target acquisition. However, the tradeoff between ”orig-

inal” state of these three elements and ”manipulation” state needs to be considered in

technical design. Our approach is to employ pen-pressure which is an available param-

eter in some pen based devices and can be used to easily produce a continuous value

or discrete states. Pen-pressure has the potential to affect selection implementation.

Based on this idea we designed the Adaptive Hybrid Cursor technique.

Adaptive Hybrid Cursor includes two states. It first determines whether it should

zoom its contexts (target and background) and/or cursor according to the initial location

of the cursor and the information regarding the position of targets. If the condition is

not suited to the adaptive strategy, Adaptive Hybrid Cursor initiates the Zoom Cursor

– 124 –



6.3 Adaptive Hybrid Cursor Design

Fig. 6.1 The process of selecting a target with Adaptive Hybrid Cursor in

State 1: the adaptive hybrid cursor employs the Zoom Cursor technique which

changes the size of the cursor when targets are big in a low density environment.

(a) the pen-tip lands on the screen; (b) pressure value is used to zoom the cursor.

(c) pressure and location of the cursor are adjusted to make the zoomed cursor

interact with the desired target. The desired target is selected by quickly lifting

the pen-tip. Note that the same legend is used for Fig.6.2.

technique described in Section 5.1 (see Fig.6.1). If the condition satisfies the adaptive

strategy criteria, Adaptive Hybrid Cursor begins to zoom the targets, the cursor and

background based on the pressure described in Section 5.2 (see Fig.6.2).

6.3.1 Zoom Cursor Technique (State 1)

One possibly fruitful direction open to the examination of pressure-enhanced target

acquisition is to use pen pressure to enlarge the cursor size. Based on this intuition,

we designed Zoom Cursor, a technique that allows a user to enlarge the cursor size by

pressing the pen tip harder on a tablet or a touch-sensitive screen (see Fig.6.1).

As determined in previous studies [14], the degree of pen pressure perceived by

human users is not consistent with that sensed by digital instruments. For example, at

a low spectrum of pen pressure, the sensed pressure value increases much faster than

users would expect. Previous work has used a sigmoid transfer function to achieve

the effects produced by pressure. In our experiments we also employed the sigmoid

transfer function. The application of pressure is comprised of an initial ”dead zone”, slow
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response at low pressure levels (too sensitive for users to distinguish and control), smooth

transitions at median pressure levels and quick responses at high pressure levels (users

often confirm pre-selection by imposing heavy pressure on a pen-tip). We employed a

piecewise linear function to approximate the pressure mapping.

If pressure causes the cursor to become too large, then more than one target might

be included, and this may confuse the user. To overcome this problem, a basic principle

should be specified so that when enlarging the cursor, only one target will be included

at one time. Therefore, a maximum size for the cursor should be determined according

to the current position of the cursor and the layout of targets. This will help to ensure

that an enlarged cursor cannot include more than one target. Note that the maximum

size of the cursor is dynamically changed based on the proximity of surrounding targets.

We follow the algorithm used to set the radius of the cursor in Bubble Cursor. We also

use a circular-shaped cursor and we allow only one target to be selected each time.

To describe the algorithm in an environment with targets T1, T2, ..., Tn we used

the following definitions:

Minimum Distance i (MinDi): The length of the shortest line connecting the center

of the Zoom Cursor and any point on the border of Ti.

Maximum Distance i (MaxDi): The length of the longest line connecting the center

of Zoom Cursor and any point on the border of Ti.

A simplified version of the algorithm is as follows:

Calculate the Minimum Distance to each target: MinD1, MinD2,, MinDn

Calculate the Maximum Distance to each target: MaxD1, MaxD2,, MaxDn

Set maximum radius of Pressure Cursor = the second minimum value (MinD1,

MinD2,, MinDn, and MaxD1, MaxD2,, MaxDn)

After a desired target is included by the enlarged cursor the target selection is

achieved by the quick release manner [94].
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6.3.2 Zooming Target, Cursor and Background (State 2)

Using direct pointing, the selection speed has an upper limit due to human lim-

itations such that selecting a 10 cm wide object which is within 10 cm of the human

user will take less than a second, while a target which is 10 meters away will take at

least several seconds to reach. Thus Bubble Radar uses RadarView to bring the targets

within arm’s reach so that Bubble Cursor can be subsequently easily applied for actual

target selection.

Similarly, if the targets are too small and densely packed, it becomes more difficult

for the user to visually locate the target. In such cases, enlarging the workspace has

the effect of simultaneously increasing A and W and thus making target acquisition

easier. Based on this hypothesis, we decided to enlarge the entire workspace when the

target size is smaller than 1.8 mm (about 6 pixels in our experimental setup). (Ren

and Moriya’s study indicated that 1.80 mm is ”the smallest maximum size” [99]), or

EW/W value is less than 2 where EW is the effective width. Here, we define EW/W as

the density of targets, i.e. the amount of void space immediately surrounding a target.

The result of pilot studies showed that the selection technique that zooms cursor, target

and background at the same time could not show significant advantages above Bubble

Cursor when the value of EW/W is more than 2. We defined an environment where

the EW/W ratio was less than or equal to 1.5 as a high density environment, and,

when the EW/W ratio was greater than 1.5 and less than or equal to 2, we called it a

normal density environment. When the EW/W value was equal to or greater than 3,

this was called a low density environment. High density environments are common in

today’s applications (e.g., a word processor or a monthly calendar viewer). Fig.6.2 is

an illustrated walkthrough of the technique in State 2.

The maximum zoom ratio is 3 in our current design. The zoom ratio is controlled
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Fig. 6.2 The process of selecting a target with Adaptive Hybrid Cursor in

State 2: Adaptive Hybrid Cursor is able to vary the size of targets, cursor and

background simultaneously by pressure when approaching small targets and/or

small EW/W. (d) the pen-tip lands on the screen; (e) using pressure value to

zoom in the targets, the cursor and the background. (f) adjusting pressure and

location of the cursor to make the zoomed cursor interact with the desired target.

The desired target is selected by quickly lifting the pen-tip.

by the mapped pressure value. At the same time, Adaptive Hybrid Cursor also uses

pressure and the ”updated” location information of targets to zoom the cursor size

according to the principles of Zoom Cursor. When the desired target was interacted by

the cursor, the target selection was achieved by the ”quick release” motion [94].

The trigger for the enlargement is pen pressure which dynamically adapts the max-

imum zoom size of the cursor based on the zoomed surroundings, i.e., the cursor should

cover no more than one object at a time.

6.4 Experiment

To evaluate the performance of Adaptive Hybrid Cursor, we conducted a quantita-

tive experiment to compare it with Bubble Cursor and with the traditional technique,

the regular cursor (the regular pointing selection in graphical user interfaces) as a base-

line. First, Bubble Cursor, which is the current state of the art, has been shown to be

the fastest desktop pointing technique. Second, Aliakseyeu et al. [9] showed that Bub-
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ble Radar combined the benefits of Bubble Cursor in a pen-based situation. However,

neither Bubble Radar or Bubble Cursor experiments included very small targets (i.e.

less than 1.6 mm). We, therefore, designed the same EW/W (1.33, 2, 3) ratios as for

Bubble Cursor but with smaller targets (4 pixels). We wondered if Bubble Cursor of-

fers the same advantage in smaller target situations in pen-based environments. Third,

Adaptive Hybrid Cursor also employs the effective width of targets just as with Bubble

Cursor, targets being allocated effective regions according to a Voronoi diagram.

6.4.1 Participants

Twelve subjects (11 male and 1 female) all with previous experience using comput-

ers were tested for the experiment. The average age was 24.9 years. All subjects used

the pen in the right hand. All subjects had normal or a ”corrected to normal” vision,

with no color blindness.

6.4.2 Apparatus

The experiment was conducted on a Wacom Cintiq21UX, 43.2x32.4cm interactive

LCD tablet display with a resolution of 1600 x 1200 pixels (1 pixel = 0.27 mm), using

a wireless pen with a pressure sensitive isometric tip. The pen provides 1024 levels of

pressure, and has a binary button on its barrel. The tablet’s active area was mapped

on the display’s visual area in an absolute mode. The experimental software ran on

a 3.2GHz P4 PC running Windows XP. The experiment software was implemented in

Java 1.5.
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Fig. 6.3 Experimental setup. The red circle in the center around four targets

is the start target (as well as one of the two goal targets), the green target is

the goal target. The four circles around each of the start and goal targets are

distracters which determined the EW/W ratio.

6.4.3 Procedure

Following the protocol [38], we also used a reciprocal pointing task in which subjects

were required to select two fixed targets back and forth in succession, but, to simulate

a more realistic two dimensional pointing environment, we changed the protocol into a

multi-directional reciprocal pointing task which included reciprocal horizontal, vertical

and diagonal movements. The targets were drawn as solid circles, and were located at

various distances from each other along four directional axes. The goal target, the one

intended to be selected, was colored green. When a goal target had been selected, it

changed color to red which was an indication that the user now had to select the next

goal target. Four red circles were placed around each goal target to control the EW/W

ratio (Fig.6.3).

Subjects were instructed to select the two goal targets alternately. They were told

to emphasize both accuracy and speed. When the subject correctly selected the target,

he/she heard a beep sound and the targets swapped colors, which was an indication of
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a new trial. At the start of the each experiment, subjects were given a warm-up block

to familiarize themselves with the task and the conditions.

6.4.4 Design

A within-subject design was used. The independent variables were: selection tech-

niques ST , amplitude A (288, 576, 864 pixels), width W (4, 6, 12, 36 pixels), EW/W

ratios (high = 1.33, normal = 2, low density = 3), and direction DR (horizontal, vertical,

2 diagonals). A full crossed design resulted in 432 combinations of ST , A, W , EW/W ,

and DR. The order of techniques was counterbalanced using a 3 x 3 Latin-Square. Each

participant performed the entire experiment in one session of approximately 60 minutes

at one sitting, including breaks corresponding to changes in selection technique. The

session consisted of nine blocks of trials completed for each technique. In each block,

subjects completed trial sets for each of the 144 combinations of A, W , EW/W , DR

appearing in random order. A trial set consisted of 3 effective attempts (4 attempts in

total, but the first attempt was the starting point so that it was discarded. Note we

had 3 EW/W ratios (high = 1.33, normal = 2, low density = 3), as previously defined

in Section 5.2, so we could assess the results from different density environments.

In summary, the design of the experiment was as follows:

12 subjects x

3 techniques (Adaptive Hybrid Cursor, Bubble Cursor, Regular Cursor) x

4 target widths (4, 6, 12, 36 pixels) x

3 amplitudes (288, 576, 864 pixels) x

3 EW/W (high = 1.33, normal = 2, low density = 3) x

4 directions (horizontal, vertical, 2 diagonals)x

3 effective attempts (4 trials total, but the first trial is discarded due to the same

starting point) x
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3 blocks

= 46656 total effective selection attempts

After they finished testing each technique, the subjects were asked to fill in a ques-

tionnaire which consisted of three questions regarding ”selection difficulty”, ”fatigue”,

and ”overall usability” on 1-to-7 scale (1=lowest preference, and 7 =highest preference).

These questions were made by referring to ISO9241-9 [52]).

6.4.5 Results

An ANOVA (analysis of variance) with repeated measures was used to analyze

performance in terms of selection time, error rate, and subjective preference. Post hoc

analysis was performed with Tukey’s Honestly Significant Difference (HSD) test.

Selection time

There was a significant difference in the mean selection times among the three

selection techniques, F(2,33)=13.1, p<.0001. The overall mean selection times were 1129

ms for Adaptive Hybrid Cursor, 1177 ms for Bubble Cursor and 1429 ms for Regular

Cursor. Tukey HSD tests showed that both Adaptive Hybrid Cursor and Bubble Cursor

were significantly faster than Regular Cursor (p<.001). No significant difference was

found between Adaptive Hybrid Cursor and Bubble Cursor. Significant interaction was

not found between selection technique and block number, F(4,99) = 0.56, p = .69, which

indicated the learning improvement did not significantly affect the relative performance

of selection techniques.

As shown in Fig.6.4, at the EW/W ratio value of 1.33 there was a significant

difference in selection time between the three selection techniques, F(2,33)=15.1 and 8.9

for the target sizes of 4 and 6 respectively, all p<.001. For target sizes of 4, 6 Tukey HSD

– 132 –



6.4 Experiment

Fig. 6.4 Mean selection times for different sizes of targets at EW/W ratio=1.33.

tests showed Adaptive Hybrid Cursor was significantly faster than Bubble Cursor and

Regular Cursor (p<.01), however, no significant difference was found between Bubble

Cursor and Regular Cursor. No significant differences were found between the three

selection techniques for the target sizes of 12 and 36.

At the EW/W ratio values of 2 and 3, both Adaptive Hybrid Cursor and Bubble

Cursor were significantly faster than Regular Cursor, F(2,33)=8.0, 22,9, 8.8 and 19,6

for EW/W=2; F(2,33)=24.2, 14.0, 15.2 and 20.1 for EW/W=3, at target sizes of 4, 6,

12 and 36, all p<.01. No significant differences were found between Adaptive Hybrid

Cursor and Bubble Cursor in both EW/W ratios.

The perspective brought by Fitts’ law in terms of size and distance effects provided a

useful framework for our design. However, it is questionable if it is valid to parameterize

our results with a Fitts’ law model. Adaptive Hybrid Cursor was more complex than a

typical single pointing task in Fitts’ law studies because it required the user to perform
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multiple steps, i.e., enlarge the curser and its contents by pressure, confirm the goal

target, and select the goal target. Indeed, we obtained a rather poor fit between the

Fitts’ law model and the actual data collected, with r2 value at 0.53 for Adaptive Hybrid

Cursor, and 0.87, 0.97 for Bubble Cursor, Regular Cursor respectively (we defined ID

as log2(A/W + 1)) for Adaptive Hybrid Cursor and Bubble Cursor, while for Regular

Cursor log2(A/W +1)). The r2 value for Adaptive Hybrid Cursor was much lower than

the values for 0.95 or lower than those found in conventional one-step pointing tasks.

We also looked at the data of State 1 (i.e. Zoom Cursor) described in Section 5.1. We

obtained a better fit with r2 value at 0.87 for Zoom Cursor but still lower than the

values for 0.95. This was due to the fact that users had to control the size of the cursor

which they do not have to do in conventional one-step pointing. The r2 value (0.87)

for Bubble Cursor was lower than the values for 0.95. This may have been due to the

limitations in pen-based systems mentioned in our discussion section.

Error rate

There was a significant difference in overall mean error rate between the three

techniques, F(2,33)=23.4, p<.0001. Tukey HSD tests showed Adaptive Hybrid Cursor

was better than both Bubble Cursor and Regular Cursor (p<.05). Bubble Cursor was

better than Regular Cursor (p<.01). Overall error rates were 4.2% for Adaptive Hybrid

Cursor, 5.4% for Bubble Cursor, and 7.3% for Regular Cursor.

As shown in Fig.6.5, at the EW/W ratio value of 1.33, there was a significant

difference between the three selection techniques for the sizes of 4 and 6, F(2,33)=8.1,

4.2 p<.05. For target size of 4 Tukey HSD tests showed Adaptive Hybrid Cursor was

better than both Bubble Cursor than Regular Cursor (p<.05). No significant difference

was found between Bubble Cursor and Regular Cursor. For a target size of 6 Tukey
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Fig. 6.5 Mean error rates for different sizes of targets at EW/W ratio=1.33.

HSD tests showed Adaptive Hybrid Cursor was better than Regular Cursor (p<.05).

No other significant differences were found among the three techniques. There was no

significant difference in error rate between the three selection techniques for the sizes of

12 and 36.

At the EW/W ratio value of 2, there was a significant difference between the three

selection techniques for sizes 4 and 6, F(2,33)=16.2, 16.6 p<.01. For target sizes of

4 and 6 Tukey HSD tests showed both Adaptive Hybrid Cursor and Bubble Cursor

were better than Regular Cursor (p<.01). No significant difference was found between

Adaptive Hybrid Cursor and Bubble Cursor. There was no significant difference in

error rate between the three selection techniques for sizes 12 and 36. The results of the

EW/W ratio value of 3 followed trends similar to those of EW/W=2.
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Fig. 6.6 Subjective ratings for the three techniques (1 = lowest preference, 7 =

highest preference).

Subjective preference

Fig.6.6 shows the subjective ratings for the three techniques. These ratings were

based on the average value of the answers given by the subjects to the three questions.

Significant main effects were seen between the three selection techniques, F(2,33)=38.4

p<.001. Tukey HSD tests showed Adaptive Hybrid Cursor was better than Bubble

Cursor, and Bubble Cursor was better than Regular Cursor (p<.01). Adaptive Hybrid

Cursor was the most preferred (mean = 5.06).

6.5 Discussion

To improve the performance for selecting targets in a dense layout, we designed

the Adaptive Hybrid Cursor (including Zoom Cursor), a novel interaction technique for

pen-based systems, which enables users to adjust the size of the background, the targets

and/or cursor the simultaneously. The Adaptive Hybrid Cursor dynamically adapts the
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permitted upper boundary of a zoomable selection cursor based on the current index

of difficulty of a desired target. As shown in our Experiment, the Adaptive Hybrid

Cursor showed advantages over other techniques in performance for small targets in a

high density environment. The subjective preferences also showed that the Adaptive

Hybrid Cursor was the most preferred technique among the three techniques.

Overall, the Adaptive Hybrid Cursor showed significant improvements in a pen-

based selection task. It works well with a pen, and in expanding contexts. At the

same time, it remains competitive selection performance without losing the background

selection capability, and does not expand the context in groups of big targets, in normal

and low density environments. In contrast, many of the other mouse and pen-based

interaction techniques have been shown to work well only in low density environments

or on isolated targets, even on small targets.

Though Bubble Cursor is comparable to Adaptive Hybrid Cursor in high EW/W

ratio or groups of larger targets in a high density environment, it has several limitations

compared to our technique, especially in pen-based environments. First, by maximizing

utilization of empty screen space, Bubble Cursor trades-off the ability to select an im-

portant ”target”, the background. In contrast, our Adaptive Hybrid Cursor (including

Zoom Cursor) allows the user to select the background (by applying lighter pressure).

Second, Bubble Cursor lacks the undo function. Our technique provides ”natural” can-

cellation by reversing the pressure value rather than using another mode-switch action

like Bubble Radar [9]. Third, Bubble Cursor is not designed for pen-based environments

and it does not guarantee continuous, incremental visual feedback of the selection cursor

. Though continuous feedback is not assured with the Adaptive Hybrid Cursor either,

it can control the size of the cursor well by pen-tip pressure. Fourth, though Bubble

Cursor allows denser target placement than many previous approaches, its performance

advantage largely degrades when a target is closely surrounded by other objects. In
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theory, when the target’s effective width (EW ) approaches its actual width (W ), little

room can be used to improve the motor space. In fact, it has been shown that as the

EW/W ratio changes from 3 to 1.33, the advantage of Bubble Cursor degrades [38]. In

contrast, the Adaptive Hybrid Cursor can enlarge the targets, the background, and the

cursor, according to the targets’ surroundings. Fifth, both Bubble Cursor and Bubble

Radar experiments have not included very small targets. To further clarify, we also de-

signed the same EW/W (1.33, 2, 3) ratios but smaller target (4 pixels = 1.08 mm). The

experimental results showed that Bubble Cursor suffered from performance limitations

in groups of small targets in high density environments.

We varied the essential parameters but we found it necessary to simplify our exper-

imental design in some minor points. First, we set each target in each environment to

the same size so that control of the target density parameters could be achieved more

easily. Second, we used circular targets so that the distance between start point and

destination target was constant in all four directions. Third, in Bubble Cursor’s exper-

iment, beside the circles around the target, many black-filled circles were also placed

between the starting position and the final target as distracters on the mouse pathway.

We omitted intermediate targets (i.e., distracter targets) due to the following reasons.

Under indirect pointing environments, these distracters can significantly impact selec-

tion performance, since the subjects’ selection pathway can’t be avoided by the cursor.

However, for a direct pointing pen-based environment, the user simply lifts the pen in

air to move from the starting position to the goal target where an out-of-range state

is possible. This hypothesis was confirmed in pilot studies and in our Experiment. In

addition, even though the distracters are placed in between the start and destination

targets, visual load will be similar for each of the techniques. Furthermore, the error rate

for Bubble Cursor may increase because if the user selects a distracter he/she cannot

perform the ”undo” task with Bubble Cursor.
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We explored the use of pen pressure for improving the performance of target acqui-

sition tasks in pen-based environments. The Adaptive Hybrid Cursor takes advantage of

pressure information in pen-based environments. The experimental results have shown

that pen pressure can be used to design effective selection techniques for pen-based en-

vironments. By using pressure, the Adaptive Hybrid Cursor (or the Zoom Cursor tech-

nique) achieves in-place mode switching between background and target selection and

requires no additional accessories. This is different from Bubble Radar’s approach [9]

which uses an additional button to switch states [67]. Our study contributes valuable

empirical data for applying pressure for target selection techniques which had not been

previously addressed in literature. This chapter also suggests new ways to further im-

prove target acquisition performance for small targets and high density environments.

Future work includes applying a combination of strategies found in [9] [67] into the

Adaptive Hybrid Cursor for large display environments and group selections.
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Chapter 7

The Three Novel Line-based

Techniques

7.1 Introduction

In current selection tasks, fundamental computing operations include single-

selection tasks and multiple-selection tasks. Single target selection is usually

accomplished by tapping; multiple target selection is usually accomplished using the

rubber-band box. The rubber-band box works like this: the rectangular selection

region is specified by extending the diagonal of the rubber band box by dragging; the

targets interacted by the rectangular selection region are highlighted for selection. An

obvious drawback of the rubber-band box is that it is difficult to select the multiple

targets that are not included in the rectangular area. Conversely, it is impossible to

exclude unwanted targets from the rectangular area without further clicks, taps or

other maneuvers. So, when selecting multiple targets that are arranged irregularly, the

user has to implement a variety of selection tasks such as using tapping the “Ctrl” key

and the rubber-band box together. In some sense the rubber-band box limits the user’s

performance in multiple target selections.

Thus we present three novel line-based techniques (Rubber-Line-Sweep, Line-String

and Coupling-With-Pressure) to enhance multi-target acquisition (described in Section

7.3).
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We conducted experiments to compare Rubber-Line-Sweep, Line-String, Coupling-

With-Pressure and Rubber-band box by pen and mouse. In the experiments the

selection task was the conjunctive selection of multiple targets (rectangles) in two-

dimensional grids varied in terms of the sizes of the targets and the distances between

the targets.

In this chapter, we start with related work, followed by introduction and evalu-

ation of the three line-based selection techniques in both pen-based and mouse-based

interfaces, and then we give a discussion and conclusion.

7.2 Related Work

For both mouse-based and pen-based interfaces a lot of techniques have been pro-

posed to enhance multi-target acquisition. There are two fundamental strategies to

accomplish multi-target selection: one is to specify a selection range (area) to imple-

ment such selection tasks [79] [47] [92], the other is to perform them with specific stroke

gestures [99] [4] .

Rubber-band box is the standard technique for selecting multiple targets in an area.

With this method, the diagonal extent of the drag operation specifies the size of the

selection area (rectangle). This method is implemented in most current graphical user

interfaces. It provides efficient target selection, but has the limitation that the user can

only select multiple targets that are arranged within a rectangular region. When the

user wants to select multiple targets in an irregular layout, he/she is required to press

another key (such as the Shift key) to select subgroup targets.

Mizobuchi and Yasumura conducted an experimental quantitative analysis of Tap-

ping and Circling selections on pen-based devices [79]. The experiment used a two-

dimensional grid varying in terms of the size and the distance of the targets. The

– 142 –



7.2 Related Work

results indicate that tapping selection time differed significantly depending on the size

and spacing of targets. Conversely, circling selection times differed according to differ-

ent levels of target cohesiveness and shape complexity. The results do not support the

replacement of tapping with circling in pen-based interfaces. Circling requires a long

stroke to achieve the selection of multiple targets and this consumes a lot of selection

time.

The “lasso” is another approach for area selection that differs form the rubber-band

box in tracing around a group of targets. It enables users to select a contiguous set of

objects that form an irregular pattern. Hinckley et al. presented Pigtail (a small loop)

to delimit lasso selection from making menus [47].

Raisamo evaluated several direct manipulation, time-based and pressure-based area

selection techniques in a public information kiosk [92]. The conclusions show that

pressure-sensitive techniques provide a possible alternative to other selection techniques,

but require careful designing. The time-based technique was the most intuitive and the

direct manipulation technique was understood well after an initial learning phase.

Our Rubber-Line-Sweep also exploits rubber-band lines to specify a selection area

by a “sweeping” movement. Rubber-Line-Sweep can achieve the selection targets in

an irregularly shaped selection area with a short stroke and in less time. Rubber-band

lines, which are common graphic elements, have been used by Albinsson and Zhai and

Masui et al. in their interaction techniques [7] [74]. Albinsson and Zhai utilizes two

rubber-band lines to precisely control the location of a cursor [7]. Masui et al. proposed

an interaction technique based on the rubber-band metaphor for manipulating precise

data [74].

Repeated operations (e.g., tapping or clicking) can also be used to perform multi-

target selection tasks. Ren and Moriya’s “Slide Touch” [99]and Accot and Zhai’s “cross-

ing boundaries” [4] employed strokes to select single target, however, they did not exam-
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ine the multi-target acquisition. Our Line-String uses a line stroke to “string” multiple

targets to select them.

7.3 Novel Multi-target Selection Techniques Design

In designing the novel multi-target selection techniques, we explicitly sought to

address drawbacks of the Rubber-band box.

Rubber-band box is the predominant method to perform multi-target selection in

GUI. As shown in fig.7.1, goal targets that are not included in a rectangular area are

not easily selected with the Rubber-band box technique. The selection of such targets

requires extra operations. Such situations often occur in practice.

To overcome the shortcomings of the Rubber-band box method we employ rubber-

band lines or line strokes to select multi-targets instead of the rubber-band rectangle

(see Fig.7.1).

Rubber-Line-Sweep: it utilizes rubber-band lines to select targets. Rubber-band

lines are very common computer graphic elements, the length and direction of which

can be easily changed. When the user wants to perform multi-target selection using the

Rubber-Line-Sweep he/she first lands the pen-tip on the screen, then moves it to extend

a rubber-band line. Targets swept by the rubber-band line are selected. Rubber-Line-

Sweep uses “sweep” as the interaction manner of selection. In essence Rubber-Line-

Sweep utilizes a rubber-band line to specify a selection area by “sweeping” so it can

define irregularly shaped selection areas. To abort selection of a highlighted target the

target is swept again by a rubber-band line (see Fig.7.1a).

Line-String: Line-String exploits a line stroke to select targets by stringing them

together (see Fig.7.1b). To abort a highlighted target a line stroke is drawn through

the target and the highlighted state is aborted.
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Fig. 7.1 Selection processes of Rubber-Line-Sweep, Line-String and Rubber-

band box: (a) Rubber-Line-Sweep: dragging cursor extends a rubber-band line

which is used to sweep targets to select them; (b) Line-String: drawing a stroke

to string targets to select them.(c) an irregular layout of targets can not be

included by a rectangle.

Coupling-With-Pressure: Rubber-line-sweep and Line-string have their own special

operational characteristics and advantages. It is even possible to combine the two

techniques in special situations, e.g. when they are applied to a pen-based device they

can be combined by using pressure as the switch mode between the two techniques, i.e.

at light pressure one mode is active while at heavy pressure the other is active. This
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Fig. 7.2 The visual feedback of pressure.

technique is called Coupling-with-pressure. The threshold value is crucial for achieving a

free and stable switch between techniques. If the threshold is very low it is quite likely

that the user will unintentionally pass the threshold and change from the currently

desired method. Therefore, it should be set to a high value which would require a

deliberate change in pressure to switch the operational state. To determine a proper

switch threshold a pilot experiment with 10 subjects was performed. The task was to

draw freehand strokes (arbitrary curves and straight lines), basic geometrical graphs

(such as rectangles and circles) and a mixed set of Roman, Japanese, and Chinese

characters (kanji) and signatures on a blank space in a natural manner. Pen-tip pressure

was recorded in a 17ms sampling periods. Ninety-five percent of the force samples fell

within the 210 to 810 units range. The results showed that the pressure level of more

than 810 units was seldom used in a natural manner. Therefore, in Coupling-with-

pressure the threshold value is set at 900 units.

Visual feedback which denotes the current pressure value is added to Coupling-

with-pressure. Ramos et al. (2004) ’study [94] shows that a good visual feedback is

needed for pressure-based UI design. Inspired by the pressure cursor design by Ramos

and Balakrishnan [95] Coupling-with-pressure pressure was displayed in a wedge-shaped

graphical widget (see Fig.7.2). The transparent green area indicates the current pressure

value. The top border represents the switch threshold. When pressure is beyond the

top border the technique is changed from Rubber-line-sweep to Line-string.
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7.4 Experiment 1: Comparison of Four Techniques

by Pen

Rubber-Line-Sweep utilizes a rubber-band line to select targets by sweeping. The

properties of the line enable Rubber-Line-Sweep to accomplish the selection of a com-

plex layout of a group of targets. Using Line-String, targets that are strung together

are highlighted and selectable. Actually, if the number of targets is large, a long tra-

jectory of a drawn stroke to select targets is needed. Coupling-With-Pressure couples

Rubber-Line-Sweep and Line-String together using pen pressure as a switch mode. We

explored the performance efficiency of the four multi-target selection techniques in dif-

ferent circumstances. The complexity of the layout of the targets and the number of

targets were varied.

7.4.1 Participants

Twelve volunteers (ten males and two females) participated in Experiment 1. The

average age was 24.3 years (ranging from 21 to 31). All were right-handed.

7.4.2 Apparatus

The hardware used in Experiment 1 was a Wacom DIT-520 interactive LCD graph-

ics display tablet with a wireless stylus that has a pressure sensitive isometric tip. The

pen tip reports 512 levels of pressure and has a binary button on its barrel. The exper-

imental software ran on a 3.2GHz P4 PC with the Windows XP Professional operating

system. The experimental software was developed using Sun Microsystems Java lan-

guage.
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Fig. 7.3 Three combinations of target square size and inter-square distance in

two-dimensional (6 x 6) grids.

7.4.3 Task and Stimuli

Generally, the single target or discrete targets are activated by tapping while con-

junctive multi-target selections are performed by multi-target selection methods such

as the Rubber-band box technique. So conjunctive multi-target selection tasks are pre-

scribed in Experiment 1. For each trial, thirty-six squares were shown on a 6x6 grid.

Target squares were green in color, and the other (non-target) squares were white with

a blue frame.

In all the tasks, the two-dimensional grids were varied in terms of the size of the

squares to be selected, and the distances between the selection squares (i.e., the intra-

grid boundaries). Three different combinations of grid layout were used. They were

small squares close together (SN), small squares further apart (SW), and large squares

close together (BN) (see Fig.7.3).

With respect to the number of targets in a task, there are three types of tasks: four-

target tasks, nine-target tasks and sixteen-target tasks. With reference to target layout,

we provided three complexity degrees for the tasks: low complexity tasks, medium

complexity tasks and high complexity tasks,which were determined by the subjects

(descried in Section 4.4). Thirty-six different target layouts were used in Experiment 1.
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Fig. 7.4 The layout shapes used in experimental tasks.

These patterns were shown in different positions on the grid and with varying numbers

and layouts of squares (see Fig.7.4).

Participants read instructions describing the experimental setup and task. The

experimenter then reviewed these instructions with the subjects, introduced the input

devices. Then, for each method subjects started with a formal practice session (including

all combinations of different conditions). When the experimenter was satisfied that

subjects understood the task and could perform it correctly, subjects completed the

experiment unassisted.

The subjects were instructed to select the desired targets in each trial as quickly

and accurately as possible. They were instructed to press the start button to start a

selection task. Then the start button automatically became the stop button. The time

was recorded from the moment the pen touched the screen after the user had pressed

the start button. When the user finished a trial he tapped any key on the keyboard to

finish the task and the end time was recorded (and the stop button was changed back

to the start button). When the trial was not correctly accomplished an audible beep

would play.
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They were observed by the experimenter and encouraged to take frequent breaks.

Participants typically spent 30 to 45 minutes using each device. A short questionnaire

was completed at the end, to gather subjective opinions.

7.4.4 Design

The design of the experiment crossed Methods (Rubber-Line-Sweep, Line-String,

Rubber-band box, Coupling-With-Pressure) x Layouts of grid (SN, SW, BN) x Com-

plexity of targets (Low, Medium, High). Presentation of trials within a block was

randomized. In summary, the experiment consisted of:

12 participants x

4 methods x

3 layouts of the grid x

36 selection tasks

= 5184 target selection trials

The complexity reflects the irregular degree of the layout of targets, which can be

determined by different ways [18] [24]. In our experiments the complexity of targets

layout was determined by the subjective assessments of experimental participants ac-

cording to their experience. The complexity of these patterns was assessed by a separate

sample of 12 participants. Before that the participants were asked to rate each shape

in terms of how difficult they thought it would be to implement it, using the following

rating scale (1= very easy, 2= easy, 3= medium, 4= difficult, 5= very difficult). Prior

to making their judgments, the participants were shown all 36 patterns so that they

could get a glimpse of them and calibrate the scale they were using to make a judgment

on the complexity of all the patterns. Then participants were shown the patterns one at

a time, rating each pattern before the next one was shown. The order of presentation of

the patterns was randomized. The ratings across the 10 participants were then averaged
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to create a scale of performance complexity on which each pattern was located. The

resulting scale of complexity was then categorized into 3 levels (low: rated complexity

score was below 1.5; medium: rated complexity score was between 1.5 to 3.0; high:

rated complexity score was over 3.0).

7.4.5 Results

An ANOVA (analysis of variance) with repeated measures was used to analyze

performance in terms of movement time, error rate and subjective preference. Post hoc

analysis was performed with Tukey’s honestly significant difference (HSD) test.

Selection time

Selection time was the main dependent measure. Repeated measures analysis of

variance showed a significant difference in selection time between the four selection

methods, F(3,44)=15.1, p<.001. The overall mean selection times were 2.31 seconds for

Rubber-line-sweep, 2.19 seconds for Line-string, 2.33 seconds for Coupling-with-pressure

and 2.58 seconds for Rubber-band box. The post hoc Tukey HSD test showed that

Rubber-line-sweep, line-string and Coupling-with-pressure were all faster than Rubber-

band box (p<.05). There were no other significant differences across the selection

methods.

There was a main effect in selection time between the target various size-distance

conditions. F(2,33)=11.5, p<.01. For Rubber-line-sweep, Line-string, Coupling-with-

pressure and Rubber-band box, selection times differed significantly between the three

target size-distance conditions (Rubber-line-sweep: F(2,33)=14.5, p<.01; Line-sting:

F(2,33)=17.2, p<.01; Coupling-with-pressure: F(2,33)=9.7, p<.01; Rubber-band box:

F(2,33)=8.3, p<.01). Fig.7.5 shows mean selection times by selection methods and
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Fig. 7.5 Mean selection time by selection methods and target size-distance conditions

target size-distance conditions.

Fig.7.6 indicates mean selection times by selection methods and the complexity of

target layouts at different numbers of targets for the BN condition.

• 4 targets: For the low complexity layout there was no significant difference in selec-

tion time between the four methods. For the medium complexity layout there was

a significant difference in selection time between the four methods, F(3,44)=7.8,

p<.01. The post hoc Tukey HSD test showed that Rubber-line-sweep, Line-string

and Coupling-with-pressure were all faster than Rubber-band box (p<.01) There

were no other significant differences across the selection methods. For the high com-

plexity layout there was a significant difference in selection time between the four

methods, F(3,44)=16.9, p<.01. The post hoc Tukey HSD test showed that Rubber-

line-sweep, Line-string and Coupling-with-pressure were all faster than Rubber-

band box (p<.01) There were no other significant differences across the selection

methods.

• 9 targets: For the low and medium complexity layout there was no significant
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Fig. 7.6 Mean selection times by selection methods and the complexity (Low,

Medium and High) of target layouts at different numbers of targets for the BN

condition.

difference in selection time between the four methods. For the high complexity

layout there was a significant difference in selection time between the four methods,

F(3,44)=14.2, p<.01. The post hoc Tukey HSD test showed that Rubber-line-

sweep, Line-string and Coupling-with-pressure were all faster than Rubber-band

box (p<.01). This was due to that our propopsed techniques enable the user to

easily select irregular layout of targets while Rubber-band box had to uses several

discrete operations to perform such tasks, which consumed much time. Therefore

There were no other significant differences across the selection methods.

• 16 targets: The results for 16 targets followed trends similar to those of 9 targets,

as shown in Fig.7.6 (16 targets).
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Fig. 7.7 Mean selection times (with SD bars) by selection methods and the

complexity (Low, Medium and High) of target layouts at different numbers of

targets for the SN condition.

Fig.7.7 shows the results of SN.

• 4 targets: For the low and medium complexity layout there was no significant

difference in selection time between the four methods. For the high complexity

layout there was a significant difference in selection time between the four meth-

ods, F(3,44)=8.3, p<.01. The post hoc Tukey HSD test showed that Rubber-line-

sweep, Line-string and Coupling-with-pressure were all faster than Rubber-band

box (p<.01) There were no other significant differences across the selection meth-

ods.

• 9 targets: For the low complexity layout there was a significant difference in selec-

tion time between the four methods, F(3,44)=9.7, p<.01. The post hoc Tukey HSD
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test showed that Rubber-band box was faster than Rubber-line-sweep, Line-string

and Coupling-with-pressure (p<.05). This is due to the fact that Rubber-band

box can use short distance to produce an area with a box, comparing with other

three methods. Therefore, For low complexity layout shape and big number of

targets Rubber-band box has its advantage. There were no other significant dif-

ferences across the selection methods. For the medium complexity layout there

was no significant difference in selection time between the four methods. For the

high complexity layout there was a significant difference in selection time between

the four methods, F(3,44)=12.5, p<.01. The post hoc Tukey HSD test showed

that Rubber-line-sweep, Line-string and Coupling-with-pressure were all faster than

Rubber-band box (p<.01). There were no other significant differences across the

selection methods.

• 16 targets: The results for 16 targets followed trends similar to those of 9 targets,

as shown in Fig.7.8 (16 targets).

The results of the SW condition followed trends similar to those of the SN condition.

Error rate

The analysis of the mean error score showed that there was no significant difference

between Rubber-line-sweep, Line-string, Coupling-with-pressure and Rubber-band box.

Overall, error rates were 2.31% for Rubber-line-sweep, 2.16% for Line-string and 2.47%

for Coupling-with-pressure and 2.55% for Rubber-band box.
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Fig. 7.8 The subjective ratings for the four techniques.

Subjective preference

Subjects were required to rate these techniques on a scale of 1-to-7 (7 for best, and 1

for worst) (see Fig.7.8). There was a significant difference between Rubber-line-sweep,

Line-string, Coupling-with-pressure and Rubber-band box. in subjective preference,

F(3,44)=17.2, p<.001. The post hoc Tukey (HSD) test showed that Coupling-with-

pressure was better than the three other selection methods, p<.01. Rubber-line-sweep

and Line-string were both better than Rubber-band box, p<.01. There were no other

significant differences across the selection methods. Some subjects mentioned that

Coupling-with-pressure was more flexible and it enabled the user to choose a proper

method (between Rubber-line-sweep and Line-string) depending on the conditions of

the selection tasks at any particular time.
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7.5 Experiment 2: Comparison of Three Techniques

by Mouse

In Experiment 1 we compared Rubber-line-Sweep, Line-string and Coupling-with-

pressure with the standard rubber-band box, taking a pen as the input device. Ex-

perimental results showed Rubber-line-sweep, Line-string and Coupling-with-pressure

brought benefits to multi-target selection performance. We wondered whether they

maintain their advantage when taking a mouse as the input device. Therefore, we

conducted Experiment 2 to evaluate them with the mouse as the input device.

7.5.1 Participants

Ten volunteers (all males) participated in Experiment 2. The average age was 22.6

years (ranging from 20 to 30). All were right-handed.

7.5.2 Apparatus and Tasks

The input device used in Experiment 2 was a Logitech Optical Wheel Mouse. The

other hardware was the same as in Experiment 1.The tasks in Experiment 2 was the

same as that in Experiment 1.

7.5.3 Results

Selection time

No significant difference was found in selection time between the four selection

methods (p=.31).

There was a significant difference in selection time between the target size-distance

conditions, F(2,27)=10.3, p<.01. For Rubber-line-sweep, Line-string and Rubber-band
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box, selection times differed significantly between the three target size-distance

conditions (Rubber-line-sweep: F(2,27)=7.6, p<.05; Line-string: F(2,27)=8.2, p<.05;

Rubber-band box: F(2,27) =12.4, p<.05).

Fig.7.9 shows the results of BN.

• 4 targets: For the low complexity layout there was a significant difference in selection

time between the three methods, F(2,27)=9.7, p<.01. The post hoc Tukey HSD

test showed that Rubber-band box was faster than Rubber-line-sweep and Line-

string (p<.01). No significant difference was found across the selection methods.

For medium complexity layouts there was no significant difference in selection time

between the three methods. For high complexity layouts there was a significant

difference in selection time between the three methods, F(2,27)=12.8, p<.01. The

post hoc Tukey HSD test showed that Rubber-line-sweep and Line-string were both

faster than Rubber-band box (p<.01). There were no other significant differences

across the selection methods.

• 9 targets and 16 targets: The results for 9 and 16 targets followed trends similar to

those for 4 targets.

The results for SN and SW conditions followed trends similar to those for BN condi-

tions. Although Rubber-line-sweep and Line-string showed no benefits when compared

with Rubber-band box in overall mean selection time, they still had their advantages

for high complex target layouts.

Error rate

The analysis of the mean error score showed that there was no significant difference

between Rubber-line-sweep, Line-string and Rubber-band box. Overall error rates were

3.22% for Rubber-line-sweep, 3.11% for Line-string and 3.02% for Rubber-band box.
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Fig. 7.9 Mean selection times by selection methods and the complexity (Low,

Medium and High) of target layouts at different numbers of targets for the BN

condition.

Subjective preference

There was no significant difference between Rubber-line-sweep, Line-string and

Rubber-band box in subjective preference.

7.6 Discussion and Conclusion

Our main goal in this work is to overcome the weaknesses that the standard rubber-

band box has in selecting irregular target layouts. We present three multi-target se-

lection techniques: Rubber-line-sweep, Line-string, and Coupling-with-pressure. We

designed the experiments to evaluate and compare them with the Rubber-band box

– 159 –



7.6 Discussion and Conclusion

technique. To do so we varied the number of targets, the complexity of the layout shape

and the size-distance conditions of targets. The experimental results indicated that with

respect to the overall mean selection time, when a pen was the input device, Rubber-

line-sweep, Line-string and Coupling-with-pressure were better than Rubber-band box

in overall mean selection time and had significant advantages for high complex layout

of targets; when a mouse was the input device there were no significant differences

between them in overall mean selection time, however, still had advantages for high

complex layout of targets. From subjective preferences we found that subjects much

prefered Coupling-with-pressure for pens because of easy-to-use switching function be-

tween Rubber-line-sweep and Line-string.

Rubber-Line-Sweep and Line-string: Rubber-line-sweep and Line-string are both

better than Rubber-band box in selecting complex layout shapes of targets. However,

the individual characteristics of each technique determine which is most appropriate

in any given task. Rubber-line-sweep is best suited to large numbers of conjunctive

targets. Line-string shows more advantages for more complex layout shapes. Some

subjects mentioned that they could finish a selection task using a single stroke with

this technique. Line-string is less efficient when selecting large numbers of targets or

small targets because each target needs to be included in the stroke. The advantages

of Rubber-line-sweep and Line-string in selecting targets in complex layout shapes are

achieved at the expense of cursor movement distance. So the proposed techniques offer

no significant advantages over Rubber-band box when the mouse is used as the input

device.

Coupling-with-pressure: This technique couples Rubber-line-sweep and Line-string

with pressure and provides two different selection modes so it enables the user to choose

a suitable selection method to perform selection tasks according to the layout of the

targets. Over half of the subjects thought this was a good way to use the pressure switch
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i.e. to couple Rubber-line-sweep and Line-string. In our early design this technique did

not show obvious advantages in selection time. Adjustments to the pressure threshold

value and the pressure visual-feedback significantly improved multi-target acquisition,

particularly in the high complexity condition. This implies that proper pressure value

and real-time visual-feedback are needed for efficient pressure-based UI design.

Rubber-band box: Experimental results showed taht this method was not suitable

for selecting irregular layouts of targets. It showed more disadvantages than Rubber-

Line-Sweep, Line-String and Coupling-with-pressure, especially in pen-based interfaces.

The distance the cursor is moved when performing the selection interaction should

be discussed. Commonly, a technique that requires less movement time and less distance

for the cursor to move could be a more beneficial technique. Rubber-band box extends

the diagonal to form a box and thus moves the cursor a comparatively short distance

to specify a big selection area but it is efficient only for selecting targets in a very

regular layout. For complex target layouts, Rubber-band box requires several discrete

operations and thus loses its advantage.

The positive results from our experiments suggest that Rubber-line-sweep, Line-

string and Coupling-with-pressure could be a beneficial addition to pen-based interfaces.

Our study provides different possible ways to enhance multi-target selections. Pres-

sure, as an additional input parameter, is seldom explored and applied into UI designs.

Coupling-with-pressure offers a promising instance of pressure-based applications.

We believe that the results of our work uncovered several basic principles that are

applicable directly toward the design of interaction techniques for multi-target acquisi-

tion, particularly in pen-based interfaces.
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This is a blank page.
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Chapter 8

The Stroke-based Scrolling

Techniques

8.1 Introduction

Scrolling is a fundamental task in graphical user interfaces. In traditional mouse-

based interfaces, scrolling is typically accomplished by rolling the wheel on a mouse or

with a scroll bar - dragging the “elevator”, clicking on scroll arrows, or clicking in the

space between the arrows and elevator.

However, pen-based devices lack scrolling widgets like wheels and pen-based in-

terfaces have different characteristics to mouse-based interfaces, suggesting that an al-

ternative to Scroll Bars might be more appropriate for use with pens. In particular,

stroke-oriented gestures are often considered to be more natural in pen-based interfaces.

Therefore, in this chapter we examine stroke-based interfaces for scrolling.

Although there are some studies on stroke-based scrolling techniques [82] [104]

they all, utilize arc strokes to perform scrolling tasks. We have found line strokes to

be very suitable for scrolling performances. The literature lacks a careful, quantitative

analysis and comparison between arc and line strokes for scrolling on pen-based devices.

Furthermore, studies have not considered the relationship between scrolling speed and

the length of documents, the effect of screen size or scrolling directions. Therefore, we

look at stoke-based scrolling techniques in order to answer the following questions:
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• What are the differences between arc and line strokes to perform scrolling tasks?

• Can the application of speed modes (independent or dependent modes) related to

the length of the document offer benefits to stroke-based techniques?

• Do the size of the device screens and the scrolling directions (vertical or horizontal

scrolling) have effects on the evaluation result of the three scrolling techniques?

In this chapter, to answer these questions, we first explore the technical characteristics

of stroke-based techniques and make a classification according to the modes of control of

the scrolling displacement and direction in a standard scrolling task. More specifically,

our classification is as follows (see Figure 8.1):

• Arc stroke technique (hereafter referred to as Arc): Drawing a clockwise or counter-

clockwise circular stroke to scroll documents vertically or horizontally. The direction

is specified by angles in the strokes.

• Line stroke technique (hereafter referred to as Line): Drawing a line stroke to scroll

documents up or down. The direction is controlled by pen displacement.

Two experiments were conducted to evaluate stoke-based scrolling techniques, taking

Scroll Bar as the baseline. In Experiment 1 these were tested on small, medium and

large screens respectively, set in independent control mode. In experiment 2 they were

set in dependent control mode so as to be further evaluated. We conclude by discussing

implications for user interface design and future lines of work.

8.2 Related Work

Generally, when scrolling through a document to find a target, the user must not

only control the final displacement of the document to make the target appear in the

viewing window, but also control the speed of the movement, in order to comfortably
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Fig. 8.1 (a) The arc stroke technique: Drawing the clockwise or counterclock-

wise circular stroke to scroll documents up or down. (b) The line stroke tech-

nique: drawing a line stroke gesture to scroll documents up or down.

scan the document to look for the destination. Also, scrolling is usually done in phases:

first the user rapidly scrolls to the rough region, then more slowly locates the precise des-

tination. Thus, a good scrolling technique should offer a tradeoff between fast scrolling

and precise scrolling. With standard scroll bars, for example, the user can drag the “el-

evator” to fast scroll a document; or press the “arrow button” or scroll the mouse wheel

to precisely scroll a document. Hinckley et al. show that mouse wheel scrolling can be

improved by acceleration algorithms [48]. Zhai et al. also investigate using isometric

controls that vary the rate of scrolling according to with force applied [125]. However,

excessively fast scrolling can cause the information of a document to appear blurred.

Cockburn et al. propose a SDAZ (speed dependent automatic zooming) technique [27].

When using it to scroll documents, the documents are automatically zoomed-out as the

scroll rate increases. By automatically zooming, the visual flow rate is reduced, enabling

rapid scrolling without motion blur.

Baudisch et al and MacKay et al. explore navigation techniques in mobile devices

with small screens [12] [70]. Baudisch et al. propose a Collapse-to-Zoom technique

which exploits strokes to delete the unimportant contents and highlight the selected

ones to enhance navigation performances [12]. MacKay et al. present a field study
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comparing software-based navigation techniques (Scroll Bar, tap-and drag, and touch-

n-go) on mobile devices [70]. They explored the efficiency and user preference of these

navigation techniques for different levels of mobility (sitting, walking and standing).

The works that more related to ours are the Smith et al. and Moscovich et al.

Smith et al. present a radial scrolling tool and an eyes-free parameter entry for GUI’s

called curvature dial, which exploit circular gestures in the interface to scroll docu-

ments, advancing or reversing the document by a clockwise or counterclockwise circular

stroke gestures [104]. Moscovich et al. present a virtual scroll ring which simulates the

hardware scroll ring-a device that maps circular finger motion into vertical scrolling,

to navigate the document [82]. Both of them initialize kind of arc strokes to perform

scrolling tasks. Compared to Scroll bars, these techniques were found to be faster for

short distances, but slower for long distances.

The distinct differences between this study and others is that a speed mode related

to the length of a document is applied into the stroke-based techniques, speeding up

scrolling in long documents. We also explore to use line stokes in scrolling tasks and

compare these two types of stroke-based techniques in different scrolling tasks (vertical

and horizontal) and screens with different sizes.

8.3 Stroke-based Techniques for Scrolling Tasks

Stroke-based techniques provide two speed modes: one is independent of the length

of the scrolled document; the other is proportional to the length of the scrolled doc-

ument. We present a widget called pie that transparently overlaps at the top of a

document. This widget is activated when the display surface is double clicked. The

user then draws an arc or line stroke to scroll the document. If the user double clicks

elsewhere, the widget is hidden (see Fig.8.2).
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8.3.1 Arc Stroke

The user can scroll a document by drawing an arc stroke gesture around the center

point of the pie widget. When the pie widget is activated and the point on the screen

which is initially tapped by the tip of the stylus becomes the center point. The coordi-

nates of the point are recorded. This information is used, along with history information

recorded when the arc stroke is drawn, to determine the direction and the displacement

of the scrolled document. We represent the view space in polar coordinates, with the

center point as the origin. Two vectors indicate the previous and current points passed

by the stylus. The scrolling direction is determined by the sign of the dot product of

the previous vector A and the current vector B . If the sign is positive the direction of

rotation is clockwise, and the movement direction is up. The angle difference between

the two vectors determines the amount of movement. Equation8.1 shows the calculation

of the angle difference between the two vectors. θ is the angle difference.

cos θ =
A ·B
|A||B| (8.1)

8.3.2 Line Stroke

The user can scroll a document by drawing a line. The direction of the line stroke

determines the scrolling direction of the document: if the direction of the line stroke is

up, the document will scroll up, while drawing the stroke in a down causes the document

to scroll down. For vertical scrolling, the vertical difference between the previous and

current stylus positions determines the scrolling displacement; for horizontal scrolling

the horizontal difference determines the displacement.
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Fig. 8.2 Arc draws arc strokes around a fixed point. The Pie Widget is a

transparent overlap on a document. It is composed of four parts: (1) Pie circle,

(2) Center point, (3) Position block and, (4) Direction pole

8.3.3 Independent and Dependent Modes

Our length dependent speed mode is inspired by scroll bars, so we first analyze the

length dependent speed mode of scroll bars.

When using a scroll bar to scroll a document, the user drags the scroll bar “elevator”

to quickly locate the approximate position of a target and then clicks the “arrow”

buttons to precisely place it in the view. The speed at which the “elevator” is dragged

is dependent on the length of the document. Equation.8.2 denotes the formula for scroll

speed. Note that the drag speed and the length of the document together determine

the scrolling speed. Vdoc denotes the movement speed of the document; Vele denotes the

dragging speed of the elevator; L denotes the length of the document; D , a constant,

denotes the length of the scroll bar; k is a proportional coefficient.

Vdoc =
k · L2

D · L−D2
· Vele (L > D) (8.2)

On the other hand, the speed at which the arrow button is pressed to scroll the document

is independent of the length of the document.
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Our stroke-based scrolling uses a document size-dependent speed mode. In Equa-

tion.8.3 for Arc, V denotes the angular stroke speed; for Line, it denotes the vertical

or horizontal component of the stroke speed. C is a constant; the other coefficients are

the same as those in Equation.8.2.

Vdoc =
k · L2

C · L− C2
· V (L > C) (8.3)

As for the independent speed mode, the speed of scrolling is just determined by

the speed of the stroke. In Equation.8.4 for Arc for Line, it denotes the vertical or

horizontal component of the speed of the stroke. k denotes the proportional coefficient.

Vdoc = k · V (8.4)

In the following two experiments, Arc and Line were set at the independent mode (Equa-

tion.8.4) in Experiments 1 , and the dependent mode (Equation.8.3) in Experiment 2.

8.4 Experiment 1: Independent Mode

The goal of Experiment 1 was to evaluate the time efficiency and error rates of

the Arc, Line and Scroll Bar techniques on small, medium and large screen devices

and to determine whether the screen size affects the experimental results. In most user

interfaces vertical scrolling tasks are dominant, however, on some situations horizontal

scrolling is required. So we designed both vertical scrolling tasks and horizontal scrolling

tasks in Experiment 1.

8.4.1 Participants

Ten subjects (9 males, 1 female) who had all had previous experience with com-

puters were tested for the experiment. The average age was 22.7 years. All subjects

were right handed, and used the pen in the right hand. Three of them had had about 1
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Fig. 8.3 Devices used in experiments: (a) PDAs (small size); (b) Tablet PCs

(medium size); (c) Whiteboards (large size).

- 1.5 years of experience in pen-based devices use. The others had no experience with

pen-based devices.

8.4.2 Apparatus

We tested the scrolling techniques with three pieces of hardware: a PDA, a Tablet

PC, and a digital whiteboard (see Fig.8.3). The PDA was an iPAQ Pocket PC running

Windows CE 3.0. It weighed about 190g, and was 84 mm (W) x 16 mm (D) x 134

mm (H). The spatial resolution of the screen was 0.24 mm/pixel. The Tablet PC was a

Fujitsu, running Microsoft Windows XP. It weighed about 1.48kg, and was 210.43 mm

(W) x 157.82mm (H). The digital whiteboard was a Team board UCHIDA whiteboard

that was 1545mm (W) x 1260mm (H) and used a computer with 1.0 GHz Pentium

Processor. The software was written in Java.
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8.4.3 Design

We conducted the experiment using small, medium and large size pen-based inter-

faces comparing the Arc and Line techniques with a Scroll Bar, both with vertical and

horizontal scrolling. Closely following Hinckley et al. [48], we evaluated our technique

using a reciprocal framing task. In the vertical scrolling tasks, subjects scrolled down,

then scrolled up, moving back and forth between two lines marked “START” or “END”

respectively. We colored the “START” target line green and the “END” target line

red. A similar task should also be suitable for horizontal scrolling. In Fig.8.3 the red

“frame” at the left and right of the experiment interface specified a certain width. For

each target, subjects scrolled until the target entered the range of the screen identified

by the frame. The frame was always centered on the screen and its width was 3 lines.

Once the target line was fully within the frame, the subject hit the arrow key with the

left hand. This selection key let the experiment interface know when the user judged the

scrolling to be completed. If the target line successfully fell within the frame when the

user struck the selection key, there was a short beep sound. If not, the subject did not

hear any sound the subject moved on to the next target. We had previously instructed

the subjects to continue to the next target rather than try to repair errors.

The design of the experiment crossed Method (M) x Scrolling distance (D) x Frame

height (H) x Direction (Di) (see Table8.1).

The frame height is 3 lines.

8.4.4 Procedure

Participants read instructions describing the experimental setup and tasks. The

experimenter then reviewed these instructions with the subjects and introduced the

three methods. In order to familiarize them with the experimental environment, we
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Fig. 8.4 The experimental interface for the reciprocal framing vertical tasks.

The insert picture shows the horizontal tasks.

Table 8.1 The scrolling distances of experimental tasks.

Devices Vertical tasks Horizontal tasks

(lines) (lines)

PDAs 12, 36, 48, 69, 12, 36, 48, 69,

123, 156, 196 123, 156, 196

Tablet PCs 24, 56, 96, 24, 68, 122,

256, 416, 570 256, 416, 570

Whiteboards 24, 56, 96, 24, 68, 122,

256, 416, 570 256, 416, 570

set a practice session for each method. When subjects understood the task and could

perform it correctly; subjects completed the experiment unassisted. For each method,

subjects performed 7 trials for each of distance-width combinations which appeared in

random order. Participants typically spent 40 to 50 minutes using the three methods.
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8.4.5 Result

An ANOVA (analysis of variance) with repeated measures was used to analyze

performance in terms of scrolling time and error rates. Post hoc analysis was performed

with Turkey’s honestly significant difference (HSD) test.

To rationally indicate experimental results, based on preliminary analysis, we clas-

sified all the tasks into two types of tasks: short distance tasks (less than 150 lines) and

long distance tasks (more than 150 lines).

On the Tablet PC

Vertical scrolling task: There was a significant interaction between methods and

distances, F(10,162)=19.2, p < 0.01. There were significant differences between the

three methods in the mean completion time for short distance tasks F(2,27)=5.41, p

< 0.05. The post hoc Turkey HSD test showed Line was faster than Arc and Scroll

Bar in movement time. Arc was faster than Scroll Bar in movement time. There was a

significant difference in the mean completion time for long distance tasks, F(2,27)=6.53,

p < 0.05. The post hoc Turkey HSD test showed Scroll Bar was faster than Arc and

Line. There was no significant difference in movement time between Arc and Line (see

Fig.8.4). The error rates were Arc, 4.1%; Line, 4.7%; Scroll Bar, 3.9%. There was no

significant difference between the three methods in error rate.

Horizontal scrolling task: There was a significant difference between methods and

distances, F(10,162)=23.5, p < 0.01. There was a significant difference between the

three methods in the mean completion time for short distance tasks F(2,27)=4.28, p

< 0.05. The post hoc Turkey HSD test showed Line was faster than Arc and Scroll

Bar in movement time. Arc was faster than Scroll Bar in movement time. There was a

significant difference in the mean completion time for long distance tasks, F(2,27)=6.38,
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Fig. 8.5 The mean movement time for different types of vertical scrolling tasks.

p < 0.05. The post hoc Turkey HSD test showed that Scroll Bar was faster than Arc

and Line. There was no significant difference in movement time between Arc and Line

(see Fig.8.5). The error rates were Arc, 3.5%; Line, 3.8%; Scroll Bar, 2.9%. There was

no significant difference between the three methods in error rate.

On the PDA or Whiteboard

The results of PDA and Whiteboard followed similar trend to that of Tablet PC.

Subjective evaluation

The analysis of the questionnaire showed a significant main effect on subject pref-

erences between Arc-Free, Line and Scroll Bar, F(2,27)=21.53, p<0.01. Line was the

most preferred (mean=1.6)(see Table8.2).

From the results we can conclude that for short distances the stroke technique is

– 174 –



8.4 Experiment 1: Independent Mode

Fig. 8.6 The mean movement time for different types of horizontal scrolling tasks.

Table 8.2 Mean subjective rating, from -3 (most negative) to 3 (most positive).

“V” means the vertical task; “H” means the horizontal task.

Arc Line Scroll Bar

PDAs
V 1.2 1.3 -0.2

H 1.3 1.1 -0.5

Tablet PCs
V 0.7 1.9 -0.4

H 1.2 1.8 -0.4

Whiteboards
V 1.0 1.8 -0.8

H 0.9 1.6 -0.6

better than Scroll Bar technique, and the Line technique is better than the Arc technique

in movement time; for long distances Scroll Bar is better than the stroke techniques.

The size of the screen and the scrolling direction (vertical or horizontal scrolling) have

no significant effect on the evaluation result of the three techniques.
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8.5 Experiment 2: Dependent Mode

The results of Experiment 1 showed that Scroll Bar was better than Arc and Line

for long distances. This is due to the reason that Scroll Bar is a dependent of the length

of document technique. So in Experiment 2 the stroke techniques were set at dependent

speed mode (see section 3.3). We evaluated the stroke techniques and Scroll Bar again

at this setting.

8.5.1 Participants

Ten subjects who had all had previous experience with computers were tested

for the experiment. The average age was 22.8 years. Three of them were tested in

Experiment 1. All subjects had normal or corrected to normal vision with no color

blindness, were right handed, and used the pen in the right hand.

8.5.2 Apparatus

The hardware in Experiment 2 was the tablet PC that was the same as that in

Experiment 1.

8.5.3 Procedure and Design

The design of the experiment crossed Method (M) x Scrolling distance (D) x Frame

height (H) x Direction (Di). For vertical scrolling tasks we chose six representative

short distances: 48, 72, 96, 256, 416 and 570 lines and one frame height: 3 lines. For

horizontal scrolling tasks we chose six representative distances: 36, 72, 122, 256, 416

and 570 lines and one frame height: 3 lines. All other factors remained the same as

them in Experiment 1.
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8.5.4 Results

To better analyze the effects to scrolling time brought document length (lines) a

linear model [8] for evaluating scrolling tasks has been introduced:

T = a + b ·D (8.5)

where a and b are empirically determined constants, and D is the distance to target.

In our experiment, D was the distance between the initial line and the target line (see

fig.8.6). We used this model to analyze the experimental results.

Vertical scrolling task

There was a significant difference between methods and distances, F(10,162)=21.2,

p<0.01. There was no significant difference between the three methods in the mean

completion time for short distance tasks. There was a significant difference in the mean

completion time for long distance tasks, F(2,27)=5.42, p<0.05. The post hoc Turkey

HSD test showed both Arc and Line were faster than Scroll Bar. There was no significant

difference in movement time between Arc and Line (see Fig.8.7). The error rates were

Arc, 4.3%; Line, 4.8%; Scroll Bar, 3.8%. There was no significant difference between

the three methods in error rate.

Horizontal scrolling task

There was a significant difference between methods and distances, F(10,162)=25.1,

p<0.01. There was no significant difference between the three methods in the mean

completion time for short distance tasks. There was a significant difference in the mean

completion time for long distance tasks, F(2,27)=6.19, p<0.05. The post hoc Turkey

HSD test showed both Arc and Line were faster than Scroll Bar. There was no significant
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Fig. 8.7 Vertical task: Line regression of target distance against movement time.

Fig. 8.8 Horizontal task: Line regression of target distance against movement time.

difference in movement time between Arc and Line (see Fig.8.8). The error rates were

Arc, 4.1%; Line, 4.9%; Scroll Bar, 3.6%. There was no significant difference between

the three methods in error rate.

As shown in Fig.8.5 and Fig.8.6, when stoke-based technqiues was set at indepen-

dent mode Line and Arc outperformed Scroll Bar for long documents.
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Subjective evaluation

The analysis of the questionnaire showed a significant main effect on subject pref-

erences between Arc, Line and Scroll Bar, F(2,27)=18.11, p<0.01. Line was the most

preferred (Table8.3).

Table 8.3 Mean subjective rating, from -3 (most negative) to 3 (most positive).

“V” means the vertical task; “H” means the horizontal task.

Arc Line Scroll Bar

V 1.0 2.1 -1.1

H 1.3 1.9 -1.3

8.6 Discussion and Conclusions

We present a quantitative analysis of stroke-based techniques for scrolling tasks

in pen-based interfaces. The stroke-based techniques are classified into Arc and Line

according to the mode of direction control and scrolling displacement of documents. We

designed two experiments to evaluate the stroke-based techniques by comparing them

with Scroll Bar.

At the beginning of this chapter, we posed several basic questions concerning stroke-

based scrolling techniques. The results from the two experiments conducted can begin

to address these questions.

• What is the difference between arc and line strokes in the performance of scrolling

tasks?

Experiment 1 showed that for short distances Line was faster than Arc; for long

distances there was no significant difference between Line and Arc in performance time.
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In Experiment 2 the stroke techniques were set in the dependent speed mode. The

results of Experiment 2 indicated that no significant difference was found between Line

and Arc. Line is preferred by users.

The Line technique is in accord with the user’s visual habit in that the scrolling

direction of documents is the same as the direction of the strokes. Line is also easier

to master than Arc and scrolling speed is easier to control with the Line technique.

Although Line is better than Arc in movement time in some situations and it is preferred

by users, Arc still has some specific advantages: the user can trace an arc or circle in a

smaller space to manipulate scrolling tasks while with the Line technique, the user has

to constantly lift and press the pen-tip.

Interface techniques with consistency and with familiar presentation and gestures

can make the user feel more comfortable. Line matches both these requirements. Arc

has the advantage of saving space, but lacks operational consistency. Designers should

consider these requirements when designing user interfaces.

• Can the application of speed modes (independent or dependent modes) related to

the length of the document offer benefits to stroke-based techniques?

Experiment 1 showed that for short distances the stroke techniques were better than

Scroll Bar in movement time; for long distances Scroll Bar was faster than the stroke-

based techniques in movement time. This is due to the fact that Scroll Bar is a technique

that is dependent on the length of a document so, when documents are long its scrolling

speed becomes correspondingly faster. In Experiment 2 the stroke techniques were set

in the dependent speed mode. The results of Experiment 2 indicated that, for long

distances, Scroll Bar was significantly slower than the stroke techniques in movement

time. In essence, the dependent mode reflects a concept of adaptive interface, which

has the benefit of adapting the technique to the particular computing task. Therefore,
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Line or Arc set in this mode enhance scrolling performances.

• Do the size of the device screens and the scrolling directions (vertical or horizontal

scrolling) have effects on the evaluation result of the three scrolling techniques?

Experiment 1 results suggested that stroke-based techniques with Scroll Bar on

medium sized screens followed trends similar to those in small or large screens. For

vertical and horizontal tasks the trends were also similar. Therefore, the size of the

screen and the scrolling direction (vertical or horizontal) had no significant effect on the

evaluation results of the three techniques.

Line is derived from Scroll Bar in that the line that the pen follows when dragging

the “elevator” is similar to the line stroke in the Line method. Line is better than Scroll

Bar because the user does not have to select the “elevator” but simply draws strokes

anywhere in the displayed document to scroll the document. In this way Line reduces

the index of difficulty in scrolling performance.

Generally, the operations for documents manipulation include the edit operation

and the scrolling operation. Thus, if the user wants to use stroke-based techniques to

scroll documents, a switching mechanism is needed. For example, we can use a double-

click or a key using the non-dominant hand [?] to switch between the two operation

modes. In fact, this belongs to the issue on mode-switch in pen-based interfaces. This

point warrants in-depth attention and it has been earmarked for our future research.

The stroke-based techniques are better than Scroll Bar in that strokes are a much

more natural interactive mode for stylus pens. Furthermore, when Scroll Bar in being

used, the user has to switch attention between the document and the scroll bar and this

interrupts the user’s workflow.

The positive results from our experiments suggest that the stroke-based techniques

could be a beneficial addition to the current stock of user interfaces. We can design
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a plug-in to incorporate these techniques into user interfaces. This would be very

appropriate to adopt “selection” mode. A simple icon or menu item could be used to

activate this useful scrolling interface.
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Chapter 9

General Conclusions and

Future Directions

9.1 General Conclusions

9.1.1 Summary

Development in technology is continuously expanding the design space for pen com-

puting interfaces. In particular, there is a lack of a mature and suitable pen computing

OS. It is both theoretically and practically necessary to understand how users’ perfor-

mance relates to multiple input modalities (such as pressure) sensed from pen devices.

It is also necessary to study interaction techniques that suit for pen devices. This the-

sis investigates human abilities of controlling various input modalities and proposes a

series of pen-based interaction techniques to advance interaction performances of pen

computing.

Two pen input modalities (pressure and tilt) are investigated. Chapter 2 presents

a series of three experiments that evaluate human capabilities and limitations in using

pen-tip pressure as an additional channel of control information in carrying out trajec-

tory tasks such as drawing, writing, and gesturing. The first experiment measured the

natural range of force used in regular drawing and writing tasks. The second experiment

tested human performance of maintaining pen-tip pressure at different levels with and
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without a visual display of the pen pressure. The third experiment, using the steering

law paradigm, studied path steering performance as a function of the steering law index

of difficulty, steering path type (linear and circular), and pressure precision tolerance

interval. The main conclusions of our investigation are the following: The natural range

of pressure used in drawing and writing is concentrated in the 0.82N to 3.16N region.

The resting force of the pen tip on the screen is between 0.78N and 1.58N. Pressure

near or below the resting force is markedly more difficult to control. Visual feedback

improves pressure-modulated trajectory tasks. Up to 6 layers of pressure can be con-

trolled in steering tasks, but the error rate changed from 4.9% for one layer of pressure

to 35% for six layers. The steering law holds for pressure steering tasks, which enables

systematic prediction of successful steering time for a given paths length, width, and

pressure precision criterion. The steering time can also be modeled as a logarithmic

function of pressure control precision ratio σ. Taken together, the current work pro-

vides a systematic body of empirical knowledge as basis for future research and design

of pen-pressure applications.

Chapter 3 investigates the use of pen tilt angle as auxiliary in human-computer in-

teraction. An experiment was conducted to explore the human capability of performing

discrete target selection tasks by varying the pen tilt angle, with full or partial visual

feedback. The experiment included different techniques for confirming selection once

the target is acquired. The results suggest that an angle for a radial target (sector) of

more than 10 degrees can achieve good performance and that the technique of press-

ing a button with the non-preferred hand offers the best performance. Based on the

experimental results, we discuss implications for the design of pen tilt techniques. A

classification of pen tilt based techniques is proposed, along with a series of possible

pen tilt technique designs.

The thesis also designs and develops interaction techniques that are suitable for pen-
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based systems. Chapter 4 investigates the interaction ability of introducing pressure into

current basic interactive techniques by developing two novel techniques. A Zoom-based

technique with pressure (hereafter referred to as ZWPS) is proposed to improve pixel-

target selection. In this technique pressure is used as a switch mode to couple a standard

Point Cursor and a zoomable technique together. Pressure Scroll is also presented with

a view to advancing scrolling performances by employing arc or line strokes to scroll

documents. In this technique pressure is used as an additional control factor to widen

the adjustable range of scrolling velocity. We conducted two experiments to examine

the effectiveness of ZWPS and Pressure Scroll. The experimental results indicate that

they both bring significant benefits to users.

Chapter 5 introduces a novel interaction technique that improves target acquisition

in pen-based interfaces. This technique is called Beam Cursor. The Beam Cursor

exploits the sliding motion and dynamically updates the effective width of targets on

screen according to the original location of the pen-tip, such that even if the pen-tip

lands in the vicinity of a target the target can easily be selected. This chapter also

provides reports on two controlled experiments which were performed to evaluate the

Beam Cursor in both 1D (dimension) and 2D target selection tasks on the pen-based

interface. The experimental results indicate that the Beam Cursor is modeled on and

predicted by Fitts law and that it is governed by the effective width of the targets.

Chapter 6 presents the Adaptive Hybrid Cursor, a novel target acquisition tech-

nique for pen-based interfaces. To assist a user in a target selection task, this technique

automatically adapts the size of the cursor and/or its contexts (the target size and the

selection background) based on pen pressure input. This chapter systematically eval-

uated the new technique with various 2D target acquisition tasks. The experimental

results indicated that the Adaptive Hybrid Cursor had better selection performance, and

was particularly effective for small-target and high-density environments in which the
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regular cursor and the Bubble Cursor [38] failed to show significant advantages. It is a

novel way to improve target acquisition via pressure input, and our study demonstrated

its viability and potential for pen-based interfaces.

Chapter 7 presents three selection techniques (called Rubber-ling-sweep, Line-string

and Coupling-with-pressure) to enhance multi-target acquisition in GUIs and to over-

come the drawback of the standard rubber-band box technique, i.e., the limitation of

not being able to select an irregular layout of targets. Rubber-line-sweep utilizes a

rubber-band line to select targets by sweeping them. Line-string employs a line stroke

to string targets together and select them. Coupling-with-pressure couples these two

techniques with pressure as a switch mode. Experiments were conducted to compare

these techniques with the standard Rubber-band box, which used a two-dimensional

grid which could include varied target sizes, distances and target layouts, and which is

applied by using pens as input devices. Experimental results indicate that Rubber-line-

sweep, Line-string and Coupling-with-pressure show significant advantages for targets

with irregular layouts. Taking performance and subjective ratings together, Coupling-

with-pressure outperforms the other three techniques.

Chapter 8 presents a quantitative analysis of stroke-based techniques for scrolling

in pen-based interfaces, and compares them with traditional scroll bars. We classified

stroke-based techniques into two types: the Arc stroke technique uses angles to deter-

mine scrolling direction and the displacement of scrolling, and the Line stroke technique

uses distance to determine both the direction and the displacement of scrolling. Exper-

iments were conducted to evaluate stoke-based scrolling techniques in small, medium

and large screens respectively. This study also applied a speed mode to the stroke-based

techniques. The evaluation results indicate that the Line technique outperforms both

the Arc technique and the traditional Scroll Bar. The size of the screen and the scrolling

direction (vertical or horizontal scrolling) have no significant effect on the evaluation
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results of the three techniques.

9.1.2 Contributions

The fundamental studies in this thesis significantly contribute to the understand-

ing of human abilities of controlling various input modalities in pen computing. The

highlights of the results of fundamental studies can be summarized briefly as: (1) the

physical properties of multiple input modalities should provide rich feedback so that

the user can easily feel her control actions proprioceptively. (2) Quantitatively analyz-

ing human abilities of controlling the multiple input modalities in performance tasks.

(3) a proper mapping function is essential for coupling the multiple input modalities

with current interaction techniques(4) A taxonomy for the design of multiple input

modalities-based interaction techniques.

This thesis also proposes a variety of interaction techniques for enhancing selection

or navigation tasks. We also conducted the experiments to evaluate these techniques,

comparing with the current promising techniques or standard techniques in GUIs. The

experimental results indicate that these techniques offer significant advantages to pen

interface design.

9.2 Future Directions

This thesis investigates human ability of controlling pressure in trajectory-based

tasks. However, there are several directions that can be pursued to extend the current

work. As stated in the literature review, there is a lack of psychological studies of

force in a manner that can be applied to pen-tip pressure. In particular, it would be

interesting to know whether Webers law applies here. If it does, it would make sense

to divide the usable force range unequally, giving higher pressure tolerance intervals
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to higher pressure levels. The results in our experiment do not suggest that Webers

law applies to pen-tip pressure since when the force range was divided equally; higher

pressure levels (or higher reference values in Webers law terms) did not necessarily

perform more poorly than lower levels. In short, the validity of Webers law in the case

of pen-tip force and its design implications require further research in the future.

This thesis examines basic issues on pen tilt input. Pens can also provide azimuth

input information. Pen azimuth input has also been used in some applications. The

study of the human ability to use pen azimuth remains for future work. The future work

also includes investigations on the combinations of the different pen input modalities.

This thesis proposes a series of pen-based interaction techniques, which are aimed

at the most basic computing performances: selection and navigation tasks. In the future

we seek to couple pen devices characteristics and various input modalities with other

interaction performances such as basic widgets operations.
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