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Abstract

Raskin defines a mode as a distinct setting within an interface where the same user
input will produce results different to those it would produce in other settings. Most
interfaces have multiple modes in which input is mapped to different actions, and, mode-
switching is simply the transition from one mode to another. In touch interfaces, the current
mode can change how a single touch is interpreted: for example, it could draw a line, pan
the canvas, select a shape, or enter a command. In Virtual Reality (VR), a hand gesture-
based 3D modelling application may have different modes for object creation, selection,
and transformation. Depending on the mode, the movement of the hand is interpreted
differently. However, one of the crucial factors determining the effectiveness of an interface
is user productivity. Mode-switching time of different input techniques, either in a touch
interface or in a mid-air interface, affects user productivity. Moreover, when touch and
mid-air interfaces like VR are combined, making informed decisions pertaining to the mode
assignment gets even more complicated. This thesis provides an empirical investigation
to characterize the mode switching phenomenon in barehand touch-based and mid-air
interfaces. It explores the potential of using these input spaces together for a productivity
application in VR. And, it concludes with a step towards defining and evaluating the multi-
faceted mode concept, its characteristics and its utility, when designing user interfaces more
generally.
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Chapter 1

Introduction

Have you ever tried to enter a password, only to realize CAPS LOCK was on? If the answer
is \Yes", then you have experienced amode error. A mode can be considered as the state
of a user interface. For example, a drawing program has di�erent modes likea paint brush,
an eraser tool, or a selection lasso. This is an inherent part of almost all interfaces. A
mode error occurs when your perception about the state is incorrect [194]. As a result,
inadvertent operations are executed, like erasing instead of painting, but the consequences
of mode errors could be far more severe. Mode errors have resulted in pilots accidentally
shutting down a commercial jetliner engine and killing 47 people [44], or a data centre
operator putting Amazon S3 servers to sleep disrupting major services and websites like
Net
ix, Scribd, and Trello [262].

Modes and mode related errors have received signi�cant attention beyond the Human
Computer Interaction (HCI) community, for example in the domain of aviation psychology
[60, 117, 147, 246]. Degani et al. [57] trace the origins of the word `mode' to the latin
word `modus' meaning manner of acting or doing, and suggested three broader categories
of modes. Namely, interface modes that specify the behaviour of the interface, functional
modes that specify the behaviour of the machine, and supervisory modes that specify the
level of user and machine involvement in a process. However, the de�nition of mode, or
even its categorization, is not standardized in the HCI community.

The de�nition of mode in HCI is surprisingly controversial and researchers have even
questioned its existence. In an attempt to put this issue to rest, Johnson and Engelbeck
[122] conducted a survey in 1989 to determine the extent at which experts in the domain
of HCI agree or disagree with the de�nition of `mode' and the interpretation of it. The
survey results highlighted the disagreement among user-interface designers, and among
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researchers regarding what modes are.

In the context of this thesis, we align ourselves with the mode de�nitions stated by
MacKenzie and by Raskin. MacKenzie de�nedmodesas a functioning agreement or con-
dition [166] and Raskin de�nes amode as a distinct setting within an interface where the
same user input will produce results di�erent to those it would produce in other settings
[214]. Assuming a de�nition of a mode,mode-switchingis simply the process of switching
from one mode to another. Switching between modes can be frequent while interacting
with a system, so �nding optimum mode-switching methods is important.

For 2D interfaces, there have been numerous experimental investigations comparing
mode-switching techniques for pucks, mice, and pens [128, 71, 153, 268, 107], but there has
been no comprehensive analysis of mode-switching techniques for touch input, or mid-air
input.

This is surprising for touch input considering that a number of touch mode-switching
techniques have been developed. Some are unique to touch since they rely on features
such as multiple contacts [52, 218], using knuckles or other parts of the hand [96, 169],
or characteristics of �nger contact [30, 220]. Some touch mode-switching techniques are
similar to those evaluated with pens, such as using pressure [182, 100] or using the non-
dominant hand [74, 284]. However, generalizing pen-based empirical results to touch is
highly speculative considering distinct touch characteristics like reduced precision from
\fat �ngers" [19, 73, 232] and greater friction [50]. This lack of formal comparisons of
touch mode-switching techniques may be one reason why current mode-switching methods
for touch seem limited compared to other input methods.

Although breahand mid-air input is a more novel method, its use is increasing. Bare-
hand mid-air input performed entirely by a hand posture or movement and without any
device is an alternative to device controllers in VR environments. Techniques have been
proposed for VR, Augmented Reality (AR), and related contexts using hands only (e.g.
[205, 274, 200]) and hands combined with body postures (e.g. [286, 32]). Many of these
techniques are suitable for mode-switching, but have only been compared in an ad-hoc
manner. Evaluations have focused on tasks like pointing (e.g. [281]), object manipulation
(e.g. [215]), selection (e.g. [191]), and annotation [46], but no extensive comparisons of
mode-switching time across techniques.

Another challenge is to investigate mode-switching and related interaction techniques
when touch and mid-air input are used together. However, the lack of prominent interac-
tion techniques that involve these two input modalities makes selecting techniques for a
comparative evaluation di�cult. As a �rst step, we focus on devising an example interac-
tion vocabulary when two input modalities coexist in the same application. Speci�cally,
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when a multi-touch tablet is used in VR for 3D solid modelling. Researchers have inves-
tigated the use of passive props as a tablet in VR [158], but there is no comprehensive
investigation exploring a complete design space for using a modern multi-touch tablet in
VR.

Our work is based on the mode de�nitions provided by MacKenzie and by Raskin,
however, the de�nition of a user interface mode is not yet standardized. This is surpris-
ing considering the ubiquity of modes as well as mode-switching techniques, and growing
literature on mode related issues [148, 154, 223]. More surprising, is how the de�nition of
interface modes is implicitly de�ned by the commonly accepted occurrence of mode-errors,
yet there is no agreement on what constitutes a user interface mode.

So, in thesis we investigate mode-switching in touch interfaces and in mid-air interfaces,
we explore the design space when touch and mid-air interfaces are used in combination
in VR, and we present initial work to characterize the concept of mode that is more
comprehensive and empirical, hopefully leading to a uni�ed mode theory.

1.1 Research Goals

Before we describe the main research objective and the individual projects with speci�c
research questions, we �rst de�ne the important terms used in this thesis.

1.1.1 Term De�nitions

We use the following terms throughout the thesis, and their de�nitions are given below:

1. Mode { We use the term \mode" to refer to any activity undertaken to change the
system state internally or externally by the user [214]. Such activity include, but not
limited to changing hand posture(s) while interacting with a tablet or bringing the
hands in the range of sensors to change the system state in VR. In the past literature,
researchers have discussed multiple de�nitions of mode [214, 166]. Yet, there is a lack
of standardized de�nition for the term `mode' [122].

2. Mode-switching { We use the term \mode-switching" to refer to switching between
modes. Examples of mode-switching include, but are not limited to drawing a line on
a tablet with one and two �gures interchangeably. This change of drawing using one
�nger to drawing using two �ngers, on a the tablet, is referred as mode-switching in
touch-based interface.
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3. Barehand { We use the term \barehand" to refer to an input performed entirely by
a hand posture or movement, without any device. Our work focuses on input with
touch-based and mid-air based interfaces.

4. Device { We use the term \device" to refer to any type of computing machinery that a
user can interact with. Examples of devices include, but are not limited to a tablet, a
mobile smartphone, and a head mounted glasses.

5. Interaction { we use the term \interaction\ to refer to an activity concerning two entities
that determine each other's behaviour over time as described in the work of Hornb�k
and Oulasvirta [115].

6. Mid-air { We use the term \mid-air" to refer to an input conducted without contacting a
non-body surface. Our work focuses on mid-air interactions in touch-based and mid-air
based interfaces.

7. Mixed-reality { We use the term \mixed-reality" to refer to the systems that lets user
interact in a partially or fully immersive computer mediated environment. This de�ni-
tion is inline with the work by Milgram and Kishino [178] and is frequently utilized in
the literature on augmented and virtual reality in human-computer interaction �eld.

1.1.2 Main Research Objective

The research objective of this thesis is to leverage mode-switching analysis to help applica-
tion design. We do this in four main projects. The �rst two projects characterize di�erent
barehand mode-switching in touch and mid-air interfaces. In the third project, we apply
these results to build an interaction vocabulary for a realistic application. Finally, in the
fourth project, we describe a candidate mode theory with a methodology to explore mode
characteristics.

1.1.3 Project Description and Research Questions

We compared representative techniques for touch-based input and for barehand mid-air
gestural input with respect to mode-switching time, error rate, and subjective ratings.
Followed by a design space exploration of using a multi-touch tablet in VR. We conclude
with mode de�nition, characterization, and an experimental methodology to test the inter-
faces. The broader picture of this thesis is depicted in Figure 1.1, summarizing the research
questions, research methodology applied, and the main contribution for each chapter.
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Figure 1.1: Research path showing research problems, methodology, and main results.
Bold text below the chapter number is the research problem statement, the middle box of
text is methodology applied, and the �nal italic block of text is the primary contribution.
Chapter numbers represent the order of the problems explored.

Touch-based mode-switching:

In this project, we survey touch-based mode-switching techniques and select representative
techniques for a comparison. Then, we compare the mode-switching times and error rates
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of these selected techniques, and measure the user experience using subjective ratings.
Finally, we conclude with design guidelines for researchers and practitioners.

This project addresses the following research questions:

ˆ How do future mode-switching techniques compare to established techniques?

ˆ Does the body posture in
uence the mode-switching performance?

ˆ How do users perceive di�erent touch-based mode-switching techniques?

Barehand mid-air mode-switching for VR:

In this project, we survey barehand mid-air mode-switching techniques and select rep-
resentative techniques for evaluation. Then, we compare the mode-switching times and
error rates of the selected techniques, and measure the user experience through subjective
ratings. Finally, we conclude with design guidelines for researchers and practitioners.

This project addresses the following research questions:

ˆ What barehand mid-air hand gestures are suitable for mode-switching action?

ˆ How do dominant hand mode-switching techniques compare against non-dominant hand
mode-switching techniques?

ˆ How do barehand mid-air mode-switching techniques compare against controller based
mode-switching techniques?

ˆ How well do users perceive mode-switching techniques?

Exploring the design space for using a multi-touch tablet in VR:

In this project, we determine the utility of the tablet's precise touch input, physical shape,
metaphorical associations, and natural compatibility with barehand, mid-air input when
used in VR. A survey of past investigations utilizing tablet like devices in VR and related
MR interfaces was conducted. Then, we conduct a formative study to identify the e�ec-
tive interactions, and, identify design dimensions for building an interaction vocabulary.
Followed by, building an interaction vocabulary for using a multi-touch tablet along with
barehand mid-air gestures in VR. Finally, we built a prototype system and conducted the
user evaluation.

This project addresses the following research questions:
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ˆ What is the interaction vocabulary of using a multi-touch tablet in combination with
barehand mid-air hand gestures when used in VR?

ˆ Which combinations of touch and barehand mid-air mode-switching can be used in a
realistic application?

Exploring mode de�nition and mode characterization:

In this project, we provide an in-depth discussion of nebulous mode concept using the
past literature. We identify abstract mode-switching interface types for empirical investi-
gation, an, we establish an experimental design, task, and methodology to measure and
demonstrate mode characteristics.

This project addresses the following research questions:

ˆ What is the de�nition of a user interface mode? How can it be used to describe an
interface e�ectively?

ˆ What is an experimental task and methodology to identify and test mode characteristics
in an user interface?

1.2 Research Contributions

We summarize our contributions by project. For each, we outline the methodology used
and the key results that form our contributions.

1.2.1 Touch-Based Mode-Switching

In chapter 3, we describe a project to compare mode-switching time, error rates, and
subjective ratings for representative touch input techniques. Given the mobile nature of
tablets, both seated and standing poses are tested. The experiment task and design is a
near-replication of Li et al.'s [153] pen mode-switching study. The project was published
at CHI 2017 [254].
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Method

We chose six mode switching techniques among those in current use, described in previous
research, or soon plausible given emerging sensor capabilities. Techniques we investigated
were two-�ngers, non-preferred hand button, �nger-on-thumb, knuckle, hard press, and
long-press. In the baseline technique, participants used standard touch input. Some mode-
switching techniques we tested are analogous to the pen mode switching techniques tested
by Li et al. [153]. Our experimental protocol closely follows the work conducted by Li
et al. [153] and Dillon et al. [62]. We used their \subtraction method" to measure mode-
switching time of each technique. All techniques were designed for a tablet when placed
on a desk, or when supported with the non-dominant arm for use while standing.

We recruited 36 participants (8 women, 28 men), 24 participants had experience using
multi-touch tablets. The experiment is a repeated measures mixed design, with the partic-
ipant pose while using the tablet as a between-subjects factor (sit or stand ). Half of the
participants completed all tasks while seated with the tablet placed 
at on a table and the
other half completed all tasks while standing with the tablet held on their non-dominant
forearm. After completing trials for all techniques, participants provided subjective ratings
of the techniques with respect to six aspects: ease-of-learning, ease-of-use, accuracy, speed,
eye fatigue, and hand fatigue.

Results

Our results contribute the following insights:

ˆ Techniques ordered from fastest to slowest are: two-�ngers, non-preferred hand button,
�nger-on-thumb, knuckle or hard press, and much slower long-press.

ˆ A sitting or standing pose has no e�ect on speed and little or no e�ect on errors (only
hard press and non-preferred hand error rates showed some interaction with pose).

ˆ Pressing hard was perceived to be the least accurate, one of the most fatiguing, and the
hardest to learn technique.

ˆ Compared to Li et al.'s results for pen, our touch mode-switching timings and error rates
are higher (except for knuckle compared to eraser).

ˆ Our results can inform interaction design, returning to the opening example: one �nger
could draw, two �ngers to pan, thumb-on-�nger to select, and using a knuckle to open
a command menu.
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1.2.2 Barehand Mid-Air Mode-Switching for VR

In chapter 4, we describe a project to provide missing empirical evidence for the per-
formance of barehand mid-air mode-switching techniques in VR. Our focus is absolute,
single-point input, suitable for the kind of direct object manipulations common in VR. To
select techniques to evaluate, we examined barehand mid-air interactions described by over
100 research papers and system descriptions in di�erent settings such as AR, VR, and large
displays. We then used three criteria to identify six classes of techniques suitable for mode-
switching in VR. In two related experiments, we compare common input actions selected
from each class using an adapted \subtraction method" protocol [62], used previously for
2D input [255]. The project was published at CHI 2019 [255].

Method

Both experiments are a within subjects design. The �rst experiment involved 16 partic-
ipants (5 women, 11 men), and the second involved 12 participants (5 women, 7 men).
Mode-switching technique is the primary factor, with levels corresponding to the seven
techniques (non-dominant hand �st, non-dominant hand palm, bringing non-dominant
hand in �eld of view, touching head using the non-dominant hand, dominant hand �st,
dominant hand palm, and pointing using the dominant hand) in experiment 1 and an eighth
technique using a standard VR device controller with a button held in the non-dominant
hand (holding a controller in non-dominant hand). This functions as a non-barehand com-
parison baseline since the mode is switched by holding the button. The dominant hand
draws a line using a pinch.

The second experiment has two further goals. First, test more subtle dominant hand
mode-switching techniques to see if actions more similar to a pinch trigger might perform
better. Second, test the e�ect of using a device controller as a mode trigger. Here, mode-
switching technique is the primary factor, with levels corresponding to the four techniques
(dominant hand orientation, dominant hand middle �nger, holding a controller in the
non-dominant hand, and non-dominant hand palm).

Results

Our empirically-derived insights can inform the design of VR applications using barehand
hand mode switching:
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ˆ Dominant hand techniques using large motions are error prone and less preferred, but a
more subtle variation of pinch is comparable to the fastest non-dominant techniques.

ˆ With the exception of a few dominant hand techniques, mode-switching times are com-
parable to most touch methods.

ˆ Using a dominant pinch as a manipulation trigger is comparable to using a device con-
troller button.

ˆ All techniques from fastest to slowest: non-dominant hand holding the device and dom-
inant hand middle �nger pinch; non-dominant palm orientation and non-dominant �st;
non-dominant head touch, dominant pinch orientation andd palm; non-dominant �eld-
of-view and dominant hand �st; dominant hand point.

1.2.3 Exploring the Design Space for using a Tablet in VR

In chapter 5, we describe a project to use a multi-touch tablet in VR. To develop an inter-
action vocabulary that tests the combinations of touch and hand mid-air mode-switching.
In this project, the interaction vocabulary is built based on the results obtained in the
previous two mode-switching investigations. Further, in our investigation, we make ob-
servations of behavioural patterns and basic features for a 3D CAD modeling application,
then mapped out a design space with twelve dimensions (e.g., `physical vs. non-physical',
`direct vs. indirect', and `discrete vs. continuous') and developed a vocabulary of inter-
actions (e.g., `two-�ngers to translate an object', `�ve-�ngers to navigate', `mid-air tap to
select an object', and `knuckle to select multiple objects'). This project identi�ed the main
criteria to inform the interaction design when a multi-touch tablet is used in VR [253].
The project was published at CHI 2019 [253].

Method

We conducted a formative study to gain insights into how people envision using a physical
tablet in a VR environment within the context of a 3D modelling application. Observations
were used to build a design space for combining a tablet and barehand gestures. Ten people
(7 male, 3 female) participated, three were architecture students, two were mechanical
engineering students, and two were amateur users with some experience using 3D modeling
applications. Expanding the formative study results, we identi�ed 8 observations and 12
design dimensions, and used these to build an interaction vocabulary. We then prototyped
a 3D solid modeling application to test the interaction vocabulary.
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Our qualitative user evaluation and goals are similar to Arora et al.'s [7] work. We
focus on overall usability of our system by asking the participants to replicate a prede�ned
target model. This allowed us to observe user work
ow and analyze user feedback to �nd
the limitations of our system. We also ask participants to use our system to create a 3D
model purely out of their imagination. At the end of the study, participants �lled out a
post-experiment questionnaire rating individual features of the system.

Results

Our design space exploration led to the following results:

ˆ Identi�ed 7 main observations spanning three main categories: delegation of tasks, tablet
properties, and posture in
uenced decisions (termed general observations).

ˆ Formed the design space for using a mutli-touch tablet in VR. The design space has
11 design dimensions. For example, unimanual versus bimanual and interleaved versus
simultaneous. Participants used direct tap to select nearby objects, but used two hands
while selecting a far object using a tablet. Transforming an object required participants
to use both hands simultaneously, while for slicing, order of hand usage was important.

ˆ Described an example interaction vocabulary for 3D solid modelling application.

ˆ Usability evaluation of the example interaction vocabulary that demonstrated novel in-
tegration of both touch and mid-air mode switching techniques to facilitate 3D solid
modelling in VR.

1.2.4 Mode Theory

In chapter 6, we describe a project to help solidify our understanding of one of the fun-
damental concepts in HCI, the `mode'. We hope to uncover the practical signi�cance of
this concept amidst varying mode de�nitions found in the literature. We primarily focus
on mode-switching, a process of switching from a command mode and back. This is just
one of the characteristics of modes. We speculate that the concept of modes has other
properties pertaining to the time spent in a particular mode, types of mode-switching pat-
terns, the way modes can be combined together or separated at times, and so forth. These
characteristics impact user interface design di�erently, so, it is important to characterize
them.
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Method

We conducted an initial pilot investigation comparing various mode characteristics across
four abstract interface types, which fall under moded and un-moded categories. These four
interfaces are a simple un-moded interface, and three moded interfaces such as an interface
like a document editing application (e.g. MS Word), an interface like web browsers (e.g.
Chrome), and an interface like code-editing tools (e.g. Visual Studio). There are �ve
modes in the moded interfaces. The experimental task was to cross two horizontal lines in
the direction from top to down in each the interface. The experimental task is balanced
across all the interfaces in terms of the cognitive load and the motor movement. We used
the un-moded interface to reduce the carry-over e�ects when switching between the moded
interfaces during the experiment. The dependent measures for comparison across four
interfaces were mean response times, mode errors, and other types of errors. The pilot
experiment was conducted with 12 participants on the online Amazon Mechanical Turk
platform.

Results

We obtained preliminary yet promising results, which provide future directions for more
thorough investigation. Our speci�c contributions are:

ˆ A revised mode de�nition and mode characteristics. Mode characteristics identi�ed
based on the experimental investigation are: mode switching, mode occupancy, mode
frequency, mode pattern, mode errors, mode scaling, and lastly, mode chunking and
mode phrasing.

ˆ An experimental task and the methodology to investigate mode characteristics in the
abstract interface layouts.

At a broader level, our research contributions are useful in three di�erent ways. First,
our empirically driven results can be directly utilized to inform input technique selection.
Secondly, our experimental methodology can be used to analyze future mode-switching
techniques. And lastly, we highlight the limits of current de�nitions used to describe the
mode phenomenon.

12



1.2.5 Dissertation Outline

The remainder of this thesis is organized as follows (see also Figure 1.1).

In chapter 2, we summarize the relevant background literature pertaining to the past
mode-switching investigations for mouse, pen, touch, and barehand mid-air input. Then,
we describe the experimental protocol to investigate the mode-switching phenomenon in
touch and mid-air interfaces.

In chapter 3, we describe the methodology and results for our comparative evaluation
of barehand mode-switching techniques in touch-based interfaces. We also discuss the
qualitative �ndings and the interaction design guidelines.

In chapter 4, we describe the methodology and results for our comparative evaluation of
barehand mid-air mode-switching techniques in mid-air interfaces. Moreover, we describe
the process of selecting these techniques based on a thorough literature survey and carefully
selected �ltering criteria. We conclude with the qualitative �ndings and the interaction
design guidelines.

In chapter 5, we apply the results obtained from the previous studies (chapter 3 and
chapter 4) to formulate the design space of using a multi-touch tablet in combination with
barehand mid-air hand gestures in VR. We conclude with the usability evaluation of the
prototype system built to exercise an example interaction vocabulary.

In chapter 6, we introduce a revised mode de�nition, mode characterization, and the
experimental task as well as the methodology to investigate modes in modern interfaces.

In chapter 7, we draw conclusions, summarize limitations, and suggest possible future
work.
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Chapter 2

Background and Related Work

In the past, mode-switching evaluations focused on pucks, mice, and pens (styli). We
provide a brief overview of these mode-switching investigations �rst since they have been
arguably the most thoroughly studied and are foundational to our work. We subsequently
focus on multitouch input and barehand mid-air input, the most relevant to our work.

2.0.1 Mode-Switching Evaluations

To begin, we review mode-switching investigations for mouse and pen input. Then, we
summarize research in mode-switching techniques for touch, barehand mid-air input, and
when these modalities are used together.

Mouse Input

Dillon et al. [62] conducted the �rst investigation to characterize mode-switching with a
mouse. Dillon argued that target selection using di�erent selection techniques is not the
only performance metric, but, smooth integration of the selection method with the task is
equally important. They compared touch, voice, two mice, and single mouse as experimen-
tal conditions. They concluded that voice and touch are the fastest to invoke commands
compared to any of the mouse-based techniques. They also introduced thesubtraction
method, an accurate way to measure mode-switching time as described in section 2.0.1 and
the experimental task is shown in Figure 2.1.
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Figure 2.1: Screen display for drawing plus line-colour selection task. User alternated
between red and blue lines by command selection. The task began at the `Start' circle,
continued in the anti-clockwise direction until the `End' circle. (recreated from Dillon et al.
[62] Figure 2)

Pen Input

Two most relevant pen-based mode-switching investigations are conducted by Li et al.
[153] and Tu et al. [268]. Li et al. compared �ve techniques: a barrel button, long press,
non-preferred hand, pressure, and using the eraser end of the pen. Results suggested that
a physical button activated by the non-dominant hand was both faster and more accurate,
also con�rmed by Ruiz et al. [224]. The experimental task was crossing a pie slice as shown
in Figure 2.2. The long press technique was slower and more error prone. The pressure
technique, along with the remaining ones, demonstrated poor performance. These results
align with past studies where performance of bimanual interaction is found to be better
than unimanual interaction [149, 41]. Further, Tu et al. [268] compared �ve techniques in
two form factors of pen-based mobile devices, PDA and Tablet PC. The �ve techniques
were compared: pressure, long press, pressing a barrel button, pressing a button on the
handheld device, tapping on the back of the handheld device, and shaking the handheld
device. For Tablet PC, pressure performed the fastest and earned most errors. For PDA,
tapping on the back o�ered the fastest performance. Although long press was slower than
the other techniques, it resulted in the fewest errors for both form factors. Pressing a
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button on the handheld device was faster and accurate with both mobile devices.

Figure 2.2: Five slices are presented in black and red alternatively, which requires a par-
ticipant to cross a slice with the slice's colour. The participant needs to switch modes to
draw lines with di�erent colours. (recreated from Li et al. [153] Figure 4)

Touch Input

Researchers have introduced several mode-switching methods for touch-based interfaces.
For instance, the shape of the non-dominant hand [290, 295, 97] or the number of �ngers
used [294] can trigger a mode change. Most naturally, using a touch surface of a tablet
to activate di�erent modes [284, 74]. Pressure [182, 100, 218] and grip-based [80] controls
have also received much attention. More recently, pressure-based technology is integrated
into mobile devices, popularly known as 3D Touch or Force Touch [267]. Expressivity has
also widened using the number, shape, and mobility of �ngers. Multiple �ngers performing
similar path movement can be used to trigger di�erent actions [151, 294] and if individual
�ngers can be identi�ed, interactions can be made �nger-speci�c [52]. Further properties
of �nger input such as contact size [30], slight rolling movements [220], and which part of
a �nger touches the display [96] can also be recognized to support mode-switching. These
techniques are shown in Figure 2.3.

While these various techniques o�er multiple ways to switch modes, an empirical inves-
tigation comparing their mode-switching times, error rate, and user experience for touch
devices has not been investigated yet.
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Figure 2.3: Touch mode-switching techniques: (a) bimanual interactions (from Wigdor
et al. [290]), (b) pressure based technique (from Miyaki et al. [182]), (c) multi-touch
technique (from Lepinski et al. [151]), (d) di�erent parts of the �nger touching the surface
(from Harrison et al. [95]).

Barehand Mid-Air Input

We de�ne mid-air as input provided without contacting a non-body surface. In most
cases, this means input performed in the space around the body. For on-body contacts, the
sensing method is unimportant as long as the technique is conceptually a body contact (e.g.
touch the head), and not using a device attached to the body (e.g. tap on a smartwatch).

For mid-air barehand input, mode-switching has only been indirectly evaluated as part
of larger interaction technique studies. For large displays, Vogel and Balakrishnan [281]
compared a relative pointing technique, which uses a �st mode-switch to \clutch", but
the mode-switch itself is not compared. Similar examples in large display research include
Haque et al. [94], Polacek et al. [206], Jota et al. [124], and Katsuragawa et al. [132]. Some
of these techniques are shown in Figure 2.4.

Hauqe et al. [94] investigated barehand pointing and clicking interactions with the
MYO, which has elecromyograph (EMG) and inertial measurement unit (IMU) sensor. The
unimanual gesture set included a clenched �st, spreading all �ngers, and a relaxed hand.
Similar to Vogel and Balkrishnan, they used a �st mode-switch to \clutch", but the mode-
switch was not investigated. Results showed that using MYO is only 430 to 790 ms slower
than using Vicon motion tracking and has acceptable error rates for targets greater than
48 mm. Polacek et al. [206] presented a comparative study of barehand mid-air pointing in
unimanual and bimanual settings. They used hand position in mid-air to control pointer
position on the large display and the distance of palm to the sensor as a clutch. Results
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indicated that users primarily use their dominant hand for pointing. Jota et al. [124]
compared four variants of raycast pointing using a handheld pointer and barehand mid-air
posture. Results indicated that Fitts's law analysis based on angles better approximates the
ray pointing performance. Katsuragawa et al. [132] evaluated smartwatch-based barehand
mid-air pointing and clicking interactions. A unimanual gesture set used in the study
included gestures like raising an arm, changing the orientation of the wrist, and lowering
the arm. They demonstrated the use of smartwatch based interactions for pointing in
ubiquitous environments. Their Watchpoint technique performed comparable to the the
Myopoint technique [94] and a camera based motion tracking system. However, none of
these studies focused on comparing the mode-switching performance.

Moreover, in the context of VR and related 3D contexts, Poupyrev et al. [209, 210] eval-
uated object pointing, manipulation, and selection techniques, Teather and Stuerzlinger
compared pointing techniques [261], and Vanacken et al. [272], Grossman et al. [87], and
Looser et al. [161] all examine barehand selection techniques. In most cases, these tech-
niques have some explicit activation and deactivation of a mode, but mode-switching per-
formance is not evaluated in isolation.

We are unaware of work comparing mode-switching techniques for barehand mid-air
input in VR using the formal subtraction method as used for the mouse and pen.

Figure 2.4: Barehand mid-air mode-switching techniques: (a) pointing posture (from Song
et al. [243]), (b) palm orientation postures (from Vogel et al. [281]), (c) �st, point, and
bimanual hand postures (from Ruiz et al. [226]).

Subtraction Method

Donders [63] introduced the idea that the time between the stimulus and response is
occupied by a train of successive processes. If the user completes two tasks, the time
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di�erence will reveal the overhead taken by one of the tasks. This general method is
known as thesubtraction method. As described earlier, Dillon et al. [62] were the �rst to
investigate mode-switching time with a mouse. They used the subtraction method as a tool
to accurately measure mode-switching time. This method can be used to evaluate mode
activation time of a wide variety of command selection techniques and their combinations.
It serves as a tool that captures empirical data to make decisions about the alternative
mode-switching techniques. Li et al. [153] and Song et al. [242] re�ned the subtraction
method to evaluate mode-switching performance for pen, and their protocol is most relevant
to our work.

Figure 2.5: Rectangle crossing task. Mode must be switched to draw lines with di�erent
colours. Green bars show the cycle separations. The dotted lines represent the in-air hand
motion and the solid lines represent the stroke drawn on the tablet. Direction arrows in
the rectangle represent the expected stroke direction.

In Li et al.'s experiment, participants were asked to complete a pie crossing task (see
Figure 2.2). Experiment involved �ve mode-switching techniques, nine blocks of trials,
and eight screens corresponding to eight compass directions, and �ve pie-crossing tasks.
In total, each participant performed 1800 pie-crossing tasks. The timing for each screen
is started when the start button is clicked and automatically ended when the last pie is
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crossed and the pen is lifted. This duration is divided into three cycles. The �rst cycle
starts when the start button is clicked and ends when the �rst pie is crossed. The second
cycle starts right after the �rst cycle and ends after the third pie is crossed. And in the
third cycle participant crossed last two pie slices. Therefore, one target needs to be crossed
in the �rst cycle and two targets need to be crossed in each of the second and the third
cycle. Last two cycles are referred as full cycles and �rst cycle as the start cycle. In a
compound task, a full cycle contains a complete mode switch process.

The mode switching time for each compound block was computed by subtracting the
mean of the two adjacent baseline task's average cycle duration from the compound block's
average cycle duration. Average cycle duration was the mean duration of all correct full
cycles in a block. Note how mode-switching time is the time spent in-between a successive
touch-up and a touch-down event, essentially, when the user's hand(s) are in mid-air. Cycle
separations are shown in Figure 2.5 (cycle 2 and cycle 3 are the full cycles).

Considering the mode-switching action, touch-based mode-switching techniques are
analogues to barehand mid-air mode-switching techniques. We employ subtraction method
to evaluate mode-switching times in our work.

2.0.2 Mode-Switching when Combining Touch and Mid-Air In-
put

Selecting mode-switching techniques becomes an interesting challenge when the multiple
modalities are coexisting in a same interface. Speci�cally, we are interested in a combi-
nation of touch-based input and barehand mid-air gestural input. Researchers have inves-
tigated the use of a multi-touch tablet in VR and proposed several new mode-switching
techniques as described below. While it is obvious to seek an empirical investigation of
mode-switching techniques when barehand touch and mid-air input techniques are used
together, but without having a well established interaction vocabulary identifying the can-
didate techniques is a di�cult task. Moreover, state transition models for mouse, pen, and
touch-based devices has been around for several years. In contrast, for mid-air input it is
relatively unknown. As a result, we seek to derive an interaction vocabulary for this hybrid
interaction modality. To begin with, we review the past literature on using a 2D surface
or a multi-touch tablet in a mixed reality environment.
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Tablet and Pen in Mixed Reality

Keefe et al. [134] explored precise mid-air strokes using a haptic-aided input technique
for 3D sketching, and Arora et al. [8, 7] investigated the impact of the lack of a physical
surface on drawing inaccuracies. Their work explored both 3D sketching in augmented
reality (AR) using a mid-air pen-based drawing and 2D surface sketching. More recently,
Aslan et al. [9] conducted a series of studies to gauge the potential of pen and mid-air input
and noted that mid-air input should complement pen and touch-enabled tablets. However,
compared to modern high-�delity multi-touch tablets, pen input is essentially limited. It
does not take the advantages of natural direct interactions with multiple �ngers. So, the
mode-switching techniques is also limited.

Although sketching using a pen is not our focus, we look at these results through the
lens of interaction design. Speci�cally, the di�erent kinds of mode-switching techniques
used in the past work. For instance, the tablet's surface is better suit for continuous input,
a tablet could help while drawing in mid-air, and orientating a tablet in arbitrary planes
could provide haptic feedback in mid-air.

Tabletop and Hand Gestures in Mixed Reality

One of the most popular form of input in MR is direct hand interactions using hand
tracking systems like LEAP. Hand tracking enables quick access to menu [35] as well as
mid-air text entry [247, 167]. So, we review literature relevant to multi-touch tabletop
surface combined with hand gestures in MR.

Benko et al. [16, 17] have explored the interaction space of using a tabletop surface
along with hand gestures in a partially immersive environment. Speci�cally, they pre-
sented a collaborative archaeological analysis wherein user can combine speech, touch, and
3D hand gestures to interact within an immersive environment. They explored 2.5D ges-
tures, wherein user can start interacting with digital contents on the tabletop surface and
continue interacting with it in mid-air. As noted in the results, these form of interactions
are e�ective and improved the overall user experience. Similarly, MockupBuilder [55] also
demonstrated 2.5D interactions, which start on a planar surface and continues in mid-air,
are highly promising for 3D modeling applications. They explored bimanual and continu-
ous interaction on and above multi-touch surfaces to bring direct modeling techniques to
semi-immersive virtual environments.

While these studies use tabletop surface for precise input, it does not have the same

exibility as a hand-held tablet, such as orientation tracking, mobility, a mid-sized display,
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and so forth. Being able to carry the tablet around facilitates interactions without being
physically stuck in a certain position. Moreover, tablet enables mode-switching techniques
which are suitable for di�erent body posture. For instance, holding a tablet on forearm
and interacting with dominant hand or bimanual interaction when placed on the planar
surface. However, mode-switching performance might be in
uenced by body posture.

Tablet as a Prop in Mixed Reality

Moreover, many studies have investigated the use of physical props as a tablet to provide
passive haptic feedback in mid-air. For instance, Linderman et al. [158] demonstrated the
use of a passive-haptic paddle as a 2D input device for switching between di�erent modes
in VR. Results suggested that users prefer interfaces that provide a physical surface, and
that allow them to work with UI widgets in the same visual �eld of view as the objects
they are modifying. This result highlights the bene�t of using handheld tablet in mid-air.

Poupyrev et al. [211] presented Virtual Notepad, a spatially-tracked, pressure sensitive
tablet with pen and handwriting recognition software. Virtual Notepad explored hand
writing as a new modality in immersive environment and it was used for text-based ap-
plications (note-taking, text input, and annotation using physical pen as a prop). Results
highlighted the trade-o� between the notepad size and the usability. While bigger notepad
obscured the virtual environment and forced users to stretch their hands, a smaller notepad
size made it hard to write on. Furthermore, Szalavari et al. [257] demonstrated the use of
a passive tablet-like prop for 3D modeling applications. Interactions involved piercing 3D
objects for selection, direct manipulation of 3D widgest on the tablet, changing the camera
position using the pen, and so forth.

However, none of the past e�orts have explored the simultaneous use of multi-touch
tablets with barehand mid-air gestures.

Tablet Touch in Mixed Reality

Wang and Lindeman [288] presented the use of position tracked wand and a multi-touch
tablet for 3D interaction tasks in AR environment. The wand was used to navigation
in a virtual environment and the tablet was used to switch between editing modes. To
navigate, the user pointed the wand in the desired direction and pressed a button on a wand
to initiate the movement. Switching between di�erent editing modes was facilitated on the
tablet. For instance, pressing buttons on the tablet would select a 3D object or edit them
based on the mode. Results indicated that using the wand and tablet simultaneously could
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have improved the user experience. Kim et al. [136] explored a scaled-down locomotion
that allows a user to travel in a virtual world as their �ngers slide on a multi-touch surface.
Their system supported two modes. One �nger touch would put the user in walking mode
and two hands were used to switch to rotation mode.

While these studies focus on tablet's multi-touch input in the context of MR envi-
ronment, they still did not consider input interactions beyond two �ngers. Many recent
studies highlight the utility of touch interactions beyond just two �ngers. For instance,
Wobbrock et al. [292] studied multi-touch 1080 gestures on a tabletop surface and proposed
a user de�ned gesture set containing more than 20 gestures. Beyond surface gestures, Ruiz
et al. [225] presented a user de�ned motion gesture set with a handheld smartphone. Fur-
ther, in the context of barehand mid-air gestures, Piumsomboon et al. [204] presented
a user de�ned gesture set of barehand mid-air hand gestures in AR environment. They
studied 800 gestures suitable for 40 di�erent tasks and identi�ed six crucial design dimen-
sions to build the taxonomy of gestures. Along these lines, Chen et al. [47] investigated 40
barehand mid-air gestures for manipulating 3D digital contents.

While the combination of 2D input and 3D input has received signi�cant attention in the
past, a comprehensive design space exploration of combining 2D and 3D input modalities
is still missing. Especially, with modern multi-touch tablets and with 3D interfaces where
barehand mid-air gestures are the most intuitive form of input.
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Chapter 3

Touch-Based Mode-Switching

This chapter presents the results of a 36 participant empirical comparison of touch mode-
switching. Six techniques are evaluated, spanning current and future techniques: long
press, non-dominant hand, two-�ngers, hard press, knuckle, and thumb-on-�nger. Two
poses are controlled for: seated with the tablet on a desk and standing with the tablet
held on the forearm. Findings indicate pose has no e�ect on mode switching time and
little e�ect on error rate; using two-�ngers is fastest while long press is much slower; non-
preferred hand and thumb-on-�nger also rate highly in subjective scores. The experiment
protocol is based on Li et al.'s pen mode-switching study, enabling a comparison of touch
and pen mode switching. Among the common techniques, the non-dominant hand is faster
than pressure with touch, whereas no signi�cant di�erence had been found for pen. Our
work addresses the lack of empirical evidence comparing touch mode-switching techniques
and provides guidance to practitioners when choosing techniques and to researchers when
designing new mode-switching methods.

3.1 Motivation

Most interfaces have multiple modes in which input is mapped to di�erent actions. In a
touch interface, the current mode can change how a single touch is interpreted: for example,
it could draw a line, pan the canvas, select a shape, or enter a command. Switching between
modes can be frequent, so �nding optimummode-switchingmethods is important. There
have been numerous experimental investigations comparing mode-switching techniques for
pucks, mice, and pens [128, 71, 153, 268, 107], but there has been no comprehensive analysis
of mode-switching techniques for touch input.
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This is surprising considering that a number of touch mode-switching techniques have
been developed. Some are unique to touch since they rely on features such as multiple
contacts [52, 218], using knuckles or other parts of the hand [96, 169], or characteristics
of �nger contact [30, 220]. Some touch mode-switching techniques are similar to those
evaluated with pens, such as using pressure [182, 100] or using the non-dominant hand [74,
284]. However, generalizing pen-based empirical results to touch is highly speculative,
considering distinct touch characteristics like reduced precision from \fat �ngers" [19, 73,
232] and greater friction [50]. This lack of formal comparisons of touch mode-switching
techniques may be one reason why current mode-switching methods for touch seem limited
compared to other input methods.

In this chapter, we compare the performance of six mode-switching techniques for touch
input on a tablet: the standard long press, pressing a button with the non-dominant hand,
two-�nger multi-touch, pressing hard, using the knuckle, and touching the thumb to the
side of the �nger. The investigated techniques include current methods, new methods
recently made available in commercial devices, and techniques likely possible in the near
future. Given the tablet mobility, we also control for two poses: seated with the tablet on a
desk and standing while holding the tablet. Our evaluation protocol is based on Li et al.'s
widely cited comparison of pen mode-switching [153]. This increases the replicability and
validity of our work, and enables a discussion of touch versus pen mode-switching. Direct
comparisons are possible for pressure, long press, and non-preferred hand, and to some
extent thumb-on-�nger and knuckle if considered analogues to Li et al.'s pen barrel button
and eraser.

We conclude this chapter with the following results and insights:

ˆ Techniques ordered from fastest to slowest are: two-�ngers, non-preferred hand button,
�nger-on-thumb, knuckle or hard press, and much slower long-press.

ˆ A sitting or standing pose has no e�ect on speed and little or no e�ect on errors (only
hard press and non-preferred hand error rates showed some interaction with pose).

ˆ Pressing hard was perceived to be the least accurate, one of the most fatiguing, and
hardest to learn technique.

ˆ Compared to Li et al.'s results for pen, our touch mode-switching timings and error rates
are higher (except for knuckle compared to eraser).

ˆ Our results can inform design, returning to the opening example: one �nger could draw,
two �ngers pan, thumb-on-�nger to select, and knuckle for a command menu.
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3.2 Background and Related Work

We build on, and extend research developing new mode-switching techniques and formal
experiments to analyse them.

3.2.1 Prior Mode Switching Techniques

Early mode-switching techniques focused on pucks, mice, and especially pens (styli). We
provide a brief overview of pen techniques �rst since they have been arguably the most
thoroughly studied and are the topic of Li et al.. We subsequently focus on multi-touch
input, the most relevant to our work.

Pen Input

With pens, there is a common need to switch between an inking mode and a command
input mode, but many techniques can be combined to support multiple modes.

Perhaps the most straightforward method to switch the pen mode, other than the
classic \long press" with the nib, is to press a button. This can be single-handed, using
the barrel button on the pen [153], a touch sensor below the palm of the writing hand
[240], or more commonly with the other (non-dominant) hand [172, 3, 143, 107]. Using
two hands exploits the bene�ts of bimanual interaction [128, 105]. Li et al. [153] found a
physical button activated by the non-dominant hand was both faster and more accurate.
A later study by Tu et al. led to similar results [268].

Having a well-positioned button on a device is not always a practical solution due
to the following reasons. First, there is often a need to trigger multiple mode switches;
having multiple buttons on a tablet would be hinder the usability. Second, �xing the
position of such buttons might prove to be a di�cult task as user's body posture would
a�ect the way they are holding the tablet. Additional techniques have been proposed to
overcome those limitations. On pen and touch tabletop systems, there is a large body of
work examining di�erent postures performed with the non-dominant hand on the surface
to activate command modes for the pen held by the dominant hand [36, 112, 173]. Other
techniques include short stroke gestures [104, 150, 88], pressing �rmly or lightly [153, 268,
212], stylus rolling [22], contacting with di�erent parts of a multi-faceted crayon [282], and
pen-holding postures [242, 109].
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Touch Input

Many mode-switching techniques designed for pens or other devices have been applied to
direct touch input. For instance, typing capital letters by holding the shift key with the
other hand is a simple form of non-preferred hand mode activation. Even the shape of the
non-dominant hand [290, 295, 97] or the number of �ngers used [294] can trigger a mode
change. BiPad [284] and SPad [74] explore the possibility of using the hand holding a tablet
to activate di�erent modes by pressing soft buttons. Using soft buttons is a scalable solution
compared to using hard buttons on a tablet, as the position of the soft buttons can be easily
changed to accommodate user's body posture. Pressure [182, 100, 218] and grip-based [80]
controls have also received much attention. Some of the latest mobile devices integrate
pressure-based technology and functionality (3D Touch, Force Touch, Press Touch etc.)
[267]. The number, shape and mobility of �ngers a�ord further interaction possibilities.
Multiple �ngers performing similar path movement (two- three-�nger swipes etc.) can
be used to trigger di�erent actions [151, 294] and if individual �ngers can be identi�ed,
interactions can be made �nger-speci�c [52]. Further properties of �nger input such as
contact size [30], slight rolling movements [220] and which part of a �nger touches the
display [96] can also be recognized to support mode-switching or general interactions.

Mode Switching Analysis

With many possible mode-switching techniques, it is no wonder researchers have attempted
to develop models and evaluation protocols to rigorously assess their performance under
di�erent settings. Using the non-dominant hand for pen mode switching has been studied in
detail by Ruiz et al. [223] who developed a temporal model. They use the Hick-Hyman Law
to show the asymptotic cost of adding additional non-dominant hand modes to an interface
is a logarithmic function of the number of modes. Experiments indicated that the model is
an accurate predictor of the time taken to perform a non-preferred hand mode switch for
interfaces containing between two and eight modes when modes are equiprobable. Lank
et al. [143] show concurrent mode-switching is the fastest. They conducted an experiment
comparing three variants of controlling the mode| pre-gesture mediation, post-gesture
mediation, and concurrent mediation. In pre-mediated mode, to draw a moded gesture
subjects must depress the mode-switch button prior to the beginning the gesture and hold it
until beginning to draw; button state at pen-down indicates mode. In post-mediated mode
setting, subjects can press the mode-switch button any time before or during the gesture;
button state at pen-up event indicates mode. In the concurrent mode switching, mode
can be altered during the beginning of a gesture. Results contradict serial assembly of the
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human motor control described in the popular `Kinematic Chain model', demonstrating
the non-preferred hand mode initiation is an instance of motor control level interaction
where bimanual interference is not serial. Ruiz and Lank [224] who explore aspects of
overlapping mode-switching and performance footprints with multiple modes.

To compare performance of mode-switching techniques, a common methodology is Dil-
lon et al's \subtraction technique" [62]. It determines the precise cost of mode-switching
by subtracting the time to perform the same series of tasks using a single mode and when
alternating between two modes. It is the approach for comparing pen mode switching
techniques in Hinckley et al. [107], Song et al. [242], and Li et al.'s[153] highly cited
comparison on which we model our work.

We are unaware of a comprehensive study systematically examining and comparing
mode-changing techniques for direct touch input. The touch techniques explicitly or im-
plicitly used to trigger mode changes that have been proposed have mostly been super�-
cially or individually evaluated for non-frequent mode-switches. Therefore, it is not clear
how well they fare compared to each other and in a context, where state changes are very
frequent. Furthermore, the results for pen-based mode-switching may not transfer to touch
input, not to mention that touch input enables other techniques such as multiple touches
not applicable to pens.

3.3 Mode Switching Techniques

We chose six mode switching techniques among those in current use, described in previous
research, or soon plausible given emerging sensor capabilities. Some are analogous to the
pen mode switching techniques tested by Li et al. [153]. All techniques were designed for
a tablet when placed on a desk, or when supported with the non-dominant arm.

3.3.1 Long Press

Performing a long press (also called \press-and-hold" or \dwelling") is a common method
to trigger command modes in current touch interfaces. For example, Android and IOS
use a long press to organize app launch icons. We use a long press duration of 500ms ,
the default Android setting. Li et al. also included a pen long press, but used a 1000ms
duration.

Long press detection begins after touch down with a \hold detection phase": as long
as �nger movement remains within a 3mm radius bounding circle centred on the initial
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touch point, the �nger is considered held still. A circle 25mm in diameter is displayed
around the touch point showing the progression towards the 500ms duration. If the �nger
remains in the box for 500ms, the mode is activated. If the �nger exits the box before
that time, the hold detection phase restarts with a new bounding circle centred on the
new �nger position. Our 3mm radius bound is twice that used by Li et al. to account for
touch sensor noise. Once detected, the mode remains engaged until touch up regardless
of subsequent �nger movement. We did not implement a second \hold through" phase to
cancel the mode switch like Li et al. because, to our knowledge, this is not used on touch
input devices or needed for the experiment.

3.3.2 Two-Finger Multi-touch

One of the simplest distinctions for touch input is whether one or two �ngers contact the
display at the same time. This is common in Android and IOS, and researchers have used
two �ngers to activate marking menus [151] and distinguish between dragging and hovering
in the DTMouse technique [68]. There is no equivalent technique with pen input.

A two-�nger touch is detected when two correlated touches occur soon after initial
touch down. For our experiment, two touches must be detected before crossing into the
�rst rectangle (typically less than 80ms). To remain comparable with other single touch
techniques, a single input position is de�ned using the midpoint between touch points. We
selected the midpoint based on pilot tests examining the perceived input point for two
touches. This positioning is also used for DTMouse in hover mode. Once detected, the
mode remains engaged until touch up regardless of the number of touches.

3.3.3 Non-Preferred Hand

Touch interfaces can support using the non-preferred hand to activate a mode with soft
buttons, a simple example is holding the SHIFT key while typing. Li et al. found that
pressing a physical button was one of the fastest ways to activate a mode with pen input.
Our equivalent technique uses a rendered touch button since it is more practical with
current tablets.

To engage the mode, the non-dominant hand presses and holds a 45� 25mm button
before the dominant hand touches down. Once the touch down event occurs, the mode
remains engaged until both the dominant-hand touch up event occursand the mode switch
button is released. We require the button to be pressed before the dominant hand touch
down to be consistent with Li et al.. The mode button location is dependent on the
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Figure 3.1: Position of the mode-switch button (in green) activated by the non-preferred
hand when (a) sitting; and (b) standing.

participant's handedness and whether the tablet is supported by a surface (e.g. sitting at
a desk) or supported by the non-dominant forearm (e.g. when standing). When supported
by a surface, the button is displayed at the bottom-left (or bottom-right) corner (Fig. 3.1-
left). When supported by the non-dominant arm, the button is displayed at the top-right
(or top-left) corner (Fig. 3.1-right). This enables the user to reach and tap the mode switch
button comfortably with the �ngers of the hand holding the device, a common posture
reported by Wagner et al. [284] We �xed button locations and sizes for our experiment,
but techniques exist to automatically detect how a mobile device is held so such mode-
switch button could be positioned accordingly [80].

3.3.4 Hard Press

Pressure-based touch interaction has been described in previous work [18, 21, 100, 218] and
recent technology developments suggest pressure sensing will be supported on commercial
touch devices in the near future [267]. Using pressure-based mode-selection for pens has
been well studied (e.g. [212]) and it was a method evaluated in Li et al.'s experiments.

Most current touch devices report a simulated pressure reading based on the size of
the touch contact. On vision-based tabletops the actual contact size is captured by a
camera [21], but capacitive devices estimate it from the signal strength. We found simulated
pressure with capacitive tablets is unreliable due to factors like skin moisture, relative
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humidity, and body hydration. To get a true measure of pressure, we initially experimented
with placing multiple external force-sensitive resistors under the tablet and training a
classi�er to recognize touch events with normal and hard pressure. This worked reasonably
well on a desk, but designing a housing for accurate sensing when standing proved di�cult.
Instead we detect hard presses indirectly, based on muscle tension sensed using a MYO
electromyographic (EMG) armband. Benko et al. used the same technique with a similar
EMG sensor [18]. Note that our objective is to simulate a future pressure sensing technique
in our experiment; we are not proposing that people wear a MYO armband when using a
tablet.

A simple threshold-based classi�er is trained for each participant (Li et al. used a
global threshold for pressure across all participants, but found it unreliable). To train,
the participant crosses through �ve rectangles, alternating between a normal touch and a
hard press touch according to rectangle colour. This is repeated 4 times. The data from
the 8 armband EMG sensors are smoothed using the one-euro �lter [43] and synchronized
with the touch events and expected type of touch. The median and standard deviation of
each sensor signal for normal touches and hard presses is calculated using events logged
from touch down until the rectangle is entered. All sensors where the hard press median
minus two standard deviations is greater than the normal touch median plus two standard
deviations are considereddi�erentiating sensors. If less than two di�erentiating sensors
are found, the armband is adjusted and the training repeated. Otherwise, each sensor is
assigned a threshold equal to the hard press median minus two standard deviations (EMG
signals for hard press are always greater than normal press). Once trained, a touch is
considered a hard press if two or more of the di�erentiating electrodes exceed the thresholds
determined in training. A 5-person pilot found the method was almost 99% accurate.

To use hard press for mode-switching, su�cient pressure must be applied to the tablet
screen to cross the threshold. During the experiment, a hard press must be identi�ed before
crossing into the rectangle. The mode is disengaged upon touch up.

3.3.5 Thumb-on-Finger

Pressing a \barrel button" is a classic way to change the mode using a pen, and this
technique was included in Li et al's study. We approximate barrel button mode-engagement
for touch input with a thumb press on the index �nger, similar to techniques used for mid-
air clicking [89, 281] and NanoStylus [298]. We anticipate that with technologies such as
Project Soli [83], these types of gestures will be able to be sensed.

In our experiment, we use a wearable device with a force-sensitive resistor (FSR) taped
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Figure 3.2: Hardware to robustly detect future input actions for the purpose of the exper-
iment: (a) knuckle touches using accelerometer; and (b) thumb-on-�nger using pressure
sensor attached to index �nger.

to the proximal phalanges of the index �nger (Fig. 3.2 b). We ensured this apparatus did
not impede natural touch interaction with the tablet. The FSR is 12.7 mm in diameter
and 0.47 mm thick. The sensing range is 0 to 175 psi and we used a global threshold of
51 psi to detect when the thumb lightly contacts the �nger. The FSR is connected to an
ATmega328 Arduino strapped to the wrist. The Arduino sends pressure readings to the
tablet over Bluetooth. To reduce weight, an external battery is connected to the wearable
device with a lightweight wire.

The mode is activated by pressing the thumb to the side of the index �nger before
touching down. Once the touch down event occurs, the mode remains active until both
the touch up event occursand the thumb is released from the �nger.

3.3.6 Knuckle

Using the knuckle for touch input has been described in Marquardt et al. [169] and
Tapsense [96]. Knuckle-sensing is already o�ered on some smartphones [77]. Turning
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the hand over to engage the knuckle also bears some similarity to using the eraser end of
a pen, a mode-switching technique included in Li et al.'s study.

Our tablet does not sense knuckles natively, so we simulate a future knuckle sensor.
An ADXL335 3-axis accelerometer mounted on the back of the hand with tape detects
wrist rotation. Speci�cally, the mode is switched when the z axis of the accelerometer
exceeds a 90 degree angle (it is 0 degree when the sensor is horizontal). This simple
threshold is su�cient to di�erentiate between knuckle and normal �nger pad touches. The
accelerometer is connected to the same wrist-mounted apparatus used for thumb-on-�nger
sensing. In our experiment, all but one participant used their middle �nger knuckle to
perform this technique. Given the mechanics of the movement, the mode must be engaged
before the �rst touch. The mode remains active until both the touch up event occursand
the wrist rotates back to the �nger pad touch orientation.

3.4 Experimental Setup and Apparatus

The goal of this experiment is to compare mode-switching time, error rates, and subjective
ratings for the six techniques described above. Given the mobile nature of tablets, both
seated and standing poses are tested. The experiment task and design is a near-replication
of Li et al.'s [153] pen mode-switching study.

3.4.1 Participants

We recruited 36 participants (mean age 24.1sd = 2.4, 8 women, all right-handed). 24
participants had experience using multi-touch tablets. A$10 remuneration was provided.
Each participant completed a questionnaire before the experiment began and after the
experiment was conducted. A copy of these pre and post questionnaires are included in
Appendix A.

3.4.2 Apparatus

The experiment was performed on a Google Nexus 10 tablet (1.7 GHz Cortex A15 CPU
with 1 GB RAM) running Android OS 5.1.1. The tablet's 264 � 178 mm display has
a resolution of 2560� 1600 px, a density of 11.8 px/mm (300 PPI). The device weighs
approximately 603 grams. The experiment task code was written in Processing using the
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Android export library. Using Ng. et al.'s method [190] and a 240 fps camera, end-to-end
latency was 100 ms, comparable to current apps.

3.4.3 Tasks

Our experimental tasks are closely based on Li et al. [153]. Five 20� 22 mm rectangles are
crossed in succession where the 20 mm ends form two parallel crossing targets (Fig. 4.3).
Note that 20 mm crossing targets are 63% larger than the minimum size recommend by
Luo and Vogel to achieve a 4% error rate [164]. The rectangle is a simpli�cation of the pie
section used by Li et al.. All �ve rectangles are displayed in a horizontal row, all oriented
in the same direction with the required crossing direction indicated by a white arrow.

Figure 3.3: Compound task: �ve oriented rectangles (180X shown) are crossed while alter-
nating between default and command modes. Each row above is a screen capture of the
task (top to bottom): about to cross �rst baseline target; crossing �rst target; crossing sec-
ond \moded" target; about to cross third baseline target. The baseline task looks identical
except all rectangles are grey and only the default mode is used.

There are two task variations. In thebaselinetask, �ve grey rectangles are shown and
the participant crosses them using standard touch input. In thecompoundtask, the �ve
rectangles alternate between grey and red, with the �rst rectangle grey. The participant
must cross each grey rectangle using standard touch input and each red rectangle using
the speci�ed mode-switching technique. All touches leave a trail for feedback, black for
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standard touches and red when the mode is engaged. Note that the red or black trails
function only as an abstract representation of two di�erent modes. A small circle in the
top-left corner of the display also turns red when the mode is engaged. If there is any
crossing or mode error, a beep sounds and the rectangle must be crossed again to continue.
Error detection and classi�cation are described below.

3.4.4 Design and Procedure

The experiment is a repeated measures mixed design. The participantpose while using
the tablet is a between-subjects factor (sit or stand ). Half of the participants com-
pleted all tasks while seated with the tablet placed 
at on a table and the other half
completed all tasks while standing with the tablet held on their non-dominant forearm.
The mode-switchingtechnique is a within-subjects factor with levels corresponding to the
six mode-switching techniques (longpress , twofinger , nonpref , hardpress , thumb ,
knuckle ).

Participants were randomly assigned to apose condition and technique order was
counter-balanced using a 6� 6 Latin square. For eachtechnique , there was a 1 to 3 min
training period (after wearable hardware was attached and calibrated forhardpress ,
thumb , and knuckle ). Once training was over, the participant completed 9blocks
of tasks. Odd numbered blocks were entirely baseline tasks and even numbered blocks
entirely compound tasks. Before each block, the participant had to press a start button.
Each block presented the task using 4 crossing directions (N, E, S, W) in random order.
Note that Li et al.'s design had 8 directions, but they report no signi�cant di�erences. Our
four cardinal directions are representative of common actions like swiping, and a reduced
number of directions enabled all six techniques to be tested in less than 1 hour with minimal
fatigue. Participants were allowed to take breaks between blocks.

In sum there were: 6techniques � 9 blocks (5 baseline, 4 compound)� 4 directions
� 5 rectangle crossing = 1,080 rectangle crossings per participant.

3.4.5 Quantitative Measures

We calculated three measures from the experiment event logs, described below.
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Errors and Error Rates

Like Li et al. [154], we identify three types of errors. Acrossing error occurs if the touch
stroke did not cross both ends of the rectangle in the correct order and direction. This
captures errors related to crossing accuracy. Anout-of-target error occurs if the touch
stroke did not intersect with any part of the rectangle. This most often captures a case
when the participant intentionally aborted a rectangle crossing. These errors are only
possible on the current rectangle, strokes intersecting with other rectangles are ignored.
A mode error occurs when the wrong mode is used to cross a rectangle. In other words,
stroking a grey rectangle with red or vice versa. Mode errors are only possible in compound
tasks.

We further distinguish between mode-in and mode-out errors. Amode-in error occurs
when the participant fails to transition from standard touch input to the speci�ed mode-
switching technique. This is detected during the second or fourth rectangle crossing. A
mode-out error is when the participant fails to transition from the speci�ed mode-switching
technique to standard touch input. This is detected during the third or �fth rectangle
crossing. Finally, acombined erroroccurs if any of the errors above happen. Each of these
error types are recorded as an indicator variable: 1 if the error occurred and 0 otherwise.
The mean value of one type of indicator variable across trials produces the corresponding
error rate.

Crossing Time

The crossing time is the duration between the touch up event after the previous rectangle
was crossed until the touch up event after the current rectangle is crossed. There are four
measurable rectangle crossings per task.

Mode-switching Time

Naively, one might directly compare crossing times in the baseline task with crossing times
in the compound task (where a mode switch was required). However, both crossings share
a common overhead of moving from the end of the previous rectangle to the start of the
current rectangle. Therefore, we use the \subtraction method" used by Li et al. (adopted
from Dillon et al. [62]) to isolate mode-switching time.

The method de�nes three cycles during a task. The �rst cycle is from the moment
the start button is pressed until the touch up event after crossing the �rst rectangle. The
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second cycle begins immediately after, ending when all �ngers are lifted after crossing the
third rectangle. The third cycle begins immediately after, ending when all �ngers are lifted
after crossing the �fth rectangle. The second and third cycles arefull cycles. During the
compound task, each full cycle captures a complete mode-switch operation: the participant
switches into a mode using the speci�ed technique, crosses a rectangle, switches out of the
mode, crosses another rectangle, and lifts their �nger(s). The purpose of the �rst cycle is
to ensure standard touch input is used before the second cycle. In each block, there are
8 full cycles (two cycles per direction). For each technique, each participant completes 32
full cycles with mode switching (in the 4 compound task blocks) and 40 full cycles with
standard touch input only (in the 5 baseline task blocks).

The subtraction method isolates mode switching time using mean times from second
and third cycles. For each block, the mean time for second and third cycle is calculated
using error-free cycles (recall there are four task directions per block, so each full cycle is
repeated four times). The mode-switch time is calculated by subtracting the mean full cycle
time of two adjacent baseline blocks from the mean full cycle time from a compound block.
In total, this provides 8 mode-switch time measurements per-participant, per-technique (2
per block).

3.5 Results

All results, including subjective ratings, are continuous, so the same analysis procedure
was used for all data. Speci�cally, we performed repeated measures ANOVA and pair-
wise t-tests with Bonferonni corrections when main or interaction e�ects were found. For
interaction e�ects, we restricted pairwise tests to comparing means across factor dimen-
sions independently. When the assumption of sphericity was violated, degrees of freedom
were adjusted using Greenhouse-Geisser (� @0:75) or Huynh-Feldt (� C0:75). Non-normal
skewed distributions, were corrected using a log transform or Aligned Rank Transform
[291] depending on the severity and direction of skewness.

3.5.1 Data Pre-Processing

We examined error-freecrossing timesto identify outliers more than 3 standard deviations
from the mean for eachtask divided by pose. This removed 4.6% of the rectangle crossing
trials (3.8% to 6.7% per technique), comparable to similar touch experiments [164].
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Using the remaining error-free full cycles, we used the subtraction method described
above to calculatemode-switch times. Visual inspection of the mode-switch times distribu-
tion suggested non-normality, con�rmed by a Shapiro-Wilk and Anderson{Darling tests.
To compensate, we log-transformed all data points for mode-switch time. There were 33
data points with slightly negative mode-switch times. This only appeared fortwofinger ,
the fastest technique. To compensate, we �rst added 306ms to all times to guarantee pos-
itive values required by the log function. Note that this log transformed data is used for
statistical tests involving mode-switch time. All times presented in the paper are actual
measured values. Error rate distributions did not suggest non-normality.

3.5.2 Learning E�ects

To determine if performance changed during the four compound blocks, we tested for e�ects
of pose � technique � block on mode-switch timeand combined error rate. We found
no statistically signi�cant interaction involving block indicating no learning e�ect across
blocks. This matches the performance stability noted by Li et al. All blocks are used in
subsequent analyses.

3.5.3 Mode-Switching Time

We expectedpose would alter how the techniques were performed, but there was no signif-
icant main e�ect of pose, or pose � technique interaction e�ect on mode-switch time .
There was a signi�cant main e�ect of technique (F5;170 � 109:52, p @:0001,� 2

p � :76).
Post hoc tests found alltechniques signi�cantly di�erent p @:0001, excepthard press
and knuckle . Ranking techniques from fastest to slowest mode-switch time:twofin-
ger (222ms);nonpref (311ms);thumb (408ms);knuckle and hardpress (500ms and
568ms respectively, not signi�cantly di�erent); and longpress (1244ms). longpress is
more than twice as slow as the next fastest techniques and more than �ve times slower
than the fastest technique.

Comparing the switching times of techniques used in Li et al., we notice that our values
are systematically higher. Fornonpref and hardpress , the authors report mean times
of 139ms and 284ms respectively, which are roughly half of our values. Tu et al. [268]
also evaluated those techniques and while the pressure-based technique is reportedly even
faster (mean time 228ms), the timing for their version ofnonpref , 304ms, is very similar
to ours.
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Figure 3.4: Mean mode-switch times bypose and technique with 95% CI.

Although there was no e�ect of pose, we examinetechnique by pose given our a
priori control. For each pose, we ran a one-way ANOVA fortechnique on mode-switch
time. Main e�ects were found for sit (F5;85 � 69:60, p @:0001, � 2

p � :80) and stand
(F5;85 � 44:42,p @:0001,� 2

p � :72). The pattern of post hoc di�erences was very similar
to the technique main e�ect (all p @:0001). The only di�erence is for stand : there was
one other non-signi�cant di�erence betweenthumb and nonpref . Without that one
exception, the order oftechniques from fastest to slowest is consistent betweenposes
and with combined poses (see Fig. 3.4).

3.5.4 Error Analysis

Before examining speci�c error rates for techniques and poses, we note that theoverall
error rate for baseline crossing cycles is a 4.1% with no detectable di�erences between
pose. This rate suggests participants were balancing speed and accuracy [302] and is low
enough to suggest using the subtraction method is valid. Li et al. do not report baseline
rates.

Unlike mode-switch time, we did �nd a signi�cant interaction for pose � technique
on combined error rate(F3:40;115:66 � 3:02, p � :012, � 2

p � :081). There was a signi�cant
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Figure 3.5: Combined error rate for techniques by pose

main e�ect for technique as well, but the interaction with pose is most relevant. To
determine if the technique combined error rate was signi�cantly di�erent between poses,
we performed six pairwise tests. With Bonferonni correction, only a borderline di�erence
in hardpress p � :06 exists. Like mode-switch time, it appears thatpose has little or
no e�ect on overall error rate.

Continuing to explore the signi�cant interaction, we examine if the techniquecombined
error rates were signi�cantly di�erent using pairwise tests between techniques when con-
sideringsit and stand separately. Forsit , we found no signi�cantly di�erent techniques.
The measured rates ranged between 4.8% and 7.5%. Again, we observe a contrast with Li
et al.'s reported error rates, which are systematically lower. Their hold technique led to
the most errors (due to a slippery screen) and NonPrefHand to the lowest rates. Tu et al.
once more show di�erent results (Holding being the least error-causing technique in their
experiment) and error rate ranges that are partially closer to ours.

For stand , we found signi�cant di�erences betweentwofinger and hardpress ,
longpress and hardpress (both p @:05), and a borderline di�erence betweennonpref
and longpress (p � :05). The measured rate forhardpress is 13.5% andnonpref
is 10.8%, with the remaining techniques ranging between 3.3% and 7.1%. This provides
more evidence that, relative to the other techniques,hardpress and nonpref are harder
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to perform when standing.

We also investigate the e�ect ofpose and technique on speci�c types of errors (il-
lustrated by pose in Fig. 3.6 & 3.7).

For crossing error rate, we found a main e�ect fortechnique (F5;170 � 3:97,p @:001,
� 2

p � :104). Post hoc tests showednonpref had a higher rate (3.9%) thanhardpress
(1.2%) andthumb (1.5%). Measured rates were between 1.2% and 3.9%.

For out-of-target error rate, we also found a main e�ect fortechnique (F5;170 � 5:41,
p @:0001,� 2

p � :14). Post hoc tests showed the rate forthumb (1.0%) was lower than
knuckle (2.6%), nonpref (5.0%), and twofinger (5.9%). Also hardpress (2.5%)
was lower thantwofinger . Measured rates were between 1.0% and 6.3%. Note that Li
et al. had almost no out-of-target errors.

For mode-in error rate, technique had a main e�ect but we focus on the more relevant
signi�cant pose � technique interaction (F5;170 � 2:44, p � :036, � 2

p � :066). For sit ,
post hoc tests showedtwofinger (1.0%) was lower thanlongpress (3.1%). For stand ,
knuckle (0.7%) was lower thanhardpress (6.9%) (all p @:05). Measured rates were
between 1.0% and 5.0% forsit and between .07% and 6.9% forstand .

For mode-out error rate, technique had a main e�ect (F3:56;121:07 � 6:28, p @:001,
� 2

p � :16). Post hoc tests showedtwofinger (0.3%) was lower thannonpref (2.4%) and
hardpress (3.1%) hardpress was higher thanthumb (0.9%) and longpress (0.6%)
(all p @:05). Measured rates were between 0.3% and 3.1%. There is some evidence that
nonpref and hardpress both are more di�cult to disengage.

3.5.5 Subjective Ratings

After completing trials for all techniques, participants provided subjective ratings of the
techniques with respect to six aspects: ease-of-learning, ease-of-use, accuracy, speed, eye
fatigue, and hand fatigue. All ratings were on a continuous numeric scale from 1 to 5, with
1 being the worst score (e.g. low accuracy, hard to learn, very fatiguing) and 5 the best
(e.g. high accuracy, easy to learn, not fatiguing).

Table 3.1 summarizes subjective ratings bypose. The distributions for ratings was non-
normal due to high negative skewness, so the values were transformed using the Aligned
Rank Transform method [291]. ANOVAs performed on this transformed data did not
reveal any signi�cant main e�ects or interactions involvingpose on any any of the ratings.
However, there are signi�cant main e�ects fortechnique regardless ofpose. We report
the main results of pairwise comparisons betweentechnique for each rating.
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Figure 3.6: Proportion of speci�c error rates fortechniques for sit . Note more than one
type of speci�c error can occur during a cycle.

ˆ For hand fatigueand ease-of-use, hardpress and knuckle were reported respectively
more tiring and less easy to use compared to the other techniques (allp @:032). This
is understandable, given the pressure and wrist e�orts required. Participant feedback
con�rmed the di�culty and physical demand of hardpress (seven people) with one
participant commenting that it almost felt like breaking the tablet. As for knuckle ,
two participants reported it was tiring and two pointed out that it resulted in increased
occlusion; however, two people also said it was "fun". Fornonpref , four participants
remarked that the technique required well-timed coordination and thus getting used to
to be e�cient. For the standing position, we also observed that participants with small
hands (two in particular) sometimes had trouble reaching the button with the �ngers of
the non-preferred hand across the bezel of the tablet.

ˆ In terms of ease-of-learning, hardpress was rated signi�cantly harder to master than
longpress and twofinger (p � :0043 andp � :0102 respectively). We believe this
is because participants had to learn to adjust touch pressure levels to be able to activate
the two di�erent modes reliably as well as because of the extra training required for the
EMG classi�er.
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Figure 3.7: Proportion of speci�c error rates fortechniques for stand . Note more than
one type of speci�c error can occur during a cycle.

ˆ With respect to accuracy, hardpress was consistently perceived as having the lowest
precision (p @:007 compared to all other techniques). Note thathardpress and non-
pref have the highest overall error rates, yethardpress was rated more accurate.
Hence, there appears to be an increased perception of poor accuracy withhardpress .
For twofinger , we observed that, during training, participants needed a short adap-
tation time to position their two �ngers for the ink to appear at the desired spot.

ˆ Finally, regarding speed, twofinger was rated signi�cantly faster than all other tech-
niques exceptthumb (p @:01), thumb was judged faster thanhardpress , knuckle
and longpress (p @:013) and longpress considered signi�cantly slower than all tech-
niques excepthardpress (p @:03). All those results are consistent with the time mea-
surements.

3.6 Discussion

Our results provide evidence that regardless of whether a tablet is used 
at on a desk,
or held by the non-dominant arm while standing, the performance characteristics and
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long two non hard
SIT press finger pref press thumb knuckle

Learning 4.4� .21 4.4� .20 4.7� .13 3.7� .32 4.6� .14 4.1� .23

Ease-of-Use 3.9� .24 4.2� .22 4.0� .28 3.0� .31 4.3� .24 2.7� .26

Accuracy 4.3� .20 4.1� .26 4.5� .16 3.2� .26 4.3� .20 4.2� .18

Speed 2.6� .23 4.3� .22 4.2� .17 3.4� .30 4.2� .20 3.4� .33

Eye Fatigue 4.7� .15 4.8� .10 4.8� .12 4.4� .25 4.7� .17 4.5� .21

Hand Fatigue 3.7� .27 4.1� .27 4.4� .22 3.0� .32 4.0� .26 3.0� .31

Combined 3.9� .1 4.3� .1 4.4� .1 3.5� .1 4.4� .1 3.6� .1

long two non hard
STAND press finger pref press thumb knuckle

Learning 4.6� .22 4.7� .16 3.9� .32 3.8� .26 4.3� .24 4.0� .27

Ease-of-Use 3.9� .22 4.2� .24 3.2� .36 3.0� .31 3.9� .29 3.2� .33

Accuracy 4.5� .18 4.2� .19 3.9� .33 3.1� .28 4.1� .23 3.8� .26

Speed 2.8� .30 4.6� .20 3.4� .30 3.3� .27 4.1� .26 3.4� .25

Eye Fatigue 5.0� .0 5.0� .0 4.9� .05 4.9� .05 5.0� .0 4.7� .17

Hand Fatigue 4.3� .30 4.5� .18 3.6� .32 2.9� .34 4.3� .26 3.6� .30

Combined 4.2� .1 4.5� .1 3.8� .1 3.5� .1 4.3� .1 3.8� .1

Table 3.1: Mean subjective ratings:sit (top) and stand (bottom).

subjective impressions of these techniques are comparable. This may bolster the validity
of other non-mode-switching touch input studies evaluated only when a tablet is laid 
at
on a desk (e.g. [165, 82, 187]). However, more styles of touch input need to be tested in
sitting and standing poses to verify any general claims.

Regarding mode-switching techniques, our results show long press is the worst and two-
�nger multi-touch the best, unless target accuracy is critical. When accuracy is needed,
thumb-on-�nger is the best option with lower out-of-target errors than two-�nger (and
others) and lower crossing errors than non-preferred hand. Subjective ratings for thumb-
on-�nger do not indicate a pattern of any strong preference or dislike. One caveat is that,
although there were no signi�cant di�erences for thumb-on-�nger in mode-in errors, the
measured values are high (Figs. 3.6 and 3.7). Given the high variance preventing statistical
di�erence, individual mastery of thumb-on-�nger mode-switching varies.

When considering mode-switching time only, non-preferred hand, knuckle, and hard
press are all within 100ms from the mean time for thumb-on-�nger. At �rst this may
suggest they are all comparable, but high rates of mode-switching errors and a pattern of
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lower subjective ratings cast doubt on using pressure for touch mode-switching. Although
there is subjective support for the non-preferred hand, it has a higher mode-out error rate
than other techniques and a surprising pattern of frequent crossing and out-of-target errors.

Given the novelty of using a knuckle for touch input, we were surprised to see it perform
as well as it did. It has an overall error rate comparable to the best techniques with one of
the lowest mode-in error rates. Although out-of-target errors are higher than some, there
is no statistical evidence of a higher crossing error rate. This is encouraging considering
we expected the increased occlusion to make knuckle crossing wildly inaccurate. However,
subjective ratings and comments show a pattern of mild dislike due to higher fatigue
and perceived slower speed. Note that only two-�nger and knuckleinstantly combine the
mode-switch with the initial touch position. This \merging of command selection and
direct manipulation" has been shown to be bene�cial [93].

3.6.1 Subtraction Method Validity

Like Li et al., we con�rm that we can apply the subtraction method in our experimental
protocol since drawing and positioning movements are not strictly �xed as in Dillon et al.'s
point-connecting task [62]. We accomplish this by comparing thetotal movement distance
in a full cycle between baseline and compound tasks. A su�ciently small di�erence in-
dicates that movements required for the two types of tasks were similar. Due to how we
logged multiple simultaneous touches, automatic calculation of movement time for non-
preferred hand and multi-touch proved error-prone. We chose to not include them in this
analysis. Among techniques, non-preferred hand and multi-touch are arguably the most
similar to non-mode touching crossing movements.

For the remaining four techniques, we found a mean movement distance for a full
cycle to be 55.2mm (690px). This is 1.4mm greater than the baseline condition, in which
mean movement distance was 53.8mm (672px). This di�erence of only 2.7%, compares
favourably with Li et al.'s di�erence of 4.7mm (20px)1, or 3.4%. Li et al. also report a
similar single full cycle mean movement distance of 66 mm (290px). This demonstrates
using the subtraction method was valid.

3.6.2 Temporal Pattern Analysis

We analyse the temporal submovements pattern to understand di�erent techniques, and
use this to classify them into di�erent temporal models. This is directly based on the

1Li et al. used a 12.1" diagonal, 1024� 768px TabletPC.
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long two non hard
baseline press finger pref press thumb knuckle

TP 1 323 392 375 486 415 502 546
TC1 196 1239 210 189 420 276 267
TP 2 317 415 435 419 514 433 510
TC2 195 220 200 208 234 218 218

TENG N/A 1130 401 318 459 536 544
TDIS N/A 51 100 421 91 61 531
TGES N/A 552 284 779 466 303 799

Table 3.2: Cycle decomposition times (ms).

\keystroke level analysis" performed by Li et al.. We use the same models and compare
our results with their �ndings.

A full cycle can be decomposed into four submovements with corresponding times:
Tcycle � TP 1 � TC1 � TP 2 � TC2

whereTP i is the time taken to position the �nger in the air before crossing thei th rectangle
and TCi is the time taken to drag the �nger on the display and cross thei th rectangle. TP i

begins on touch up of the previous rectangle and ends on touch down of thei th rectangle.
TCi begins on touch down and ends on touch up after crossing through thei th rectangle.

Each two-rectangle full cycle during a compound task requires crossing rectangle 1 (the
`red' one) with the mode engaged and crossing rectangle 2 (the `grey' one) with the mode
disengaged. Therefore, the mode is engaged either duringTP 1, or near the beginning of
TC1. The time to engage a modeTENG is the duration from the start of a cycle until the
mode is engaged. Note thatTENG equalsTP 1 if the mode is engaged precisely at touch
down (e.g. knuckle);TENG may be less thanTP 1 if the mode can be engaged before touch
down (e.g. non-preferred hand); andTENG may be greater thanTP 1 if the mode is engaged
after touch down (e.g. hard press).TGES is the time spent gesturing, de�ned from the
later of mode engagement and touch down until touch up. Beyond these durations de�ned
by Li et al., we de�ne a mode disengage timeTDIS as the duration from disengagement
until touch up.

Table 3.2 provides mean times for these submovements for all techniques. A further
veri�cation that the task and subtraction method worked as it should is that the TC2

times are the same for the baseline task and all techniques. As in Li et al., our absolute
timings for TC2 all appear close to the baseline. To verify this, we conducted a one-way
ANOVA for the e�ect of technique (including baseline) onTC2. There was a main e�ect
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(F4:07;138:27 � 9:5754,p @:001) and post hoc tests reveal that all but two-�nger multi-touch
are signi�cantly di�erent. However, the di�erences between all techniques and the baseline
is less than 40 ms.

3.6.3 Temporal models

All techniques follow the temporal models described in Li et al.'s keystroke level analysis.
Although the authors did not perform statistical tests on timing decompositions, we provide
this extra level of validation when applicable.

Using Non-Preferred Hand and Thumb-on-Finger. The two techniques obey the same
temporal model, as they require the mode to be engaged before touch down, with release
possible during, or after completion of the gesture. As in Li et al., we calculate an estimate
of the gesture engagement time by subtractingTP 1 of the baseline task fromTP 1 of the
compound task. We obtain 164ms fornonpref and 179ms forthumb , with no signi�cant
di�erence between them. This contrasts with Li et al., where the mode engagement time
for NonPrefHand and BarrelButton were 65ms and 144ms respectively, a greater di�erence.

Disregarding the absolute timings which are systematically lower for Li et al., we believe
there may be two reasons for this greater di�erence. First, it may be easier and faster to
hit the index �nger with one's thumb than to reach and press a barrel button on a stylus.
Second, although our participants held their �nger poised above the touchscreen button
before each non-dominant hand trial, Li et al.'s NonPrefHand participants could exploit the
physical button by resting their �nger on it to minimize activation and eliminate targeting.
The physical button may have been the primary reason for the very strong performance of
NonPrefHand in Li et al.. Perhaps the full potential of non-preferred hand mode-switching
cannot be realized on a touchscreen.

Using Long Press (Hold). Li et al. note that there is a di�erence between theTP 1

timings of Hold and the baseline even though gesture mode engagement is started upon
touch down and thus, at �rst glance, the two TP 1 should be close. They attribute this
di�erence to an additional preparation time needed when slowing down the pen movement
to hold it in a steady position. We also observe this phenomenon with a statistically
signi�cant di�erence of 69.5ms between theTP 1 timings (p @:0001), albeit a much lower
one.

Li et al. also calculate the time participants took to respond to the feedback showing
that the mode had been engaged (a full circle) using the formula:

Tresponse � TENG � TP 1 � Holdtime
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Their response time is 137ms. Ours is: 1130� 392� 500� 238ms.

Using Hard Press (Pressure) and Two-Finger Multi-touch. In Li et al., Pressure is the
technique with the lowestTP 1, but again, without statistical analyses we do not know if
timings are signi�cantly di�erent from other techniques. Even thoughhardpress appears
to be third best only from the mean values, ANOVAs and post hoc tests do not reveal any
signi�cant di�erences between theTP 1 values forhardpress , twofinger and longpress
and hence we are not able to conclude which of the three techniques has the shortest
positioning time.

Similar to Li et et al., we calculate the time to increase touch pressure to the required
level in order to activate the gesture mode:TENG � TP 1 � 45ms. This value is much lower
than their 176ms. We attribute that to the possibility that it might be easier to sense
and apply the required pressure level using direct input than with an instrument such as
a stylus. The fact that we used an EMG armband with a high data rate and adapted
pressure thresholds for each participant might also have been factors.

Like Li et al, we observe that drawing withhardpress takes more time than without
(the di�erence between the twoTC1 values is 223ms, which is signi�cant). The di�erence is
likely even more pronounced with a �nger than with a stylus due to the increased friction
of dragging (Li et al. report a drawing time of 176ms, but, once more, we cannot determine
if the di�erences are signi�cant).

The model fortwofinger is similar, as the mode is engaged after touch down and has
to be maintained throughout the moded action. However, we expect the time to engage
the mode after touch down to be very short, as the two �ngers are usually put down almost
simultaneously. Similar to hard press, we calculate the engagement time after touch down,
which is TENG � TP 1 � 26ms. A t-test con�rms that the di�erence with hardpress is
signi�cant ( p @:0001).

Using Knuckle. Our knuckle technique follows the temporal model of the Eraser in Li
et al.. The authors notice very similarTC1 timings for the Eraser and the baseline task,
meaning that drawing with the eraser end of the stylus requires no extra e�ort. This was
not the case withknuckle . Drawing with the knuckle took an extra 71ms, statistically
signi�cant compared to the baseline (p @:0001). Li et al. further calculate times to turn
and revert the pen in order to use the eraser by subtracting theTP 1 and TP 2 timings.
They report values of 661ms and 555ms. A stylus being typically longer and the rotation
required to use its eraser larger, our wrist-rotation times forknuckle are predictably
lower: 223ms and 193ms respectively.
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3.6.4 Improvements to Mode-Switching Techniques

None of the techniques we tested were perfect in all aspects. Even two-�nger multi-touch
su�ers from accuracy problems when the demands for targeting and tracing precision are
high. To improve that, a cursor could appear between �ngers when approaching the screen
(assuming pre-touch sensing is available [108]). For hard press, it would be interesting
to see if a device with built-in touch pressure sensors and a smart adaptive thresholding
algorithm could improve the measured and perceived accuracy as well as reduce fatigue.

For knuckle , our realisation of the technique is based on the rotation of the wrist,
which causes both strain and occlusion problems. Those issues might be alleviated if
knuckle interaction could be performed without turning the hand (i.e. by bending the
�nger and using the distal interphalangeal joint).

Regarding techniques which require the mode switch to be engaged before touch down,
mode-in errors would presumably be reduced if that condition is relaxed so the mode
change could occur after touching the device. This has been shown in pen mode-switching
for direct manipulation contexts that permit late mode activation [143, 223]. The extended
period allowed for the switch could be chosen depending on the application context and
which functions the moded and non-moded actions are mapped to: a long period if late
mode engagement has minimal disturbance (e.g. changing stroke style) and a short period
when late mode engagement would be disruptive (e.g. switching between panning and
inking).

Hybrid techniques are an interesting avenue for exploration. For example, pressure-
based activation could be combined with non-preferred-hand to simulate behaviour of a
physical button: the �ngers of the non-preferred hand could rest on the screen to minimize
activation time and eliminate targeting. This might be especially helpful when supporting
the tablet with that non-preferred hand, as the holding posture is maintained at all times
and therefore stability is likely increased. It would be particularly interesting to see how
techniques can be combined to support several mode changes, such as combining two-�nger
or knuckle with non-preferred hand.

3.7 Limitations

While our experiments provide insightful results, we acknowledge their scope of validity and
the limitations within which they can be interpreted. First, since our study design followed
Li et al., we operate with the same constraints regarding a single mode switch applied with
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a relatively high and regular frequency in a synthetic linear task. This design allowed us to
perform �ne-grained analyses, but further studies could validate our results in more realistic
and less controlled tasks. For instance, as opposed to a continuous engagement task like
drawing a line in our experiment, testing the mode-switching performance with a tapping
task might reveal interesting performance di�erences. Testing varying body postures like
running or walking could expand the applicability of the results. Furthermore, applications
often include more than two modes, so techniques could also be evaluated with multiple
modes to assess scalability.

Although we strive to design optimized and representative techniques, there are possible
limitations in the way they were implemented. Knuckle, hard press, and pressure required
participants to wear extra sensors. Although none reported any particular impediment or
discomfort, results for those techniques might change if alternate sensing was used. For
non-preferred hand, the size and position of the trigger button was �xed for all participants.
Prior work and several pilot tests informed our �nal design, but size and position could be
personalized to individual people, especially when used in a standing position. Finally, the
dwell time used to activate a long-press naturally in
uences the performance and accuracy
of the switch. Our choice of 500ms is used in popular operating systems, but this could be
further optimized.

3.8 Conclusion

We presented a detailed analysis of touch input mode-switching techniques. Our results can
be used as guidelines for selecting mode-switching techniques. When restricted to current
device capabilities, two-�nger multi-touch should be selected if accuracy is not critical and
a non-preferred hand button otherwise. As more advanced sensors are available, touching
the thumb to the side of the �nger will also be a good choice. Using the knuckle works
surprisingly well, though many people perceive it as being inaccurate and uncomfortable.
In most cases, long press should be avoided. In contrast to reasonable performance for
pen pressure mode-switching reported by Li et al. [153], using pressure for touch mode-
switching appears problematic. It is possible that hard press performance and perceived
inaccuracy may improve on a device with built-in pressure sensors, but we suspect this has
more to do with touch friction and fatigue.

Though numerous experimental investigations have compared mode-switching tech-
niques for pucks, mice, and pens, we believe we are the �rst to do so for touch input.
This work �lls an important knowledge gap, especially when considering how fundamental
mode-switching is to touch interaction.



Chapter 4

Barehand Mid-Air Mode-Switching
in VR

This chapter present an empirical comparison of eleven bare hand mid-air mode-switching
techniques suitable for virtual reality in two experiments. The �rst evaluates seven tech-
niques spanning dominant and non-dominant hand actions. Techniques represent common
classes of actions selected by a methodical examination of 56 examples of prior art. The
standard \subtraction method" protocol is adapted for 3D interfaces, with two baseline
selection methods, bare hand pinch and device controller button. A second experiment
with four techniques explores more subtle dominant-hand techniques and the e�ect of us-
ing a dominant hand device for selection. The results provide guidance to practitioners
when choosing bare hand, mid-air mode-switching techniques, and for researchers when
designing new mode-switching methods in VR.

4.1 Motivation

Raskin de�nes amode as a distinct setting within an interface where the same user input
produces results di�erent from those it would produce in other settings [214].Mode-
switching is simply the transition from one mode to another. Modes are common in all
interfaces, including interfaces for Virtual Reality (VR) and Augmented Reality (AR). For
example, a hand gesture-based 3D modelling application may have di�erent modes for
object creation, selection, and transformation. Depending on the mode, the movement of
the hand is interpreted di�erently. Completing a task typically requires frequent mode-
switching, so understanding the performance of di�erent methods is important.

51



In VR, bare hand mid-air input is an alternative to device controllers. Techniques have
been proposed for VR, AR, and related contexts using hands only (e.g. [205, 274, 200])
and hands combined with body postures (e.g. [286, 32]). Evaluations have focused on
tasks like pointing (e.g. [281]), object manipulation (e.g. [215]), selection (e.g. [191]), and
annotation [46], but no extensive comparisons of mode-switching techniques have been
performed yet. Mode-switching techniques for mice [62], styli [153, 268], and touch [254]
have been evaluated, but generalizing those results to 3D environments like VR is not
straightforward.

We provide missing empirical evidence for the performance of bare hand mid-air mode-
switching techniques in VR. Our focus is absolute, single-point input, suitable for the kind
of direct object manipulations common in VR such as pointing at, grabbing and moving
3D elements in the virtual environment. To select techniques to evaluate, we examined
bare hand mid-air interaction in di�erent settings, then used three criteria to identify six
classes of techniques suitable for mode-switching in VR. In two related experiments, we
compare common input actions selected from each class using an adapted \subtraction
method" protocol [62], used previously for 2D input.

The �rst experiment compares seven techniques, with a dominant-hand pinch as the
fundamental manipulation trigger. The mode-switching techniques include three dominant
hand postures: a �st, an open palm and pointing the index �nger; and four non-dominant
hand postures: a �st, an open palm, bringing the hand into the �eld-of-view and touching
the head. As a comparison baseline, the button of a device controller held in the non-
dominant hand was also included in the tests. A second experiment explores questions
emerging from the results. The e�ect of more subtle dominant hand techniques is examined
by testing pinching with wrist rotation, and pinching with di�erent �ngers; the e�ect of
pinching as a manipulation trigger is compared with a controller held in the dominant
hand.

Our empirically-derived insights can inform the design of VR applications using bare
hand mode switching:

1. Dominant techniques using large motions are error prone and less preferred, but a more
subtle variation of pinch is comparable to the fastest non-dominant techniques.

2. With the exception of a few dominant techniques, mode-switching times are comparable
to most touch methods.

3. Using a dominant pinch as a manipulation trigger is comparable to using a device
controller button.
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4. All techniques from fastest to slowest: Non-Dominant (nd) device and Dominant (d)
middle �nger pinch; nd palm orientation andnd �st; nd head touch,d pinch orientation
and d palm; nd �eld-of-view and d �st; d point.

4.2 Background and Related Work

We de�ne bare handas input performed entirely by a hand posture or movement, without
any device. Note that this de�nition does not specify the sensing method, so early work
using instrumented gloves for hand tracking are considered bare hand for our purposes.
We de�ne mid-air as input conducted without contacting a non-body surface. In most
cases, this means input performed in the space around the body. For on-body contacts,
the sensing method is unimportant as long as the technique is conceptually a body contact
(e.g. touching the head), and not using a device attached to the body (e.g. tapping on a
smartwatch).

4.2.1 Formal Mode-Switching Evaluations

Mode-switching has been more commonly studied in 2D interfaces. Dillon et al. [62]
introduced a formal \subtraction method" for comparing mouse mode-switching, which
was adopted by Li et al. [153] and Tu et al. [268], who each compared �ve mode-switching
techniques, and Surale et al. [254], who compared six techniques. Using the non-dominant
hand for stylus mode-switching has been studied in detail by Ruiz et al. [223] who developed
a temporal model, Lank et al. [143] who showed concurrent mode-switching is fastest, and
Ruiz and Lank [224] who explored related aspects with multiple modes.

4.2.2 Related Evaluations of Interaction Techniques

For mid-air bare hand input, mode-switching has only been indirectly evaluated as part of
larger interaction technique studies. In the context of large displays, Vogel and Balakrish-
nan [281] compare a relative pointing technique, which uses a �st mode-switch to "clutch",
to a ray-cast technique without any mode-switch, but the mode-switch itself is not com-
pared. Similar examples in large display research include Haque et al. [94], Polacek et al.
[206], Jota et al. [124], and Katsuragawa et al. [132]. In the context of VR and related 3D
contexts, Poupyrev et al. [209, 210] evaluated object pointing, manipulation, and selection
techniques, Teather and Stuerzlinger compared pointing techniques [261], and Vanacken
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et al. [272], Grossman et al. [87], and Looser et al. [161] all examine barehand selection
techniques. In most cases, these techniques have some explicit activation and deactivation
of a mode, but mode-switching performance is not evaluated in isolation.

We are unaware of work comparing mode-switching techniques for bare hand mid-air
input in VR using the formal subtraction method used for mouse, pen, and touch.

4.3 Mode-switching Techniques

To identify bare hand mid-air interaction techniques suitable for VR mode-switching, we
examined research and commercial systems to create a list of candidate techniques.

Our examination included general surveys of 3D interaction from Argelaguet and An-
dujar [5], Jung et al. [126], Poupyrev et al. [209], Bowman et al. [33], Aigner et al. [2] and
Groenewald et al. [86]. We also examined the results of elicitation studies for bare hand
mid-air interaction with large displays [226, 273, 293, 160], general ubiquitous computing
[45] and AR [205]. Finally, we found examples of bare hand mid-air techniques in many
papers on interaction techniques (e.g. [281, 243]), new sensors (e.g. [135]), and commer-
cial devices (e.g. Leap Motion [144], Kinect [138], Myo [186]). For this work we did not
consider other non-hand input that may also be suitable for mode-switching, such as feet
(e.g. [276]), voice (e.g. [29]), gaze (e.g. [201]), or exocentric interaction (e.g. [251]).

From our initial list of bare hand mid-air interaction techniques gathered from the
literature we extracted a subset of candidates that we considered s suitable for mode-
switching based on three �ltering criteria.

4.3.1 Actions Suitable for Mode-Switching

We identi�ed 40 di�erent mid-air bare hand actions in 56 publications or device manuals.
We initially considered actions suitable for dominant or non-dominant hands, even if the
source considers a speci�c hand. To �lter those actions to a subset suitable for mode-
switching techniques, we created three criteria based on observable mechanics of hand or
�nger actions. These criteria are not explicitly about performance, because no previous
work speci�cally evaluated mode-switching, nor are they about learnability, comfort, and
social acceptability, because these aspects are often not reported. The �ltering criteria are:
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Class N Actions (with sources)

Pinch Finger(s) 29 thumb touches index [135, 286, 273, 20, 200, 64, 45, 304, 237, 205,
114, 145, 176, 127, 202]; thumb touches all �ngers [45, 200, 275, 300,
274, 205, 125, 12]; thumb touches side of hand [159, 304, 271, 281];
thumb touches middle [45, 237, 176]; thumb touches index and middle
[237, 125]; thumb touches ring [45, 176]; thumb touches pinky [45, 176];
thumb touches index, middle, and ring [45]; thumb touches ring and
pinky [45]; thumb touches three �ngers [205]

Extend Finger(s) 31 extend index [281, 135, 287, 243, 271, 200, 64, 76, 159, 275, 160, 304,
205, 222, 144]; extend thumb [304, 140, 160, 273, 116, 200, 300, 274, 205];
extend thumb-index-middle [76, 159]; clench index [271]; two hand point
[243, 222, 205]; point with dwell [271]

Close Hand 18 make �st [135, 287, 243, 271, 270, 101, 116, 45, 300, 205, 215, 200, 53,
238, 76, 281, 176, 125]; make partial �st [64, 281]

Open Hand 62 open hand with oriented palm in/out [287, 188, 13, 280, 191, 301,
278, 101, 137, 79, 99, 78, 131, 200, 53, 64, 238, 250, 1, 76, 146, 293, 279,
275, 160, 300, 274, 304, 205, 114, 138], up/down [222, 191, 140, 301, 278,
101, 116, 137, 200, 64, 275, 304], right/left [116, 137, 79, 99, 53, 76, 293,
279, 275, 304]; open hand [281, 135, 243, 1, 274, 280]; open hand with
�nger(s) bent [271, 281]

Raise Hand (ND) 6 hand raised into �eld-of-view [259, 278, 137, 274]; raised above
shoulder [250, 304]

Touch Body (ND) 6 �nger(s) touch head [286, 99, 304], behind ear [160]; mouth [64]; hand
touches waist [286]

Table 4.1: Bare-hand mid-air interaction techniques suitable for mode-switching in VR
based on examination of research papers and commercial systems. SimilarActions are
grouped into Classes. The number of sources (N ) is an approximate indication of popu-
larity. Boldface actions are those tested in our experiments.

Independent

A mode-switch action should be fast to recognize and independent of previous tracking
states, meaning it should not rely on time-based actions such as a speci�c movements.
Conceptually, this means the technique can be recognized in a single sensor time frame
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(in implementations, it may actually be a few frames to compensate for noise). Examples
of independent actions include pinching the thumb and �nger together, making a �st,
or raising an arm. Examples of non-independent actions include dwelling, gestures like
drawing an `X', or mimicking knocking.

Kinesthetic

The action should enable the mode to be maintained by the user, not the system. This
means the posture, position, or gesture action can be \held" as long as the mode is needed,
and the mode ends when no longer held. This creates akinesthetic quasimode[214], known
to reduce mode errors [236]. Examples of kinesthetic actions include pinching, making a
�st, or a repeated gesture, where changing the posture or stopping the gesture releases the
mode.

Unconstrained

The action can be executed with the dominant hand at any position and, in the case
of a kinesthetic action, the dominant hand can easily reach any position for subsequent
operations. Unconstrained actions include any non-dominant hand action that does not
impede the dominant hand, and dominant hand actions such as pinching or making a �st.
Examples of constrained actions are placing the dominant hand on the head, or pointing
the dominant index �nger towards the body, since those actions physically constrain the
motion range of the arm.

We considered candidate actions suitable for mode-switching techniques when they
satis�ed all three criteria. This narrowed the list down to 29 actions found in 53 papers,
listed in Table 4.1. Analogous actions are grouped into 6 classes. For example, all actions
that involve a pinch of some kind are grouped into the general \Pinch Finger(s)" class.
Most actions can be used for mode-switching with either hand, except those in the \Raise
Hand" and \Touch Body" classes that are only suitable for non-dominant usage.

4.3.2 Selected Techniques for Evaluation

We selected the most popular action from each class to evaluate (boldface in Table 4.1).
Five of these form eight mode-switching techniques because some actions are performed
with both dominant and non-dominant hand.
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Figure 4.1: Selected non-dominant hand mode-switching techniques: (a) non dominant
�st ( nd-fist ); (b) non dominant palm (nd-palm ); (c) hand in �eld of view ( nd-fov ); (d)
touch head (nd-head ).

With bare hand mid-air input, a mechanism is required for the user to indicate when
their hand is just moving, or if it is performing an operation such as drawing a line. Bux-
ton's Simple 2-State Transaction Model[39] calls these states \tracking" and \dragging".
With a VR device controller or a mouse, this is achieved by pressing a button. For our
bare hand mid-air system, we use a thumb-index pinch since it is a popular action, and it
uses a subtle movement that can be easily sensed. We believe using a pinch is the most
obvious choice, but other possibilities include tapping the palm with the thumb [45] and a
partial �nger bend or \Airtap" [281].

Non-Dominant Techniques. The non-dominant hand controls the mode and the dom-
inant hand manipulates using the thumb-index pinch (see Figure 4.1). The techniques
are:

ˆ Non-Dominant Fist (nd-fist ) | The mode is active when the non-dominant hand is
clenched, and released when the hand relaxes so one or more �ngers begin to open.

ˆ Non-Dominant Palm (nd-palm ) | The mode is active when all �ngers of the non-
dominant hand are extended, roughly pointing up, with the palm facing to the right
(assuming the left hand is non-dominant). The mode is released when the palm orien-
tation changes signi�cantly or one or more �ngers are no longer extended.

ˆ Hand Moved into Field of View(nd-fov ) | The mode is active when the non-dominant
hand is moved into the user's �eld of view, and released when it moves outside.
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Figure 4.2: Selected dominant hand mode-switching techniques: (a) dominant �st (d-fist );
(b) dominant palm (d-palm ); (c) point ( d-point ).

ˆ Touch Head (nd-head ) | The mode is active when the non-dominant hand touches
the side of the head (HMD).

Dominant Hand (D) Techniques. The dominant hand controls the mode by forming a
posture, and a thumb pinch against the side of the index �nger engages and disengages the
\dragging" state for manipulation (see Figure 4.2). The techniques are:

ˆ Dominant Fist (d-fist ) | The mode is active when the dominant hand is clenched,
and the mode is released when the hand relaxes, i.e. when one or more �ngers begin to
open.

ˆ Dominant Palm (d-palm ) | The mode is active when all the �ngers are extended,
roughly pointing up, and the palm is facing away.

ˆ Point (d-point ) | The mode is active when the index �nger is extended and all re-
maining �ngers are closed.

4.3.3 Technique Sensing

To track the user's hands in the VR environment, we use a LEAP motion mounted on the
front of the HMD [6, 235, 156]. We found the LEAP reliable for rendering the hand and
tracking hand position, but the built-in posture recognizer often misclassi�ed dominant �st,
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palm, and pinch postures during rapid mode switching, and detection of pinch actions to
trigger manipulation was imprecise. To address these issues, we developed a user-calibrated
classi�er to discriminate between problematic postures, and added a force-sensitive resistor
(FSR) to detect pinches and head touches.

User-calibrated Posture Classi�er

In the experiment, we only need to independently discriminate between palm and pinch,
or between �st and pinch. We train a simple classi�er for each case, calibrated to each
user. We describe the method using �st and pinch, but both are similar. A user draws
15 lines each with the pinch, palm, and �st postures. At each frame, a ten-dimensional
feature vector consisting of �ngertip positions and distances relative to the centre of the
palm is recorded. The median and standard deviation (sd) in each dimension is calculated
for the 20 frames before and after the start of each line. The classi�er selects di�erentiating
dimensions in which the �st median plus twosd is less than the pinch median minus twosd.
In the rare case that two di�erentiating dimensions are not found, training is repeated with
the user instructed to form the postures more clearly. Otherwise, each selected dimension
is assigned a threshold half-way between the two medians. Once trained, a posture was
considered a pinch when two or more selected dimensions exceeded the threshold. A 6-
person pilot test found this method almost 99% accurate. During the experiment, this
calibration process was conducted immediately before the �rst block testing dominant �st
or palm.

Pinch and Touch Detection

An FSR taped to the distal phalanx of the dominant thumb is used to detect thumb-index
pinches. The FSR is 7 mm in diameter and 0.3 mm thick with a sensing range of 0 to 175
psi. To detect a touch to the head, a larger FSR (25.4 mm diameter, 0.21 mm thick) is
taped to the non-dominant side of the HMD. We used a threshold of 17 psi for both FSRs
to detect a light pinch or touch. Thin wires from each FSR were connected to an Arduino
Nano (Atmega328) mounted o� the body. We veri�ed that the sensors and wires did not
impede the user's movements.

System Latency and Performance

Our code and 3D scene were simple and we used a high-end computer, so the Unity
application ran at an optimal 90 FPS to supply the 90Hz HMD. The Leap motion provided
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a stream of hand postures at 110Hz, the Arduino updated pressure values approximately
every 2ms, and the controllers were tracked at 250Hz to 1kHz. Our posture classi�er did
not use any temporal �ltering. Since cycle duration is measured between two input times,
the e�ective latency is 11ms at 90 FPS.

4.4 Experiment 1

The goal is to empirically compare mode-switching performance of the seven techniques
listed above. We adapt the standard \subtraction method" [62, 153, 268, 254] protocol to
VR. This determines the precise cost of mode-switching by subtracting the time to perform
tasks using a single mode, from those when alternating between two modes.

4.4.1 Participants and Apparatus

16 participants (mean age 28.5sd = 6.3, 5 women, all right-handed) were recruited. 7
had experience using a VR device. Remuneration was$10. Each participant �lled out a
questionnaire before the experiment began and after the experiment was completed. These
questionnaires are included in Appendix B. An HTC Vive VR head-mounted display
(HMD), with a resolution of 1080� 1200 px per eye, 90Hz refresh rate, and 110X FOV was
used. Focal length was initially set to 63 mm, but participants were given the possibility
to adjust it. A high-end Windows 10 machine (3.6GHz Intel i7 CPU, GeForce GTX 1080
GPU) ran the experiment application written in Unity 5.5.3f1. A LEAP motion and two
FSRs were attached as described above.

4.4.2 Task

We adapt the 2D task used in previous mode-switching investigations [62, 254, 153] to a
3D task for VR. Considering that a common class of VR consumer applications are for
sketching, painting, and 3D modeling (e.g. [26, 199, 14, 266, 85, 241, 199, 171]), with
much prior research in these areas [119, 8, 234, 133, 260], we use 3D line drawing as
our fundamental task. Note that this is an abstraction of many 3D tasks, such as creating
objects other than lines (e.g. cubes, spheres), transforming an object (e.g. moving, scaling),
or panning a world scene. Regardless, for the purposes of our experiment, the explicit mode
change is more important than the gross movement of the hand during the task. All tasks
were performed in a standing position.
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Line Drawing

A series of �ve aligned pairs of spheres is presented to the user in the VR world (Figure 4.3).
The spheres in a pair need to be connected by drawing a 3D line between them in the proper
mode. Each sphere has diameter 100 mm, the distance between spheres in a pair is 50 mm,
and pairs are stacked with 82 mm overlap. The position is calibrated so the topmost pair is
at the participant's shoulder level. Sizes and distances among the pairs are chosen so that
participants can easily reach each sphere without stepping, regardless of pair orientation
or movement direction. We chose the centre of the palm as the line "ink" anchor as it is
more stable than the �ngers, which are used for mode-switching.

For each pair of spheres, the line drawing task can be seen as a four-step process. First,
place the dominant hand inside the starting sphere (a change of opacity indicates the centre
of the palm is inside). Second, engage line drawing using the pinch trigger. Third, move
the hand to draw the line until it is inside the second sphere. Lastly, release the pinch to
disengage line drawing. Subtle audio feedback (`tick') indicates line drawing engagement
and disengagement. If engagement or disengagement occurs outside the sphere, an error
is logged, a buzz sounds, and the participant has to redraw the line. This is repeated
for all �ve pairs of spheres. The current pair is indicated using colour saturation, and
the required direction of the line drawing is indicated through transparency (most opaque
sphere to semitransparent sphere).

Baseline and Compound Task Variations

There are two task variations. In thebaselinetask, �ve pairs of blue spheres are shown
and the participant draws lines using only the dominant hand pinch. In thecompound
task, the �ve pairs alternate between blue and red colours, with the �rst pair being blue.
The participant must draw lines to connect a pair of blue coloured spheres using a pinch,
and red paired spheres with the speci�ed mode switching technique. To switch modes, the
participant must have formed the current mode-switching technique posture at the moment
line drawing is engaged. As visual feedback, \moded" lines drawn with the mode-switching
technique are red, and \unmoded" lines are blue. These red or blue trails function only as
an abstract representation of two di�erent modes. The colour of a small sphere rendered
in the middle of the palm also indicates the mode. If there is a mode-switch error, a buzz
sounds and the participant has to redraw the current line.
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Figure 4.3: Line drawing task: (a) baseline; (b) compound.

4.4.3 Design and Procedure

The experiment is a within subjects design. Mode-switchingtechnique is the primary
factor, with levels corresponding to the seven techniques described above (nd-fist , nd-
palm , nd-fov , nd-head , n-fist , d-palm , d-point ) and an eighth technique using a
standard HTC controller with a button held in the non-dominant hand (nd-device ). This
functions as a non-bare hand comparison baseline since the mode is switched by holding
the button. Like all other non-dominant hand techniques, the dominant hand draws the
line using a pinch. Our block design deviates slightly from previous mode-switching studies
[153, 254] in the following ways.
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