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Abstract

This thesis presents the design and evaluation of a set of novel techniques for ma-
nipulating and annotating 3D graphics. These techniques are analysed in terms
of human performance and efficiency. A series of four interaction techniques are
presented and evaluated. All the techniques consider the manipulation of a 3D
model located out of arms reach for the purposes of presentations or education

but also have application in virtual reality, augmented reality etc.

The first set of techniques, Mesh-Grab and Arcball-3D leverage proprioception
and general human performance when operating a pointing device (wand) from
the hip area. Evaluation results point to this technique performing similarly in
terms of task completion time with Scaled HOMER, a state of the art 3D ma-
nipulation technique, while at the same time being more accurate and requiring

smaller motions.

Unistroke is an extension to ray-based manipulation. Unistroke allows drawing
on a mesh with implicit switch to rotation for making smooth long strokes on
a 3D object. Evaluation of Unistroke shows that the technique is slower and
requires more strokes than a state-of-the-art 3D mesh drawing technique but is

more accurate in a tracing task.

The last set of techniques free/pivot Plane-Casting explore a low cost and low
fatigue off-screen means for 3D cursor translation. Evaluation of these tech-
niques shows superior performance to a baseline wand technique as well as the
users’ preference towards free Plane-Casting which is used as the basis for fur-
ther work. INSPECT presents a set of off-screen touch rotation techniques that
allow for smooth transitions between controlling different degrees of freedom.
Evaluation of INSPECT versus a state-of-the-art manipulation technique found

better movement times and on-par rotation times in a docking task.

The conclusion presents a summary of our findings and directions for future

improvement.
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Chapter 1

Introduction

1.1 Interactive 3D Computer Graphics

Computer graphics technology allows for the realistic depiction of objects, with
perspective projections, lighting and effects which make it possible for us to
understand their surface properties, their functions and their internal structure.
This is important in a number of application domains. From city planning [52]
and CAD in immersive virtual reality [71], interior design [66] reality and virtual
prototyping [28], to manipulating a multi-dimensional dataset for scientific data
exploration [41], educational applications [67], medical training [62] and even

sandtray therapy [26].

In this thesis we are mostly concerned with the following two:

e In engineering and design: Computer aided design allows for the prototyp-
ing of objects at extremely low cost compared to actual prototypes. Com-
puter graphics also allow for the inspection of objects with significantly
reduced effort. The latter is especially true for massive solid objects such

as engines, buildings, vehicles/vessels etc.

e In education: Computer graphics allow for the depiction of objects isolated
from their natural environment. It makes it possible to view a realistic
beating heart pumping blood, and to understand its structure and func-

tions something which would have otherwise been impossible.

Great progress has been made in the real-time realistic depiction of 3D ob-
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Figure 1.1: The state of the art in real-time interactive graphics. The Brigade
real-time path tracing engine [58].

jects [58], with significant increases in display resolution and realism (Figure
1.1). However, manipulation of 3D objects remains a challenge. The challenge
lies in the fact that in the real world, humans use their limbs to directly apply
forces to objects and change their position or rotation. Save for a few excep-
tions [14, 59] which are not yet ready for production work, with most types of

displays that is not feasible.

Thus typically, for the control of computer graphics with a certain granularity
we resort to electromechanical devices that transform forces from the limbs to
values that are interpreted by the system and are used to change one degree of
freedom (DOF). The most common of these devices is the mouse [13] invented
by Douglas Engelbart in 1967. Despite its age, the mouse is still the most
common input device for the control of computer graphics. The mouse controls
two degrees of freedom and usually via Ul widgets these 2-DOF are being used
to control 1-DOF (Figure 1.3).

Integral control of 3D computer graphics, however, requires control of 6-DOF .,
i.e. if we were to manipulate objects naturally, like we do in the real world, we

would need to manipulate six integral degrees of freedom.

Just like in the real world, we manipulate objects with manipulating as many
DOF as possible to save time, the same is desirable in manipulations in com-
puter graphics. Jacob et al. [34] have shown that that some DOF are better

manipulated integral whereas others are better manipulated separately. Posi-
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Figure 1.2: A professor presenting a 3D model of a heart in an anatomy class.

tion and rotation are attributes that are considered perceptually integral and as

such we want to manipulate them together, as opposed to position and color. So

integrality in 3D manipulation might be desirable depending on the application.

Although there are a number of devices that allow for integral control of 6-DOF

for personal computers they suffer from a number of issues which make them

difficult to use (more details in Chapter 2). The problem is particularly evident

away from the desktop where users do not have access to such input devices.

Examples of situations where there is a need to interact with computer graphics

in 3D from a distance with a large display include the following:

Education: A professor is demonstrating human anatomy by displaying
3D graphics on a large projector screen. He uses his device to rotate the
model and answer questions from the students. The professor leave the
podium and approach the students while still being able to interact with

the model, thus making the class more engaging (Figure 1.2).

Engineering: An engineer is showing a 3D model of her latest design to her
team-mates. She rotates and translates the model, defines slicing planes to
inspect the interior and discuss the design with other participants (Figure
1.4). An architect is showing a proposed building to a group of clients
(Figure 1.5).

Entertainment: A group of children are playing a game in a museum while
at the same time learning about physics by interacting with objects in a

sandbox-like 3D environment on a large screen.
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Figure 1.3: Typical usage in a CAD application (Blender [6]). The mouse clicks
on the RGB coloured arrows that represent each axis to control 1-DOF with
both DOF.

The design goals of an interface to be used in the aforementioned situations

include the following:

Eyes-Free: In a presentation, the gaze of the presenter guides the attention
of the audience. When the presenter looks at the audience, the audience know
they must focus on his face and his speech. It is therefore important that the
presenter is free to look at the display and the audience while interacting and

not be forced to look at the device.

Off-Screen: Users would need to maintain a distance from the display so as to

not obstruct the view for others.

Without a desk surface or cables: Users should be able to move around,
approach the display with the controller in their hand (to show an area or point

to a feature with their hand).

Without complicated instrumentation or expensive hardware: Having
few hardware requirements lowers the barrier for entry, allowing classrooms and

meeting rooms equipped with a projector to make more out of their existing
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Figure 1.5: An architect is showing a proposed building to a group of clients.

setup.

No big arm/hand gestures: An interface that is to be used on a daily basis
and/or for many hours has to avoid large hand gestures which are bound to

induce fatigue [65] and, in rare cases, even cause physical injuries to bystanders.

Simplicity: Unlike technology enthusiasts, domain experts or educators often

do not have the patience or motivation to learn a new, complicated interface.

Accuracy: If the 3D model is detailed, the interface should allow the presenter
to bring it closer and make fine adjustments to position and rotation.
Among the aforementioned design goals, this thesis presents a set of interaction

techniques with the following three in mind:
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Proximal to the torso - Small Motions: Avoid fatigue and allow for col-

laboration.
Simple Hardware Setup: Lower Cost, Easier Setup.

Integrality: Ability to manipulate many degrees of freedom simultaneously,

having the potential for becoming proficient.

The first set of presented techniques, Mesh-Grab and Arcball-3D, employ a wand
and an emitted ray to manipulate a 3D object. The second set of techniques
Plane-Casting and INSPECT attempt to further simplify the setup while at the
same time exploring off-screen touch input. Finally, we present a technique for
annotating 3D objects that explores the boundaries between the indirect and

direct interaction design space.

This thesis does not consider selection of a 3D object, it assumes manipulation

of an already selected object and selection is beyond the scope of this work.

1.2 Organisation of the thesis

In addition to this introduction, a related work section and the conclusion chap-

ter, the main body of the thesis is organised in five chapters.

1.2.1 Mesh-Grab and Arcball 3D

Chapters 3 and 4 present the design and evaluation of Mesh-Grab and Ar-
cball 3D. These are 6-DOF manipulation techniques designed with low-fatigue
in mind. Mesh-Grab and Arcball 3D can be performed without needing to
extend the arm and thus have a much smaller spatial footprint than their state-
of-the-art counterpart. We discuss the evaluation of the techniques and the

implications of the results.

1.2.2 Unistroke

Chapter 5 presents Unistroke, a technique for drawing long strokes on 3D mod-
els. The technique was conceived for annotating a 3D mesh during a presen-
tation on a large display that only provides a single input or on a handheld

tablet. Unistroke is to be performed either with a wand or with a tablet pc held
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with the off-hand while the user annotates with his dominant arm. In such a
situation the presenter would not have access to a large number or modes as
one would on a desktop CAD application. It is therefore important to allow for
intelligent implicit mode changes that allow the user to better annotate meshes
in this limited context. We present the features of unistroke and present results

from a pilot-study.

1.2.3 Plane-Casting and INSPECT

Chapters 6 and 7 present Plane-Casting and INSPECT, a 6-DOF extension of
Plane-Casting. To address the tracking requirements of wand techniques and
the line-of-sight limitations we implemented this technique using a smartphone
which has neither of these requirements. Plane-Casting is an indirect-touch 3-
DOF translation method that is suitable for smartphones. INSPECT allows for
full 6-DOF object manipulation using a series of explicit mode changes. Results
from a pilot study show that with Plane-Casting/INSPECT users did not access
all the available modes but that the techniques perform slightly better than a

baseline wand technique and were preferred overall by the users.
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Chapter 2

Related Work

3D Manipulation has been studied in a number of usage contexts. Listed in
order of broad chronological appearance: Desktop computing, Virtual Reality
using a head mounted display, Immersive Large Displays/Cave systems and
finally Tabletop/Tablet computing where touch is utilised. We discuss related
work with the state-of-the-art in each of these contexts and give an overview of

the remaining problems for each one:

2.1 Desktop Computing

For desktop computing 3D manipulations are typically performed with the
mouse. For translation, since the mouse can only control 2-DOF, UI widgets are
used for controlling the Z axis and for constraining motion to a certain axis [5].
Keyboard shortcuts are also commonly used (in software like Blender 3D [6]) for
switching modes or constraining axes. For rotation, in addition to UI widgets,
mapping the 2D motion of the mouse to 3D rotation is used extensively [63].
The major drawback of widget-based manipulations is the lack of combined ro-
tation and translation. To address this, some new desktop devices have been
proposed [32, 17, 1]. These devices offer integral 6-DOF manipulations. One of
these devices, the globefish [17] is shown in figure 2.1.

A drawback of these devices is the inability to "undo” a motion in the exact
same path it was performed, and the lack of an easy way to switch modes (to
lock to certain axes etc.) while the long homing time [31] makes it tedious to

switch from device to keyboard/mouse. Accessing different modes is a point

9
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Figure 2.1: The Globefish [17]. An integral 6-DOF desktop controller.

that will be discussed further in this thesis. The design of these devices is also
prone to accidental input when the hand accidentally brushes up against the

device or when the desk surface is shaken.

2.2 Immersive Virtual Reality

In the Immersive VR domain typically a wand is used for 3D manipulation with
Scaled HOMER [73] being the latest in a long series of techniques [66, 53, 7, 56,
55]. Scaled HOMER is an extension to the classic hand-centerer manipulation,
HOMER technique [7].

In Scaled HOMER, a variable gain function is applied to the input depending
of the distance of the object to the user. Wilkes et al. reported an improvement
over the standard HOMER technique in a docking task.

A ray extended from the wand is used for object selection in most immersive
VR techniques. A common problem, however, is that they require accurate 6-
DOF tracking of the wand. As such they need complicated instrumentation to
set up with either magnetic trackers (Polhemus [54]) or optical tracking (Opti-
track [50]). Magnetic trackers are particularly susceptible to interference from
the environment while optical tracking systems depend on line-of-sight to the
wand which might accidentally be occluded during interaction, especially in a
collaborative setting. They also tend to induce fatigue [29], as the user must

keep their hands suspended in mid-air for extended periods of time.
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HOMER Scaled HOMER

Object Object

Hand C

User

Figure 2.2: The classic HOMER technique on the left, Scaled HOMER on the
right. [73]. On Scaled HOMER, when the arm slows down, the objects position
is further scaled down to enhance precision.

2.3 Large Displays/Cave

3D interaction in front of a large display is not much different to immersive
VR with an HMD and some of the techniques used in immersive VR could
be applied to large displays. However, the major difference with HMD’s and
CAVE systems is that interaction in front of a large display often involves more
than one user (e.g. a presenter and an audience, or two collaborators) and
that makes it problematic to track the viewpoint. If the viewpoint cannot
be tracked, implementation of ray-based techniques [39] becomes problematic
because the ray does not look like it is emanating from the wand. Navidget [21],
an alternative to ray techniques for large display interaction, uses 2D input on a
tablet to position the camera in a 3D environment. Although this is similar to
manipulating an object for inspection, their technique does not directly support
object manipulation so it cannot be applied to collaborative scenarios (more
than one users could not control the viewpoint simultaneously). The authors
reported good usability for both novice and expert users based on questionnaires.
Frohlich et al. [16] presented the cubic mouse, a box with three perpendicular
rods passing through its center. The authors report positive reactions from
participants, yet the device form factor makes it difficult to relax the non-
dominant arm in a presentation as the rods can be accidentally pressed against

the presenter’s body and thus induce accidental input.
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Song et al. used a Kinect to track the user’s limbs in front of a large display
and proposed a handlebar metaphor [65] for 3D object manipulation. Their
users, however, complained about fatigue. In an attempt to address fatigue in
large display interaction, our earlier work [39] proposed a set of techniques that
allow manipulation by holding the wand at hip height, yet that work, like other
ray-based work is hard to implement in a situation where the viewpoint is not
being tracked or when it is necessary to interact from the skewed position of a

presenter.

2.4 Tabletop/Touch

Touch surfaces share some of the problem of the mouse, being limited to two
integral DOF per touch point and typically do not allow for simultaneous trans-
lation and rotation. Various attempts have been made to address 3D manipu-
lation using on-screen multi-touch. Reisman et al. [60] presented a multi-touch
3D object manipulation technique that depends on a constraint solver based on
the user’s perspective. However, their system was not empirically evaluated,
and has some drawbacks such as ambiguous or unwanted rotations. Hancock
et al. [24, 25] introduced sticky tools, a technique used to support tabletop 3D
object manipulation. Hancock’s technique allows simultaneous translation and
rotation on a subset of the available axes. Martinet et al. citemartinet proposed
a 3D manipulation technique based on the separation of translation and rota-
tion. Martinet demonstrated benefits from separating translation and rotation
in 3D manipulation. Cohé et al. [11] introduced tBox, a 3D manipulation widget

for touch-screens.

The authors of tBox conducted a study using a 3D object assembly task by
novice users and found tBox was an effective solution. A limitation of tBox is
that the user needs to reach the edge of the widget with the cylinder in order to
enact translation (Figure 2.3) which might not be suitable for rapid successive

manipulations.

Wilson et al. [74] used physics simulation to manipulate 3D objects with a
tabletop display. The solution by Wilson et al. is one of the few solutions
in on-screen touch that allows for integrality during manipulation. Tse [67]
investigated the use of touch and tangible objects for 3D object manipulation
in education (i.e. presentations). They found that participants struggled with

camera positioning but appreciated touch-based object rotation.
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Figure 2.3: tBox[11]. A sliding widget appears when a colored segment is
touched. The translation starts after the slider collides with the other edges
of the box. When the projected size of an edge is too small, the translation
slider is adapted, so the gesture performed before starting a translation is sim-
ilar for any situations.

The aforementioned 3D interaction techniques that utilise on-screen touch are
all limited by display size. When the display exceeds a certain size threshold,
touch input starts to become cumbersome. The user is required to cover a large
area with physical movements and parts of the display area are out of arm’s
reach. This is the case with large tiled displays, or those using projectors. In
addition, physically approaching the display limits the user’s activity to a very
small area while in collaborative systems the interacting user obstructs the view

for the rest of the group.

Off-screem touch is ergonomically superior to on-screen touch while at the same
time overcoming the aforementioned problems with collaboration. Conversely,
with off-screen touch there is no cursor for selection [70]. In an attempt to over-
come this DOF limitation Ohnishi et al. [48] used two touch pads resting on a
desktop 3D selection and annotation scenario. Finally, Wigdor et al. [72] pro-
posed a set of techniques that employ shaped touches to control gain, overcome
occlusion avoidance, and manage separation of constraints in a 2D task. Their
approach, however novel, requires a tabletop and would be hard to implement

on a large screen interaction scenario.
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Despite many contributions having been made by earlier researchers, there is no
widely accepted standard for 3D model manipulation on a large display. Our

work, in an attempt to address the outstanding issues presents a number of

solutions in the following chapters.

2.5 Drawing on a 3D Mesh

/

L 4 ‘©

Figure 2.4: Layerpaint [18]. Region in the front becomes transparent to allow
for the stroke to continue uninterrupted.

Chapter 5 examines making long strokes on a 3D mesh. Fu et al. introduced
layerpaint [18] , a system that automatically re-orders layers in a 3D mesh to
allow for long strokes (Figure 2.4). Layerpaint works by segmenting the mesh
into regions then popping up the appropriate occluded region to ensure a smooth
stroke. That solution, however, is only suitable for a certain type of mesh and
might not work well for meshes which are not smooth. The same limitation
applies to the work by Ortega et al. [51]. Their solution to making a long stroke
on a 3D mesh is to automatically move the camera around the 3D model so

that the system is able to keep the draw point under the mouse (Figure 2.5).
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Figure 2.5: ACCD [51]. Depending on the direction of the stroke the model
might drift off-screen (model is moving towards the top-right of the figure in
this case) and the user manually needs to bring it back to the center to continue
drawing.
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Chapter 3

Mesh-Grab and Arcball-3D:
Ray-Based 6-DOF object

manipulation

3.1 Introduction

Advances in computer graphics and display hardware technologies have made
it possible to render near-photorealistic graphics at interactive frame rates and
to enjoy rich content from a distance on large displays and projectors. Large
displays are especially important in education, engineering/CAD and science as
they allow for multiple users to simultaneously view the same contents without
obstructing one another. Naturally, users not only want to view the contents,

but also want to interact with them.

This work focuses on remote 3D object manipulation on a large display for
interactive presentations. An example could be in education, where a professor
in medical school is projecting a human heart during class. In such a scenario
the professor would need to rotate and translate the heart (6-DOF) to show
different perspectives and answer questions from students (Figure 1.2).

In an architectural meeting the participants would need to control the position
and location of the camera to inspect the building from various angles to discuss
improvements. Similarly in an engineering meeting participants often need to

interact with a 3D model to discuss design issues.

17
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Some available remote interaction controllers and techniques suffer from fa-
tigue issues or lack intuitiveness in addition to the expensive and complicated
setup required. Motivated by this, we have developed two new ray-based 3D
interaction techniques: Mesh-Grab and Arcball-3D (inspired by Shoemake’s
Arcball[63]). The proposed techniques are an extension to techniques used with
a 2D pointer (like a mouse pointer[63] or a single finger [24]). The main con-
tribution of this work is the exploration of a mode that combines rotation and
translation into a single action. There is, to our knowledge, no ray-based inter-

action technique that accomplishes this.

As such, this study aims to answer the following questions:

e How do these 3D extensions of classic techniques perform relative to direct
manipulation (with a 6-DOF tracker)?

e How well can users combine rotation and translation into a single action

using the combined mode?

This study also aims to fill a gap in the literature ever since the evaluation
of the first ray casting techniques [56]. Whereas direct interaction techniques
have matured, notably by input scaling [73], there has been little progress in ray-
based techniques. Part of the problem was that tracking a wand in 3D used to be
expensive (Optitrack) or tethered (Polhemus FasTrack) but with the emergence
of novel hardware (PlayStation Move, Kinect) there are new opportunities for

wand-based interaction.

3.2 Related Work

There is a large body of work on manipulating objects from a distance in im-
mersive VR [53, 55, 66, 73]. Much of that work focuses on selecting and placing
remote objects. In applications where a 3D model is being demonstrated to
an audience, however, the user would most likely need to interact in a lim-
ited depth, a form of FishTank VR or “Shallow depth interaction”[24]. Some
other efforts for remote 3D object manipulation include work by Song et al. [65]
that uses Microsoft Kinect to track the user’s arms and manipulate objects us-
ing a handle-bar metaphor. Myers et al. looked at the performance of laser
pointer-like devices and concluded that conventional interaction techniques and
UI paradigms are not suitable for use with laser pointers [47] (ray-casting with

a wand is similar to using a laser-pointer).
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Touch-input: Cohe et al. [11] introduced tBox, a 3D manipulation widget for
touch-screens and found that users could easily assemble a 3D object with it.
Touch input enables users to interact with a display by removing an indirection
layer, and there are quite a few solutions for 3D interaction by using multi-
touch[24]. However when the display size exceeds a certain threshold, touch
input ceases to be an option as the user needs to cover a large area with physical
movements and in some cases the display area is out of reach (as is the case
with projectors and tile-displays). In addition to the aforementioned problems,
physically approaching the display to interact limits the user’s activity to a very
small area of the display and in the case of collaborative work, the interacting
user obscures the display for the rest of the group. In an attempt to address
these limitations, Katzakis et al. introduced Plane-Casting, a technique for 3D

cursor control using a Smartphone [38].

Performance-wise, direct interaction has long been accepted as the most natural
way to interact with an acquired 3D object [79], yet one of its problems lies in
tracking (Figure 3.1). To allow for free manipulation of the object with the
fingers using most currently available technologies requires a magnetic tracker.
Magnetic trackers are not practical for daily use, they require an expensive,
complicated setup and are prone to interference. As such they are unsuitable in
an active learning or presentation environment where presenters and audience
want to move around and interact with the display. With optical tracking,
attaching retro-reflective markers makes for a bulky controller and occluding the
retro-reflective markers during rotation often causes loss of tracking. There are
some efforts underway for RGBD-based 6-DOF tracking [27] but those methods

still lack robustness for practical use.

Wilkes and Bowman proposed Scaled HOMER [73]. Scaled HOMER is an exten-
sion to the classic hand-centered manipulation, HOMER technique by Bowman
and Hodges [8] in which the authors combine PRISM-like[15] velocity-scaling
with the, already input scaled, HOMER technique for improved performance.
The authors reported an improvement over the standard HOMER technique,
however, their evaluation task is, essentially, only a 2D movement task, not a
3D task. As such another goal of our study was to ascertain the performance
of Scaled HOMER in a proper 3D task.
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Figure 3.1: To rotate an object in 3D, direct interaction requires full range
tracking whereas ray-based techniques only require a small angle which can
be implemented at lower cost (e.g. IR leds + Wii-mote camera or PS Move
controller).

3.3 Proposed Techniques

The design philosophy behind the techniques is to allow as much as possible
for intuitive and fatigue-free interaction based on pointing. Pointing is very
intuitive to humans and it is used as a means of communication from a very
young age, even before the development of speech [9]. Similarly, pointing with a
laser pointer-like device is also intuitive, but extending the arms in front of the
torso is slow and induces fatigue over time. As such, we noticed users tend to
shoot laser pointers from the hip or the abdominal level during our pilot trials.
This is possible because pointing, even in the real world, is based on continuous
feedback from vision and proprioception. So similar to how users, along with
proprioception, see their arm and finger for feedback in natural pointing, they

use proprioception and the pointer’s dot as feedback when using a laser pointer.

The two proposed techniques are a combination of 3 different modes, depending
on the buttons the users are pressing. There is a translation mode, a rotation

mode and a combined Translation+Rotation mode.
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Mesh-Grab

In the first of our two evaluated techniques, Mesh-grab, the user casts a ray
from a handheld wand (Wiimote in our implementation). The ray intersects
the mesh at some point. With the simultaneous press of buttons A+B (thumb
and forefinger) the user can “skewer” the mesh at that point. While the buttons
are pressed the mesh behaves as if the ray was a solid link that hinges on the
mesh with freedom to move on one hemisphere, like a ball-point joint (Figure
3.3). Calculation of the behavior of the object is based on a constraint solver
that ensures that, while the buttons are pressed, the acquired point always

remains under the ray, at the same, locked, distance from the wand.

The axis of rotation R is calculated from the cross product of the two vectors
(Figure 3.2). vl is a vector starting from the center of the object and ending
at the intersection point while v2 is the same vector following movement of the

ray:

Figure 3.2: The translation and rotation algorithm of the combined mode. C is
the center of the object.

R=vlxuv2

and the angle 0 from their dot product.
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6 = arccoswvl - v2

Thus we calculate one transformation matrix M,., that holds that rotation 6
in its rotation component. To judge whether or not translation is applied we
compare if the length of v2 is different than vi. If it is, then we calculate a
transformation matrix M; as a unit matrix with the translation component
being the vector 7. ¢ is a vector who’s length is the difference in magnitude of

the two vectors v1 and v2, on the direction of v2.

1] = v2| — Jvil

The transformation M applied finally is the combination of the rotation and

translation matrices:

[M] = [M,] x [M]

Figure 3.3: Manipulating a 3D model using Mesh-Grab.

With only button B (forefinger) on the Wii-mote, the acquired mesh is only
translated (no rotation applied), then finally with only button A (thumb), inter-
action is limited to rotation only. Users can also use the d-pad on the Wii-mote
to retract or expand the ray while on any of these modes (instead of translating
the wand).
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In the innertia version of the techniques, if there was motion upon release of the
buttons, the object continued to move as if it were in a weightless environment

with the following function:

[M], = [M],_ ;- «

where M is the transformation matrix at the frame when the button was re-
leased (frame i) and o' is the attenuation constant. The flicking algorithm
applied translation and rotation separately, as such it was possible to make
complicated combinations of moves, as if manipulating a weightless object in
space. If the object was re-grabbed during flicking, motion would stop. During
early trials we found that beginner users could not handle flicking very well, as
such flicking was disabled for the experiment tasks. We think that better tuning
of the flicking algorithm to take into account a backlog of more than the last

frame of motion could potentially result in a much better interaction.

Arcball-3D

The design rationale behind Arcball-3D was that for simple meshes, it would be
easy to predict how the mesh would behave when hit with the ray and “pulled”
or “pushed”, but for a complicated mesh with holes and extrusions the users
might struggle to hit the mesh or manipulate it in the desired way. As such we
hypothesized that a sphere bounding the mesh would result in an interaction

that is more predictable and consistent across different mesh types.

Arcball-3D works in exactly the same way as Mesh-Grab. The ray cast from the
wand intercepts a sphere, one that tightly encloses the manipulated mesh. The

interaction modalities available following acquisition of the sphere are identical
to Mesh-Grab.

Arcball-3D is fundamentally different from the original Arcball technique by
Shoemake [63]. In the original Arcball, the screen location of the 2D cursor
is projected onto a sphere and the resulting motion is an interpretation of the
2D mouse motion. In Arcball-3D the ray-sphere intersection is calculated from
real 3D inputs and the resulting motion is not a result of mathematical inter-
pretation. It’s the result of the actual motion, in 8D, of the intersection point.
Unlike the original Arcball, in Arcball-3D the ray can be cast from an arbitrary

point in 3D space and thus it is possible to achieve manipulation from skewed

10.95 in our implementation
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positions, as opposed to the original Arcball which only considers manipulation

from the front.

Figure 3.4: Arcball-3D, the ray intersects a bounding sphere instead of the
object.

3.4 Evaluation

We conducted a formal experiment to evaluate the performance of our proposed
techniques as compared with Scaled HOMER|73], one of the state-of-the-art in
direct manipulation techniques. We wanted to test the following hypotheses:

e Mesh-Grab and Arcball-3D will significantly underperform compared to
Scaled HOMER (hypothesis 1)

e Users will prefer the ray techniques overall because of fatigue using the

direct interaction technique (hypothesis 2)

Based on the literature on 3D interactions[17], users usually prefer to keep
DOF manipulation seperate when it comes to high DOF devices. As such we

hypothesize that:

e Users will prefer the separate modes as opposed to the combined mode.

i.e. users will prefer to separate translation from rotation (hypothesis 3).

Apparatus: Participants sat 3m away from a short-focus monoscopic 3D pro-

jector screen and held the wand in their dominant hand. The Wii-mote-based
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wand had a wooden extension where a 3D tracker (Polhemus Fasttrak) was at-
tached to avoid electromagnetic interference from the Wii-mote. The wand was
tracked in 6-DOF'. The wooden extension was attached in such a way that it does
not in any way interfere with the Wii-mote’s natural grip position (Figure 3.5).
A foot pedal was provided to advance to the next trial (Figure 3.6). For Arcball-
3D participants held the Wii-mote in their dominant hand, whereas for Scaled
HOMER, users held the polhemus receiver wrapped in a spherical fingerball-like
container and held the Wii-mote in their off-hand for button presses. We had
users face the screen, as opposed to Figure 1.2, since we felt that interacting

from a skewed position would be disadvantageous to Scaled HOMER.

Figure 3.5: Wii-mote with the polhemus Fasttrak receiver attached. The exten-
sion does not affect the natural grip position of the Wii-mote.
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Figure 3.6: The experimental setup.

Task: The hypotheses were tested based on the collective results of two different
tasks: A 6-DOF docking task, where a pyramid-shaped cursor was docked inside
a wireframe copy, and a rotation experiment where the pyramid cursor and
wireframe target were matched position-wise and all participants had to do was
match the rotation. Participants received a brief explanation of the techniques

and were allowed to practice briefly prior to commencement. They repeated
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the tests with all three techniques in a counter-balanced order: Mesh-Grab,
Arcball-3D and Scaled HOMER.

Subjects: 13 Male participants, undergraduate and graduate students in com-
puter science took part in the experiment (21-30 years old). The experiment

lasted approximately 30 mins.

Docking Experiment: In the 6-DOF docking experiment the target appears
in 12 pre-defined locations that lie on a sphere centered at the starting position
of the cursor, the center of the screen (Figure 3.7). The radius of the sphere was
approximately 52cm on screen. Locations 1-4 are on the X and Y axis whereas
locations 5-12 are each in one of the 8 octants of the system defined by the

cursor starting position.

cursor starting
position

Figure 3.7: Targets were located on the surface of a sphere equidistant from the
cursor starting point.

Targets were rotated about the (—1,—1,—1) axis by a 10° interval depending
on their position number starting from 20°, i.e., position 1 had a 20° rotation,
2 had 30°... 12 had 130°. Rather than random rotations, these rotations were
chosen to allow for easier reproducibilty of the experiment. Participants selected
the cursor using ray-casting (in all 3 techniques), then docked the cursor in the
wireframe target and when they felt they had a good match they could press the
foot-pedal to proceed. When the cursor pyramid’s colored vertices approached
the corresponding vertices of the target past a certain threshold (1.0f), the
vertex lit green to signify a match (Figure 3.8). Participants could then press

the pedal, in which case the cursor was reset in the starting position and the
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Figure 3.8: Docking the pyramid in the wireframe target.

target randomly appeared in one of the remaining positions until all 12 positions
had been cycled twice (for a total of 12 positions x 2 times x 3 techniques = 72

trials).

During the experiments, we measured the following performance metrics:

e Position Offset, as a measure of the 3D Euclidean distance between the

(cursor and target’s) pyramid centers (only for the docking task).

e Rotation Offset, as a measure of the sum of the distances between each
vertex of the cursor pyramid to the corresponding vertex of the target

(only for the rotation task).

e Movement Time (MT) from the time the cursor appeared, until the

time docking was complete (participant pressed the pedal).

3.5 Results

Docking Experiment Results: A within-subjects ANOVA showed a strong
effect between technique and movement time (Fi 24y = 4.04 p < .031). Move-
ment times means are summarized in Figure 3.9. A Holm pairwise compari-
son revealed the significant differences between the techniques (Mesh-Grab vs
Arcball-3D p < 0.1, Scaled-Homer vs Arcball-3D p < 0.017, Scaled-Homer vs
Mesh-Grab p < 0.1).

As predicted (hypothesis 1) Scaled HOMER was the fastest among the 3 tech-
niques. However, contrary to our expectations, Scaled HOMER was only slightly
faster than the other two techniques (8.47s), closely followed by Arcball-3D
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(9.69s) and then by Mesh-Grab (11.9s). We expected the performance gap to
be wider and this result was a surprise as it indicated that our proposed tech-

niques perform almost equally well when put up against the state-of-the-art.
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(in seconds)
o2}

Mean Movement Time
o N S »

Arcball-3D  Mesh-Grab Scaled—Homer

Figure 3.9: Mean movement time (MT) in seconds (Docking Task).

In terms of Position Offset, again to our surprise, Arcball-3D was the most
accurate among the 3 techniques, marginally followed by Mesh-Grab and then
Scaled HOMER (F{2,24) = 12.81 p < 0.001). The Holm Post-hoc test revealed
significant differences between Arcball-3D and Scaled HOMER (p < 001) as
well as Mesh-Grab and Scaled HOMER (p < .001). Position Accuracy results

are summarized in Figure 3.10.
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Figure 3.10: Mean position offset (Docking Task).

A reason for the poor performance of Scaled HOMER in accuracy could be the
fact that participants need to hold their arm suspended in mid air for a number
of seconds while they attempt to match the target accurately. Perhaps fatigue
motivated them to skip accurate matching and end the trial sooner. Fatigue
could also account for Scaled HOMER’s performance gain in Movement Time.
It is possible that because participants wanted to avoid fatigue, they attempted

to expedite the trials.

It should be noted that this experiment, being very short in duration, favors
Scaled HOMER, that probably requires a longer experiment before its weak-

nesses start becoming apparent (users annoyed by the cable of the tethered
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tracker, fatigue onset etc.). This assumption further strengthens the case for
Mesh-Grab and Arcball-3D.

There was also an effect of technique on Rotation Offset between techniques
(F2,24y = 3.35 p < 0.01). A post-hoc analysis revealed that, using Arcball-3D,
participants matched the target’s rotation 12% more accurately than Mesh-
Grab, (p < 0.01) but the differences with Scaled HOMER were not found to be
significant (p = 0.14). No statistically significant difference was found between
Mesh-Grab and Scaled HOMER (p = 0.19).

Rotation Experiment: In the Rotation experiment the two pyramids were
centered at the same point and again users were asked to rotate to match the
wireframe’s rotation. Like the docking experiment, users were asked to match
12 preset rotations, twice, in random order. Again the vertices lit up when in
close proximity(0.5f) to signify a match and users could press the foot pedal to

advance to the next trial. Users repeated the task with all 3 techniques.

Rotation Experiment Results: On the rotation task, to our surprise, Arcball-
3D had the lowest completion time mean (8.77s) followed by mesh-grab (10.34s)
and then by Scaled HOMER (10.49). A repeated-measures ANOVA found no
statistical difference (F3 24y = 1.663 p < 0.22), however, a pairwise Holm test
revealed the significant differences: Arcball-3D vs Scaled HOMER, p < 0.001,
Arcball-3D vs Mesh-Grab p < 0.001, Mesh-Grab vs Scaled HOMER p = 0.7,

i.e., no significant difference.

The results are summarized in Figure 3.11. Technique had no effect on accuracy
in the rotation task (F(224) = 0.13 p = 0.87). It should be noted that had out-
liers been removed, the statistics were more in favor of our proposed techniques

but we chose to include all trials for the sake of completeness.

The rotation experiment results are slightly controversial as manipulating a
fingerball for rotation has long been believed to be the most intuitive means
for rotation [79]. Yet our results show that a ray-based technique can perform
equally well or even better than direct manipulation. This result calls for further
analysis and scrutiny. A potential explanation for Scaled HOMER’s reduced
performance in the rotation task is the fact that users had to hold the fingerball
in one hand. Manipulating, clutching and avoiding the tethered line with just
one hand could potentially be one of the reasons for the rotation performance
deficit.

When presenting a 3D model to an audience (depending on the situation) one

could argue that rotation is more important than translation, i.e., the model
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Figure 3.11: Rotation Task Completion Time means.

is centered and occupies as much of the screen as possible then the presenter
rotates to show the features (perhaps that would be the case in the scenario
where a professor is demonstrating anatomy). That is the reason the rotation
only task was chosen as one of the two evaluation tasks. For an application
scenario such as the aformentioned one, the results of the rotation experiment

overall bear more gravity than the docking task.

Finally, analysis of the docking time per position for each technique suggests that
Arcball-3D showed a slightly more “linear” response to the increasing rotation

angles per docking position (Figure 3.12). Scaled HOMER'’s response was less
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Figure 3.12: Mean Completion Time per target position (refer to Figure 3.7)
for positions.

linear. This could perhaps be due to the fact that, past a certain angle of
rotation, when using the fingerball-like-tracker for Scaled HOMER, participants
were often forced to clutch and handle the fingerball between their fingers. This
perhaps explains the sudden jump for Scaled HOMER around position 9 (100°
rotation). At that point users possibly having met the supination limit of their
wrist were forced to clutch to keep rotating. Regression analysis on the results

is required, however, before definite conclusions are reached.

Interaction Modes: The ray-based techniques had three interaction modes:
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Table 3.1: Summary of evaluation results. Techniques ranked depending on
their relative performance.

Technique Quantitative  User Cost Freedom Fatigue
Performance  Prefer-  Effec- to Move
ence tiveness
Arcball-3D A- A A A A
Scaled HOMER A B C C B
Mesh-Grab B C A A A

Translation only (B), rotation only (A), and translation+rotation (A+B). We
calculated what percentage of the task time was used in each mode. The results
from the Mesh-Grab technique show that on average, during a trial, participants
spent 43% of the task time without pressing any buttons (i.e., aiming the ray),
27% rotating and 25% translating, while only 4% of the task time was spent us-
ing the combined mode. This result indicates that users found it difficult to use
the mode that combines rotation and translation and preferred to manipulate 3-
DOF at a time. In Arcball-3D, results are almost identical but participants used
the combined mode even less (1% of the entire time). We believe that adding
to this discrepancy is perhaps the fact that users needed to press two buttons
for the rotation+translation mode, yet that is only a speculation. These results
confirm the third hypothesis and are in line with the literature on multi-DOF
manipulations. Even though this analysis addresses the 2nd research question
that was presented in the introduction, a better analysis that shows how much
each mode contributed to each type of motion (rotation, translation etc) in the

docking task could shed additional light to the usability of each mode.

Qualitative FEvaluation: Following completion of the experiment with each
technique, participants were asked to rate the techniques on the following as-
pects: Ease of use, Accuracy, Fatigue and Fun to use using a 7-point likert scale
questionnaire (Example question: The technique was easy to use: [Strongly
Disagree 1... 3 Neutral ... 7 - Strongly Agree]). A Kruskal-Wallis test and
post-hoc analysis revealed that participants rated Arcball-3D as the easiest to
use, followed by Scaled HOMER then Mesh-Grab. This confirms the second
hypothesis.

The slightly poorer performance of Mesh-Grab could be due to the tetrahedron
shape of the item that was being manipulated and that perhaps a cube or

another convex shaped mesh could have different results.

Finally most participants commented on the arms fatigue and that it was easier

to cast a ray from the hip than holding the tracker in front of the torso. There
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were also comments on the awckward posture that is sometimes the case with
the fingerball-like tracker on Scaled HOMER. Results of the questionnaires are

summarized on table 3.2.

Table 3.2: Summary of the questionnaire responses.

Technique Mesh Arc3D HOMER K-Wallis

Easy to use  3.77 5.15 4.38 (p < .05)
Accurate 3.08  4.54 5.23 (p < .01)
Tiring 415 3.46 531 (p<.05)
Fun to use  3.92 5.31 5.31 (p < .05)

3.6 Discussion

All three techniques compared share similar weaknesses when it comes to per-
forming axis-aligned motions or returning to the exact same point or via the
exact same path. However such weaknesses exist in most devices with inte-
gral DOF control, like the mouse, the Space Navigator [1] or the Phantom [46]
but that sort of motion is not necessarily required by our intended application
scenario. Finally, a real-world application in education or visualization would
ideally allow for annotations that might not be easy to do from a distance with
a ray technique without input scaling and smoothing to account for distance
from the screen amplifying arm jitter. We summarize the relative strengths and

weaknesses of each technique on Table 3.1 by our subjective ranking.

Arcball-3D performed almost as well as Scaled HOMER, it was highly preferred
by the users, it can be implemented at lower cost, it allows for free movement
of the presenter or within a group of collaborators and induces little fatigue.
Mesh-Grab received similar scores but since users showed the least preference
and due to it’s lower quantitative performance it ranks third overall. Scaled
HOMER did well performance-wise but users did not prefer it and considering

the tethering, high costs and fatigue, it ranks second.

Our implementation of flicking proved to be slightly troublesome for the exper-
iment participants in the pilot trials but expert users users, that were exposed
to the techniques for a long time, showed interest in flicking. The results in this
work could potentially be transferred to interaction in Virtual Reality while
wearing an HMD or to Augmented Reality (AR).

Novice users did not prefer the combined mode (translation+rotation) but ex-

pert users commented favorably and we believe a better tuned combined mode
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algorithm could prove competent yet further studies need to be conducted.

3.7 Conclusion and Future Work

We presented an evaluation of two techniques for ray-based 3D object manipu-
lation, Mesh-Grab and Arcball-3D. Our evaluation demonstrates that the new
techniques perform very well against the state-of-the-art in direct manipulation,
Scaled HOMER. Arcball-3D was the overall winner in our evaluation and this
indicates that 3D object manipulation on a large display with ray-based tech-
niques can perform well at short-to-medium distances. In addition to the user’s
preference, as ray-casting based techniques can be implemented with a wider
variety of hardware or with off-the-shelf consumer products, we conclude that

they are a better alternative to direct interaction for remote 3D manipulations.

Future Work: Flicking with physics was disabled for the experiment and tun-
ing the physics algorithm better, remains as future work since we are interested
in establishing how well users can throw objects around and predict their motion
paths like they do with physical objects in the real world. We are also inter-
ested in exploring different controller form factors that can offer more input

modalities (text input or a stylus for annotations etc).
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Chapter 4

Spatial Characteristics of
Raycasting-based vs Direct
Interaction in a 6-DOF
Docking Task

4.1 Introduction

A handheld tracked wand is the most popular method for selecting and manip-
ulating data in 3D [75, 42]. As virtual reality, augmented reality or large/tile
displays technology advances and 3D manipulation becomes more commonplace
there is an increasing motivation to design effective 3D manipulation tech-
niques®. understand the characteristics of 6-DOF interaction in depth in order .
Despite this motivation other than some early work by Zhai [78, 79, 77] there are
a limited number of previous studies on the subject. Analysing timestamped
spatial data gathered from such a task is a challenge partly due to the large

volume and the high dimensionality of the data.

This study contributes an analysis of a dataset from a 6-DOF docking exper-
iment and attempts to provide quantifiable evidence that can aid in under-
standing the fatigue induced by common 3D manipulation techniques. We also

contribute a methodology for averaging time-stamped 3D motion data in order

1A discussion regarding terminology can be found in the appendix

35
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to study speed profiles from different docking trials. Finally we discuss our

findings and contrast them with some earlier findings in the literature.

4.2 Related Work

Zhai [78] attempted to quantify coordination in 3D manipulation. They propose
efficiency as a measure of quantifying coordination. The efficiency measure
revealed performance differences between elastic rate and free position control.
The study however, does not consider whether or not an efficient or coordinated
motor performance is actually the least fatiguing and no attempt has been made
since, to establish an association between their proposed measure, efficiency,
and fatigue or effort. Acott et al. [2] also studied trajectory based tasks and

proposed a “steering law” that models steering time.

Liu et al. [44] analysed dwelling in the ballistic and corrective phase of a 3D
manipulation between real world and virtual reality. In addition to time spent in
both phases being longer in VR, the authors also found that movements in VR
comprised of more discrete sub-movements than in the real world. In follow-up
work, the authors went on to propose a number of techniques that attempt to
do real-time classification of motion for improving interaction [43]. Our work
attempts to validate the existence of these stages in our docking task data and
to establish whether or not these phases exist only during direct manipulation

or also with raycasting-based manipulation.

In an attempt to tackle the issues of fatigue with direct techniques Katzakis et
al. proposed Mesh-Grab and Arcball3D [39]. The techniques were compared
against Scaled HOMER [73] and were found to perform on par. Although the
authors designed the techniques for reduced fatigue they only present qualitative

data from the questionnaires regarding fatigue.

The data used in this study come from the 6-DOF docking experiment of our
earlier work. [39]. In the following section we will briefly present the techniques
used in the study followed by the experiment, our analysis methodology and

our results.
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Figure 4.2: Arcball-3D: The ray intersects a bounding sphere instead of the
object.

4.3 Ray Techniques: Mesh-Grab - Arcball-3D

Mesh-grab involves the user holding a wand and casting a ray from it into the
3D scene. The ray intersects a mesh. With the simultaneous press of buttons
A+B (thumb and forefinger) the user can “skewer” the mesh at the intersection
point. While the buttons are pressed the mesh behaves as if the ray was a solid
link that hinges on the mesh with freedom to move on one hemisphere, like a
ball-point joint (Figure 4.1). A constraint solver that ensures that, while the
object is acquired, the acquired point always remains under the ray, at the same,

locked, distance from the wand.

With only button B (forefinger) on the Wii-mote, the acquired mesh is only
translated (no rotation applied, standard HOMER technique), then finally with
only button A (thumb), interaction is limited to rotation only. Users can also
use the d-pad on the Wii-mote to retract or expand the ray while on any of

these modes (instead of translating the wand).

The logic behind Arcball-3D was that for simple meshes, it would be easy to pre-
dict how the mesh would behave when hit with the ray and “pulled” or “pushed”,
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but for a comp