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Abstract

Closing the gap between real-world interactions and interactions with virtual environ-
ments requires researchers to develop new means to capture the users intentions and
supply new interaction concepts which lean on experience made outside the digital
domain.
Due to its directness and variable amount of input points multi-touch technology incor-
porates some of the properties human interaction is relying on. Thus many researchers
are focussing on exploring the capabilities of multi-touch to increase usability of various
applications in contrast to common input devices. While multi-touch has a profound
impact on the way we interact with 2D environments nowadays, we have not yet fully
understood how to utilise multi-touch in unlimited 3D environments or, if it is a usable
alternative in this context at all.
In this thesis we explore the capabilities of multi-touch input for 3D CAD and other 3D
modelling applications. The main idea is that multi-touch could reduce the trade-off

between interaction richness and complexity in these applications by combining inter-
action tasks, which work well together. This way, the need for mode switches might be
reduced, which could lead to less GUI strain and more fluent interactions. Direct ma-
nipulation of scene content may also counterweight initial cognitive effort required of
new users to succeed interacting with these evermore complex applications. Through
the design and evaluation of several "mode-switch-free" multi-touch user interfaces,
which allow users to perform different object and camera manipulation tasks, we iden-
tified many input and application specific design challenges. Although participants
in our evaluation were able to solve the required tasks, thus some degree of usability
was achieved by our interfaces, it is clear that further consideration in this direction is
required to be able to make a well-founded statement on the usability of multi-touch
for 3D interactions.
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1 Introduction

Ubiquitous computing aims to make "digital technology" an integral part of our
everyday life without noticing it. Technology should not be in the focus of attention,
but only serve as an easy-to-use tool, working in the background easing up the actual
task of the user. Thus multi-touch, as a tool of direct manipulation, offers new exciting
possibilities for progression towards the vision of ubiquitous computing. We believe
that multi-touch technology may be able to, as Mark Weiser said, "weave itself into the
fabric of everyday life until it is indistinguishable from it", [44]. However, we still have
to explore, if and how multi-touch can be used in a comprehensive manner in many
applications.

Therefore multi-touch has received considerable attention in the last decade. It super
sets using single-touch technology by adding the ability to sense multiple points of
direct contact on an interactive surface.
The availability of multiple input points allows combination of interaction tasks which
are separated by menus, widgets, gestures and other mechanisms in single point inter-
faces. An interaction technique combining two tasks, which performance is similar
or even better than carrying out the tasks consecutively, might allow us to abandon
the referring mode switching technique, ultimately reducing GUI (Graphical User
Interface) strain.
With current technologies, such as frustrated total internal reflection (FTIR) [17], dif-
fused illumination (DI) [31], resistive-grid [5] and capacitive surfaces [28], multi-touch
became ever more widespread and can currently be found in many devices such as
smart phones, media players1 large display or tablet systems.

The possibility of directly touching graphical representations is often argued to be
more "natural" than working with indirect input devices such as keyboard and/or
mouse. Moreover, it has been shown that direct input significantly outperforms
indirect input for some common interaction tasks [14, 15]. Furthermore, multi-touch
surfaces combine the advantages of direct and bi-manual interaction, which also has

1 http://www.zune.net/en-us/products/zunehd/

1

http://www.zune.net/en-us/products/zunehd/


1 Introduction

been shown to improve interaction quality [10], providing developers new means to
explore possible user interface designs.

Through commercial successful products such as Apple’s iPhone, Rotate-Scale-
Translate (RST) manipulations established a new way of interacting with two dimen-
sional (2D) context, supporting the appeal of direct manipulation [35].

In addition to the point of contact, multiple additional attributes of the touch may
be detected, most noticeably shape [36, 46] , angle of approach[24, 30] and the applied
pressure [20], offering even more input information to further extend interaction
richness.

However, common problems, such as the fat-finger problem [6] or the absence of
visual feedback [45] and the latency involved when capturing touch input, are impor-
tant factors influencing the design and quality of multi-touch interaction techniques.

While the two touch RST technique is currently wide accepted for 2D interaction,
there does not seem not be a straight forward extension of this approach for interaction
with three dimensional (3D) content. Due to the limitation of the user’s actions being
constrained by a two dimensional surface, interacting with 3D contexts may reduce the
directness and ease-of-use by forcing the user to learn additional and/or more complex
input techniques to access all dimensions.

3D modelling applications such as Autodesk Maya or Blender and especially 3D
CAD applications like Autodesk AutoCad are complex and rich on functionality, thus
require a lot of dedication and training to be used effectively. Since major qualities of
multi-touch interaction are its directness and ease-of-use we are motivated to find out,
if or to which extent multi-touch can be used to ease- and/or speed-up certain 3D inter-
action tasks as they are performed in 3D CAD and modelling applications. Although
multiple view-ports are commonly used in the professional segment a perspective
view is more immersive and might, in combination with multi-touch interaction, serve
as a compelling starting point for new users, since this combination might require
less cognitive effort. By performing several tasks simultaneously, similar to the RST
technique, multi-touch could speed up design processes which require less precision,
but fast results such as prototyping and digital storyboarding.
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In this diploma thesis we will design and evaluate three multi-touch interfaces which
allow users to perform common object manipulation tasks. Since camera navigation
is an integral part of 3D CAD / modelling applications our prototype interfaces offer
navigational metaphors for this purpose. We conducted a preliminary online survey to
identify suitable gesture candidates and gain a first impression on user expectations to
refine our prototype design. Although we could not draw definitive conclusions from
the evaluative comparison of our refined interface prototypes, participants were in
general able to solve the 3D navigation and docking tasks of the trial. Despite problems
with the touch and gesture recognition systems, participants experienced interaction
with a 3D environment solely with multi-touch without a mode switch for the first
time and made many valuable suggestions for future designs.

The remainder of this thesis is structured as follows: The second chapter provides an
overview about related work and outlines some basic design parameters and coherences
which have been identified by previous studies focusing on multi-touch technology.
The third chapter explains which factors and properties are important to the design of
multi-touch user interface for 3D CAD applications, so that an initial design concept
can be formulated. Chapter four provides methods and results of our online survey.
The fifth chapter describes the design and implementation of our three prototype
interfaces, followed by evaluation results of these interfaces in chapter six. The last
chapter summarises our work and provides an outline of future elaborations.
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2 Interaction Paradigms & Related Work

2.1 Human Computer Interaction

Human Computer Interaction (HCI) aims to enable interaction with a system so that
the user can reach their desired goals with minimal effort. Hereby interaction is not
limited to the input or user part of the action, but also on the output the system provides
forming a cycle of action and perception. Abowd and Beale [1] formulate a model for
this interaction cycle, which is shown in figure 2.1.

Figure 2.1: The Interaction Cycle by Abowd and Beale [1]

The cycle consists of two stages: the execution phase and the evaluation phase. In
both phases user and system are involved. Input and output devices together form an
interface through which communication takes place.

The interaction starts off with the execution phase and is initiated by the user aiming
to reach an objective, hence formulating a task to reach this objective by means of
the system. One or more input devices are then used to change the systems state. In
the evaluation phase the changed system state represents itself through the output
device. The user interprets this output and compares it relative to his objective. A new
interaction cycle can start as long as the objective has not been reached [40].
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2 Interaction Paradigms & Related Work

This cycle however, only explains the general progress of interaction. The layered
model, as shown in figure 2.2 can help identify software and hardware requirements of
the system [2].

Figure 2.2: The layered interaction model [1]

The models bottom layer is called hardware or physical layer. Following the hard-
ware layer are the semantic and the conceptual layer. The first layer is defined by
the systems input devices and their input events such as mouse/touch motion, touch
appearance and buttons pressed. Interaction tasks like translation and rotation can
be performed within the system by the usage of several interaction techniques in the
second layer. There are some basic interactions as pointing and clicking which are indi-
visible hence they cannot be decomposed into smaller units. The interaction techniques
however, are not limited to these basic interactions. Instead these basic techniques can
be used to build more complex interaction techniques, for example the two finger pinch.
The third layer describes the system from the users point of view. Several interaction
techniques can be combined to form a contextual interaction metaphor: e.g a camera
navigation metaphor or a object translation metaphor, if the metaphors underlying
interaction tasks can be performed without a mode switch. All metaphors/interaction
techniques together form the user interface - the part of the system which is closest
related to the user and best described from the users point of view. [40].

2.2 Usability

Besides investigating the ability of various technologies to reduce the barrier between
humans and computers, user interface design is a another major aspect of HCI, as user

6



2.2 Usability

interfaces provide a bridge between input devices and application.

In general, it is easy to create a user interface. The only thing to do is give the user
the possibility to see and change the states of the system. It is hard to create a good
interface in particular, because it matters in which way access to the system is given
to the user. Even the tiniest changes to a user interface could alter the way users
experience interaction with an application. Roughly speaking, every interface design
decision made in reference to the layered model might influence "usability" in some
manner.
With a variety of input devices available, developers are encouraged to consider which
device(s) fit their application best in order to reduce complexity and overhead of
interactions potentially increasing overall performance, learnability and motivation
when using the application. Usability is often mentioned together with "intuitiveness".
Since everyone has a personal understanding of the meaning of "intuitiveness", usually,
a definition is ambiguous and can be misinterpreted. Therefore we give the following
definition of usability suitable for our context.

Usability is a relative metric over the comparison of the following two user interface properties:

+ Functionality - Providing a set of interaction tasks that allow the user to carry out
his tasks.

+ Ease-of-Use - Providing access to these tasks in such a a way that it is easy to learn
the system and easy to carry out the tasks.

If the user cannot figure out how to reach his goal or finds it too complicated, it can
be considered a usability problem. Or, if users are forced to make a decision which
does not help to solve the actual task - for example unnecessary confirmation dialogues
- the user might get frustrated simply because reading a text box was not his intention.
Spolsky puts this together as: "Choice is important for users, but providing too much options
could just be a developers excuse to not being able to find a good solution by himself. Users
should only make choices which are relevant to their tasks thus interface design is the art of
making choices" [38].

Independent of the quality of the interface, metaphor or interaction technique, the
user would need a certain amount of time to "learn" using the technique(s). Knowing
the constraints and properties of an interface / interaction technique helps to plan tasks

7



2 Interaction Paradigms & Related Work

ahead possibly reducing necessary corrections and redundant interactions. The rate
at which users do significantly improve their performance, may be used as a relative
measurement for the interface’s ease-of-use.
Besides ease-of-use and functionality, subjective motivation to use a technique should
be considered, too, when trying to make an assumption on its usability. Since users
might simply prefer the technique which is more fun, but still performs well enough
[34]. On the same matter the reverse can be said. Although a technique/interface might
have some usability issues its application’s purpose could be of such great interest
that its used despite of usability problems. Maybe because no alternative is available,
maybe because the issues do not occur when using the main features of the application.
[11, 19].
Therefore "understanding and weighing the relative implications on use of the input
devices properties is necessary in order to make informed decisions" [9].

There are several examples for touch- especially multi-touch technology increasing
interaction richness and ease-of-use in many 2D applications. However, higher grade
of usability is not simply guaranteed by using multi-touch technology in contrast to
common input devices - it has to be carefully evaluated, if and to what extend touch
input can improve user experience and performance in various applications.
We have decided to explore the usability of multi-touch for 3D applications especially
3D CAD and 3D modeling application. We think that multi-touch, if utilised in the
right fashion, could ease up interactions with these applications due to its directness
in comparison to common input devices. It is also thinkable that multi-touch could
increase work flow, leading to faster results because of the ability to manipulate several
properties at once. But, although it sounds reasonable that adapting features like direct
interaction into the design of 3D interaction techniques may effect usability in a positive
way, we have to consider that it may not - and come up with alternative designs. An
example could be the indirect "Z-Technique" for 3D object translations by Martinet et
al. [29].

2.3 Related Work

When using input devices like mouse and keyboard or even more specific devices,
such as a 3D-mouse to interact with virtual environments (VE) , users most of the time
cannot rely on experience gained in their everyday life. Instead they are forced to
attain new skills in order to be able to interact with the VE. Hence interaction with a
VE might get inconsistent with interaction with the rest of our environment. Tangible
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2.3 Related Work

User Interfaces (TUI) try to reduce this gap by making user interfaces more reliant on
everyday interactions, allowing to get in physical contact with the "atoms" of the virtual
world [25, 26]. Therefore TUIs might have a high potential to reduce the trade-off

between interaction richness and interaction complexity in numerous applications, by
e.g. reducing necessary GUI interactions for a task to be completed.

Similar to TUIs, which use tangible physical forms to interact with virtual environ-
ments, touch technology, in the words of Hiroshi Ishii, "tries to coincide input space
and output space to realise some form of coupling of physical and digital worlds" [25].
In the context of multi-touch the coincidence between input and output space mostly
refers to directness of input and additional degrees of freedom to mimic real world
interactions, thus reducing the need for explicit interaction mode switches (buttons,
scroll-bars, etc) and therefore reducing GUI strain.
TUI’s however, currently serve very specialised purposed applications - e.g using
physical models in urban planning [27]. Although multi-touch may be used in a less
specialised manner - direct interaction involves the use of existing skills and work
practices.

Working with mouse and keyboard, users usually handle tasks in a sequential
manner, however, additional degrees of freedom through multiple points of contact
allow certain tasks to be carried out simultaneously. Therefore multi-touch greatly
expands the types of gestures that we can use in interactions, which might ultimately
lead to an more eloquent interaction vocabulary in contrast to common gestures such
as pushing a button and dragging, which we use nowadays.[9]. On the one hand touch
technology can be used to simulate mouse like behaviour. But as usability of the same
interface may change from device to device [9] using touch or multi-touch input as a
replacement for mouse and keyboard suffers from the same difficulties touch input has
to deal with in general. Problems like occlusion by the finger, input lag and missing
tactile feedback may require various techniques assisting the user on his tasks to be
able to provide usable alternatives for input, if a mouse and keyboard is not viable or
available [6]. On the other hand instead of adapting usage of touch input to the existing
interface the interface can be adapted to touch input. A very recent example for this
is the "ribbons" user interface in windows 81 which aims to provide improved input
quality on tablet computers while maintaining the same functionality as the standard
windows UI [12].

1 http://http://windows.microsoft.com/en-US/windows-8/preview
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2 Interaction Paradigms & Related Work

A lot of work has been done exploring the feasibility of single-touch interaction.
Examples for early contributions on touch technology are the "PLATO IV Touch Screen
Terminal" [7] and the "one-point touch input of vector information" [20] demonstrating
that touch input involves more than input point information. Since they detect touch
force in X,Y and Z(i.e.,sheer in X ,Y and pressure in Z) and torque in X,Y and Z in
addition to the position in X and Y.
As early as 1983 Nakatani et al. provide a discussion about the properties of touch
screen based user interfaces which they called "Soft Machines" for example the "one-
to-one" mapping of controls and operations [33].
Though single-touch input provides powerful means to enhance user interaction and
experience, we are still bound to the concept of GUI manipulation and its sequential
work flow.

Multi-touch loosens this restriction, thus great effort has been put into identifying
proper application domains, interaction techniques and gestures for multi-touch input.
Especially 2D multi-touch interaction has been explored in several research projects
[6, 13, 21].

A detailed overview about previous work on the issue of interactive tabletops is
provided by Grossman et al. Moreover, they provide a taxonomy to classifiy the work
done in this area, taking any system which presents a 3D virtual environment on or
above a horizontal surface into consideration [16]

By merging multi-touch with a physics engine Wilsen et al. [46] offer means to inter-
act with digital objects in ways analogous to manipulation of real objects. Detecting
not only touch point information, but also more sophisticated shapes like hand palms
and object contours they demonstrate that multi-touch interaction exceeds (multiple)
point of contact manipulations.
Because a pen complements some of the design properties of the finger its combined
usage has gained more and more attention when manipulating 2D content [8, 21].
Today multi-touch technology is used to support working with a pen/stylus supplying
bi-manual interaction by using the non-dominant hand for single- or even multi-touch
interaction and a pen in the dominant hand for higher precision tasks [22].
Just recently Benko et al. [3] demonstrated multi user 2D multi-touch interactions on a
spherical display further extending the possible applications for touch input.
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2.3 Related Work

To address the problems occurring when using single- or multi-touch input, such as
the "fat finger problem", several techniques have been introduced [6, 43]. By zooming
into the area of interest, or controlling a cursor offset using a second finger pixel accu-
rate targeting and positioning can be achieved, thus reducing inaccuracy by increasing
interaction complexity.
Proposing a new model of touch inaccuracy the "Perceived Input Point Model" [24] by
Holz et al. explains 67% of the touch inaccuracy that was previously attributed to the
fat-finger problem. This points out that touch interaction might not be as inaccurate
as assumed. To further decrease touch inaccuracy related to the fat-finger problem
"Ripples" was introduced [45] providing visual information to the user about successes
and potential errors in their input actions.

In addition to these general problems with touch interaction there are more input
technique specific problems to handle.
Although multi-touch interfaces may allow users to e.g. translate, rotate and scale
digital objects in a single interaction with a two finger pinch gesture, this freedom
represents a problem, when the user intends to perform only a subset of manipula-
tions. Because it is difficult to maintain the same distance between two fingers, a rotate
manipulation will most of the time be accompanied by some unintended scaling.
Nacenta et al. explore the use of several gesture recognition techniques to address this
issue which they call "separability of spatial manipulations" [32].

Recent research explores the possibilities of multi-touch interaction for interaction
with 3D applications. The "Balloon Selection" technique [4] is another example for
the various fields of application for multi-touch technology. By using a bi-manual
two finger gesture on an interactive surface an object in a 3D volume can be selected,
showing how multi-touch can help to reduce error rate of selection tasks in comparison
to other known techniques. Extending the balloon selection Strothoff et al. developed
the "triangle cursor" which offers 3D object selection and above that, three degrees of
freedom (DoFs) translations and object yaw rotations at the same time. [39]

Exploring rotation and translation in shallow (limited) depth environments, Hancock
et al. [18] proposed several interaction techniques, ranging from one point translations
to more complex techniques with three points of contact allowing various rotations.
They point out that users are not only capable of performing more complex (multi-
finger, bi-manual) interactions, but also prefer them. The higher number of touches
provided users with the opportunity to independently control more DoFs increasing

11
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flexibility of how users decide to perform the interaction.

To improve interaction on large 3D data sets for example medical volume data or
astronomical simulations Yu et al. [47] investigate the use of large touch-sensitive
displays in this context. Both introduced techniques, for single- and multi-touch,
provide the user seven DoFs. By specifying special areas of control they separate
interaction tasks to reduce erratic behaviour as described by Nacenta et al.[32].

Martinet et al. explore the design of free 3D positioning techniques for multi-
touch displays. In addition to a semi-direct bi-manual positioning technique in
perspective view they provide two positioning techniques allowing free 3D position
through multiple view-ports. They found evidence that most users prefer the semi-
direct over the view port technique because of its perspective view and ease-of-use [29].

Instead of implementing specific multi-touch input techniques Reisman et al. extend
the principles of 2D RST interaction to 3D by offering a more generalized method.
Their model allows manipulation of scene content regardless of the amounts of fingers
on the surface. This is possible because their model ensures that any of the initial
points of contact stay underneath the fingers during the interaction. The resulting
manipulation is then derived by solving a minimisation problem between the possible
manipulations[35].

Nowadays visualisation of 3D content is not restricted to a 2D projection on the
screen, but rather can be rendered stereoscopically, so that users perceive the output as
a volume with spatial depth. In this context Valkov et al. investigated the possibilities
of combining multi-touch interaction with stereoscopic vision on wall-sized displays
[42].

12



3 Initial Design Considerations

If a user cannot figure out how to perform a task or finds it too complex it could
ultimately lead to frustration and abandonment of the application.
Multi-touch could allow users to interact with various applications in a more com-
pelling and easier way allowing them to faster achieve initial results. This might
motivate them to keep on using an application, if another alternative is available.
Moreover, touch input could reduce GUI strain, thus reduce interaction complexity
in contrast to the cognitive load put on new users nowadays, notably in complex 3D
applications like AutoCAD.
However, it is probable that multi-touch interaction will not be used as a stand-alone
input concept for 3D CAD/modelling applications, but rather accompany existing
devices as they may be used for different purposes within the application. Because
different tasks within an application might benefit from certain input device properties
to different extends [9]. Multi-touch could be used for making large and swift but
rough adjustments to get a view on alternative designs or for digital storyboarding
with a specialised interaction task subset optimized for "quick and dirty" prototyping.

This chapter will discuss some of the relations and properties which can influence the
usability of a multi-touch interface in the context of 3D manipulations. Moreover, we
will line out an initial design concept for an interface which allows several camera and
object manipulations without a mode switch. This initial design will act as a baseline
for our prototype implementation.

3.1 Camera-Based Multi-Touch Setups

For detecting touch contact and movement on a screen several technologies are avail-
able. Each of them has specific attributes which could significantly influence usability,
therefore we have to consider which technology fits our purpose best.
Capacitive or resistive multi-touch displays could offer high performance touch recog-
nition by electrical signalling, but optical recognition systems are much more cost-
effective and therefore more wide spread in larger display systems nowadays.
FTIR and DI (see figures 3.1, 3.2) are two ways of optical touch recognition with infrared
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3 Initial Design Considerations

Figure 3.1: FTIR: Light fully reflects at a cer-
tain angle and therefore is kept
inside the medium until it is
reflected by a finger at a different
angle.

Figure 3.2: DI: Differeces in the amount of
reflected light serve as a cue for
touch recognition

light. While FTIR facilitates the property of light to reflect completely when trying to
cross a medium boundary at a certain angle, diffused Illumination measures the amount
of light reflected on a diffusion material surface.
Since both of these technologies are optical capturing systems there are many possibili-

ties to post-process the images tracked to gain meta-information about the touch points,
such as point-size which is often taken as a cue to pressure or the recognition of object
shapes, so called fiducials. This meta information then can be used to either create new
input techniques or stabilise recognition of existing ones. Optical capturing though
usually comes at the price of increased input lag and high CPU load. Since image
processing at interactive frame rates (30+) is a complex computation task, its usage
is accompanied by a trade-off between resolution of the recognition system, which
increases theoretical precision and its frame rate, resulting in more or less immediate
feedback of the system.
Implementation and evaluation of our interface prototypes requires our design to ori-
ent on the hardware limitations induced by the touch screen available for testing. Since
the current version of our touch capturing solution delivers touch point position and
ID only, we cannot include usage of a stylus or fiducials into our initial design consid-
erations. Moreover, optical tracking always involves some kind of jitter which could
cause a touch to be recognised as moving although its finger was not. Furthermore,
many light sources are emitting infra-red light, as does the projectors light bulb. Since
FTIR and DI depend on light reflections, using an infra-red light absorbing foil in front
of the projector’s lens may reduce false recognitions and touch losses.

14



3.2 Multi-Touch with 3D Content

3.2 Multi-Touch with 3D Content

2D input devices are a common choice for interaction with a 2D application, that way
the DoF the input device offers (input DoF) can be mapped directly to the applications
scene dimensions (output DoF). Therefore choosing a 3D input device for a 3D appli-
cation may be a promising approach, but there is evidence pointing out that this may
not be the case [4].
Multi-touch however, can be seen as an input device with variable input DoF. It has
2*N DoFs, with N constrained by the amount of fingers used.
Mapping these variable degrees of freedom to input tasks so that the user finds the
resulting techniques easy to use and replicable, is one of the main challenges when
developing a multi-touch interface.

Mapping of Degrees of Freedom

A major advantage of multi-touch is to theoretically be able to manipulate multiple
properties at once - making the interaction technique to manipulate these properties
in theory more effective than iterative execution of its sub-tasks. Acceptance of the
RST technique in 2D applications demonstrates how the additional DoFs can be used
to create a touch technique which enables interaction with three properties at the
same time without an interaction mode switch. Therefore we want to waive on using
widgets or buttons for mode switching in our initial design to investigate whether and
to what extend this advantage can be utilised for 3D interactions.

However, when aiming to use multi-touch input for 3D interactions without a mode
switch we have to decide between mapping input DoFs to the different interaction
tasks and/or to different output DoFs of a single interaction task.
An example: A perspectively projected object on a 2D screen may be translated in
three directions either in its local or in the scenes coordinate system, thus a local or
global translation has three output DoFs. Straight forward, one touch can be used
to manipulate two DoFs. Therefore we have to choose which coordinate system and
which output DoF should be manipulated, if we decide to use one touch movement for
3D object translation. We could then use a second touch to manipulate the remaining
dimension of the beforehand chosen coordinate system. We might want to use two
touch movement for some other manipulation mode though, for example camera orbit
or object scaling. On the other hand, if we assign two touch movement to camera
orbit we can change the angle from which the object is viewed and map input DoFs to
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output DoF depending on the camera viewing direction. That way we can translate an
object either locally or globally into every direction with one touch.
This mapping decision problem magnifies itself the more interaction tasks should be
accessible without a mode switch.

Separability of Spatial Dimensions

Directly connected to the mapping of input DoFs is an aspect described as separabil-
ity of spatial dimensions by Nacenta et al. [32]. They observed that using an interaction
technique, which is able to manipulate multiple properties at once, most of the time
involves an unintended manipulation of at least one of the other properties, if only one
property was subjected to change. For example, when trying to use the RST technique
for rotation only, the object most likely will be accompanied by some kind of scaling
and translation. A highly usable interface however, should reduce unintended effects
to a minimum, thus reducing the users needs to correct or even undo their previous
actions.
Therefore providing separated interaction techniques for each task and each tasks DoF
in combination with techniques supporting simultaneous manipulation of multiple
properties at once seems beneficial to the user. Mechanisms such as magnitude "fil-
tering" [32] could hereby help reduce the amount of different gestures the user has to
learn, as they separate tasks not by technique but by classification of the input motion
type. Thus pinch-zooming with the RST technique may for example not involve a
rotational component if the angle between the two touches has not changed "too much"
during the interaction.

Illustrating this issue for 3D interactions, we could use a two finger pinch gesture to
globally scale an object and apply translation to the object in regards to the midpoint
movement of the two touch-points ensuring direct interaction. On the other hand
disabling this translation could result in an in place scaling of the object, which also
may be a desired result in precision demanding 3D CAD applications.
Differentiating between resting and moving touches could also help separating tasks.
We could extend the two finger pinch gesture to support both behaviours described
above. Performing a pinch gesture with a resting finger will effect only the scale of
the object while simultaneous movement of both fingers will result in scaling and
translation.
Separation of tasks and tasks DoF on the one hand could increase precision while
on the other hand simultaneous manipulations could speed up the design process.
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Finding a good balance between separated or simultaneous manipulations is a major
design challenge.

The Fat-Finger Problem

If an object is too small, direct manipulation of it can be difficult, because the user
may, for example, not be able to touch with two fingers inside an object to start a scaling
technique. If this makes the intended task impossible to be carried out, the user will be
forced to increase the screen size of the object by performing another interaction task
like camera zoom, thus increasing the overall time the object manipulation task takes
to be finished. Allowing to perform a technique anywhere on the screen independent
of object position and extends could help reduce these issues. This however, can result
in a sacrifice of directness as users are no longer required to touch an object in order to
manipulate it. Moreover they are forced to explicitly select or deselect it.

Direct Manipulation in 3D

Finally, there are some situations in 3D applications where the result of direct manipu-
lation may not be congruent with user expectations. If a users camera viewing direction
is exactly or nearly exactly aligned with one of the global coordinate system axes and
the user intends to translate an object along that axis in a direct manner, it might result
in unpredictable translation of the object like jumping to the front and back as extends
of the translation plane are very small. This indicates that direct manipulation may not
be an unfettered benefactor for multi-touch 3D interactions. In figure 3.3 this matter
is illustrated. However, restricting manipulation to the axes which align best with
the camera’s view increases the need for additional camera translations to access the
translation of the remaining axis, possibly increasing overall task manipulation time.

3.3 Basic Interaction Tasks

To be able to make reasonable and informed design decisions, understanding not only
the relations and properties influencing usability when using multi-touch is important.
Precise knowledge of the interaction tasks which should be accessed through the
interface is crucial, too.

Today’s CAD applications offer a huge variety of manipulation modes and spe-
cialised functions. It remains to be seen whether usable multi-touch interface solutions
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Figure 3.3: The XZ plane can be viewed as a plane in A, but is reduced to a line in B. Since the
object is aligned to the global coordinate system its planes have the same alignment
as the global planes shown in the figure. Direct translation along the green object
axis or the global z-axis can now lead to unexpected behaviour.

which incorporate these amount of possible interaction tasks exist. Identifying how
to utilise multi-touch technology in a way the user can benefit from it, requires us to
evaluate its usability in a more functional restricted 3D application in order to establish
a baseline for future adaptions. This might allow us to identify input techniques which
perform within user expectations and secondly reduce the complexity of the previously
described "DoF mapping problem" (see 3.2) to a reasonable level.

There are many different 3D design applications for various specialised purposes
such as AutoDesk 3DS Max, Maya and AutoCad especially for the professional seg-
ment as well as Blender and Google SketchUp, which are free to use. Despite serving
different purposes they all have a commonality - basic camera and object manipulations
- which are also the first tasks to learn for new users. Most 3D modelling applications
offer means to orbit, pan and zoom the camera with various widgets, additionally
they offer wide spread navigation metaphors like the "fly", "walk" and "look around"
navigation, which can sometimes be used simultaneously depending on the input
devices available. Moreover, all applications provide one or more ways to access
various basic object translate, scale and rotate operations.
By supporting panning, zooming and orbiting as well as 3DoF object translation,
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scaling and rotations a prototype might convey an impression of free 3D interaction
with multi-touch input. Providing convenient access to these basic manipulation tasks
with multi-touch input might serve as an entry point for new users and ease their
learning curve while exploring the possibilities of the 3D (CAD) application.

The following list provides details on every camera navigation and object manipu-
lation task which users should be able to access through our prototype interfaces.

Camera Navigation Tasks

Panning

Figure 3.4 shows the initial and resultant screen content of a camera panning action.
This task requires a two DoF input which motion is usually mapped to a local xy-
translation of the camera. Either the relative motion of the input device is multiplied
by a factor and then added to the cameras position, or in case of direct interaction,
the user "grabs" a part of the scene and drags it around. In this method the camera is
moved in a way ensuring that the point of the world which got grabbed by the user
always stays underneath the input point creating the impression to translate the scene,
but not the camera.
To create this impression often the unprojected coordinates of the input point are used.
This unprojection converts the 2D motion vector in screen coordinates into a 3D motion
vector in world coordinates in respect to the cameras current position. By multiplying
this vector with the camera distance to the most perpendicular world plane we can cre-
ate the impression of dragging that plane. A pseudo code reference is given in listing 3.1.

Let p0 be the cameras position before the interaction. The new position p1 after a
motion event is given by:

p1 = p0 + (∆(i1 − i0) ∗ λ

with pn ∈ R
3, in ∈ R2 the screen coordinates of input event #n, λ the distance of the

camera to the reference plane and ∆ the unprojection of the input’s motion vector.

1 vector2 displayDimensions(){

real outleft, outright , outtop, outbottom;

cam->getFrustumExtends(outleft, outright , outtop, outbottom);

double factor = 1/cam->getNearClipDistance();

double h = (outtop-outbottom)*factor;
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6 double w = (outright-outleft)*factor;

return vector2((float) w, (float) h));

}

vector3 unprojectVector(vector2 inputpos){

vector2 dims = displayDimensions();

11 vector3 worldVec = cam->getRight()* (float) (0.5 * inputpos.x * dims.x) +

cam->getUp()* (float) (0.5 * inputpos.y *dims.y);

return worldVec;

}

void translateCamera{vector2 inputposition , vector<int>ids){

16 if(ids.haveChanged()){

flaot dist = getDistToMostPerpendicularPlane(camera.position, camera.orientation);

}

vector3 sceneTranslation = unprojectVector(inputposition);

camera->move(vector3(-sceneTranslation.x *dist, -sceneTranslation.y *dist, -

sceneTranslation.z *dist));
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}

Listing 3.1: Direct Camera Panning

Figure 3.4: Local x-axis camera translation to the right. While in fig. A the coordinate systems
point of origin is still visible, it is not in fig. B. The input point (red) hereby stays in
contact with the point of the scene first "touched".

Zooming

Camera zoom is often used together with camera panning. If the operator uses for
example a common scroll mouse the motion of the scroll wheel can be used for moving
along the camera’s local z-axis. At the same time the mouse’s motion may still be
applied to pan the camera. Sometimes the input’s initial position is projected into the
scene and used as a focussing point allowing the user to translate the camera in the
direction of the point the camera is zooming to, so that the focussing point moves
towards or away from the centre of the screen. Figure 3.5 shows the results of a camera
zoom in Blender, which translates the camera along its local z-axis on each mouse wheel
motion event.
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Figure 3.5: Camera zoom. In (B) the object appears so have increased in size, but the grid reveals
that the camera has been moved to the front.

Thus the cameras initial position p0 transits into the new position p1 with:

p1 = p0 + ∂ ∗


0
0

xi ∗ f


with the relative motion x ∈ (−1, 1) multiplied by a constant factor f on each input

event #i and ∂ representing the camera’s orientation as a quaternion Q ∈ H.
Listing 3.2 provides a pseudo code reference - the method is hereby called each

time the mouse sends a wheel motion event. Means to create a direct impression of
zooming similar to the camera panning behaviour will be explained in chapter 5 as this
behaviour depends on the input technique chosen for the task.

void zoomCamera{int relmotion){

3 cam->moveRelative(Vector3(0,0,relmotion*factor);

}

Listing 3.2: Camera Zoom with relative motion

Orbiting

Orbiting (shown in fig 3.6) allows a user to view an object from any direction without
changing the cameras roll angle. The input device’s motion is mapped to a rotation
around a plane (usually xz-plane) while constant distance to the centre of the rotation is
kept. A common model for implementation is to translate the camera to the gravity or
centre point, then apply the rotation to its local axis and finally move the camera back the
same distance it was translated forward before. Listing 3.3 shows an implementation
of this orbiting behaviour.

21



3 Initial Design Considerations

A point P = (xp, yp, zp) ∈ R3on the sphere defined by the radius R ∈ [0,∞] and the centre
point C = (xc, yc, zc) ∈ R3 is given by:

xp = xc + R ∗ sin(φ) ∗ cos(θ)

yp = yc + R ∗ sin(φ) ∗ sin(θ)

zp = zc + R ∗ cos(φ)

with φ and θ being the inclination and elevation angles with (0 ≤ θ ≤ π) and
(0 ≤ φ ≤ 2π). Thus the cameras initial view point V(p0, d0,u0) transits into the new
view point V(p1, d1,u1) with

p1 =


xc + D ∗ sin(φ + fx) ∗ cos(θ + fy)
yc + D ∗ sin(φ + fx) ∗ sin(θ + fy)

zc + D ∗ cos(φ + fx)


d1 = (p1 − C)

u1 = d1 × (d1 × u0)

with f ∈ R2 indicating the angular change by the input device motion in x and y.
D ∈ R being the distance between C and p0:

∥∥∥(p0 − C)
∥∥∥ and di representing the camera’s

direction vector and ui the camera’s up vector.

1

void orbitCamera{vector2 motion, vector3 centerpoint){

float factor = 1;

float dist = length(centerpoint -cam->getPosition());

cam->setPosition(centerpoint);

6 cam->yaw(Degree(factor*motion.x));

cam->pitch(Degree(factor*motion.y));

cam->moveRelative(Vector3(0,0,dist));

}

Listing 3.3: Camera Orbit

Camera Roll

Rotation around the cameras local z-axis is called rolling. However, there is no
independent camera roll mode in either Blender nor SketchUp. But it is possible to roll
the camera node and take over its view in Blender since it has a camera node separated
from the view port for animation functionality. Instead of a camera roll mode SketchUp
has two different orbit modes. If the user presses STRG while orbiting, he/she will
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Figure 3.6: Camera Orbit. (B) shows the object from the opposite side and also from a higher
altitude.

change yaw, pitch and roll of the view port making it difficult to independently control
the DoFs of this technique. If STRG is not pressed, the scenes y-axis will always have a
fixed orientation pointing either up- or downwards. The unrestricted orbit rotation is
available in Blender, too.
Figure 3.7 shows an example of a camera roll and listing 3.4 provides a short reference
implementation using two input points. Again we describe the change of the cameras
initial view point V(p0, d0,u0) to the new view point V(p1, d1,u1) on a motion event of
the input device:

p1 = p0

d1 = d0

u1 = R(α, d1) ∗ u0

with R(α, ξ) being the rotation matrix defined by the rotation angle α ∈ R and the
axis of rotation ξ ∈ R3.

Figure 3.7: Camera Roll. From (A) to (B) the camera has been rotated around its local z-axis by
about 45 degrees..
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1 void rollCamera{vector2 oldInputA , vector2 newInputA , vector2 newInputB , vector2

oldInputB){

vector2 newDir, oldDir;

oldDir = oldInputA - oldInputB;

newDir = newInputA - newInputB;

6 oldDir.normalise();

newDir.normalise();

float angle = atan2(oldDir.y, oldDir.x) - atan2(newDir.y, newDir.x);

cam->roll(Radian(angle));

11 }

Listing 3.4: Camera Roll

Object Manipulation Tasks

Selection

Differentiating between objects in the scene usually takes place by selecting a certain
object to restrict following manipulations to this object only. Without a selection
technique the application might struggle to identify the object(s) to which the next
manipulation should be applied. For the same reason the application might even be
unable to provide access to the currently possible manipulation tasks for a certain
object, since these can differ from object to object. From a users point of view a selection
technique is not needed to perform the task, but rather needed for the application to
understand the users intention. Thus selection is a technique which does not affect the
objects properties directly, but rather serves as a special form of a mode switch. Single
object selection usually is carried out by a single, double or triple click, to account for
different levels of selection: e.g, the current face, the face’s outline or the whole object
this face is attached to.
Of course, a selection technique might not be required, if direct interaction is enforced
for every manipulation - an object would then be selected the moment it is touched and
a gesture is recognised. Depending on the application a selection technique might not
be needed. However, to reduce fat-finger related side effects by e.g. using a variable
input off-set we need to provide a selection technique because the intended target
cannot be determined by ray casting the input points.
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Translation

Object translation is often needed when the users has several objects in his scene and
wants to arrange them in a certain way. Without other objects or scene elements the
position of a single object is of less interest as long as the user can view it from any
direction to manipulate its other properties. In many applications object translation is
performed by moving the cursor inside the objects extents and then dragging it to the
desired location. The resulting movement of the object, though, differs from application
to application. SketchUp maps the motion of the input device to translation on a plane
of the world coordinate system. There is also a possibility to snap to a certain axis -
even, if its not part of the active plane.
Blender applies the translation restricted parallel to the view port, making it difficult
to align the object axes with the world axes. These modes however, are only the
default translations available when pointing on an object and dragging it, they are
accompanied by many specialised sub-modes, accessible through menus and mode
switches. Figure 3.8 shows a comparison of the object translations in Blender and
SketchUp, both performed by mouse dragging. Listing 3.5 gives a basic implementation
for direct object translation on a plane in 3D with one input point.

Let pi be the objects position at time #i with p ∈ R3. The old position p0 before an
input event is transformed to p1 after the input event with:

p0 = p0 + ∆t

Hereby ∆t ∈ R3 is the motion vector implied by the two input events converted to
world space. This conversion can be done in several ways (see fig. 3.8) and it is up to
the designer to chose the behaviour which fits the intended purpose best.

void translateObject{vector2 inputmotion){

float distanceToObject = abs(length((cam->getPosition() - object->getPosition())))

vector3 translation = convertScreentoScene(planeOfReference , distanceToObject ,

4 inputmotion , bool localtranslation);

object->translate(translation);

}

Listing 3.5: Object Translation

Scaling

Changing size of an object on the screen can be achieved by either camera zooming
or by scaling the objects extends in all dimensions by the same amount. However,
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Figure 3.8: Object translation in SketchUp (A) and Blender (B). While in (A) the object is trans-
lated snapped to the global x-axis (red) the object in Blender translates parallel to the
the camera’s xy-plane

scaling only the length or width of an object allows to change basic geometry objects
like a cube and a sphere into more sophisticated shapes.
Again accessing these tasks differ from application to application. On the one hand we
can use a mouse gesture which enables global scaling for the currently selected object
without any widget, on the other hand we will then need e.g. a context menu to access
other scaling modes - as done in Blender. In contrast to this SketchUp offers a widget
providing several anchor points to restrict scaling of the object to various dimensions.
Figure 3.9 shows the SketchUp scaling widget behaviour in three steps. Listing 3.6
provides a basic pseudo implementation for global object scaling with a mouse.
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Let si be the objects relative scale at time #i with s ∈ R3. The old scale s0 before an
input event is transformed to s1 after the input event with:

s0 = s0 + ∆m

Hereby ∆m ∈ R3 is either a constant or a factor calculated by the motion vector implied
by the two input events to scale the object in relation to the input motion creating an
impression of direct manipulation. However, when only one input point is available,
restricting scale to a certain object axis or plane requires a technique to convey the users
intention to the application.

void globalScaleObject{vector2 relInputMotion){

float factor = relInputMotion*5

3 vector2 newScale = object->getScale();

newScale = vector3(curScale.x+factor,curScale.y+factor,curScale.z+factor);

object->setScale(newScale);

}

Listing 3.6: Object Scale

Figure 3.9: Object Scaling in SketchUp: The different anchor points of the widget restrict the
scaling to certain dimensions. The initial object (A) is scaled in width (B) and globally
(C).

Rotation
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Inexperienced users often struggle to carry out their intended object rotations at first.
This might be due to the more complex nature of the task or difficulties comprehending
the results provided by the various rotation modes of the application. Object centre
rotation for example is a three DoFs task, therefore it is difficult to manipulate each axis
independently with only one 2D input point - similar to camera orbit without a fixed
axis. Thus providing object centre rotation with one input point would require either
a rotation widget for independent axis manipulation or a technique like the ArcBall
[23]. Although the ArcBall provides access to all three rotational DoFs it sometimes is
difficult to anticipate where to start and end the dragging motion to perform certain
rotations [23]. There is neither a object centre rotation mode in SketchUp nor a default
mouse drag technique mapped to any sort of rotation, instead a single rotation tool
similar to a "Winkelskala" (see fig. 3.10B) provides axis restricted rotation depending
on the point its attached to. This requires several iterative manipulations to the object,
if the rotation involves several DoFs. Blenders default mouse-drag rotation is also not
mapped to an ArcBall like behaviour, but to rotation around an axis parallel to the
cameras look direction.

Let oi represent the objects orientation at time #i with o ∈ R3. The components x, y, z
of o hereby represent the roll (rotation around x-axis), pitch (y-axis) and yaw angles
(z-axis) of the object. The old orientation o0 before an input event is transformed to o1

after the input event with:
o0 = o0 + ∆a

Hereby ∆a ∈ R3 can be a constant factor in one component to rotate around a single
axis only, or the resultant angle changes of a more sophisticated rotation technique as
the ArcBall or a two finger rotate technique rotating a 3D object around a single axis in
regard to the angular change between the two input points.
A pseudo implementation is provided in listing 3.7. In this example the object will
rotate around its y- or x-axis depending on the provided rotation axis.

void rotateObject{float relmotion , axis axisToUse){

if(axisToUse == AXISX){

object->rotate(AXISX, relmotion);

4 }else{

object->rotate(AXISY, relmotion);

}

}

Listing 3.7: Object Rotation
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Figure 3.10: Object Rotation in SketchUp: Attaching the rotation tool outside the objects bound-
aries on the xz-plane results in a rotation around the axis in that point perpendicular
to the xz-plane.

3.4 Initial Prototype Design

All listed task should be in some form available in our interfaces. Formulating an
initial design requires a basic idea of how to map all these tasks to input techniques.
Moreover, we need to decide, if and how to separate task DoFs within the same
techniques or by supplying several interaction techniques for the same tasks, each
referring to different task DoFs.

A straight forward attempt to map the basic camera navigation tasks to touch input
gestures would be to assign different amount of touches for each interaction task,
hence creating a new interaction technique for each task, although it may require less
DoFs than the input points offer. However, due to hand or finger constraints such as
the difficulty of independently moving the pinky and ring finger, usage of gestures
requiring a lot of touches could be problematic for some users. On the other hand
separating techniques only by touch count may reduce unexpected behaviour or even
reduce input lag, which could be introduced by a gesture recognition process requiring
extra time to resolve ambiguities, when the same touch count is used for multiple
techniques. In general, available input points are constrained by the amount of fingers
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humans have, thus capping the amount of techniques separable by touch count to ten.

Presuming a fixed number of techniques which can be made available through an
interface by this method, we could reduce the maximum number of touches required
for a technique by combining interaction tasks which work well together into a single
technique.
This way we can more effectively make use of the additional DoF the input points offer
utilising a major advantage of multi-touch interaction - simultaneous manipulation
of different properties. Moreover, we would then be able to increase the amount of
techniques we can support before needing to use mode switches.

With the above method panning, orbiting, zooming and camera roll can be mapped
to one, two, three and four touch movement by reducing multiple points to a single one
with e.g the point of gravity in a triangle specified by three touches. However, we can
combine these tasks into two interaction techniques requiring one and two touch point
input. This way camera zoom and roll would be assigned to the distance and angle
change between two moving touch points. Further camera panning can be assigned to
the midpoint translation of both touch points, which leaves one touch movement for
camera orbit since the four DoFs of the two touches are exhausted by the three DoFs
translations and the one DoF rotational task.
This mapping however, is not unique - swapping camera orbit and panning won’t
change the functionality of the interface, but perhaps alter its usability because of
different user expectations. To create a single input technique for all these tasks three
input points are needed as they provide the necessary six input DoF for the six output
DoF of the tasks. It seems reasonable that users may prefer the technique which
involves fewer fingers, if two alternative techniques for the same tasks are available.
Therefore we prefer the use of multiple techniques over a single technique requiring
more input points.

While it is straight forward to find an initial mapping for the camera navigation
tasks, combining object manipulation tasks, eventually with separated DoF, is more
complicated.

Since one touch movement is often used for object translation in 2D applications,
we take this as a starting point. We can map one touch movement to global object
translation along two variable axes, making it dependant on the cameras view point,
resulting in either global xy-, yz- or zx-plane translation. To be able to translate the
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object along a fixed axis with one touch we can for example use a snap to grid feature
separating task DoF within the same technique. This view dependant technique may
not be as usable as the Z-Technique [29], because the user cannot translate the object
into every direction without needing to perform another technique. However, this
combination of techniques provides three DoFs translation for an object and therefore
could prove a solid starting point as we focus on the overall usability of the combination
of techniques. Thus we have to balance between the number of techniques and the
amount of possible mappings, likely preferring the solution involving fewer touches to
establish a minimal base line. This might allow us to better estimate effects of additions
and adaptions of the initial design (see chapter 5).

The distance change between two moving fingers can support either global or axis
restricted object scaling. Since both techniques are separately available in many CAD
applications, providing two techniques for these two tasks seems a more comprehensi-
ble approach than only supporting a single two touch scaling technique with separated
task DoFs. Therefore axis restricted scaling should be performed by two touches while
three touches should allow the user to scale globally. Two of the three touches, if not
changing relative position to each other, can be reduced to a single point which reduces
this three touch technique effectively to a two point scaling technique. The third touch
hereby can be seen as a necessity to distinguish between the two techniques, but the
additional DoFs the point provides remain unused.
Still the distance change and the angle between the two touches used for direct scaling
offer only two DoFs. While offering sufficient DoF for global scaling, we either need a
third scaling technique to manipulate the remaining object axis or make the two touch
scaling technique camera view dependant similar to the translation technique.

With a one touch 3DoF translation, a two touch 3DoF separated axis scale which
are both view point dependant and a three touch global scale technique, we require
at least four touch points to provide object centre rotation with an ArcBall controller,
while still separating all interaction tasks from each other by touch count. This leaves
five input points to the orbit technique and six finger movement to the camera rotate-
zoom-translate technique.
This mapping is scene-independent since distinguishing between the techniques is not
dependant on information provided by the scene, but merely on touch count. Though
it is possible to reduce touch count further by taking meta data from the scene into
consideration. But to reduce fat-finger related issues and to provide users the option to
chose between touching the object and performing the intended technique anywhere
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on the screen, we chose a mapping not relying on any scene information.

Table 3.1 summarises our initial design concept. Two view point dependant object
manipulation techniques - translate and scale are combined with an ArcBall controller,
global object scale, camera rotate-translate-zoom-roll and orbit. For each of our three
interface prototypes this initial design is subjected to change in order to explore specific
design issues in chapter 5.

If these adaptions include the usage of multiple techniques with the same touch
count, our application would need a mechanism to recognise and distinguish between
these techniques. For example by classifying the type of input motion on the screen
into different categories to gain additional information for the separation of tasks and
task DoF. Quality of this gesture recognition system may directly influence usability of
the underlying interfaces. Bad recognition quality is likely to alter usability in contrast
to a stable and robust recognition system used with the same interface.
Detecting an interaction technique during the first frames of the interaction and then
locking this mode until the touches are removed may provide stable recognition assum-
ing the first frames are sufficient time to make a reliable guess for the intended interac-
tion technique. On the other hand locking the detected technique exclusively until the
touches are removed makes it impossible to add or remove touches during interaction
to change between techniques. Supporting this however, could reduce fatigue and
may allow more fluent interactions. We will explain our gesture recognition system
alongside our design refinement in chapter 5 as these are co-dependant factors.

Task #Touches input DoF task DoF effective DoF
Camera Pan-Zoom-Roll (PZR) 6 (2x3) 12 4 4
Camera Orbit 5 10 2 2
Object Translation 1 2 2 3 (PZR)
Object Axis Scale 2 4 2 3 (PZR)
Object Global Scale 3 6 1 1
Object Centre Rotation 4 8 3 3

Table 3.1: Initial mapping of interaction tasks to interaction techniques.
Effective DoF: The number of DoFs a technique is able to manipulate by combination
with other techniques.
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3.5 Incremental Design Process

Ultimately achieving some degree of usability with a multi-touch interface for a certain
3D application would require the designer to consider the trade-off between precision
and speed through the hardware, the relation between directness and separability
and the various possibilities to map available input DoF to output DoF. Yet the final
product should be easy to use while at the same time suffice user demands for accuracy
and functionality. However, if at all or to which extend multi-touch technology can
improve usability of new interfaces has to be carefully iterated and reevaluated from
application to application.

We have explained multi-touch related design properties and discussed possible
implications on the design of 3D interaction techniques. Furthermore we chose a set
of 3D interaction tasks which we see fit to provide basic 3D navigation and object
manipulations orienting on the core functionality of 3D CAD and design applications.
This allows us to line out the remaining design process.

Step One)
Find alternative and additional interaction techniques for the basic 3D interaction tasks
refining our initial design (see table 3.1) to be able to make comparisons between
interfaces.
A multi-touch interaction technique hereby can be distinguished by a combination of
the following parameters:

Amount of touches Touch count and, if supported by the hardware, further tracking
of fingers and hands to identify which touch belongs to which finger and / or user.

Type of Movement Developing a model describing the touch movement may assist in
gesture detection and increase interaction richness.

Recognised Shape / Fiducials If the hardware supports detection of shapes and arbi-
trary objects or touch point-size, these attributes can help to further distinguish
between interaction techniques or increase interaction richness.

Step Two)
Find new combinations of interaction techniques which do not cancel each other out
during gesture recognition yet reach the desired functionality requirements defined in
step one.
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Step Three)
Evaluate the usability of the resulting interfaces.
Although each interaction technique chosen for an interface may be usable to some
degree its combination does not necessarily need to be of the same quality. Evaluation
and reiterating over the previous design making adaptions due to evaluation results is
hereby common design practice.
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In order to identify input techniques, which are to some degree usable for 3D interac-
tions, we can either try to extend successful techniques from 2D context like the RST
technique to 3D or create new techniques, which perform particularly well in the 3D
context. Most likely there exist several input techniques for a certain task, differing
in their degree of usability. However, usability of a single technique might be altered
by combining it with other techniques to create interfaces satisfying the functionally
requirements of its application. To gain a first impression on this relation between
usability and combination of techniques we performed an online user survey. By ask-
ing participants to choose their preferred input gesture from a predefined set for a
single and combination of 3D interaction tasks we expected to gain hints on how to
tackle this combinatorial problem and in addition find alternative candidates for input
techniques which the user might prefer.
We expected results of the survey to be able to assist in refining certain design decisions
for our prototype application. We discovered that in general participants are able to
cope with the complexity of the theme, although they did not have any possibility of
trying out the suggested gestures. But especially the second half of the survey did not
yield distinct results promoting a presented technique above others. On the other hand
participants often relied on choosing techniques which they already knew from 2D
interaction like the one finger movement for object translation. The question whether
these results occurred because of our small sample size, the complexity of the theme,
missing experience from the participants or faulty survey design can only be guessed.
Nevertheless we received some interesting suggestions for interaction-techniques from
participants thinking "out-of-the-box" which will be presented in the results section of
this chapter.

4.1 Setup and Methods

The survey was created with LimeSurvey1 in English and German and is divided into
six blocks. It can be found at http://www.suitamoi.de/survey/.

1 http://www.limesurvey.org/

35

http://www.suitamoi.de/survey/
http://www.limesurvey.org/


4 Evaluation of User Expectations

Initially, participants watched an introductory video explaining the motivation and
context of the survey, while also giving some background information about multi-
touch to the participants. Then the participants had to answer general questions
regarding gender, age, experience with computers, touch screens and their grade of
education. After a brief training section explaining the upcoming tasks the partici-
pants had to chose a gesture they felt most appropriate for object manipulation tasks
like scale, rotate and translate in the context of interacting with 3D objects in a 3D scene.

We somewhat expected that participants might have difficulties answering the
questions. Because of the missing opportunity to try out the presented options and
the complexity of the theme requiring the participants to rotate, scale and trans-
late - sometimes simultaneously - in their minds. To assist the participants each
question featured a video clip demonstrating the interaction task a gesture should
be chosen for. Nevertheless understanding and interpreting the presented gestures
was still completely dependant on imagination as they were presented in form of
a textual description. We therefore chose to create an initial training block which
should on the one hand introduce the participants to the theme while on the other
hand determine the participants ability for three dimensional visualisation and their
observation skills. A large number of participants not being able to differentiate
between simple three-dimensional manipulations by watching at a set of before/after
pictures might indicate that this theme in general is too complex to be discussed in
an online survey or that our surveys methods for presenting questions and answers
are not sufficient enough for the participants to be able to make well-founded decisions.

The layout of a question from the survey’s main blocks can be reviewed in figure
4.1. In this case a question regarding object translation in the xy-plane and its possible
answers are shown. Each block of the trial focussed on one interaction task, for example
translation. Each question in a block referred to different DoF(s) of the manipulation
task which should be manipulated. The translation block therefore has a question
regarding xy-plane translation of an object, a question for z-axis translation and for a
combination of both tasks. All three survey main blocks are designed analogous to this
example. In the last (optional) block of the survey the participants chose combinations
of all previously presented gestures to perform object manipulation tasks such as
translate-rotate, scale-translate and rotate-scale in combination. After each block the
participants had the option to provide feedback describing his/her ideas by drawing a
picture or writing a text.
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Figure 4.1: The layout of the questions in the three main survey blocks. This example shows the
first question of the translate block regarding the global xy-translation of an object.
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4.2 Results

Block 1 - General Results

107 people have taken part in the survey of which 36 (27 male, 9 female) completed the
whole survey - all other submissions were removed from the data. The 36 participants
who finished the trial had an average age of 28,67 years (SD:14.82). 41,67% of the
participants stated to have very good computer skills and another 38.89% estimated
good skills in comparison to the average level (16.67%). Only one participant stated
to have worse than average experience with computers in general. 63,89% of the
participants use a computer for business and private matters, while 30.56% use it
exclusively at home and 5.56% only at work. 66% of the participants own a device
that can be controlled with touches, of those two third, only one stated to see room
for improvements. All other were quite pleased with the controls [23.07% - "It’s very good";

38.46% - "It’s good"; 26.92% - It’s ok"]. Of the 12 participants who did not own a touch device,
three were planing to get one in the near future with the touch support being a main
reason for their decision. Because the survey was proposed to many different online
communities to gain as much attention as possible education level of the participants
vary greatly. Though most of the participants were IT students or professionals there
are various submissions from people who might not have any experience with the
theme of this survey.
Before getting to the training section of the trial participants also had to pass a remark
on several statements regarding some multi-touch design properties such as precision,
physical strain and motivation to use. About 69% of the participants stated to sometimes
wish for another input device aside the mouse/keyboard combination [27.78% - "I agree";

41.67% - "I mostly agree"; 19.44% - "indecisive"; 2.78% - "I mostly disagree"; 8.33% - "I disagree"], but at
the same time they were not sure, if "there is no better input device than the mouse",
as two third being indecisive and ~40% disagreeing with this statement [5.56% - "I agree";

11.11% - "I mostly agree"; 33.33% - "indecisive"; 30.56% - "I mostly disagree"; 13.89% - "I disagree";5.56% -

"I don’t know"]. Moreover, ~64% agreed that touch input can be imprecise from time to
time [13.89% - "I agree"; 50% - "I mostly agree"; 11.11% - "indecisive"; 16.67% - "I mostly disagree"; 8.33%

- "I disagree"]. All participants somewhat agreed that "when working with a computer I
want things getting done fast and accurate" [69.44% - "I agree"; 30.56% - "I mostly agree"]. About
87% of the participants rejected the statement that touch-screens are no "fun" [5.56% - "I

agree"; 2.78% - "I mostly agree"; 2.78% - "indecisive"; 25% - "I mostly disagree"; 52.78% - "I disagree"; 11.11%

- "I don’t know"]. Answers to the question, if "working 20 minutes with a touch screen can
be exhausting" were very wide spread, though. In figure 4.2 a pie-chart for the given
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answers can be reviewed. Many participants also stated to be ready "to invest some
hours to learn using a new program, if it’s worth it" [38.89% - "I agree"; 52.78% - "I mostly

agree"; 5.56% - "indecisive"; 2.78% - "I disagree"]. ~72% of the participants "could imagine using
touch screens more in their free time in the future" [27.78% - "I agree"; 44.44% - "I mostly agree";

22.22% - "indecisive"; 2.78% - "I mostly disagree"; 2.78% - "I don’t know"] and ~43% could think of an
application for touch-screens in their field of expertise" [16.67% - "I agree"; 11.11% - "I mostly

agree"; 19.44% - "indecisive"; 13.89% - "I mostly disagree"; 30.56% - "I disagree"; 8.33% - "I don’t know"].

Figure 4.2: Pie chart representing the answers given in the survey to the statement: "Working
20 minutes with a touch screen can be exhausting."

Block 2 - Training Block

The training block aimed to deduce, if participants are able to observe and explain
differences in a 3D scene by viewing at a set of before/after pictures. At first the
participants were explained the differences between a two-dimensional translation in
a two-dimensional scene and a three-dimensional scene and translation.
The first task showed an object being translated to the back of a scene parallel to
the global z-axis with one touch point. All participants recognised the backwards
translation, but only 56% were sure that the object has not been moved parallel to the
y-axis [22.22% - "Yes"; 55.56% - "No"; 22.22% - "uncertain"].
In the second task participants should compare object translation and camera panning
which both were performed by single touch movement. Then three questions regard-
ing these pictures were to be answered. ~47% of the participants wished for a "clearly
distinguishable gesture for camera or object translation" yet another ~42% rejected
this idea, additionally 61.11% of all participants identified correctly that simultaneous
translation of object and camera is theoretically possible. Furthermore 15 (41.67%)
participants found this a desirable function. The last question required the participants
to identify the reason why one touch movement could be used for two interaction
tasks in this example. 80.56% of the participants agreed that the point of contact on
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Rank Application Accumulated Score
1. Games 222
2. Presentations 214
3. Media Libary 210
4. Digital Photo Enhancement 180
5. CAD 175
6. Webdesign 109
7. office tasks 76
8. software development 74

Table 4.1: Results of the Application Ranking Task

the screen is responsible for this behaviour - as the pictures of the task once showed a
touch in contact with an object and once with the world space.
The last task required the participants to create a ranking of applications they think
could benefit the most from multi-touch input. The first entry in the list gave 8 points
down to the eighth entry giving one point. The final ranking is a sum of all individual
rankings (see table 4.1).

Block 3 - Object Translation

Participants often were able to choose more than one answer depending on the
number of possible answers, thus the sum of all votes may exceed the number of
participants. In the first two tasks of this block the participants had to choose a gesture
for translating the object in the global xy-plane and along the z-axis. After that they
had to choose a combination of gestures to carry out both translations together - for
example translation to the top-left and backwards at the same time or with as little
effort as possible switching between them. For the xy-plane translation of an object
83.33% of the participants chose "touching the object with one finger and moving the
finger to translate the object" as their preferred gesture. Result for the z-axis condition
are more widespread, yet three of the proposed six gestures each received ~33% of all
votes. A description of the "Z-Technique" [29] as well as a point of view dependent
translation technique received 12 votes. Only the possible usage of a certain amount of
fingers to translate the object backwards received one additional vote.
For combining both translations though, participants were in favour of one finger
movement for the xy-plane (58.33%) and two finger movement for the z-axis transla-
tion (36.11%). The point of view dependant technique which received a fair amount of
votes in the z-axis condition was only voted by 16.67% of the participants.
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Block 4 - Object Scaling

In the first task of the fourth block two third of the participants chose to push or
pull with two fingers touching the sides of an object to scale it. Scaling in this task
was restricted to either width, height or length of the object. Global (all dimensions at
once) and free scale (custom shaping) were available in the combination task though.
However, votes for the combination task are distributed over all possible answers,
moreover, about 25% of the participants chose "no answer" for any of the tasks. In the
scaling block the task of destroying or deleting an object was introduced, too. A video
displaying the tearing of an object with help of a physics engine in 2D was shown
beforehand. Participants favoured pulling the object above a recycle bin (~61%) or
drawing an "X" on it (~47%) over the tearing solution (~11%).

Block 5 - Object Rotation

The rotation block required the participants to chose a gesture for rotation around an
objects centre and around any side, face or edge. For the centre rotation about 61% of
the participants would use a one finger ArcBall rotation similar to the one provided in
the example video. For the face/edge/point rotations two possible answers suggested
the user to specify a point, face or side with a designated number of fingers touching
the object to restrict the rotation. Participants then preferred to use an additional finger
(47.22%) to rotate the object instead off moving the fingers which specified the axis,
face or point of rotation (19.44%). This indirect rotation technique and the ArcBall were
also voted most in the combination task. Also participants had to choose the, in their
opinion, worst gesture. However, each technique received between six to eight votes
except the one finger centre rotation.

Block 6 - Combination of Interaction Tasks

About 60% of the participants worked on the last block. Since it was yet more
complex than the previous blocks we wanted to make sure only motivated and still
concentrated participants took on these questions by making this block optional.
Instead of choosing a fitting gesture to be able to access different DoFs of the transla-
tion,rotation or scaling tasks, e.g. axis restricted scale and global scale - participants
should point out possible gestures or gesture combinations to carry out a combination
of basic tasks such as scaling+translation and rotation+translation in this block.
At first they were asked which tasks would be qualified to be combined with each
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other. 50% of the participants voted translation+rotation and translation+scaling inter-
esting for simultaneous use. Scaling+rotation was voted by 41.67% of the participants.
Finally participants who chose to answer the following three questions regarding the
combination of tasks favoured one finger movement (41.67%) for translation. As in
the scaling block votes are distributed over all answers for the scaling part of the scal-
ing+translation technique.For the rotation+translation as well as the rotation+scale
combinations no clear preference can be deduced from the results,either.
Survey contents and all results can be reviewed on the materials DVD.

4.3 Discussion

Survey Block 1

A large proportion of the participants acknowledged unconsciously that "every input
device serves a certain purpose better and performs worse in another situation"[9] as
they sometimes wished for alternative input devices than mouse and keyboard. All
participants agreed that "when working with a computer I want things getting done
fast and accurate", pointing out the utmost importance of these two properties in user
interface design. On the other hand, half of the participants disagreed to the statement
that working with touch screens can be exhausting. Reason for this may be due to the
relatively small display size of smart phones as they are the most widespread devices
supporting touch input nowadays. Participants experience with touch screens there-
fore most likely relies on their experience made when using smart-phones. In contrast
to imprecision, which is a problem independent to the screen size, physical exhaustion
may not be of such influence on the usability in small scale devices as they can be
aligned differently as soon as the user feels uncomfortable with the current position.
Also participants were dedicated to learn usage of an application, if "it’s worth it"
which could indicate that ease-of-use, although a property which greatly influences
usability, could possibly be outperformed by the applications purpose sometimes.
Since participants could think of various applications for touch technology in their
field of expertise, we confidently state that possible applications for touch-screens are
far from being exhausted.
Regarding the application ranking made in the training section CAD and 3D design
applications were ranked fifth place. But there is a considerable gap between rank five
and six dividing the applications into two groups for potential use with and without
touch input from a users point of view.
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Survey Block 2

Results of the translation block suggest that participants are well aware of the differ-
ence between choosing a single technique for a single task and choosing a combination
of techniques for different DoF of the task in the object translation block. As a part
of the combination task, participants were also asked to chose the gesture which they
thought would perform worst for the proposed task. In this context the description
of a translation technique using a physics engine was voted most often, followed by
the point of view dependant technique. Although the point of view dependant 2DoF
translation technique has received some votes in the second task of this block (z-axis
translation) it is now considered a "bad" technique. Reasons for this discrepancy
could be the abbreviation of answers in the last question which could have lead to
misinterpretation of the answers. This is supported by one participant submitting a
drawing of a point of view dependant input technique as a possible input technique
(fig. 4.3).

Figure 4.3: Custom submission of, as we interpret, a camera view point dependant translation
technique. It is also possible that usage of an axis restricting widget was illustrated
by the participant.

By formulating possible answers as short as possible we intended to reduce the
amount users had to read to keep their motivation and concentration at a high level.
Unfortunately this increases the possibility of interpreting the answers in several ways.
This could have been a general problem during the whole survey as results of a task
are usually more widespread, if the answers contained abbreviated versions of the
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answers presented in the previous tasks.
Providing possible gestures in an unambiguous and more illustrating manner might
lead to significantly clearer results.
Three DoF translation is suggested by a participant by touching both, the object and
the axis the translation should be applied to and then moving both touches. This
however, would require a visual axis-widget attached to the object to switch modes -
especially when manipulating more complex shapes. Another participant thought of
the possibility to tilt the screens from vertical to horizontal to switch between xy- and
xz-translation with one finger. The five finger pinch gesture Apple is using to close an
application e.g. on the iPad2 was suggested as a possible candidate for back and front
translation, too.

Survey Block 3-5

Regarding the results of the scale block either combination of five scale tasks (length,
height, width, global, and free form) might have been too complex for the participants
or the available answers were to similar or imprecise formulated. Also it might be
possible that participants did not understand why they had to chose more than one
scaling technique, hence they tend to choose a two finger technique for each scaling
task, if the answer was available. Introducing three interaction tasks in the first video
of this block instead of one video for each interaction task (width, height, length)
could have affected participant answers. The video suggests that these tasks should
be performed by the same technique possibly influencing participant’s decisions with
a potentially confusing condition. Moreover, choosing a technique which allows for
all tasks (length, width, height) to be carried out with one gesture, somewhat overlaps
with the combination task of this section, possibly confusing the participants, too.

These issues directly relate to the results of the next two survey blocks. However,
results of the rotation block suggest that the ArcBall rotation made a positive impres-
sion with the participants, although it is not common in 3D CAD applications. It is
possible though that they might be heavily biased by the video previously showing
this exact behaviour as an example for object centre rotation.

The most valuable contributions gained in the last (optional) block of the survey
are the written submissions regarding the first question of the block about general
combination of tasks. Four participants submitted that they did not like the idea of any

2 http://www.apple.com/ipad/
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combined translation, rotation or scaling tasks suggesting that they prefer separation
of input tasks over combined usage. Also one participant pointed out that camera nav-
igation should be always available in combination with every object manipulation task.

General Discussion

Results of the study are two-faced. As the first part of the study suggests that the
theme of touch interaction for 3D applications is not too complex for participants
to cope with, results of the second part indicate that they might have had problems
choosing an answer since often votes are distributed over all answers. On the other
hand this could be due to too minor differences between the presented gestures -
especially in the rotation and scaling case and/or insufficient means providing answers
in a comprehensible and unambiguous way.

Due to the results of the translation block we may choose to provide one and
two touch translation in our prototype application in comparison to a point of view
dependant translation technique. Secondly, we aim to allow as many scaling tasks
as possible to be performed by two touch movement. For rotation a combination of
the ArcBall rotation and another technique allowing to restrict the rotation around
the object’s centre to a certain axis seem beneficial. This might provide users with an
alternative in cases they struggle to perform the intended rotation with the ArcBall
[23].
Moreover, being able to rotate around a point which is effectively a rotation with simul-
taneous translation, seems of interest to many participants, thus we might provide it in
one of our prototype interfaces. As a contrast we might also provide a rotation+scaling
technique as this combination of tasks gained considerably less votes in the referring
question.

Despite the complexity and length of this survey many design issues remain
untouched. Most importantly the difference between separation of task DoF might
not be pointed out precise enough. In the translation case for example the back-front
movement was shown in the video as an axis restricted translation ignoring two avail-
able degrees of freedom ((z)x or (z)y movement). To not confuse the participants we
pointed out the difference to the first task (xy-plane). However, participants could have
interpreted the question differently. Some participants might have chosen their answers
to replicate the behaviour of the example video as precise as possible while others
might have interpreted the translation of the second video as a zx- or zy-translation,
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since explanation of the video did not explicitly restrict the translation to the z-axis only.

Providing a survey which explains participants the possible gestures more clearly,
maybe by providing animations for each gesture, could lead to more distinguishable
results similar to the translation block. Also restricting the survey to either profession-
als or beginners could provide valuable insight on different user expectations.
On the other hand providing any answer possibility at all, could alter with the partici-
pants’ decisions. Yet, not presetting any answers could lead to very low participation
rates and difficult result analysis. Nevertheless we think that overall difficulty and
length of our survey were too high. Future surveys could be designed in a trialed fash-
ion in several steps. Each survey should cover the topic with less depth starting with
the focus on identifying possible techniques for separated tasks ignoring all combina-
tion issues. The following survey(s) should use these results to explore certain design
issues with more detail. The follow up surveys therefore should only be available to
the audience who participated in the first survey.
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Orienting on our initial design and the survey results, we implemented three prototype
interfaces with various differences compared to each other, which explanation will be
subject of this chapter.

5.1 Gesture Recognition Framework

Directly connected to the design of our interfaces is providing a system which is able to
distinguish between the various interaction techniques incorporated in the interface.
On one hand, the more means this system offers to differentiate between input gestures,
the more diverse these gestures can be. Thus more interaction tasks can be theoretically
combined without the need to use GUI elements for switching interaction modes. On
the other hand, these means might put new constraints on the user, possibly increasing
complexity of interaction with the system. Therefore usability of our interfaces is
constrained by the quality of our gesture recognition system.

A common model to use is the differentiation by touch count. Two touch movement
can for example be used to rotate, scale and translate an object in 2D. However, provid-
ing a technique for each task to separate them would need more active touches than two,
if the touch count model is still used to map input to output. By extending the recog-
nition model with "gesture matching, magnitude filtering or handles", as described by
Nacenta et al. [32], unintended manipulation can be reduced by separating interaction
tasks within the same technique, which would otherwise be performed simultaneously.

Yet an advantage of multi-touch input is to be able to perform several tasks simul-
taneously. But it depends on the application and user preference which and how
interaction tasks or task DoFs should be separated or combined. While one applica-
tion might benefit from heavy separation of all input tasks, another might not, yet
another could benefit from providing both, separated and combined interaction tasks.
Considering the limitations by the hardware available for our evaluation, we need to
distinguish between all chosen interaction tasks using touch count, position and id only.
To not influence relative comparison of interaction techniques of our three interfaces
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during evaluation, the same gesture recognition system should be used for all interfaces.

Recognition Phase One

Our recognition system is implemented as a three phased process. Starting out
with stabilising touch recognition, gathering meta data about present touches and
consolidating the TUIO1 protocol messages send by the touch capturing software
Community Core Vision2. The TUIO messages are received over UDP and then
forwarded as RawMultiTouchTouchEvents by VIARGO [41], a library supporting several
input devices, following the action listener concept. These events are processed in the
first stage of our recognition process. The DataConsolidationPass class reacts on various
different touch Action states such as APPEARED, UPDATED or DISAPPEARED. It
consolidates the RawMultiTouchEvent’s data by rearranging multiple touch events from
the TUIO protocol into a TouchPool data structure offering the position and ID of a
variable amount of active touches and a map of their last states. Changes in this
structure are emitted through the ExtendedMultiTouchEvent for further processing. In
figure 5.1 a class diagram of this process can be reviewed.

With the ExtendedTouchPoolManager class which organises this data structure, we
also introduce a form of "Dead-Touch-Remapping" and touch movement detection via
threshold, while also saving a brief history of disappeared touches.

Dead-Touch-Remapping

When dragging or pushing one or more fingers over a surface it can happen that
some or all fingers lose contact to that surface for a brief moment of time. Responsible
for this are circumstances leading to altered friction during interaction, for example
sweaty fingers or moving the fingers in an adverse angle with too much or too less
pressure applied to the surface. The gesture recognition process should return the
same touch ID for the same finger until it is intentionally removed from the surface.
This could increase liability of touch ID tracking which may directly relate to the overall
robustness of the complete recognition process.
Figure 5.2 illustrates the life time of a touch including our id remapping process which
is handled in the onAppeared method in the ExtendedTouchPoolManager class. Active
touches are ALIVE, while touches which disappeared are set to the state ZOMBIE. If a

1 http://www.tuio.org/?specification
2 http://ccv.nuigroup.com/
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viargolib

RawMultiTouchEvent

+sessionID() : vector3
+position() : vector3
+action() : Action

...

-_position : vector3
#_action : Action
-sessionID : long
-...

<<enumeration>>Action

+INVALID_ACTION

+DISAPPEARED
+APPEARED

+UPDATED

+FRAME

Event

ExtendedTouchPoolManager

+onFrame( pool : ExtendedTouchPool"&", timeSinceLastFrame : f loat ) : void

+onDisappeared( pool : ExtendedTouchPool"&" ) : void
+onAppeared( pool : ExtendedTouchPool"&" ) : void

+onUpdate( pool : ExtendedTouchPool"&" ) : void

+configure() : void

RecognitionPass

-selectionManager : ObjectSelectionManager
-currentTouches : ExtendedTouchPool

-gestureMatcher : GestureMatcher"*"
-currentGuess : <<typedef>>Guess

-activeInterface : Interface"*"

+onEventReceived( event : ExtendedMultiTouchEvent"*" ) : bool
+handleEvent( event : ExtendedMultiTouchEvent"*" ) : void
+update( timeSinceLastFrame : f loat ) : void
+setActiveInterface( num : int ) : void
+setFilterLevel( num : int ) : void
+...()

DataConsolidationPass

-_manager : ExtendedTouchPoolManager"*"
-_touches : ExtendedTouchPool

+onEventReceived( event : Raw MultiTouchEvent"*" ) : bool
+handleEvent( event : Raw MultiTouchEvent"*" ) : void
+update( timeSinceLastUpdate : f loat ) : void

...

ExtendedTouchPool

-_raw IDMap : map<unsingned long, Touch"*">
-_idMap : map<int, Touch"*">

+operator[]( id : int ) : Touch

+updated() : vector<int>"&"

+moving() : vector<int>"&"
+resting() : vector<int>"&"

+incrementIterator() : void

+exists( id : int ) : bool

+resetIterator() : void

+next() : Touch"&"

+hasNext() : bool

+empty() : bool
+size() : int

...

<<structure>>Touch

+tag : vector<TouchInfo>

#state : Raw TouchState

+current : Touchinfo
+initial : TouchInfo
+id : int

+...

+timeSinceDetected( stamp : f loat ) : f loat
+timeSinceLastUpdate() : f loat

+displacement() : vector3
+lastMotion() : vector3

+relMotion() : vector3
+...()

+RTS_FORESEEN

+RTS_ZOMBIE
+RTS_ALIVE

+RTS_DEAD

<<enumeration>RawTouchState

ExtendedMultiTouchEvent

-_pool : ExtendedTouchPool"&"
-_changedIds : vector<int>
-_movingIds : vector<int>
-restingIds : vector<int>

+touches() : ExtendedTouchPool"&"
+ExtendedMultiTouchEvent()

+updated() : vector<int>

+moving() : vector<int>
+resting() : vector<int>

<<structure>> TouchInfo

+raw ID : unsinged long

+acceleration : vector3
+velocity : vector3

+position : vector3

+timeStamp : f loat

+moving : bool
+...

+TouchInfo()
...

Metaphor

Device

-sends

0..*

-has

1

-receives

0..*

<<friend>>

-receives

0..*

Figure 5.1: Class Diagram of the first recognition phase. This phase consolidates the raw touch
data into a more sophisticated structure and gathers some meta data about the
touches. Phase two starts with the RecognitionPass class which is described further
below.
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new touch appears it is checked, if a ZOMBIE touch was in proximity to that new touch
position - if a match can be found, the ZOMBIE is set to ALIVE taking the TouchInfo
of the appeared touch as its new current state. If the lifespan of a ZOMBIE is reached
before it is resurrected, it becomes a DEAD touch and is removed from the Extended-
TouchPool.
We can also keep track of DEAD touches for a certain amount of time, but, if reached
the DEAD state they are not eligible for remapping anymore.
Users may not always remove multiple fingers from the surface exactly at the same
time when performing interaction techniques which, for example, react on touch dis-
appearance. Thus keeping track of the DEAD touches and their time of disappearance
may provide additional data to assist in recognition of such techniques.

Figure 5.2: State diagram illustrating a touch’s states of existence.
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Resting and Moving Touches

In contrast to a mouse which sends no motion events when resting, a touch, although
not intentionally moved by the user may occasionally emit a position change. This
can be due to minor differences in pressure applied from the user to the surface or
jitter occurring in computer vision algorithms. This could result in false recognition
of techniques which involve usage of one or more resting touch points to provide, for
example, a point or axis of reference.

A pseudo implementation of the algorithm to differentiate between RESTING and
MOVING touches can be reviewed in listing 5.1. As part of phase one of our ges-
ture recognition process this mechanism is called each time a touch is updating its
position onUpdate() in the ExtendedMultiTouchManager. Differentiating between these
touch states provides a way of separating tasks or task DoF, allowing us to use the same
amount of touches for different tasks or combinations of tasks. For example a two finger
pinch gesture with a resting finger or with two moving fingers could potentially be used
to perform two different tasks. On the other hand, we have to carefully decide, if and
were we want this distinction to have any effect. Although this distinction increases the
amount of interaction tasks we can map to interaction techniques, a mechanism which
influences the raw input of the user could increase chances of unintended manipula-
tion. This could be due to additional input constraints which the user has to adapt to,
as for example more consistent movement. Thus false detections of touches as REST-
ING when moving may confuse the user as well as a touch MOVING when resting.
In general we are trying to deduce a continuous property (MOVING,RESTING) from
discrete input events, thus higher polling rates when capturing touch input potentially
increases liability of our algorithm. Modern mice have polling rates up to 1000hz which
relates to a delay of one millisecond. Optical touch capturing at 25 fps is forty times
slower.
To visualise a touch recognised as RESTING or MOVING we decided for a similar, but
less sophisticated version of the "Ripples" system by Wigdor et. al. [45]. Visualisation
of our touches can be reviewed in figure 5.3. A red dot hereby indicates that a touch is
RESTING.

bool checkifTouchisMoving(Touch& touch){

vec3f center, curpos, initialpos;

3 center = touch.restingZoneCenter; //default:(0,0,0)

initialpos = touch.initial.position;

curpos = touch.current.position;

//The touch needs a new reference point (origin) to which its current position can

51



5 Prototype Design & Implementation

8 //be compared to.

if(touch.newOrigin){ //default:true

//The touch has left the origin position and the secondary check was not yet

//performed.

if(touch.leftOrigin == true && touch.secondaryCheck == false){//default:false

13 //set the center of the zone determining the RESTING state.

touch.restingZoneCenter = touch.current.position;

center = touch.restingZoneCenter;

//follow up with the secondary check

touch.secondaryCheck = true;

18

//Touch has not left the origin position and a secondary check was not yet

//performed

}if(touch.leftOrigin == false && touch.secondaryCheck == false){

//Touch has not even left the origin similar to its initial position

23 //-> it has never moved before

if(!touch.leftInitialOrigin){//default:false

//sets the center of the zone determining the RESTING zone to the initial

//touch position.

touch.restingZoneCenter = initialpos;

28 center = touch.restingZoneCenter;

}else{

//touch has moved before -> set center to current touch position

touch.restingZoneCenter = touch.current.position;

center = touch.restingZoneCenter;

33 }

}

//we now have a new resting zone center -> do not renew it for now

touch.newOrigin = false;

}

38 //touch is not yet classified as moving, but a resting zone is specified and

secondary

//check was still not performed.

if(touch.current.moving == false && touch.leftOrigin == false

&& touch.secondaryCheck == false){

//check, if the current touch position is in proximity of radius units

43 //to the resting zone center specified before.

if(pointinCircle(curpos, center, radius=0.05)){

//still not moving

return false;

}else{

48 //the touch left its resting zone - this will allow update of the resting

//zone center, if its triggered by "newOrigin"

touch.leftOrigin = true;

//especially it left its initial origin position

touch.leftInitialOrigin = true;

53 //and its moving now

return true;

}

//the touch is MOVING now and secondary testing has been ordered

}else if(touch.current.moving == true && touch.secondaryCheck == true){

58 //longer then 500ms in here -> RESTING again

if(touch.timeInRestingZone < 500){ //default:0.0
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//if the touch is moving, but is still nearer to the center

//of the newly specified resting zone than to its outside

//->increase its timeInRestingZone

63 if(curpos.positionCloses(center, 0.001)){

if(!touch.tag.empty()){

touch.timeinRestingZone += touch.current.timeStamp -

touch.tag[0].timeStamp;

}

68 //touch still MOVING

return true;

//if touch is still in the resting zone, but nearer to the outside

}else {

//passed secondary Check->deactivate for now

73 touch.secondaryCheck = false;

//reset time in resting zone

touch.timeinRestingZone = 0.0;

//still MOVING (but potential RESTING)

return true;

78 }

//the Touch has stayed half a second in the resting zone without moving too much

}else if(touch.timeinRestingZone >= 500){

//reset everything

touch.timeinRestingZone = 0.0;

83 touch.restingZoneCenter = curpos;

center = touch.restingZoneCenter;

touch.newOrigin = true;

touch.leftOrigin = false;

touch.secondaryCheck = false;

88 //Touch RESTING again

return false;

}

//Touch is still MOVING, but is potentially RESTING in the current resting zone

}else if(touch.secondaryCheck == false && touch.current.moving == true

93 && touch.leftOrigin == true && touch.newOrigin == false) {

//acceleration dependant check if touch is resting again...

if(!touch.tag.empty()){

//touch has little acceleration

if(touch.current.acceleration <= 0.002){

98 //enforce update of resting zone position

touch.newOrigin = true;

}

}

//touch is fast enough to leave resting zone before next frame

103 //->MOVING again

return true;

//in case we forgot something

}else return touch.current.moving;

//forward state if something is very wrong

108 return touch.current.moving;

}

Listing 5.1: Classification of Touches to the RESTING and MOVING states.
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Scene Context Dependant Gesture Recognition

Working in free 3D space implies the occurrence of very large or small objects
possibly exceeding screen dimensions or being smaller as the finger touching them. If
gesture recognition would be dependant on an object being touched or not, especially
in unrestricted 3D environments, users could easily encounter situations where they are
unable to perform an intended technique because they can’t meet their prerequisites.
Introducing a freely selectable offset we allow the user to perform object manipulations
anywhere on the screen. Hereby we might reduce issues due to the fat finger problem.
This however, may reduce the degree of directness of the interactions in such cases, too.
Another downside of this design is that information, which could be used in gesture
recognition, is not taken into consideration. Scene context dependant recognition
enables a single technique to execute several interaction tasks, possibly leading to
increased interaction richness. For example touching a wall of a room with one finger
translates the view while touching an object will result in its translation.
Because we believe that accuracy and speed are more important properties then
ease-of-use when interacting with 3D CAD applications, we choose to provide a
freely selectable offset for some manipulations expecting to improve accuracy while
sacrificing directness to some degree. Since our gesture recognition is scene context
independent we can apply the recognised motion to the corresponding object manipu-
lation task, as if the touch was on the object without needing an additional technique
or button to define the off-set.

Recognition Phase Two

Each of our interface prototypes has a configuration file. The interface definition files
(*.idf) contain a set of parameters used in the recognition process to map the user’s input
to all tasks available through the interface. Figure 5.4 shows a configuration file of a
single interface. In corner-brackets the target and type of a single interaction technique
are provided as for example the [Object \ Translation] technique. Until a new technique
is defined the following lines are of the form axis=x,x,x,x. Each line configures one
task DoF separately. Since in the example entries for x and y are the same, local object
translation will be performed by a single touch, while the z-axis translation will involve
usage of two touches. Thus the first entry of the comma separated values provides the
number of touches involved to perform the technique, the second entry presents the
number of touches which need to be MOVING. The third entry is set to the touch
motion type required which is coded to an integer number. The last entry is a special
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purpose parameter. For example the 3 in the "all=6,6,2,3" line states that instead of
six MOVING touches, three MOVING and three RESTING are working too for this
technique.
As long as the configuration file entries for each manipulation technique are unique,
they can be used as a comparison template to the provided touch input during phase
two of our gesture recognition.

Whereas touch amount and number of MOVING touches, as required by the con-
figuration files, can be deduced from the meta information generated in phase one,
determining the touch movement type offers many challenges. The prototype imple-
mentation can identify two touch movement types: GROUPED or RELATIVE. Figure
5.5 illustrates the results of such a classification process of four touches due to different
movement. In the figure group A moves RELATIVE to group B while all touches in
group C move GROUPED. But group C itself moves RELATIVE to all other groups.
This differentiation for example allows to control object position and scale separately
when usage of the same number of touches is intended by the interface design for these
tasks as one of the tasks could be assigned to GROUPED and the other to RELATIVE
motion. Distinguishing a third movement type as for example ROTATING is much
more complex. Using these three movement types would require the recognition
system being able to decide for a task by means of at least two parameters. The dis-
tance and angle between any two touch points or groups of touches. Thus the gesture
recognition needs to decide for an interaction technique based on the magnitude of
angle and distance change of the active touches.
However, we refrained from implementing this third motion type instead we allow
separation of rotation on a per technique basis. Thus, if we intend to separate the
rotational component from the scaling task in a two finger pinch gesture we can still
do this after the gesture recognition on the interface level. In such a case the entries in
the configuration file for object rotation and object scaling would be identical.
Phase two will return a structure, called guess, containing all the information required
for the interface classes to perform the recognised interaction task. In the case of the
example provided in 5.4 one touch movement will result in the return of object/transla-
tion/xy in addition to multiple vectors containing the involved touches’ positions and
ids. This id vector contains a vector for each group of touches (GROUPED). Therefore
the arrangement of ids in this vector codes the movement types of all involved touches.
The class diagram shown in figure 5.6 provides an overview of the second and third
phase of the recognition process. The ObjectSelectionManager, GestureMatcher and the
Interface class are connected to RecognitionPass class (see 5.1).The GestureMatcher makes
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Figure 5.3: Contact visualisation of touch input in our prototype

Figure 5.4: An example entry of a configuration file of our interfaces. These entries are used
in gesture recognition and provide the mapping of user input to all tasks available
through the interface.
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a Guess on the current input by comparing it to the InterfaceDefinition of the currently
active user interface. Phase three of the recognition process is encapsulated inside the
GestureMatcher class.

Figure 5.5: Illustration of touch movement type classification to GROUPED or RELATIVE: group
A moves RELATIVE to group B and C while touches in group C move GROUPED,
but RELATIVE to all other touch groups and their corresponding touches.

Phase Three

In order to keep input lag to a minimum and allow switching of techniques without
a complete retouch of the screen, we decided for a frame-to-frame recognition. But
since changes in touch position may be very small from frame to frame, we need a
mechanism smoothing out false recognitions. This is done in the third phase of the
recognition. A filter collects the phase two guesses of the last ten frames and makes
a stochastic approach to return the most probable solution. However, switching a
technique now requires a certain threshold to be reached resulting in a slight delay
of 10 frames or 0.4 seconds for the interface to react on a technique switch. After
a gesture has been recognised and remains unchanged, the interface reacts as fast as
touch capturing allows.
Figure 5.7 provides a flow chart of this smoothing filter algorithm which can be found
in the GestureMatcher class.

5.2 User Interface Prototypes

Our gesture recognition system allows us to differentiate between different types of
multi-point input not only by its quantity, but also by its type of motion. This section
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Interface

-interfaceDefinition : InterfaceDefinition"*"
-interfaceDefinitionFile : string
-name : string

+evaluateGuess( guess : <<typedef>>Guess"*", touches : ExtendedTouchPool"&" )
+Interface( name : string, interfaceDefinitionFileName : string )

-initializeResources() : virtual void

GestureMatcher

-selectionManager : ObjectSelectionManager"*"

-currentTouches : ExtendedTouchPool

-previousMode : ManipulationMode

-touchMetaData : TouchMetaData

-currentMode : ManipulationMode

-gestureSw itchProbability : f loat

-currentGuess : Guess"*"

-history : GestureHistory

...

+update( idf : InterfaceDefinition"*", metaData : TouchMetaData"&" ) : Guess"*"

+GestureMatcher( selectionmanger : ObjectSelectionManager"*" )
+stabilizeGuessByMagnitudeFilter( guess : Guess"*" ) : Guess"*"
-frameRenderingQueued( evt : FrameEvent"&" ) : bool
-configure() : void

+...()

UserInterface

+evaluateGuess( guess : Guess"*", touches : ExtendedTouchPool"&" ) : void
+UserInterface( name : string, interfaceDefinitionFileName : string )

-translateCamera( guess : Guess"*" ) : void

-selectUnselectObject( guess : Guess"*" )
-translateObject( guess : Guess"*" ) : void
-rotateObject( guess : Guess"*" ) : void

-initializeResources() : void

-...()

InterfaceDefinition

-configuration : vector<pair<FunctionKey, InterfaceFunction"*">>
-curFunction : pair<ManipulationMode"*",TouchConfiguration"*">

-curTouchConfig : TouchConfiguration"*"
-curMode : ManipulationMode"*"

-currentKey : FunctionKey
-f ilename : string

+getInterfaceFunctionByFunctionKey( key : int ) : InterfaceFunction
+InterfaceDefinition( filename : string )

+parseData() : void

ObjectSelectionManager

-previouslySelectedObject : string

-currentlySelectedObject : string
-currentMode : string

-...

+frameRenderingQueued( evt : FrameEvent"&" ) : bool

+getSelectedObjectNode() : SceneNode"*"

+setSelectedObject( string : name ) : void

+ObjectSelectionManger( mode : string )

+setMode( mode : string ) : void

+getSelectedObject() : string

+resetManager() : void
+...()

<<typedef>>InterfaceFunction

pair<ManipulationMode"*",TouchConfiguration"*">

RecognitionPass

-selectionManager : ObjectSelectionManager
-currentTouches : ExtendedTouchPool

-gestureMatcher : GestureMatcher"*"
-currentGuess : <<typedef>>Guess

-activeInterface : Interface"*"

+update( timeSinceLastFrame : f loat ) : void
+setActiveInterface( num : int ) : void
+setFilterLevel( num : int ) : void

+onEventReceived() : bool
+handleEvent() : void

+...()

<<struct>>TouchMetaData

+mappedTouches : vector<vector<int>>

+movingTouches : RecognitionPass
+restingTouches : RecognitionPass

+currentUpdates : vector<int>

+...

<<enumeration>>MovementType

-GROUPEDANDRELATIVE

-MTGROUPED
-MTRELATIVE

-MTNOTYPE

-...

<<struct>>TouchConfiguration

+movementType : MovementType
+numberOfMovingTouches : int
+numberOfTouches : int

+modifier : Modif ier

<<enumeration>>FunctionKey

-OROTATEX
-OTRANSY
-OTRANSX

-CTRANSX

-NOKEY

-...

-...

<<struct>>ManipulationMode

-actionType : ActionType
-applicant : Applicant

<<enumeration>>ActionType

-TRANSLATE
-NOACTION

-DESTROY
-ROTATE

-SELECT

-SCALE

-ORBIT
-...

<<enumeration>>Modifier

-NOMODIFIER

-CUSTOM
-ALL

-YY

-XY

-ZY
-XZ

-X

-Z

<<enumeration>>Applicant

-NOAPPLICANT
-CAMERA
-OBJECT
-UI

<<struct>>GuessData

-metaData : TouchMetaData
-modif ier : vector<Modif ier>
-actionType : ActionType
-applicant : Applicant

-...

+reset() : void

<<typedef>>Guess

vector<GuessData"*">

1

1

1

Figure 5.6: Class diagram of the second and third phase of our gesture recognition process.

58



5.2 User Interface Prototypes

Figure 5.7: Flow chart of the guess smoothing filter.
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explains where and why we used this additional information to extend or adapt our
initial interface design.

5.2.1 Camera Navigation Techniques

Users of 3D CAD applications need to manipulate the view to be able to watch the
scene from different angles and positions, but at the same time they want to focus on
manipulating scene contents not the camera. Therefore camera navigation can be seen
as a necessity to work within an unrestricted 3D environment and not as an optional
manipulation mode which could be present in one interface and absent in another. All
prototype interfaces use the same camera navigation technique to allow identifying
differences in object manipulation techniques more precisely. This will also establish a
base line for all users during evaluation allowing their comparison.
Figure 5.8 illustrates the camera navigation tasks all interfaces are capable of. Similar to
the initial design the view can be panned, zoomed and rotated not with two, but with
a four touch input, requiring the user to move two touch pairs, which themselves are
considered GROUPED. Each group has a centre point between its touches. These two
points are taken as the actual input point of the interaction. Their movement is then
mapped similar to the way the RTS gesture works, resulting in a four finger bi-manual
direct interaction gesture. Camera orbit can be performed using five GROUPED touch
points.

To create the impression of direct camera manipulation for the panning, zooming
and rolling tasks a plane of reference has to be chosen to which the input motion can
be mapped. Determining this is done with a vector to plane projection. A ray is cast
from the centre of the screen and the resulting direction vector is projected onto each of
the scenes planes (xy,xz,yz). The shortest of the projected vectors decides which plane
will be used. We allow direct control for the panning and zooming in regards to that
plane, but not for rolling.

Imagine a two touch camera roll technique. To create the impression of direct inter-
action for this task the camera needs to roll in a way that the scene’s points touched
stay underneath the fingers during interaction. This however, would imply not only a
change to the camera’s roll angle, but also its position since the roll task is a rotation
around the local camera z-axis and the scene points touched are most likely not located
on a plane perpendicular to that axis. As we combine camera roll and translation
(including zoom) into a single technique we cannot guarantee directness of all three
interactions, because the technique’s reference points are located on different planes.
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Figure 5.8: The Camera Navigation Metaphor. In A) the camera is shown from a external view
point. The arrows indicate the possible translations of the camera. In B) and C) the
touch mapping to the available tasks is shown. In both figures black dots represent
touches on the screen, while the arrows indicate the required movement. The red
dot in C) represents the midpoint of the four touches. The midpoint movement is
mapped to the panning tasks, while differences in distance are mapped to zooming.

On the other hand a direct manipulation of all tasks can be achieved, if camera transla-
tion and roll were "sticky" to a plane parallel to the view port. But this plane often lies
in mid space so the user would touch invisible points so that the overall impression of
the interaction might not be a direct one.

Creating the impression of zooming directly in free 3D space creates another prob-
lem. When zooming directly we cannot zoom past the point of reference, since the
amount of camera translation is related to the distance of the camera to that reference
point, preventing it from reaching negative values. To avoid getting "stuck in detail",
we set a minimal distance the camera needs to have from the reference point in order
to translate in a direct manner. Disabling directness when undershooting a certain
distance to the reference point and continue zooming with a constant factor allows
to zoom with no limitations into every direction. This enables the user to navigate
through the currently "sticky" plane, but at the same time sacrifices direct interaction
the moment this minimal distance is undershot. However, directness is "re-enabled"
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when, after crossing the reference point, the camera’s absolute distance to that point is
again larger than the minimal distance required. However, as the user zoomed through
the plane of reference the reference points cannot be seen anymore.

Instead of a reference plane, camera orbiting requires a rotational centre or gravity
point. The default way of determining the gravity centre in our implementation is to
project the screen centre onto the most perpendicular world plane. But, if there is an
object near the screen’s centre and closer to the camera than the most perpendicular
world plane, the objects local coordinate system’s most perpendicular plane is taken
for determining the gravity centre.
We choose to do this, because users might intend to orbit around an object, too. This
might even be the primary purpose of this technique. Early iterations of the orbit tech-
nique required the user to specify the gravity centre with one touch and another four
touches on the other hand to imply the motion. Another technique would orbit around
the currently selected object. But as both techniques resulted in a sudden camera jump
to align the camera centre with this focus point we resorted to the behaviour described
above.

Implementation

For our pan-roll-zoom technique we describe the change in the camera view point
model V(p0, d0,u0) with u ∈ R3 being the cameras up-vector, d ∈ R3 the look-vector
and p ∈ R3 the camera position.. We derive three values from the input touches. The
number of active touches n, ti ∈ R

2, i = 1..n for the current and t́i ∈ R
2, i = 1..n for the

previous touch positions. Also we define:

υ : R2
×R2

→ R+

υ : (t0, t1)→
√

(t0(x) − t1(x))2 + (t0(y) − t1(y))2)

as the distance between any two points. Furthermore

ψ : R2
×R2

→ R2

ψ : (t0, t1)→ ((t0(x) + t1(x)) ∗ 0.5, (t0(y) + t1(y)) ∗ 0.5)

provides the midpoint between two touches.
Thus ψ : (t0, t1) − ψ : (t́0, t́1) returns the motion vector of the midpoint after a motion
event, while υ:(t0,t1)

υ:(t́0,t́1) returns the ratio of the distance change between any two touch
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points. The angle in radians between two vectors d and d́ ∈ R2 is calculated with:

φ : R2
×R2

→ [−π, π]

φ : (d, d́)→ arctan2(d́) − arctan2(d)

Arctan2 allows to identify the quadrant of the unit circle in which the angle is located,
thus we can deduce the roll direction from its sign.

Panning will transform the position p0 of the camera to p1 with:

p1 = p0 + (∆(ψ(ψ(t0, t1), ψ(t2, t3)) − ψ(ψ(t́0, t́1), ψ(t́2, t́3))) ∗ ξ

with ξ being the distance between the camera’s initial position and the reference point
on the most perpendicular plane. ∆ provides the unprojection of screen motion.
The local z-axis translation of the camera can be retrieved with:

p1 = p0 + (∂ ∗ (0, 0, δz)

With ∂ representing the camera’s orientation as a quaternion Q ∈ H and

δz = ξ −
ξ

(υ:(ψ(t0,t1),ψ(t2,t3))
υ:(ψ(t́0,t́1),ψ(t́2,t́3)) )

The camera’s up-vector u0 is converted to the new up-vector u1 with:

R(φ(ψ(t0, t1) − ψ(t2, t3), ψ(t́0, t́1) − ψ(t́2, t́3)), d0) ∗ u0

with R(α, β) being the rotation matrix defined by the rotation angle α and the axis of
rotation β ∈ R3. Simultaneous manipulation of all these properties can be achieved by
consecutively applying these transformations to the camera during the same frame.
In listing 5.2 a pseudo implementation of our camera pan-zoom-roll technique can be
reviewed while listing 5.3 provides an implementation of our orbit technique (see page
21).
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1 void InterfaceName::translateCamera(Guess* guess){

if(translateIDs!= lastTranslateIDs){

distanceOld = 0.0;

ratio = 0;

6 cop = getCenterOfProjection(); //get reference point and distance to it

}

if(!currentTouches[cameraIDs].tag.empty()){

Vector2 lastPos1 = currentTouches[cameraTranslateId0].tag[0].position;

Vector2 curPos1 = currentTouches[cameraTranslateId0].current.position;

11 Vector2 lastPos0 =currentTouches[cameraTranslateId1].tag[0].position;

Vector2 curPos0 =currentTouches[cameraTranslateId1].current.position;

Vector2 lastd, curd;

lastd = lastPos1 - lastPos0;

curd = curPos1 - curPos0;

16

lastd.normalise();

curd.normalise();

float angleBetween = atan2(lastd.y,lastd.x) - atan2(curd.y,curd.x);//calc the

angle

21 cam->roll(Radian(angleBetween));

curmidPointGlobal = getMidpoint(cameraIDs);

distance = getDistance(cameraIDs);

//if there are last states

if(distanceOld != 0) {

26 ratio = distance / distanceOld; //scalefactor in %

screenMotion = curmidPointGlobal - lastmidPointGlobal;

}

}

Vector3 sceneTranslation(0,0,0);

31 if(screenMotion !=vec2f::zero){

sceneTranslation = unprojectVector(Vector2(screenMotion.x, screenMotion.y));

}

Real dist = cop.first;

cam->move(Vector3(-sceneTranslation.x* dist,

36 -sceneTranslation.y* dist,

-sceneTranslation.z* dist));

}

// Zoom PART

if(ratio != 0.0){

41 float resize = dist/ratio;

dist = dist - resize;

cam->moveRelative(Vector3(0,0,-dist));

}

lastTranslateIDs = translateIDs;

46 lastmidPointGlobal = curmidPointGlobal;

distanceOld = distance;

}

Listing 5.2: Camera Pan-Zoom-Roll Implementation
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void InterfaceName::orbitCamera(Guess* guess){

2 bool neworbitcenter = false;

if(orbitIDs!=lastOrbitIDs)

{

neworbitcenter = true;

}

7 if(neworbitcenter){

centerOfProjection = getCenterOfProjection();

jawAxis = cam->getOrientation().yAxis();

}

if(!neworbitcenter){

12 float factorx= 0;

float factory= 0;

vec3f lastmotion = currentTouches[id1].lastMotion();

factorx = lastmotion.x*90;

17 factory = lastmotion.y*90;

cam->setPosition(centerOfProjection.second);

cam->setFixedYawAxis(true,jawAxis);

cam->yaw(Degree(-factorx));

22 cam->pitch(Degree(factory));

cam->moveRelative(Vector3(0,0,centerOfProjection.first));

}

lastOrbitIDs = orbitIDs;

}

Listing 5.3: Camera Orbit Implementation

5.2.2 Object Translation Techniques

In contrast to the camera navigation’s counterparts in mouse driven applications, object
manipulation often relies on the usage of widgets or menus to support manipulations
of all object dimensions independently. To create the impression of direct interaction
for object translation we need to decide for a reference plane to which the touch motion
will be applied. The object can then be translated directly on that plane. However, a
user might intend to translate the object in relation to a plane which was not chosen by
the system - for example because the intended plane is not the most perpendicular one.
Nacenta et al. developed the Z-Technique [29], a combination of indirect and direct
interactions to relate to this problem. Using two touches in order of appearance, they
mapped the movement of the first touch to a xy-translation of the object and applied
positive or negative z-axis translation to the object, if the second touch was moved
upwards or downwards.
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Independent two touch movement as required by this technique however, somewhat
intersects with recognition of other two touch techniques in our design. Thus support-
ing the Z-technique within our interfaces would require a more complex input model
for the gesture recognition process as its motion is of the RELATIVE type which is
indented for scaling (see section 5.1). Thus we restrict the user to object translation in
the most perpendicular plane with one touch and require a change in view direction to
access every other manipulation plane. This technique might be usable to some degree
depending on the performance of our camera navigation technique (see fig. 5.9). Two
touch GROUPED movement, which is still available, is mapped to the least perpendic-
ular plane allowing the user to translate the object in a direct manner in every direction
independently of the cameras viewing direction. However, the perceived result when
performing two touch grouped movement may not always coincide with users inten-
tions, because without further aids, for example which side of the object was touched,
it is impossible to deduce which of the remaining two planes the users might intend to
use.
Moreover, all object translations in our interfaces are global. Further differentiation
between the local and global coordinate systems is thinkable though it may require
additional techniques or additional means to differentiate the users intentions. Also,
instead of choosing a plane to apply the motion to when using the two finger GROUPED
technique, we could have restricted this translation to a single axis only. But due to
situations similar to figure 3.3 we provide at least two degrees of freedom for translation
in the least perpendicular plane aiming to reduce unreasonable movement, since our
translation is direct and not indirect. To summarise the design for each object trans-
lation technique of our three interface designs table 5.1 provides a comparative view
explaining their behaviour and touch mapping.

Interface Touch Count Movement Type Type of Translation
1,2,3 1 RELATIVE Global object translation parallel to

the most perpendicular plane of the
global coordinate system.

1 2 GROUPED Global object translation parallel to
the least perpendicular plane of the
global coordinate system.

Table 5.1: Translation techniques available in our three interface prototypes
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Figure 5.9: Direct global object translation in the most perpendicular plane of the global coordi-
nate system to the camera’s viewing direction

Implementation

Listing 5.4 provides a pseudo implementation of our camera dependent one touch
object translation technique. The method getPerpendicularPlane() evaluates which is
the most perpendicular world plane to the current view direction in reference to the
object position and the location of the input on the screen. Calling intersection() returns
the vector between the object’s initial position and the projected input point onto the
chosen plane. This method provides us with the variable offset mentioned in the initial
design considerations.

void InterfaceName::translateObject(Guess* guess){

bool resetOffset = false;

4 int id1 = guess->metaData.movingTouches.front();

vec3f curpos = currentTouches[id1].current.position;

Ray ray = cam->getCameraToViewportRay(curpos.x, curpos.y);

9 if(id1 != previousId){

//try remap

if(currentTouches.exists(previousId)){

id1 = previousId;

translationStarted = false;

14 }else{

resetOffset = true;

previousId = id1;

currentAxis = AXIS_FREE;

}

19 }
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if(resetOffset == true){

lastpos = currentlySelectedObject ->getPosition();

plane = getPerpendicularPlane(ray, currentAxis , currentlySelectedObjectName);

translation = intersection(ray, plane,currentAxis ,

24 lastpos,

currentlySelectedObjectName);

resetOffset = false;

}

if(translationStarted == false){

29 lastpos = currentlySelectedObject ->_getPosition();

plane = getPerpendicularPlane(ray, currentAxis , currentlySelectedObjectName);

translation = intersection(ray, plane, currentAxis , lastpos,

currentlySelectedObjectName);

translationStarted = true;

34 return;

}

if(translationStarted == true){

newPos = intersection(ray, plane, currentAxis ,lastpos,

currentlySelectedObjectName);

39 //calcs translation vector in reference to object position.

newPos = newPos - translation + lastpos;

setPosition(currentlySelectedObject ,newPos);

}

}

44 }

Listing 5.4: View Dependant 3-DoF Object Translation

5.2.3 Object Scaling Techniques

The two finger pinch gesture is often used for global object scaling tasks in 2D
applications. However, users might not only intend to change the global size of an
object sustaining the objects size ratios, but also alter each of the objects dimensions
independently. From a developer’s point of view providing all scaling tasks separately
with the same input technique requires a widget or other means in order to distinguish
between those tasks. For example assigning two touch RELATIVE movement inside
an object would scale in one axis depending on the angle between the touches and the
objects up-axis on the most perpendicular local plane. On the other hand two touch
RELATIVE movement outside the object bounds would scale the object globally. But
since too small or too big objects could prevent usage of either global or restricted
scaling we decided to provide two different techniques for both object scaling tasks,
expecting to reduce situations in which users cannot perform an intended task (see
table 5.2). Although RTS suggests to combine scaling with translation - our scaling
techniques involve no translation, sacrificing directness and possible performance
increase in comparison to a sequential work flow to prevent unintended actions by
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maintaining separation of tasks.
Since our interfaces support no undo technique, correcting unintended manipulations
could be very frustrating for the users, especially, if precision is a key requirement of
the application or when interaction tasks are not separated. On the other hand our
camera navigation technique was designed similar to the RTS technique with combined
translation and rotation to support a fluent and fast performing camera navigation
technique, because we do not expect camera navigation to be as precision demanding
as object manipulation.
Interface two and three allow the user to globally scale a previously selected object
with two touch RELATIVE movement anywhere on the screen as long as the object is
positioned in between these two touches. In addition, a pair of touches and a single
touch can be used bi-manually to scale axes in the local object plane most parallel to
the view port depending on the angle between touches and object axes in that plane.
For the first interface we mapped two touch RELATIVE movement to axis restricted
scaling and six touch (3 GROUPED touches on each hand) RELATIVE movement to
global scaling. Moreover, the three touch scale technique of interface two and three
can be used in interface one to access the remaining axis of the object for scaling, which
is the axis most parallel to the camera viewing direction. While the scaling techniques
of interface two and three depend on the camera’s position to manipulate all scaling
DoFs, scaling in interface one is camera independent.
Table 5.2 summarises the design of the scaling techniques for all interfaces while figure
5.10 illustrates the different techniques.

Figure 5.10: Illustration of our scaling techniques: (A) shows how the scaling axis is chosen.
The angle between touch points and the local object x-axis derives the scaling axis.
If the angle is smaller than 45 degrees, the other axis is chosen (C). In (B) the global
scaling technique is shown.
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Interface Touch Count Movement Type Type of Translation
1 2 RELATIVE Scales a single object

axis in the most perpen-
dicular object plane to
the camera view direc-
tion.

2,3 2+1 (GROUPED)× RELATIVE × (GROUPED)

1 2+1 (GROUPED)× RELATIVE × (GROUPED) Scales along the object
axis most parallel to the
camera view direction.

1 3+3 (GROUPED)× RELATIVE × (GROUPED) Global scale
2,3 2 RELATIVE

Table 5.2: Scaling techniques available in our three interface prototypes

Implementation

Listing 5.5 provides a pseudo implementation of our scaling technique taken from
interface one, which is the only interface to not incorporate a rotational component
within this technique (see section 5.2.4).

1 void InterfaceName::scaleObject(Guess* guess){

globalScale = false;

TranslationAxis currentAxis = extractAxisFromGuesss();

//scaleIDs consists of up to 6 touch ids

6 mapGuessIDsToInternalIDs(guess,scaleIDs);

if(currentAxis= AXIS_FREE){

globalScale=true;

}

if(globalScale){//make sure retapping works as intended

11 if(internalIDhaveChanged("1-6"){

lastDistance = 0.0;

}

}else{

if(internalIDhaveChanged("1-2")){

16 lastDistance = 0.0;

cameraRelScaleAxis = getPerpendicularPlane(currentlySelectedObject , cam);

if(internalIDhaveChanges("3")){

cameraRelScaleAxis = getParallelPlane(currentlySelectedObject , cam,);

}

21 }

}

if(currentAxis == AXIS_XY){

//calc Distance between 1 & 2

curDistance = distanceBetween(id1, id2);

26 }

if(currentAxis == AXIS_Z){

curDistance = distanceBetween(id1, id3);
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}

if(currentAxis == AXIS_FREE){

31 curDistance = distanceBetween(id1, id6);

}

if(lastDistance != 0.0){

ratio = curDistance / lastDistance;

}

36 if(currentAxis == AXIS_XY){

scaleObjectPerpendicular(id1, id2, cameraRelScaleAxis);

}else if(currentAxis == AXIS_Z){

scaleObjectParallel(id1, id2, cameraRelScaleAxis);

}else if(currentAxis == AXIS_FREE){

41 currentlySelectedObject ->scale(Vector3(ratio, ratio, ratio));

}

lastDistance = curDistance;

lastScaleIDs = scaleIDs;

}

46 }

void InterfaceName::scaleObjectCameraDependant(int id1, int id2, axis){

//TranslationAxis can represent a plane or an axis

TranslationAxis curAxis = (TranslationAxis) cAxis;

51 if(id1 != lastScaleId1 || id2 != lastScaleId2){

lastCameraDistance = 0.0;

}

if(curAxis == AXIS_YZ || curAxis == AXIS_XY || curAxis == AXIS_ZX){

curDistance= distanceBetween(id1,id2);

56 }

if(lastCameraDistance != 0.0){

ratio = curDistance / lastCameraDistance;

if(curAxis == AXIS_XY){

61 //Check if facing front or back of the object:

Vector3 camZAxis = cam->getOrientation().zAxis();

Vector3 objZAxis = currentlySelectedObject ->_getDerivedOrientation().zAxis();

float lookAngle = camZAxis.angleBetween(objZAxis).valueDegrees();

bool recalcAngles = false;

66 if(lookAngle > 90){

recalcAngles = true;

}

//determine object roll on active plane in relation to camera up vector

Quaternion objori = currentlySelectedObject ->_getDerivedOrientation();

71 Vector3 objYAxis = objori.yAxis();

Vector3 camUp = cam->getDerivedUp();

objYAxis.normalise();

camUp.normalise();

Vector3 vp = objYAxis.crossProduct(camUp);

76 vp = vp.crossProduct(objYAxis);

Vector3 objXAxis = objori.xAxis();

float tmp = objXAxis.angleBetween(camUp).valueDegrees();

objroll = -sign(camUp.dotProduct(vp))*

81 atan(objYAxis.dotProduct(camUp));
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tmp = tmp* sign(objroll);

objroll = tmp;

if(recalcAngles){

objroll = objroll*-1;

86 }

if(objroll <0){

objroll +=360;

}

91 //angle between touches and screen-up in 360 degrees

vec3f touchdir = currentTouches[id1].current.position-

currentTouches[id2].current.position;

Vector2 screenTouchDir = Vector2(touchdir.x, touchdir.y);

screenTouchDir.normalise();

96

float angleScreenUpTouches = atan2(screenTouchDir.x,screenTouchDir.y);

angleScreenUpTouches = Radian(angleScreenUpTouches).valueDegrees()*-1;

angleScreenUpTouches += -90;

if(angleScreenUpTouches <0){

101 angleScreenUpTouches = 360+angleScreenUpTouches; }

float touchToGlobalObjectRollAngle = abs(angleScreenUpTouches -objroll);

if((touchToGlobalObjectRollAngle > 45 && touchToGlobalObjectRollAngle < 135) ||

106 (touchToGlobalObjectRollAngle > 225 && touchToGlobalObjectRollAngle < 310)){

curAxis = AXIS_X;

}else {

curAxis = AXIS_Y;

111 }

}else if(curAxis == AXIS_YZ){

//ANALOGUE

}else if(curAxis == AXIS_ZX){

//ANALOGUE

116 }

}

if(curAxis == AXIS_X){

currentlySelectedObject ->scale(Vector3(ratio ,1,1));

121 }else if(curAxis == AXIS_Y){

currentlySelectedObject ->scale(Vector3(1,ratio ,1));

}else if(curAxis == AXIS_Z){

currentlySelectedObject ->scale(Vector3(1,1,ratio));

126 }

lastCameraDistance = curDistance;

lastScaleId1 = id1;

lastScaleId2 = id2;

131 }

Listing 5.5: Pseudo Implementation of Object Scaling Technique.
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5.2.4 Object Rotation Techniques

All interfaces offer at least one techniques for object rotation. With three touches
moving GROUPED users can execute an ArcBall [23] rotation technique to rotate
the object around its centre in each interface. Although only one input point would
be needed for the ArcBall technique, we could not use one touch movement for the
ArcBall rotation because it is mapped to object translation. Using three instead of one
touch though might reduce usability because the user has to derive the actual point on
the ArcBall from the three touches he used to perform the technique with. The point
on the ArcBall is derived from the gravity centre of the triangle the three touches form.
This way the user is not forced to remember a certain finger arrangement to perform
the technique.
Although it is possible to control rotational DoFs separately with the ArcBall by
touching outside the object, this concept might not be obvious to the users [23]. Thus
interface two and three provide one additional rotation technique allowing rotation
around the object axis which is most parallel to the camera’s viewing direction with two
touches. However, we mapped two touch movement of the RELATIVE type to scaling
in each interface and two touch GROUPED movement to translation in interface one.
Thus it is impossible to provide another separated two-touch technique for rotation by
means of our gesture recognition system in interface one.

Therefore we adapt the two touch scaling techniques of interface two and three to

Interface Touch Count Movement Type Type of Translation
1,2,3 3 GROUPED ArcBall rotation.
2,3 2 RELATIVE Rotation around the

object axis most parallel
to the cameras viewing
direction

3 1+1 (MOVING)× RELATIVE × (RESTING) Simultaneous trans-
lation and rotation
around the point spec-
ified by the RESTING
touch.

Table 5.3: Rotation techniques available in the three interface prototypes

allow scaling and rotation, while interface one will only support ArcBall rotation.
Moreover, the two finger rotate+scale technique performs differently in interface two
and three. By using two MOVING touches anywhere on the screen, but with the
objects centre in between, users can scale globally and at the same time rotate around
the object axis most parallel to the camera view direction in interface three. Interface
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two, however, separates these two tasks. Scaling of the object is denied, when it has
been rotated a few degrees already. This way the user can choose to either rotate or
scale with two touches, but needs to retouch the screen to switch tasks. This allows
a brief separation of both manipulation modes without requiring another interaction
technique.
Furthermore, if using one MOVING touch and a second RESTING touch somewhere on
the screen the user may translate and rotate the object around the point specified by the
resting touch in interface three. That point lies above or below the most perpendicular
plane to the cameras viewing direction to account for displacement of the object along
the normal of that plane. See figure 5.11, 5.12 and 5.13 for an illustration of the three
object rotation techniques and table 5.3 for a summary of the input mapping to rotation
tasks.

Figure 5.11: Arcball rotation: The gravity point of the triangle formed by the three touch points
act as the ArcBall’s active input point. Through motion of the touches this points
translates to its destined position

Implementation

The rotational components of the rotate+scale technique can be reviewed in listing
5.6 including the separation of both tasks. A reference for the implementation of the
ArcBall can be found in [37].
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Figure 5.12: Axis restricted rotation rotates the object around the most parallel local axis in
relation to the camera’s viewing direction

Figure 5.13: Rotation and Translation around a point specified by the resting touch (red).

void InterfaceName::rotateScaleObject(Guess* guess){

3 if(guess->metaData.currentUpdates.size() == 2){

rotateScaleId1 = guess->metaData.currentUpdates.front();

rotateScaleId2 = guess->metaData.currentUpdates.back();

if(rotateScaleIDs != oldRotateScaleIDs ){
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8 Vector2 touchpos =currentTouches[rotateScaleId1].current.position;

withoutScale = false;

rotatethottle = 15;

currentAxis = getPerpendicularPlane(currentlySelectedObject ,

13 cam,scalerotateRel);

//curObjectPos is global and modified by this method

getScreenspaceCoords(currentlySelectedObject , cam ,curObjectpos);

}else{

if(!currentTouches[rotateScaleIDs].tag.empty()){

18 Vector2 lastPos = currentTouches[rotateScaleId1].tag[0].position;

Vector2 curPos = currentTouches[rotateScaleId1].current.position;

Vector2 lastd, curd;

lastd = curObjectpos - lastPos;

curd = curObjectpos - curPos;

23 lastd.normalise();

curd.normalise();

float angleBetween = atan2(lastd.y,lastd.x) - atan2(curd.y,curd.x);

vec3f lastTouchDir = vec3f::zero;

28 if(currentTouches[rotateScaleIDs].tag.size() >0){

lastTouchDir = currentTouches[rotateScaleId1].tag[0].position -

currentTouches[rotateScaleId2].tag[0].position;

}

float lastAngleScreenUpTouches = atan2(lastTouchDir.x, lastTouchDir.y);

33 lastAngleScreenUpTouches =

Radian(lastAngleScreenUpTouches).valueDegrees()*-1;

lastAngleScreenUpTouches += -90;

if(lastAngleScreenUpTouches <0){

lastAngleScreenUpTouches = 360+lastAngleScreenUpTouches;

38 }

vec3f currentTouchDir = currentTouches[rotateScaleId1].current.position -

currentTouches[rotateScaleId2].current.position;

float currentAngleScreenUpTouches =

atan2(currentTouchDir.x,currentTouchDir.y);

43 currentAngleScreenUpTouches =

Radian(currentAngleScreenUpTouches).valueDegrees()*-1;

currentAngleScreenUpTouches += -90;

if(currentAngleScreenUpTouches <0){

currentAngleScreenUpTouches = 360+currentAngleScreenUpTouches;

48 }

//diff current & last Angle to thottle

rotatethottle -= lastAngleScreenUpTouches - currentAngleScreenUpTouches;

//withoutScale is global and default false

if(withoutScale == false){

53 if(rotatethottle < 0 || rotatethottle > 30){

withoutScale = true;

}

}

if(TranslationAxis(currentAxis) == AXIS_XY){

58 if(!withoutScale){

// @par translationAxis = 0 = GlobalScale

scaleObject(guess, 0 );
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}else{

currentlySelectedObject ->

63 rotate(Vector3::UNIT_Z,Radian(scalerotateRel*(angleBetween)));

}

}else if(TranslationAxis(currentAxis) == AXIS_YZ){

if(!withoutScale){

scaleObject(guess, 0);

68 }else{

currentlySelectedObject ->

rotate(Vector3::UNIT_X,Radian(scalerotateRel*(angleBetween)));

}

}else if(TranslationAxis(currentAxis) == AXIS_ZX){

73 if(!withoutScale){

scaleObject(guess, 0);

}else{

currentlySelectedObject ->

rotate(Vector3::UNIT_Y,Radian(scalerotateRel*(angleBetween)));

78 }

}

lastScaleRotateAngle = angleBetween;

}

}

83 oldRotateScaleIDs = rotateScaleIDs;

}

}

Listing 5.6: Implementation of our Rotate+Scale technique

5.2.5 Selection Techniques

Although touch mapping for all interfaces supports recognition of all gestures regard-
less of scene content, we still require scene context information for some tasks to per-
form properly or allow separation of its DoF. Thus we require an object to be selected,
before it can be manipulated. As soon as there are multiple objects in the scene, it is
not possible to decide to which object the action should be applied without detecting
whether a certain object was touched or not. Moreover, complex 3D models consist
of child-components - a robot, his arm, and his hand for example. All components
should be modifiable without changing properties of parental components. Without a
selection technique the user would need to perform more camera navigation tasks to
get the object into manipulation range. With a selection technique however, the user
could select a small child-component and perform the task without needing to navigate
the camera in order to increase size of that object.
A common selection technique is the double click or tap with a touch. For selecting
multiple objects often the rubber-band technique is used. Instead of using these well
known techniques we allow the user to select a single or multiple objects with the
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same technique. But since two touch movement is already mapped to object scaling we
cannot use a two-touch rubber-band selection technique. By putting three touches on
the screen and not removing them until they reach the RESTING state users can select
all objects inside the triangle formed by those touches.
However, since the evaluating experiment will involve manipulation of a single object
only, multiple selection functionality is not fully implemented, yet. Moreover, using
four points instead of three would double the selection surface area available to the user.
Figure 5.14 illustrates our selection technique. Since this technique may be performed
bi- manually it is likely that the touch points’ disappearance is recognised with a slight
delay. This is the main reason why we keep track of these touches (see. section 5.1).

Figure 5.14: Object Selection: (A) Three touches appear forming a triangle. (B) the user waits
until the touches reach the RESTING state. (C) The fingers are removed from the
surface and the object inside the triangle is selected.
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To gain insights on the usability of the proposed user interfaces an evaluation was
conducted. In order to compare usability of the interfaces it would be reasonable to let
each participant perform a task trial with two or even three interfaces, so that subjective
user preferences could be compared directly.
Considering the amount of possible manipulations to be tested, the need for repeated
measurements to gain reliable results, and the necessary time investment from the
participants, we decided to provide only one interface per participant. This however,
requires us to carefully assign the participants to our interfaces in order to create
a uniform distribution of participants abilities over all interfaces, so that statistical
comparisons may be reliable.

6.1 Experiment Design

The experiment was set up as shown in figure 6.1. The screen projected onto a wall did
not extend to the projectors maximum capabilities. To simulate a desktop sized screen
the extend of the projected area was limited to 85 cm diagonally. The participants
could choose to sit or stand in front of the screen to account for height differences.
The screens bottom edge was 95cm above ground level. A camera with an infrared
lens delivered touch input capture at 25 fps at a resolution of 1024*786 pixels resulting
in a pixel density of about 15 pixel per centimetre. Since the application’s resolution
was higher than the touch captures resolution (1920*1080) pixel accurate input is not
possible in our setup due to rounding input coordinates. Our prototype as well as
the capturing software were executed from the same computer - an Intel Core2Quad
Q6600 @ 2.4 Ghz with 4GB of RAM and an Nvidia GeForce GTX285. To receive best
possible results the touch capturing software community core vision1 was reconfigured
for every participant to account for different hand sizes and forces applied to the screen
during interaction.

1 http://ccv.nuigroup.com/
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Figure 6.1: Experiment Setting

As an initial step participants had to fill out the first part of a questionnaire to
identify their general computer skills and experience with multi-touch technology, so
that he/she could be assigned to an interface group.
Each participant was asked to perform the same task-trial in the experiment. The trial
was divided into two blocks. In the first block the subjects had to navigate the camera
in a way that the only object in the scene, a six-eyed-dice, would be positioned in the
middle of the screen with a designated side facing the camera. Additionally the partic-
ipant should align the cameras up vector with the objects local y-axis. Figure 6.2 shows
the initial and final states of a camera navigation task. The reference view on the lower
right side of the screen provides assistance with rotations, if the subject has problems
identifying eye-count of the hidden dice faces. Before the trial started participants
were introduced to the camera navigation, but not the object manipulation techniques
moreover, they did not try the techniques for themselves. After the demonstration
of the techniques the first block of the trial was initiated. This camera navigation
block is tiered into a training and a main section. The initial training consists of nine
easy to medium difficult tasks. The main section follows with 29 tasks with gradually
increasing difficulty in respect to the magnitude of navigation required to solve the task.

Since perception of the criterion: "bring the object to the middle of the screen" in
the camera trial tend to be very subjective, a red 2D rectangle is drawn on the view
port - not in the scene, to give the participants a reference to align the object to (see
fig. 6.2). However, each task was finished by the participant manually, if he/she
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Figure 6.2: Camera Navigation Task: In (A) the initial state of a task is shown. To be able to
solve the task the user has to e.g. orbit around the object in order to identify the
correct alignment with the object. Having identified what to do, the user performs
navigation tasks to reach the just formulated goal as shown in (B).

found the current state acceptable. Moreover, each task was given a maximum of two
minutes to be completed, independent of its difficulty. If the time limit was reached,
the application did not accept any further input thus the subject had to skip to the next
task by pressing a button.
After completing the camera navigation tasks, the participants were introduced to the
remaining object manipulation techniques. The second block of the trial again begins
with a training section consisting of 9 trials and a main phase with 29 trials. The
participants had to carry out a docking task in this block of the trial.
In this phase two objects are shown in the scene. One immovable and not selectable
object representing the target condition and another selectable object which the subject
has to adapt to the target condition in regard to size, position and orientation. Figure
6.3 shows an exemplary docking task’s initial and near final state. Similar to the first
block participants were allowed to finish a task, if they were satisfied with the current
state. After finishing the object manipulation trial, the participants filled out the second
part of the questionnaire and were asked for their personal opinion on the topic of
multi-touch 3D interaction or to comment their experience of the trial. Participants
were allowed to take a break anytime during the trial.

6.2 Participants

15 participants, one of them female with average age of 27,93 years (23-36, SD: 3,71)
where assigned to three groups of five people. Skill and experience of participants in
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Figure 6.3: Object Docking Task: (A) shows the initial and (B) the near final state of an "easy"
difficulty task. Here only translation along the y-axis is required to solve the task.
In (C) object scaling and translation is needed to solve the task while in (D) the
manipulation of all object properties is required.

each test group regarding touch screens and 3D applications vary greatly. The partici-
pants are distributed over the test groups according to their self-reported abilities, so
that a uniform distributed set can be assumed. Means of the self-reported skills are
shown in table 6.1 for each group in 5 point Likert scale (1 = Low Experience - 5 = High
Experience). The second and third column however, show the portion of participants
who could answer the referring question with "yes". Thus for each group three of five
participants have taken part in an experiment involving touch-screens before.

Interface Group *1 *2 Ex. w. 3D App. Ex. w. 3D CAD Ex. w. 3D Games
1 3 5 3.8(MD:4,SD:1.64) 3(MD:4,SD:1.87) 4(MD:5,SD:1.73)
2 3 4 3.4(MD:4,SD:1.34) 2.4(MD:2,SD:1.14) 4(MD:4,SD:1)
3 3 5 3.8(MD:4,SD:1.30) 2.8(MD:2,SD:1.30) 4(MD:4,SD:1)

Table 6.1: Distribution of user reported abilities for each interface group.
(Ex. w. = Experience with)
*1) Number of participants which have taken part in an experiment involving touch
screens before.
*2) Number of participants which have worked with a touch screen before.

Subjects in each group have overall advanced skills with 3D games and 3D appli-
cations (median of 4) and slightly less experience with 3D CAD/Design applications.
Since skills data from all participants was not available before the first trial, the par-
ticipants were assigned to their groups consecutively, putting strong candidates in the
weakest group and vice verse. However, there were more experienced 3D CAD users
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in the second half of the trial than in the beginning resulting in a slightly unbalanced
value for test group one in the "Experience with 3D CAD" column.

6.3 Materials & Methods

To evaluate which of our interface prototypes delivers the best results in terms of
usability we have taken the following properties into consideration:

Task completion time Is there a relation between task completion time and interface

Precision Are there differences in error rates between the different techniques / inter-
faces

Ease-of-use Although participants are not able to compare their experiences dur-
ing the trial with another interface, their subjective comments could provide an
impression of what went well and what didn’t.

Before any statistical approaches are made on the data, tasks which did not finish
before the 120 second threshold or which were not solved correctly were filtered from
the trials’ output data. Overall there were 870 main and 270 training tasks completed
by the 15 participants. That is 435 main tasks and 135 training tasks per block. After
identifying faulty cases we reduced the task count to 109(-19,3%) camera training tasks
and 101(-25,2%) object training tasks. The main task count was reduced to 417(-4,1%)
cases for the camera block and 298(-31,5%) for the object block.

6.4 Trial Block 1 Results - Camera Navigation

6.4.1 Task Completion Time

Assuming that subject’s skills are uniformly distributed between the groups we expect
no significant differences in camera task completion times between all three groups,
because they all use the same navigation techniques.
Exploratory data analysis (EDA) (see 6.4) reveals a mean completion time of 29.04 sec.
per task(SE:1.42, SD:16.89, V:285.316) for the first group which was assigned to interface
one. The second interface group’s data is 28.23 sec. (SE:1.37, SD:16.4, V:269.12) and
27.31 sec. (SE:1.66, SD:19, V:360.96) for the third group2.

2 SE:Standard error, SD: Standard deviation, V: Variance squared
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A one-way ANOVA was performed on the mean task completion time of every par-
ticipant for each interface. The result does not allow us to reject the main hypothesis
of the mean completion time being equal, because no significant differences between
any of the groups could be found, (F(2:12)=0.041; P=0,960) while the homogeneity of
variances criterion was met(P=0.31).

Figure 6.4: Similar completion times for the camera navigation tasks in the main block.

6.4.2 Precision

Only translation and rotation errors need to be taken into consideration when analysing
accuracy of the subjects since the camera-zoom error is a translation error. The trans-
lation error was measured in scene units. Besides the translation error for each DoF
we build a combined score of all three errors with

√

errorX2 + errorY2 + errorZ2. The
mean values for the x-axis translation error is 15.08(SE:1.16, SD:13.77, V:189.74) for
interface one, 11.81(SE:0.97, SD:11.63, V:135.29) for interface two and 11.73(SE:1.11,
SD:12.76, V:162.86) for interface three. For the y-axis error EDA returned a mean value
of 10.7(SE:0.99, SD:11.74, V:137.82) for interface one, 11.8(SE:1.09, SD:13.02, V: 169,7)
for interface two and 8.96(SE:1.05, SD:12.07, V: 145,58) for interface three, while for the
z-axis error means of 23.76(SE:1.27, SD: 15.19, V: 230.63), 16.24(SE:1.04, SD:12.46, V:
155.24) and 19.04(SE:1.34, SD: 15.29, V: 233.75) were given for interface one to three.
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The combined metric has a mean error of 34.46(SE:1.39, SD:16.57, V: 274.6) for interface
one, 27.88(SE:1.25, SD:14.97, V: 224.17) for interface two and 28.45(SE:1.54, SD: 11.64, V:
311.18) for interface three.
For the rotational errors we found a mean of 5.22 degrees (SE:0.36, SD:4.33, V:18.78)
for interface one in the combined score, while the second interface has 6.38(SE:0.44,
SD: 5.32, V: 28.3) and the third 4.71(SE:0.41, SD:4.64, V:21.49). The mean errors for
each rotational DoF are 2.68(SE:0.21, SD:2.52, V:6.34), 3.2(SE:0.26, SD:3.08, V:9.47) and
2.22(SE:0.22, SD:2.5, V:6.25) for interface one to three in the x-axis condition. Respective
2.42(SE:0.18, SD: 2.18, V:4.77), 2,98(SE:0.23, SD:2.76, V: 7.62) and 2.28(SE:0.22, SD:2.47,
V:6.09) for the y-axis condition and 3.32(SE:0.28, SD:3.31 V:10.97), 4.1(SE:0.33, SD:4, V:
16,02), 3.04(SE:0.3, SD:3.46, V:11.98) for the z-axis condition.
A graphical representation of all different translation errors can be reviewed in figure
6.5 while the rotation errors can be found at figure 6.6.

Figure 6.5: Different translation errors and its combined score.

We expect the interfaces to have no significant differences in mean errors for any
property. However, the z-axis error is in general higher, because the camera has to
move more scene units to the front or back in reference to the other dimensions, so that
a difference between the alignment frame (see fig.6.2) and the objects extends of at least
one pixel can be spotted.
ANOVA was performed between the interface groups on the combined mean trans-

85



6 Usability Evaluation

Figure 6.6: Rotational errors and its combined score.(errors in degree).

lation error and revealed no significant differences (F(2:12)=0.65; P=0.539). Also for
the rotational errors no significant differences were found by a one-way ANOVA test
on the combined score (F(2:12)=2.764; P=0.103). Homogeneity of variances was met in
both cases (P=0.776, P=0.282).

6.5 Trial Block 2 Results - Object Manipulation

6.5.1 Task Completion Time

Unfortunately there were no statistically significant differences for the task completion
times between groups in the second block of the trial as determined by one-way ANOVA
(F(2;12)=0,32 P= 0,732). EDA revealed average completion times of 51,74(SE:2.91,
SD:30.53, V:932,31) for the first, 56,82(SE:3.17, SD:31.34, V:982.05) for the second and
52.54(SE:3.34, SD: 31.7, V:1005,1) for the third group (see fig.6.7).

6.5.2 Precision

Although completion times of the groups had no significant difference this does not
necessarily apply to the error rates, too. Figure 6.8 summarises the results of EDA
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Figure 6.7: Illustration of mean completion times in the object manipulation block.

on all translation errors and its combined score. For the combined condition mean
translation errors of 4.11(SE:0.52, SD:5.41, V:29,29) for the first, 4.28(SE:0.75, SD: 7.46,
V:55.72) for the second and 5.35(SE:0.7, SD:6.62, V:43.86) for the third are given. This
relates to x-axis mean translation errors of 1.06(SE:0.11, SD:1.17, V:1.38), 1.76(SE:0.28,
SD:2.74, V:7.51) and 2.86(SE:0.51, SD:4.79, V:22.99) for interface one to three. The mean
translation errors for the y- and z-axis are 2.3(SE:0.39, SD:4.05, V:16.43) and 2.3(SE:0.39,
SD:4.1, V:16.81) for group one. Y-axis error for group two is 2.82(SE:0.7, SD:6.95, V:48.34)
and 2.22(SE:0.29, SD:2.79, V:7.78) for group three. The z-axis translation errors for
group two and three are 1.33(SE:0.24, SD:2.34, V:5.49) and 2.59(SE:0.49, SD:4.69, V:22.02).

We performed multiple one-way ANOVA tests between all translation error condi-
tions, however, no significant differences between groups could be found.
The combined, the y- and z-axis values meet the homogeneity of variances criterion
(P=0.154, P=0.167, P=0.112) while the x-axis value does not(P=0.028 < 0.05). Thus
we have to be very careful interpreting the results of the ANOVA tests. The main
results of the test state no significant differences between groups for all error condi-
tion [Combined: (F(2:12)=0.154; P=0.859), X-Axis: (F(2:12)=2.715; P=0.106), Y-Axis:
(F(2:12)=0.176; P=0.841), Z-Axis: (F(2:12)=1.704; P=0.223)]. This correlates with the
results of the Welch and Brown-Forsythe tests, which do not suggest to reject the null
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Figure 6.8: Mean object translation errors of all groups / interfaces.

hypothesis either.

Figure 6.9 represents the results of the EDA on the different rotational errors and
its combined score. For the combined error we found a mean value of 3.93(SE:0.46,
SD:4.87, V:23.75) for interface one, while interface two and three show a mean error of
3(SE:0.39, SD:3.9, V:15.2) and 4.65(SE:0.67, SD:6.46, V:41.79). The means for the x-axis
rotational error for interface one to three are 2.2(SE:0.29, SD:3, V:9.04), 1.54(SE:0.21,
SD:2.09, V:4,37) and 2.59(SE:0.39, SD:3.7, V:13.66). For the y-axis we find 2.02(SE:2.51,
SD:2.64, V:6.98), 1.76(SE:0.25, SD:2.45, V:6) and 2.84(SE:0.46, SD:4.32, V:18.67). Z-axis
means for interfaces one to three further are 2.23(SE:0.29, SD:3.05, V:9.33), 1.62(SE:2.42,
SD:2.39, V:5.72) and 2.17(SE:0.36, SD:3.4, V:11.54).

Again we performed multiple one-way ANOVA tests between all error conditions.
This time the homogeneity of variances criterion cannot be met for any of our test
variables. (Combined: P=0.02, X:P=0.001, Y:P=0.003, Z:P=0.019). However, the results
of the ANOVA tests indicates no significant differences between any group [Combined:
(F(2:12)=1.237; P=0.325), X-Axis: (F(2:12)=1.688; P=0.226), Y-Axis: (F(2:12)=1.222;
P=0.329), Z-Axis: (F(2:12)=1.278; P=0.314)]. Moreover, we did not find any significant
differences with the Welch and Brown-Forsythe tests. Thus we deduce no significant
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Figure 6.9: Mean object rotation errors for all groups / interfaces

differences between groups for the two error types.

The scale error will be calculated as the relative difference to the optimal object size in
percent. Thus a scale task where the object is half the size of the target object in a certain
dimension will have an error of 50%. For this combined score this relates to a mean
error of 7.38(SE:0.72, SD:7.52, V:56.61) for interface one, 6.9(SE:0.76, SD:7.48, V:55.94)
for interface two and 7.45(SE:0.88, SD: 8.34, V:70.03) for interface three. Mean errors
for the x-axis condition of interfaces one to three are 2.25(SE:0.39, SD:4.11, V:16.86),
3.17(SE:0.43, SD:4.3, V:18.45) and 3.53(SE:0.53, SD:5.02, V: 25.19), while for the y-axis
means of 4.2(SE:0.64, SD:6.75, V:45.58), 3.61(SE:0.46, SD:4.54, V:20.62) and 4.29(SE:0.58,
SD:5.54, V:30.69) were evaluated. The remaining z-axis mean errors are 3.26(SE:0.38,
SD:3.95, V:15.59), 3.29(SE:0.56, SD:5.54, V:30.67) and 3.55(SE:0.54, SD:5.13, V:26.32).
These values are summarised in figure 6.10.

Again ANOVA revealed no significant differences between the three groups for any
of the error parameters. In each case the homogeneity of variances criterion was met,
so the results of the ANOVA are quite reliable [Combined:(F(2:12)=0.55; P=0.946),
X:(F(2:12)=2.322; P=0.14), Y:(F:(2:12)=0.308; P=0.741), Z:(F:(2:12)=0.191; P=0.829)].
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Figure 6.10: Mean object scale errors for all groups / interfaces

6.6 Discussion

As expected no significance in average task completion time in the first block was
shown by the ANOVA test. This indicates that participant abilities were well balanced
between the groups.
Because subjects were free to finish a task, if they felt its current state being precise
enough, the difference between the mean x and y-translation errors in the camera
navigation block can be taken as a hint that camera navigation does not need to be
as precise as object manipulation in this field of application - because one condition
was more restricting than the other. Thus DoF separation of camera navigation tasks,
as a mean to increase precision, might not be as desirable as separation of object
manipulation tasks for the user.

To be able to tell how easy a certain technique is to use, a second technique to which
a relative comparison can be made to, is needed. Therefore we cannot deduce an "ease-
of-use" rating from the subjects relative estimations. Comparing the completion times
of the training section and the main section of the camera navigation block might give
some impression, if subjects adapted to the new techniques.
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Figure 6.11 shows a comparison of the average completion times of the training
and main section of the camera navigation block. In contrast to the results of the
main section completion times in the training section are more wide spread and in
general higher despite the lower difficulty. Because the homogeneity of variances
criterion could not be met (P=0.13<0.05), we refrained from performing an indepen-
dent T-Test and used an ANOVA test between two groups. According to the ANOVA
(F:(1:28)=19.759, P=0) as well as the Welch (P=0) and Brown-Forsythe tests (P=0) we
can state that there is a significant difference between completion times during the
training and the main phase. We can make this assumption independently from the
assigned groups, because we evaluated that there are no significant differences between
interfaces for the camera navigation tasks.
These results support our observations during the trial that participants adapt quickly
to the camera navigation techniques and at some point of the trial reach a state where
he/she is not hesitating to make his/her next action. Additionally many participants
stated in their concluding interview that they were overall pleased with the camera
navigation technique, but still pointed out some difficulties. Some participants stated
that they often reversed the direction of the camera panning, expecting it to translate
to the left, when actually translating to the right.

Figure 6.11: Mean completion time comparison between the training and main phase of block
one
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Although differently designed, no significant differences could be found between
the three interfaces in the second block, either. Reasons for this could be inappropriate
recognition of input techniques or task difficulty being too high. It could also be
possible that participants struggled to utilise the interaction techniques itself. On the
other hand the high amount of tasks with low completion times somewhat counters
the assumption of the participants struggling to handle a technique appropriately,
especially for the easy and medium tasks. This might indicate that not a certain tech-
nique caused problems, but consecutive usage of different techniques as required for
the harder tasks, which often have a high completion time. There is also the possibility
that the interfaces were designed too similar, thus effects through different behaviour
might be too low.

At the end of the trial participants were asked whether the problems encountered
during the trial were due to unexpected reactions of the application or the task being
too complex for any reasons including struggling how to use the available techniques
to reach the goal. Table 6.2 provides an overview about the given answers, which were
taken in 5-point Likert chart. This data indicates that participants were substantially
more concerned with unexpected reactions of the system than with the difficulty of the
tasks. Observations during the trial also suggest that subjects were more often forced
to repeat or correct their input because of unreasonable reactions of the application
than due to difficulties using the interfaces techniques as intended by the design or
struggling with the task itself. Subjective comments at the end of the trial support the
assumption that the touch recognition system should be overhauled with priority in
future elaborations. Related to this issue we observed that participants often chose to
use a technique with a RESTING touch to reduce chances of a false recognition. For
example when scaling with two fingers in interface one participants used a RESTING
and a MOVING touch instead of two MOVING touches because this might result in
unintended translations because of the two touch translation technique.

Although results of the precision condition cannot be used for any statistical mean-
ingful statements we can make out substantial differences which may indicate where
subjects struggled most often. It seems that the combination of an ArcBall technique
and a two touch single axis rotation provide better accuracy than the ArcBall technique
alone. Additionally the subjects of group three could have had problems with the two
finger translate-rotate technique interfering with the rotation condition while scaling
with two fingers. Since this group had the same rotation techniques as the subjects of
group two, the different error extends can only result from recognition of the two-finger
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Question Mean SD Median. Min Max
Did you have a hard time solving
the tasks?

2.6 1.18 3 1 4

Did your problems occur because
of unexpected reactions on your
input?

3.33 1.29 4 1 5

Did your problems occur because
you found the task to difficult?

1.6 0.99 1 1 4

Did you find the experiment too
long?

2.07 1.22 2 1 4

Table 6.2: Results of the interview concluding the experiment which were reported in 5-point
Likert chart.

rotation-translation technique during two-finger scaling. This is supported as subjects
in group three stated that "they had no idea why the object sometimes was rotating
and moving". We also observed that only one subject of group three ever used the two
finger translate-rotate technique intentionally others did not use this technique, either
because they did not find any use for it, or they did not fully understood the techniques
properties.

Since there were no significant differences in task completion time and error margins
between all interfaces in the object or camera block, we cannot make any meaningful
assumptions about relative learnability. Though subjective comments and observations
suggest that usage of at least the camera navigation, object translation and for some
subjects the scale and rotate techniques, too, became less and less difficult to use over
time. "After I performed all techniques a few times I had no trouble using them". Some
inexperienced subjects though noticed the "huge cognitive effort" required to be able
to solve the tasks at first.

Most subjects pointed out serious problems with the rotation techniques. Many of
them stated having problems understanding the three point ArcBall technique. In
addition subjects of group three suggested to remove the two finger rotate-translate
technique or at least not use the same finger count as for the scale + rotate technique.
Only one person stated that he did not like the heavy usage of the camera navigation to
allow restriction of manipulation axes. Some participants though had serious problems
with the orbit technique resulting in overall worse trial results. For the orbit technique
five distinct touches were necessary. If the person had small hands or had trouble
spreading his fingers, even optimizing parameters of the recognition software did not
produce any satisfying results. These subjects had to either press very hard on the
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screen or spread their fingers with help of a handkerchief put between their fingers.
However, none of the participants stated that they had serious problems using the
orbit technique, if it was recognised properly. Participants with high experience in
using CAD applications gave some more detailed feedback as they wished for features
like custom axis rotation and snap-to-grid functionality. One of them rejected the idea
of multi-touch for 3D design applications, but rather would like it for the view port
concept. In addition a subject of group one desired an axis restricted rotation, which
was absent in his group’s interface, but included in every other group’s interface,
emphasising the positive impression of this technique during the trial. Moreover, we
made an interesting observation during the trial. Since the screen was vertically aligned
many subjects mentioned difficulties raising their arms to the top of the screen because
it got more and more exhausting over time. As a result participants relied on a limited
area of the screen for touch input which would not be possible, if we enforced direct
manipulation in our interfaces. We therefore suggest that touch input with any offset
could be provided in vertically aligned display systems to reduce fat-finger related
problems and fatigue. Some overall inexperienced participants had trouble thinking of
a field of application in the 3D domain for multi-touch input except design applications
and games, but despite the difficulties and drawbacks encountered, overall feedback
was positive and many of the subjects were eager to test future improved versions.
Our results suggest that the idea to control degrees of freedom depending on camera
position/orientation could become a, to some degree usable, interaction concept for 3D
design applications. At least it seems promising enough to justify future investigations
in this direction.
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In this thesis we provided an overview about past and recent research on multi-touch
technology and its usability for various interactions. We contributed by exploring
the possible usage of multi-touch technology in 3D CAD and design applications,
such as Maya and AutoCad. After the explanation of important interface design
paradigms and discussion of its implications on 3D manipulation and navigation tasks
we formulated an initial design.
Proceeding the adaption of our initial design by suggestions of a user survey, we
implemented three different interface prototypes. By cross comparing the interfaces in
an user evaluation, we expected to find some of our techniques performing better than
others in terms of speed and/or accuracy, gaining a relative estimate on the usability
of the interfaces. Unfortunately we did not find any significant differences between
the prototypes. However, participants were able to finish most of the tasks and their
subjective comments after the trial were overall positive. Thus we may state that
usability was achieved to some degree in each interface, but it is highly probable that
it might be negatively influenced by problems with the gesture and touch recognition
process. Tasks which required participants to change all object properties were often
nearly finished, but as participants tried to make small changes to finalise their task,
techniques were falsely recognised and lead to object states which were not correctable
in the remaining time. As an example participants were heavily distracted by unin-
tended execution of the two finger rotate+translate technique in interface three, which
caused many problems changing not one, but two object properties on a single false
recognition.
Future elaborations have to explore, if a distinction of gestures by motion type can be
used to separate interaction tasks or task DoFs without putting too many constraints
on the input of the user since this may decrease ease-of-use and predictability of the
interface. Our attempt to distinguish GROUPED and RELATIVE touch movement as
well as RESTING and MOVING already required the participants to adapt their input
motion in several ways. On the one hand, participants could not move touches as fast
as they desired, but were forced to stay below a certain motion speed or the touch(es)
would not be captured consistently enough. On the other hand, moving to slow led to
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classification of touches to the RESTED state resulting either in none or false behaviour.
Moreover, participants often struggled to move a group of touches without affecting
relative location of the touches within the boundaries of the recognition processes
constraints. The three touch scale technique for example was often recognised as the
ArcBall technique and vice verse.
Thus it may be more viable to map only a single technique to a certain amount of
touches although it might be required to use widgets or other mode switches to allow
the same functionality we provided in our prototype. As long as some of the techniques
separated in this way provide a useful and predictable combination of multiple tasks,
we still could utilise the strength of multi-touch.

Since touch recognition and interaction techniques depend on each other, interaction
techniques have to evolve inside the hardware and gesture recognition systems bound-
aries. A system which can distinguish users and fingers, recognise point size, shape
or fiducials with high accuracy could allow more diverse and unique input techniques
than a touch screen with mere point detection. The mightier the recognition procedure
is, the more interaction richness might be achieved before needing to resort to using
mode switches. Considering the interaction techniques which are not separated by
a mode switch provide access to a combination of tasks in a useful, predictable and
easy-to-use, hence, usable way.
Besides improvements to the gesture recognition system we have some ideas for
immediate adaptions to our interfaces based on the observations and results of the
evaluation. First of all the current translation technique takes the input point’s projec-
tion as a reference point for choosing the translation plane. Therefore it can happen
that a translation cannot be undone with the reversed motion. We don’t think this is
something an interface can benefit from. But it is possible to take advantage of this
behaviour by performing translations in a certain order with different off-sets. This
way three DoF translation with one finger without changing the view point is possible.
We can also imagine a designated area on the screen to switch modes by gestural input.
Such as drawing a circle activates another input-to-task-mapping allowing diverse
rotation tasks, while drawing a line will switch back to the translation mode.

Moreover, subjects of our trial often stated "that a vertical aligned display is not
optimal for this kind of application", pointing out that providing a fitting work envi-
ronment is part of the user interface, too.
On this issue tablet PCs may provide a more comfortable approach for long term touch
interaction and moreover, provide very precise and fast touch recognition, hence they
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often have capacitive touchscreens. Furthermore they are often accompanied with
a pen which could increase precision even further, also the build-in camera may be
extended to a stereoscopic camera so that gestures above the tablets surface may assist
the user.

We envision the user being able to use applications with an input concept which
utilises the advantages of several input devices into one user interface. Combinations
of multi-touch, pen, mouse and keyboard input could provide speed up prototyping
with touch and pen without sacrificing pixel accurate input with keyboard, mouse or
pen.
This however, requires us to identify and understand why, where and when the various
devices perform best within an application to be able to design new interfaces, which
are more accessible and motivating to use, but at the same time still are as reliable and
precise as previous user interfaces.
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