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Abstract

Approximately a decade ago, around 2007, capacitive touch screens were intro-
duced to the consumer market. Their direct interaction with UI elements made it
easier for many people to use such devices. But the planar surface is missing haptic
experience and tactile feedback. To overcome this problem researchers developed
tangibles. These are physical objects with capacitive markers on the bottom to en-
able recognition by touch screens. Many projects are using additional hardware
to detect tangibles, like tracking technology attached to the screen or electronic
components included in the tangible itself. A few approaches are working with
passive tangibles just using the capacitive screen without any additional tracking
technology. The problem is the identification since the only data available are the
touches. Additional information like the rotation of the tangible as well as recovery
algorithms are of interest, if a touch event is lost. Parameters based on the touch
data will be investigated, analyzed and evaluated through a study. The results are
integrated into a Swift SDK called PASTA which is capable of identifying passive
tangibles as well as detecting their rotation.
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Uberblick

Vor ungefidhr einem Jahrzent, um das Jahr 2007 haben kapazitive Touchscreens den
Verbrauchermarkt erreicht. Die direkte Interaktion mit UI Elementen macht es fiir
viele Menschen leichter mit solchen Gerdten umzugehen. Die glatte Oberflache bi-
etet jedoch keine haptische Erfahrung oder taktiles Feedback. Um dieses Problem
zu losen arbeiten Wissenschaftler an sogenannte Tangibles. Dies sind physikalische
Objekte mit kapazitiven Markern auf der Unterseite mit dessen Hilfe sie von einem
Touchscreen erkannt werden. Viele Projekte benutzen zusitzliche Hardware um
Tangibles zu erkennen, wie z.B. zusétzliche Tracking Technologien oder elektro-
nische Komponenten im Tangible. Einige Ansétze arbeiten mit passiven Tangibles,
das heifst nur mit dem verbauten kapazitiven Bildschirm und keiner zusétzlichen
Tracking Technologie. Das Problem dabei ist die Identifizierung, da man nur die
vom Tangible generierten Touch Events zur Verfiigung hat. Zusétzlich sind Infor-
mationen wie die aktuelle Rotation des Tangibles von Interesse, sowie fehlerverzei-
hende Algorithmen falls ein Touch Event verschwindet. Basierend auf den Touch
Events werden verschiedene Parameter mittels einer Studie untersucht, analysiert
und evaluiert. Die Ergebnisse werden in ein Swift SDK integriert, welches in der
Lage ist passive Tangibles zu identifizieren sowie die Rotation zu bestimmen.
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Conventions

Throughout this thesis we use the following conventions.

If a special term is used for the first time it will be empha-
sized e.g. the word Kappes.

Definitions of technical terms or short excursus are set off
in coloured boxes.

KAPPES:
A word of the german dialect Kolsch. It can be translated
as ‘cabbage’ or ‘nonsense” with regard to the context.

Source code and implementation symbols are written in
typewriter-style text.

myClass

Referenced Swift code is styled like in the Apple De-
veloper Documentation [Apple, 2017a]. Type annota-
tions and argument names are omitted. For exam-
ple the function hitTest (_ point: CGPoint, with
event: UIEvent?) -> UIView?  is referenced as
hitTest (_:with:).

The whole thesis is written in American English.

Text is written in first person plural because of esthetic rea-
sons.

Definition:
Kappes






Chapter 1

Introduction

Since the introduction of the Apple iPhone in 2007 the num-
ber of shipped smartphones increased heavily between
2009 and 2016 (Figure with a shallower continuous
growing trend. In the US, the number of smartphones used
by mobile phone users reached 67% in 2014 and is pre-
dicted to be 92% in 2020 [Statista.com, 2017]. Not only the

Global smartphone shipments forecast from 2010 to 2021 (in million units)*
2 000

1750

1500
£ 1250
5

1000

Shipments in

750
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0

2009 2010 2011 2012 2013 2014 2015 2016 2017* 2018* 2019% 2020* 2021*

Source Additional Information:

IDC Worldwide; IDC; 2010 to 2017
© Statista 2017

Figure 1.1: Global smartphone shipments 2010 - 2021. Years
postfixed with * are forecasts.

Shipment and use of
smartphones
increased.



1 Introduction

Touch screens are
used everywhere
today.

Number of tablet users worldwide from 2013 to 2020 (in billions)*
1.75

Tablet users in billions

2013 2014 2015 2016* 2017* 2018* 2019* 2020*

Source Additional Information:

eMarketer Worldwide; eMarketer; April 2016
© Statista 2017

Figure 1.2: Number of tablet users worldwide 2013 - 2020.
Years postfixed with * are forecasts.

use of touch screens in the mobile phone area increased
but also the number of tablet users doubled within the last
four years (Figure [1.2). The graph is also showing an up-
wards trend for the next years. Tablets may replace read-
ing and writing on paper in the future [Statista.com, 2017
especially with the introduction of the Apple Pencil
2017b]. Today, touch screens are used in almost ev-
ery area, e.g., tablets for work in the field [YouTube,[2017a].
Tesla replaced many of the physical interface elements in
their cars with virtual onces in form of a touch screen posi-
tioned at the center console [techradar],2017]. It substitutes
for example media or air flow/temperature controls. Mi-
crosoft is tackling the business area of group collaboration
with their Surface Hub [Microsoft, 2017b|] to support team-
work. Multi-touch tabletops also becoming more and more
widespread [Kaltenbrunner et al., 2006, Ishii, 2008].

The Rolls-Royce future shore control center
is an example of a future workplace concept. It con-
tains almost all of the previously mentioned areas of touch
screens. A touch screen fixed at a workstation providing
selection and drag & drop in connection with a laptop for



data input, a tablet in conjunction with a wall mounted
touch screen used by operators, and a collaboration table
to work together with multiple people.

One obvious benefit of touch screens is the merge of the
in- and output area into one. This leaves more space on
smartphones for the screen itself, which enables developers
to provide more information and a better overview for the
user. The interaction with the Ul is direct and therefore it
is not necessary to translate the hand movement to a cursor
at a different area like a desktop monitor.

Nonetheless, there are several drawbacks using a touch
screen like the missing haptic experience, tactile feedback,
and “issues related to discovery, exploration and learning
inherent to gesture-based interaction” [Morales Gonzalez
et al., 2016]. For example writing without looking at the
keyboard or playing/pausing/skipping music without vi-
sually searching for the controls is becoming a problem.
Eyes-free interaction is not possible anymore when using
a touch screen. Physical controls on the other hand can
provide you with the current level/status by just touch-
ing/feeling it.

Research tackled these drawbacks already in the mid-
nineties by [Fitzmaurice et al.| [1995] with Graspable User
Interfaces and Tangible User Interfaces (TUlIs) by Ishii and
Ullmer| [1997]. TUIs “give physical form to digital infor-
mation, letting serve as the representation and controls
for its digital counterparts. They make digital informa-
tion directly manipulatable with our hands and perceptible
through our peripheral senses through its physical embodi-
ment” [Ishii, 2008] (Figure[I.3). The physical form is “com-
posed of both a physical handle and a virtual object” [1995]
to which we refer as tangible throughout the thesis. Plenty
of TUIs have been developed over the last decade like Illu-
minating Clay [Piper et al.}, 2002], reacTable [Kaltenbrunner
et al.,2006] as well as research published proving their ben-
efits [O’Malley et al., 2004, Tuddenham et al., 2010, Schnei-
der et al., 2011].

Many different tangibles have been built using different
kinds of tracking technologies. GaussBits and GaussBricks

Touch screens
benefit from a
merged in- and
output area.

Haptic experience
and tactile feedback
missing on touch
screens.

Tangible user
interfaces try to
tackle the drawbacks
of touch screens.

Tangibles are
physical objects
which have a virtual
representation.



1 Introduction

Systems able to
detect tangibles are
mostly using
additional tracking
technology or active
tangibles.

e.g. building model

Input/

Output e.g. video projection
of digital shadow
~—> Output
i

control |

tangible
physical representation |

digital

rapresetatlon

S Ay M e S

digital information

Figure 1.3: Visualization of the concept of Tangible User

Interfaces. Image taken from [2008]].

[Liang et al., [2013] 2014] for example use an analog Hall-

sensor to track magnetic structures. Both, PERCs
and Actibles [East et al. 2016] are using elec-
tronic hardware internally. PERCs uses this hardware to be
reliably detectable by capacitive touch screens. Actibles on
the other hand incorporates a smartwatch to interact with
as well as an RGB LED array arranged in a ring. Actibles
are detected through an optical tracking system using fidu-
cial markers attached to the tangibles. In 2016, an active
tangible for capacitive screens entered the consumer mar-
ket known as the Microsoft Surface Dial [Microsoft, 2017al]
(Figure [T.4). The closest approach yet to bring back the
haptic experience and tactile feedback to virtual GUI con-
trols is the work of [Weiss et al. [2009]. They built a set of
tangibles called SLAP consisting of a keyboard, keypads,
rotary knob, and slider for a multi-touch tabletop. Their
approach uses frustrated total internal reflection, an optical
tracking method. Markers attached to the bottom of the
tangibles reflect light back to cameras below the screen. The
arrangement of the markers is used as a footprint to iden-
tify a tangible. Unfortunately, the SLAP tangibles cannot
be used on almost all current touch devices because ca-
pacitive tracking technologies are used. Approaches like




Figure 1.4: Image shows the Surface Dial placed on a screen
which presents GUI elements around it. Taken from

msft.com|[2017].

PERCs [Voelker et al.,2015] and Microsoft (Surface Dial) are
using electronic components to be detected by capacitive
screens. A reason for using additional built-in electronics
is the adaptive filtering mechanisms of most touch screens.
Passive tangibles are filtered out after some amount of time
depending on the used device [Voelker et al., 2013]. The
problem with the filtering is that the underlying TUI soft-
ware can not distinguish between a user lifted tangible or
a tangible which was filtered out. Fortunately, this prob-
lem is less interfering than years before. The iPad Pro for
example is able to detect passive tangibles for at least 25
minutesﬂ We assume that the filtering problems will fur-
ther decrease or disappear entirely as the support of tan-
gibles increases (e.g., Surface Dial). All the electronics in
general make an active tangible more complex, vulnerable,
complicated to maintain, and obscure the screen. A passive
tangible, without the need of any electronics can be built
cheaper, be made transparent [Voelker et al.,2013], and re-
duce maintenance.

The work of this thesis covers investigation of parameters

(Chapter [3] {Approach|’) which can be used to identify and

differentiate multiple passive tangibles simultaneously on

!Test was done through a video capture of a passive tangible placed
on the iPad Pro with visualized touch points.

Passive tangibles
suffer from adaptive
filtering algorithms.

Adaptive filtering may
not be a problem in
the future anymore.

Overview of the
contents of this
thesis.



1 Introduction

a capacitive touch screen as well as detecting their rotation.
Related work about other passive tangibles regarding used
parameters and software are discussed in Chapter [2| “[Re-]
lated workl”. We use tangibles with three markers. Differ-
ent parameters will be investigated like the size of the tan-
gible and the markers. Additionally, we are looking at the
internal angles of the triangle formed by the three markers.
A test bench is developed to place tangible prototypes sev-
eral hundred times on an iPad Pro. Data will be analyzed
and evaluated in Chapter[4‘{Analysis and Evaluation}”. Tol-
erance values are calculated and suggestions are made on
how to use the analyzed parameters. Because the iPad Pro
currently has a less aggressive filtering we developed an
iOS SDK as a proof of concept which fulfills the aforemen-
tioned attributes. Detailed descriptions of the SDK as well
as of each class especially how tangibles are detected, iden-
tified and compared can be found in Chapter 5| “The PASTA]
[SDKI". The SDK is available at GitHubE| and as a pod at Co-
coaPodsﬂ Limitations of the SDK due to high error values
of parameters and not yet implemented features are dis-

cussed in Chapter [6.2]“/Future Work!".

*https:/ / github.com/aroyarexs/PASTA
*https:/ /cocoapods.org/pods /PASTA


https://github.com/aroyarexs/PASTA
https://cocoapods.org/pods/PASTA
https://cocoapods.org/pods/PASTA

Chapter 2

Related work

Using passive tangibles on capacitive screens we can only
rely on the data of touches detected by the underlying sys-
tem. The touches are produced by conductive markers
mounted below the tangible which have a conductive con-
nection to each other [Voelker et al., 2013]].

There are currently two approaches of passive tangibles
which can be differentiated by the way the user has to inter-
act with them. One where the user has to touch the tangible
to be recognized by the screen (self capacitance). The other
works without any user involved (mutual capacitance).

Self Capacitance Using the self capacitance approach
tangibles have to be touched by a user to be detected by
the capacitive screen. The markers attached to the bottom
are wired to a conductive material on the outside of the tan-
gible. While the user touches the tangible the markers are
grounded through the user. CapWidgets [Kratz et al., 2011],
CapStones & ZebraWidgets [Chan et al 2012], and Cap-
Codes [Gotzelmann and Schneider, 2016]] are some exam-
ples using this approach. TouchTokens [Morales Gonzalez
et al.| 2016] also need the touch of the user to be detected
but uses a different approach. They use tokens made out
of non-conductive material with notches constraining the
users’ grasp. While grabbing the token, fingers are placed
at the notches, which then generates touches on the screen.

Two major
approaches of
passive tangibles.

Projects using the
self capacitance
approach.



2 Related work

Explanation of the
mutual capacitance
approach.

Drawbacks of both
approaches.

Round pad (conductive)

| Acrylic bridge

Bridge
(conductive)

Tx

Rx

Figure 2.1: Visualization of the capacitive coupling be-
tween a marker and electrode (red arrows). Tx are transmit-
ting and Rx are receiving electrodes. Image from |Voelker
et al. [2013].

Mutual Capacitance The other approach uses a method
called capacitive coupling. PUCs (passive untouched
capacitive widgets) [Voelker et al., 2013] and TriPOD [Di
Fuccio et al, 2017] are two examples for this approach.
They are utilizing the grid of transmitting (Tx) and receiv-
ing (Rx) electrodes consistent in capacitive touch screens
(Figure 2.1I). The conductive connected markers connect
currently scanned active intersection with inactive intersec-
tions creating a touch at the active intersections because the
inactive one serves as ground.

Both approaches have some drawbacks. Using the self ca-
pacitance approach tangibles are only detected while the
users touch them. The system cannot distinguish between
lifting and releasing a tangible. The mutual capacitance
method has the problem that if two connected pads are
aligned on the same set of electrodes they cannot be de-
tected. Therefore, a tangible with at least three markers is
used to always have one marker generating a touch while
the other two are grounded. Additionally, touches have
some noise in the input data which has to be considered
in form of an error tolerance [Bottino et al., 2016, Di Fuc-
cio et al., 2017]. Throughout this thesis we focus on mu-
tual capacitance tangibles since we do not want the user to
constantly have to touch a tangible. It would be optimal



to have the functionality of active tangibles using passive
ones.

We will now discuss projects following the mutual capac-
itance approach. Focus is on the parameters they used to
identify a tangible, rotation detection, simultaneous tangi-
ble detection and how they differentiate them.

TUIO TUIO [Kaltenbrunner et al., 2005] “is an open
framework that defines a common protocol and API
to transmit [...] abstract description of interactive sur-
faces, including touch events and tangible object states”
[Kaltenbrunner, 2009]] over a network. TUIO is mentioned
just for completeness because many projects implement it.
A complete list of projects is available at the TUIO websit
Basically every framework which supports TUIO should be
able to work with tangible objects. But this does not mean
that they are able to detect tangibles from touch input. Af-
ter reviewing them it seems none except one
kens) are able to detect tangibles using a capacitive screen.
TouchTokens| will be reviewed later. Many of them are us-
ing computer vision to track finger input and objects, like
reacTIVision [Kaltenbrunner, 2009].

MTK [Linden|[2015] developed a macOS/iOS multi-touch
framework (MTK) supporting different kinds of input
sources. MTK is written in Objective-C. It can recognize
tangibles like PUCs and PERCs with favoring and focus-
ing on PERCs. PERCs use additional capacitance and light
sensors that data is communicated to the MTK. Thus infor-
mation needs to be processed making the whole algorithm
more complex. The spatial configuration of the PUC’s con-
ductive markers is used to identify them, calculating a posi-
tion, and their orientation. The amount of markers is bound
to three. MTK uses the distance between the markers as a
pattern to identify the tangible. No further details about the
recognition of patterns is given nor any error values taken
as a tolerance. The internal angles, described by the triangle
with the markers as vertices are used to compute the rota-

'https:/ /www.tuio.org/

A protocol used to
transmit description
of interactive
surfaces like touch
events and tangible
objects.

A macOS/iOS
framework
supporting different
input sources and
tangibles.


https://www.tuio.org/
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2 Related work

A Java/Android
application capable
of detecting one
token simultaneously.

A commercial
multi-touch and TUI
software.

tion. Several algorithms are implemented to recover lost
markers. But if two markers are lost and the tangible is
moving away from the position where it lost the markers
their new position and orientation is ignored. The frame-
work is not publicly available. Since MTK supports differ-
ent input sources it provides a lot of options such that an
application to configure the framework was developed.

TouchTokens TouchTokens are the combination of a
Java/Android based application and passive tokens
[Morales Gonzdlez et al., 2016]. The application is able to
identify tokens by using the spatial configuration of three
touch points as a pattern. The difference to PUCs is that
touches are generated by the user’s fingers and not a con-
ductive material. The fingers are touching the surface di-
rectly while holding a token with fingers placed at some
notches of each token. Investigations of the code of their
Android project [LRI, 2017] showed that only one token at
a time is able to be detected. Since their recognition is based
on the best input alignment (lowest distance between each
touch) to a given pattern it will always recognize a token
even if the pattern looks totally different. Also, if more than
two fingers are lifted up the token is not detected anymore
and no algorithms to recover lost touches are implemented.
Additionally, rotation of the token is not provided. They
used the centroid computed from the three touch points as
position of the token. The Java (non-Android) version of

the project supports[TUIO

GestureWorks GestureWorks is a commercial multi-
touch and TUI software [GestureWorks, 2017]. It works
with tangible objects using conductive markers. Widget ob-
jects can be configured by placing them on the screen, the
system then reads in the touch points, and you provide a
name at the end. No information is available whether these
tangibles are operating on all capacitive screens or just on
the ones which Ideum, the company behind GestureWorks,
is selling with the framework.
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Figure 2.2: Image shows CapCodes arrangement of four
markers to identify a tangible. Two black markers signal-
ing the start of the encoding. Blue and green markers then
encode the individual ID. MATD is the minimal adjacent
touch-point distance (11 mm), MDTD the minimal discrim-
inable touch-point distance (5 mm), and MRPS the mini-
mum reliable pad size (5 mm). Image from [Gotzelmann
and Schneider, 2016].

CapCodes Gotzelmann and Schneider|[2016] developed a
method to 3D print passive tangibles. The conductive ma-
terial is directly printed into the object and internally con-
nected to a point or area on the surface of the object. The
user has to touch the area to generate touch points. Iden-
tification, position and rotation are gathered through four
markers at the bottom of the tangible. Two of these mark-
ers are used to encode an ID by measuring the distance
between them. The other two markers have to be placed
at specific distances to each other and the two ID markers
(Figure 2.2). They function as start sequence for the two
ID markers and always have the same arrangement on the
marker. Markers with 5 mm diameter are used (minimum
reliable pad size (MRPS)). The minimal distance between to
markers is 11 mm (minimal adjacent touch-point distance
(MATD)). Minimum tangible size is 31 x 21 mm allowing
for 12 different IDs. Linear and area tangibles are possible
where linear tangibles have the four markers aligned in a
row while area markers arrange them on a rectangle. No
information about noise in the input, a tolerance value and
about the detecting algorithm are given.

A 3D printed tangible
formed by four
markers. Marker
arrangement
features encoding of
an ID.
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GAINE is a
multi-platform
framework capable
of detecting tangibles
with four markers in a
special arrangement.

. reference system

possible locations
of the data point

380 minimal distance
: " between contact
~ points

8 ch'rgf#g:taoltions 22 configurations 34 configurations
Figure 2.3: Shown is the arrangement of four markers to
identify a tangible using GAINE. Three markers (blue dots)
form a reference system. A fourth marker (possible posi-
tions shown with green circles) encodes the ID of the tangi-
ble. Image from Bottino et al.|[2016].

GAINE GAINE [Bottino et al., 2016] is “a flexible frame-
work for the rapid prototyping and development of edu-
tainment and entertainment applications based on multi-
touch and tangible interaction”. It is running on multiple
platforms like Windows, Linux, macOS as well as mobile
OS like Android and iOS using Unity 3D. It has built-in
detection of passive tangibles using a specific arrangement
of four conductive touch points. Three are used to deter-
mine position and orientation. The position of the fourth
defines the ID and has to lay inside the rectangle which
is defined by the three markers (Figure 2.3). Most touch
panels of common commercial tablets only detect ten touch
points simultaneously [Bottino et al., 2016, |Di Fuccio et al.,
2017]. Therefore GAINE can only detect two different tan-
gibles and two fingers simultaneously. The software is able
to distinguish 8 tangibles with a minimum size of 30 mm
in width and height. The amount of distinguishable ob-
jects increases while increasing width and height in steps
of 4 mm. For example with a size of 38 mm it is possible
to differentiate 34 objects. They have mentioned noise in
the input data and a tolerance they take into account. The
only possible tolerance values provided are shown in their
image (Figure[2.3). They block additional space around the
three markers of 6 mm. The distance between the centers of
the ID point needs to be 4 mm. If one or more touch points
are lost the tangible will be removed. No recovery algo-
rithms are implemented. They also mentioned that tangi-
bles can be recognized contemporarily which is a hint of
the adaptive filtering problem. Information whether their
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a) b)

Figure 2.4: Visualization of the TriPOD approach. Blue
dots indicating the actual touches. Red dots in a) shows
one accepted configuration. Red dot cloud indicates all the
accepted configurations (b)). Each distance between two
markers is assigned to an axis in a 3D Cartesian space (b)).
Image from [Di Fuccio et al., 2017].

project is publicly available could not be found.

TriPOD TriPOD is able to detect capacitive tangibles us-
ing three conductive markers [Di Fuccio et al, [2017]. An
Android application is detecting touch-points and sends
the information via WiFi to a control software running on
a separate device. The control software is then detecting
tangibles and sends this information back to the Android
application. Currently only one tangible at a time can be
recognized. Their algorithm is creating a vector in a 3D
Cartesian space based on the distances between the three
blue markers where each distance is assigned to one axis
(blue dotin Figureb)). The red dot cloud indicates all ac-
cepted configurations based on the three blue touch points.
The ID of the configuration with the lowest distance to the
blue dot will be assigned to the tangible. TriPOD is able to
detect 24 different tangibles and it allows learning of new
ones. Tangibles use markers with a size of 5 mm leaving at
least 5 mm space from each other. 12 pixel error tolerance
of the diameter for each marker is taken into account. To
the best knowledge of the author the project is not publicly
available.

In the next chapter we present parameters, technical setup

A software
communicating over
WiFi to detect
tangibles with three
markers. Only one
tangible at a time can
be recognized.
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and a study of how we are going to solve passive tangible
identification and rotation detection.
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Chapter 3

Approach

GAINE [Bottino et al.,, 2016] and CapCodes [Gotzelmann
and Schneider, 2016] use tangibles with four conductive
markers, enabling them to differentiate between a huge
amount of patterns. But the maximum number of simulta-
neously detected touches is limited on a touch screen. Ad-
ditionally, if two markers are aligned on the same electrode
they cannot be detected anymore. Using more markers also
increases the chance of aligning two markers on one elec-
trode. Therefore, we focus on tangibles with three markers,
like TriPOD [D1 Fuccio et al.,2017] and PUCs [Voelker et al.,
2013].

We are targeting the iOS system because the iPad Pro has a
significant decreased time after mutual capacitive tangibles
are filtered out.

GAINE and TouchTokens already showed that it is possible
to detect tangibles using an analytical approach. Both ap-
proaches map the touch inputs to the closest saved pattern.
This always results in a mapping. We want to be able to fil-
ter out a tangible if it is not similar to a predefined pattern.
And unlike TouchTokens and TriPOD we want to recog-
nize multiple tangibles simultaneously. Therefore, we need
a tolerance value to tackle noise in the input data to reliably
detect tangibles. We will test the following parameters:

We will use tangibles
with three markers.

iOS is the target
platform.

Multiple tangibles
should be detected
simultaneously.
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Tangibles are
designed using
OpenSCAD.

Prototypes consists
of a body and bottom
whereby the bottom
defines the marker
arrangement.

e Tangible size (radius/diameter)
e Markers as vertices of a triang]le:
— interior angles

e Touch radius

Tangible size will be evaluated by calculating the circum-
circle [mathopenref.com, 2017]] and triangle area. To detect
the rotation of a tangible we want to use the interior angles
or the touch radius. Detecting an interior angle or touch ra-
dius which is not equal to all others, i.e., the smallest or the
biggest, provides us with the information of the tangibles
rotation.

Analysis and evaluation of the parameters is done in Chap-
ter {4 “/Analysis and Evaluation[’.

3.1 The Tangible Prototype

We describe the geometry of the tangibles in OpenSCAqH
scripts. With this approach we can easily change param-
eters of prototypes without designing a new model. The
script files are also available at Thingiverseﬂ A 3D sketch
of the tangible components is shown in Figure[3.1] We used
a lasercuttelﬂ to build the tangible prototypes.

The tangibles consists of two main parts. A body filled with
heavy material like lead grist [Eisenmax, 2017] to create a
fair amount of self-weight and a bottom area containing the
markers. The body itself consists of two covers and two
rings with different radii. The lead grist is filled inside
the rings, between the inner and the outer one. The cov-
ers are glued on the bottom and top of the rings to form a
rigid body. The bottom defines the arrangement of markers
and provides cutouts for the tangible-Robot mount. It is
made out of 5 mm perspex. The markers are placed below

'http:/ /www.openscad.org/
*https:/ /www.thingiverse.com /thing:1810704
*http:/ /hci.rwth-aachen.de/lasercutter
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Figure 3.1: A 3D sketch of a tangible. The bottom, kept
in gray, shows the cutouts at the side and the holes for the
cables. The covers for the rings are shown yellowish. The
rings (gray-brown) are filled with heavy material and glued
to the covers.

the three holes (Figure 3.2). On the upper side we drilled
three grooves from each hole guiding to the center. For
each marker a cable is stripped and soldered on the marker.
Then it is fiddled into the hole and placed along the groove
to the center. Body and bottom are glued together then. We
put an adhesive copper band on the inside of the inner
ring. Last but not least we soldered the cables onto this
copper band to have a stable conductivity and connection.
As conductive material for the markers we used conductive

shielding gaskets [we online.de| 2017b].

An overview of all build tangible prototypes is given in Ta-

bleB.1} [Voelker et al|[2013] tested marker sizes of 4 - 10 mm

with 2 mm steps in between and ring tangibles with radii
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Different tangible and
marker diameter are
tested.

Figure 3.2: Photo of a tangible prototype. The tangible is
placed bottom up. It shows the conductive shielding gas-
ket, the adhesive copper band and the groove used as cable
tunnel. Only three markers (left, right, top) are soldered
to the copper band. The fourth is placed there for balance
reasons.

of 20 - 50 mm. We will also try out bigger marker sizes of
13, 15, and 21 mm. Since we are using an iPad we restrict
the tangible radius to a maximum of 37.5 millimeter. Bigger
ones seem unsuitable because they will occlude a lot of the
iPad’s screen space and may feel uncomfortable to grasp.

3.2 Technical Setup

To automate the process and negating the influence of the
human factor we created a test bench consisting of a robot,
an iPad application, and a Java program. Each unit will be
explained in more detail in the following sub sections.

The Robot is build using LEGO Mindstorms
(Figure[3.3). To program LEGO Mindstorms via Java
we used 1leJOS EV3 2017], a Java Virtual Machine
which has to be installed /flashed to the EV3 brick via mi-
croSD card. Each component is connected with a cable to
and controlled through the EV3 brick. Additionally, a WiFi
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diameter (mm) ‘ marker size (mm) ‘ interior angle (°)

50 6 60/60/60
50 8 60/60/60
50 10 60/60/60
54 6 50/60/70
58.3 6 90/45/45
62 10 45/60/75
66.6 6 90/45/45
70 10 40/60/80
75 6 60/60/60
75 8 60/60/60
75 10 90/45/45
75 10 30/75/75
75 13 30/75/75
75 15 30/75/75
75 21 30/75/75
75 15-15-10 30/75/75
75 21-21-10 30/75/75

Table 3.1: A list of constructed tangible prototypes.

Large Motor

Threaded Rods
EV3 Brick

Button (Mount) ¢ B a | 4 e . Medium Motor
— - - ®

Figure 3.3: The robot used to place tangibles on the iPad.
The large motor moves the module consisting of both but-
tons and the medium motor, up and down. It is connected
to the threaded rods. The robot is controlled through the
EV3 brick.
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A robot capable of
repeatedly placing a
tangible on screen
while rotating it.

A specifically
designed mount for
tangibles.

Figure 3.4: The tangible mount with 4 hooks, a LEGO cross
axle rod on top (in red), and an elevation in form of a half-
circle on the left side.

stick is attached to the USB dongle of the EV3 brick to con-
trol the robot over the network. The large motor moves the
threaded rods such that the module consisting of the two
buttons and the medium motor can move up and down.
The right button is used as a failsafe such that the up move-
ment stops when the button is pressed. The medium mo-
tor will rotate the tangible which is attached to it using a
specifically designed mount. The rotation resolution of the
medium motor is 1-degree 2017b]. The mount for
a tangible is made out of 3 mm perspex (Figure 3.4). It has
4 hooks which fit into the cutouts of the tangible. On top
is a LEGO cross axle rod fixed to the mount. It snaps into
the cross hole of the medium motor. Additionally, there is
an elevation, a half-circle on the upper side which is used
to initialize the orientation of the mount. The left button of
the robot is triggered by the elevation of the mount.

iPad Application A tangible is put down on an iPad Pro
(12.9”, model number: A1652) 2017c]. We have
written a small application which detects three simultane-
ous touches (UITouch) as a tangible. Only one tangible
is placed at a time. If a tangible is detected a two-second-
timer is started to ensure that the tangible is reliably de-
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StudyConductor

iPad Application

Figure 3.5: Figure shows the interaction between the robot,
iPad application, and the Java program.

tected and not coincidently. If the tangible is still detected
within these two seconds the data is transmitted to a web
server via HTTP. Additionally, every single detected touch
is transmitted for completeness even if no tangible was de-
tected.

StudyConductor is a Java program written to control the
robot in reaction to the input data of the iPad applica-
tion (Figure B.5). The program connects to the EV3 brick
through the wireless network. The commands are executed
on the EV3 brick using Java Remote Method Invocation
(RMI) [Oracle, 2017b]] with classes and methods of 1eJOS.
The StudyConductor runs a Jetty [Eclipse, 2017] web server
to handle HTTP requests from the iPad application. The
received data is parsed using the JSON Processing [Ora-
cle, 2017a] library and saved to a CSV file using opencsv
[opencsv, 2017]. When a tangible is placed on the screen,
the order of detected markers may vary. To map transmit-
ted touch points and their data to already stored once we
have written the MarkerMapper class. This class compares
transmitted touch points with the previous stored and cal-
culates the distance between them. The pair with the lowest
distance results in a mapping and we continue comparing

An iOS application
transmitting touch
data via HTTP.

A Java application
controlling the robot
and processing
incoming touch data.
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the remaining two touches.

3.3 Study

One marker of every tangible is always in front of a cutout
(see again Section [3.1). The tangible is put into the mount
in a way such that the cutout with the marker is hooked
into the hook left of the elevation (looking from above at
the mount). Rotation angle and number of full rotations can be
specified in the StudyConductor program before running
it. We set rotation angle to 5 and number of full rotations
to 10. This results in 720 rows of data per tangible. Af-
ter StudyConductor connects to EV3 brick the initialization
starts. The tangible mount is rotated clockwise such that
the elevation on top of the mount presses the button. This
and the initial placement of the tangible inside the mount
ensures that we always have the same initial start position.
Then, the robot runs on his own until he reaches the pre-
viously defined number of full rotations. Table 3.2 gives an
overview and description of the logged data. A placement
performs the steps specified in Algorithm [T}

Algorithm 1 placement

CANCEL(delayedPlacement)

MOVE(up)

ROTATE BY(rotation angle)

CLEAR(singleT ouches)

if finishedFull Rotation then
full RotationCounter < +1

end if

SCHEDULE(delayedPlacement)

MOVE(down)

The process of a delayed placement is explained as pseu-
docode in Algorithm

Every single touch is transmitted to the server as well as a
detected tangible. The StudyConductor process the incom-
ing data as described in Algorithm 3]
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Algorithm 2 delayedPlacement

1:
2
3:
4: end if

if pastSeconds >= 7 then
LOG(singleT ouches)

placement ()

Algorithm 3 incomingData

1: if singleT ouchData then

2: singleTouches < singleTouchData
3: else if tangible Data then
4: LOG(tangible Data)
5: SCHEDULE(placement)
6: end if
Name ‘ Description ‘ Format/Range
Time (*) Time at which the data is written to HH:MM:SS
log file
Rotation Count (*) Number of current running rota- 0-9
tion
Robot - Rotation (*) | Current tacho count (modulo 360) 0 — 359
of the motor which rotates the tan-
gible
Robot - Rotation | Boolean value indicating the posi- | true/false

Button Pressed (*)

tion of the elevation of the tangible
mount

marker/X X coordinate of the /th marker 0 — 1024 points
marker/Y Y coordinate of the Jth marker 0 — 1366 points
marker/Radius Size of the Ith marker as radius points
MI - angle (radians) || Inner angle at marker / 0—m
MI - angle (degree) | Inner angle at marker / 0° — 180°
marker/ < — > | Distance between marker I and J points
marker.J
tangibleRadius Measured radius of the circumcir- points

cle
diameter (*) Original diameter of the tangible millimeter
markerSize (*) Size(s) of the used marker(s) millimeter
interiorAngle (*) Interior angles of the triangle 0° — 180°
triangleArea Calculated area of the triangle points>
id An identifier for the tangible reN

Table 3.2: Description of data gathered during study. All items suffixed with * are
always logged even if a tangible was not recognized.
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Chapter 4

Analysis and Evaluation

To analyze the data JMP 13 [SAS, 2017] is used.

4.1 Data Post-Processing

We wrote a Python (3.6.1) script with pandas (0.20.2) [pan-
das|, 2017] to post-process the logs. All log files were
merged into one big CSV file. We used JMP to detect and
exclude outliers. We now describe the fixes and changes
made to the logs.

Robot - Rotation Bug There is a bug in StudyConduc-
tor. This bug did not influence the study since we could
eliminate it afterwards without influencing the result. If the
Robot - Rotation value in the last row of a Rotation - Count is
360 it was not treated as the beginning of the next Rotation
- Count. Instead, modulo operation was applied resulting
in 0° without increasing Rotation - Count. A fix is applied
by increasing the Rotation - Count by one for values greater
than 0. See Table for an example.

Assigning Additional Columns Some of the first log files
did not contain the columns diameter, markerSize, and inte-
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Time | Rotation - Count | Robot - Rotation

1 355

1 0
2 5

Table 4.1: Table shows the bug which occurred during log-
ging tangible data. The wrong Rotation - Count value is
marked in red. It will be replaced with the next higher
value.

riorAngles (see again Table 3.2). These information are re-
trieved from the log file name and added to the log.

The area of the triangle, with each marker being a vertex
of the triangle, is computed using Heron’s formula [Pro-
gramiz, [2017] and assigned to the log as column trian-
gleArea.

We added a last column containing IDs to separate the tan-
gibles from each other during analysis. The ID is composed
of diameter, marker size, and interior angles. The resulting
ID string looks like this: d75 6mm 60-60-60.

4.1.1 Outliers Detection and Removal

We created a box plot of the triangle area of each tangi-
ble to detect possible outliers (Figure d.I). We define an
outlier as a data point which lays outside the range of
[Q1—-1.5xIQR,Q3+1.5x IQR] (Interquartile range). J]MP
visualizes selected rows in the data table immediately in ev-
ery graph which references this data table by graying out all
the other data points. Additionally, JMP allows selection of
rows directly through the graph. Using this feature, we plot
the x- and y-coordinates of each marker in separate graphs.
Figure 4.2/ shows the x- and y-coordinates of markerl. Se-
lecting an outlier in the triangle area graph now highlights
the appropriate coordinate of each marker. Since we are us-
ing three markers with a predefined arrangement we can
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triangleArea
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Figure 4.1: Y-axis shows the triangle area in points. Tangi-
bles are grouped by their identifier. Whiskers of box plots
representing 1.5 x IQR added to Q3 and subtracted from
Q1. The actually removed outliers are framed in red.

exclude rows where at least two markers seem to lay at the
same angle of the circle. Figure[4.3|provides a visualization
of an outlier selection. Markerl and marker2 are positioned
at the same quadrant of the circle. This also creates the as-
sumption that bigger marker sizes are sometimes too big to
be recognized as a single touch. We detected 50 outliers ful-

50 outliers have been
excluded.
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Figure 4.2: X and Y coordinates of marker 1 visualized for
each tangible. Coordinates are given in points.

filling the criteria and excluded them from further analysis.
They are framed in red in Figure
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id = d75 21-21-10mm 30-75-75 d = 475 21-21-10mm 30-75-75 marker3
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Figure 4.3: Figure shows four graphs of tangible d75 21-
21-10mm 30-75-75. Namely triangleArea and x and y coor-
dinates of markers one to three. A specific data point is
highlighted in each graph which shares the same row in the
data table. For better visibility a red arrow is highlighting
the selected data point.

4.2 Marker Size

Figure shows the radii gathered using UITouch
.majorRadius. They are grouped by the size of the ob-
scured markers. As we see right away the values are dis-
crete and not continuous. We created a mosaic plot (Fig-
ure showing the count of marker radii values grouped
by markerSize. Minimum is at 10.42 and maximum at 72.97.
The value of a step between two values is 10.42. The 6

Touch radius values
are discrete.
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Figure 4.4: A scatter plot showing measured marker radii
grouped by the obscured marker sizes. Marker radius is

given in points.
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Figure 4.5: Mosaic plot showing count of marker radjii val-
ues grouped by markerSize. Measured radii are shown right

as legend with color marks.
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mm marker seems very stable being recognized almost al-
ways with 10.42 points and just a few times as 20.84. This
is a very promising result. Marker size with 8 mm is de-
tected with a radius of 10.42 points in approximately two-
thirds of the cases and one-third as 20.84. The overlap with
the 6 mm marker is too large to distinguish these markers
reliably. Better results can be achieved when distinguish-
ing marker sizes 6 and 10 mm. The count of overlapping
values is extremely small and marker size was detected as
20.84 in 70% — 80% of the cases. Therefore, in most cases it
should be possible to distinguish them. The most frequent
detected radius of the 13 mm marker is 31.26. Compared to
the 10 mm marker the frequency is smaller than the most
frequent detected radius of the 10 mm marker. Also, the in-
fluence of a third radius is slightly increasing. Nonetheless,
it could be possible to distinguish 6, 10, and 13 mm markers
with a smart implementation. 15 mm marker’s most fre-
quent radii is 41.70 but the frequency dropped compared
to the previous marker sizes and frequencies of other radii
increased as well. Additionally, one marker was mainly de-
tected with radius 52.12. The reason for this is currently un-
clear. Maybe the marker was a little bit folded or tilted. The
same applies to the markers of the 15-15-10 tangible except
for the 10 mm marker. The 10 mm marker was detected
reliably. The 21 mm marker on the other hand seems to
not have the error of detecting two markers with the same
size differently. The most frequent detected radii for 21
mm marker is 62.55. The frequency of value 62.55 is drop-
ping for the 21-21-10 mm marker arrangement. In general
it seems like the accuracy is dropping with rising marker
size.

Since iOS provides discrete radius values we suggest to im-
plement a ‘counter’ class which chooses the most frequent
radius over the lifetime of a marker. Additionally, markers
with 8 mm size should be avoided. Instead, markers with
sizes 6, 10, and 13 should be used. Systems which provide
continuous touch radius data should take an error into ac-
count.

If a tangible is placed on the screen, the radius value of
a touch will increase from the minimum value of 10.42 to
the actual size. Comparing two tangibles immediately af-

8 mm markers
should be avoided.
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triangleArea & tangibleRadius vs. markerSizeGrouped
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Figure 4.6: Scatter plot showing triangleArea and tangibleRa-
dius versus markerSizeGrouped. Scatters for each tangible are
separated by color.

ter one was detected the touch radius may not represent the
actual size. Developers should keep that in mind if they
want to include the marker size as a parameter.

4.2.1 Influence on Tangible Size

Looking at Figure we clearly see that the positions of
marker]1 deviate from a regular circle shape if a marker size
greater than or equal to 15 mm is used. Figure also
supports this since extreme outliers only occur for these
marker sizes. In Figure 4.4/ we see that the range of mark-
ers with size 15, 15-15-10, 21, and 21-21-10 is min 31.26 and
max 72.97 points compared to just min 10.42 and max 20.84
points for the rest. We added a new column markerSize-
Grouped which groups tangibles having mainly the same
marker sizes. For example tangible with marker sizes 15-
15-10 mm is grouped with tangible that has only markers
with size of 15 mm. We created a scatter plot showing trian-
gleArea and tangibleRadius on y-axis and markerSizeGrouped
on the x-axis (Figure £.6). As one can see the deviation
of data points increases with increasing marker size. To
provide further evidence we calculated the standard devi-
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SD(triangleArea) & SD(tangibleRadius)
vs. markerSizeGrouped

— Std Dev(triangleArea)
— Std Dev(tangibleRadius)
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markerSizeGrouped

Figure 4.7: Scatter plot with a line of fit showing SD of tri-
angleArea and tangibleRadius for each tangible versus mark-
erSizeGrouped.

ation (SD) of triangleArea and tangibleRadius for each trian-
gle. Then, we created a scatter plot showing the SD versus

the grouped marker sizes (Figure @ The plot shows that Marker size
increasing the marker size influences triangleArea and tan- influenced tangible
gibleRadius by increasing their SD. Therefore we decided to size. Marker sizes
exclude tangibles with marker sizes greater or equal 15 mm > 15 mm are
from further analysis. We also recommend using marker excluded.

sizes smaller than 15 mm.

4.3 Tangible Size

Looking again at Figure [4.6|we see overlapping areas of tri-
angleArea for different diameters. Comparing it with tangi-
bleRadius the same areas did not overlap. Looking at Fig-
ure (4.8 we see that means of triangleArea area overlapping
with ranges of other means (diameters 54 and 58) or that
the means are almost equal (diameters 62 and 66). The rea-
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tangibleRadius is
chosen as parameter
for the size.

Mean(tangibleRadius) & Mean(triangleArea) vs. diameter
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Figure 4.8: Mean of tangibleRadius and triangleArea versus
diameter of build tangibles. Error bars showing the range
of values.

son becomes clear because while building the tangible pro-
totypes we arranged the markers on the circle line which
already states how we expected the size of a tangible to
be; namely the radius of this circle. We changed marker
positions on this circle line but assumed to not change the
tangible size. This influenced the triangle in two ways: it
changed the distance between markers and the internal an-
gles. By coincidence it happened that tangible d62 10mm
45-60-75 and d66 6mm 90-45-45 have a similar triangle area.
The latter tangible describes a bigger circumscribed circle
(d66) but looks more compressed due to the internal angles
(90-45-45). The same applies for tangibles d54 6mm 50-60-
70 and d58 6mm 90-45-45. This makes the decision choos-
ing tangibleRadius as the size parameter obvious. Figure
shows that tangibleRadius is almost monotonously increas-
ing with increasing diameter. Even the range seems not to
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overlap at all.

To be able to distinguish tangibles by size we need an al-
lowed error. We want to apply the 68-95-99.7 rule or three
sigma rule which says that 99.7% of the distribution’s val-
ues lie within three standard deviations of the mean. But
the rule is only applicable if the sample comes from a nor-
mal distribution. Therefore, we will test our data whether
tangibleRadius comes from a normal distribution.

4.3.1 Is Tangible Radius Normal Distributed?

Ghasemi and Zahediasl|[2012] said that it “is preferable that
normality be assessed both visually and throughout nor-
mality tests, of which Shapiro-Wilk test [...] is highly rec-
ommended”. The Hy hypothesis of Shapiro-Wilk and Kol-
mogorov-Smirnov states that the data was drawn from a
normal distribution. Small p values (< 0.05) reject the hy-
pothesis. Tableshows the results of the normality test

We want to use three
sigma rule.

diameter | N | Mean | SD Skew | Kurtosis Normality test
Test p
50 1906 | 92.32 | 0.83 0.435 0.13 W =0.987 | <.0001
54 709 | 102.65 | 102.65 | -0.356 0.58 W =0.99 | 0.0002
58 556 | 113.33 | 0.77 | 0.1055 0.068 W =0.99 | 0.141
62 721 | 12365 | 1.35 -0.17 0.377 W =0.992 | 0.0005
66 591 | 134.25 | 0.807 | -0.1805 | -0.22 | W =0.9845 | <,0001
70 699 | 14037 | 1.25 | 0.2785 | -0.5776 | W =0.985 | <,0001
75 3374 | 157.44 | 227 -0.25 -0.787 D =0.062 0.01

Table 4.2: Table shows row count (N), mean, standard deviation (SD), skew, kurto-
sis, and normality test results of tangibleRadius for all diameters. W is the Shapiro-
Wilk test statistic and D the Kolmogorov-Smirnov test statistic.

Except diameter 58, the others are not drawn from a normal
distribution and therefore Hj is rejected. But |[Field [2009]
said that the test has its “limitations because with large
sample size it is very easy to get significant results from

'TMP uses Kolmogorov-Smirnov test for sample sizes greater 2000
which implies they are using the extension of |[Royston| [1992] for the
Shapiro-Wilk test. With that extension Shapiro-Wilk can be used for
sample sizes of 4 < n < 2000.
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We assume
tangibleRadius
comes from a normal
distribution.

Tangible radius error
is 3.398 points.

small deviations from normality”. For “a large sample (200
or more) it is more important to look at the shape of the
distribution visually and to look at the value of the skew-
ness and kurtosis statistics rather than calculate their signif-
icance.” [Field, 2009]. Figure shows a histogram over-
layed with fitting normal function, a box plot, and quantile
plot for tangibleRadius grouped by diameter. Just looking at
the histograms we assume that tangibleRadius comes from a
normal distribution, except for diameters 66 and 75. Diam-
eter 66 may tend a little bit to a bimodal distribution, but
the quantile plot promises that it also comes from a normal
distribution. Only diameter 75 is a little bit of the track.
Data is a somewhat tailed and kurtosis has a higher offset
to 0 with —0.787 compared to the other diameters. But we
still claim that the data tends to be normal distributed.

To sum up, we assume the data comes from a normal dis-
tribution. Thereby we can apply the three sigma rule. EI

4.3.2 Determine Tangible Radius Error

Table shows the standard deviations of tangibleRadius
by diameter. The mean of the standard deviations is 1.13
points. Applying three sigma rule results in an error of
3.398 points which we have to take into account. The er-
ror has to be added to and subtracted from the radius. In
other words the radii of two tangibles have to differ at least
2 x 3.398 = 6.7966 points (iOS) to be distinguishable be-
cause their error bounds should not overlap.

Standard deviation of diameter 75 stands out of the other
values. One reason could be the 13 mm marker size. In
Figure 4.6| we see that the data points of this tangible are
more scattered than most of the tangibles with marker sizes
lower 13 mm.

If we exclude the 13 mm marker size tangible from analysis

*If you come to the conclusion that our data does not come from a
normal distribution and therefore three sigma rule can not be applied
keep in mind that we can still apply Vysochanskij—Petunin inequality (or
Chebyshev’s inaquality) which means that 95% (or 89%) of the distribu-
tion’s values are within three standard deviations of the mean.
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Figure 4.9: Histogram overlayed with fitting normal distribution function, a box
plot, and a quantile plot of tangibleRadius by diameter.
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Excluding 13 mm
markers is
unnecessary.

Tangible radius error
in millimeters is
0.065.

19 tangibles can be
distinguished within
50 to 75 mm
diameter.

we receive a standard deviation of 1.93 points which results
in a mean of 1.08 points of the standard deviations. Com-
pared to the previous mean of 1.13 points we see that the
influence of 13 mm marker size is about 0.05 points. Itis un-
necessary to not allow tangibles with 13 mm marker sizes
to just decrease standard deviation mean by 0.05 points.

Error Converted to Centimeters

Regarding the iOS documentation of property scale of
class UIScreen the scale factor is 2.0 for retina displays
like the iPad Pro 12.9” that we are using. The logical co-
ordinate given by iOS has to be multiplied with the scale
factor to get pixels. To convert pixel to inch we have to di-
vide the measured pixels by the pixels per inch (ppi) of the
device. The ppi of the iPad Pro [Apple, 2017d] are 264. Last
but not least we have to convert inch to cm where one inch
is 2.54 centimeters. The equation is then

x*2.0
264

x«254 =1y (4.1)

where z are the points and y the resulting centimeters. In
our case we have a radius error of 3.398 points (Section
4.3.2) which are 0.065 centimeters (0.65 millimeters).

To get a feeling of the impact of this value we calculate the
number of distinguishable tangibles in the range of 50 to 75
millimeters (Table Within this range we tested 7 differ-
ent diameters. Dividing the range of 25 millimeters (75—50)
by the number of tangibles (7) we receive 3.57 millimeters
which is the average distance between the different diam-
eters. Our calculated error multiplied by two gives us the
allowed error between two tangibles namely 1.3 millime-
ters. Dividing the range of 25 millimeters by the diameter
error of 1.3 we receive 19.23. In other words, we are able to
distinguish 19 tangibles within this range.
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4.4 Interior Angle

The interior angles can be used for both identification and

to detect the rotation of a tangible. In case of detecting the

rotation a precondition is that the interior angles must not

be symmetrical.

To be able to distinguish different angles we need to know

again the error of the measured interior angles.

4.4.1 Testing for Normal Distribution
interiorAngles | N Mean SD Skew | Kurtosis Normality test

Statistic p

30-75-75 1428 | 34.687 | 4.414 0.15 -1.69 W=0.84 | < .0001
40-60-80 699 | 78.93549 | 2.69 -1.76 3.044 W=0.796 | <.0001
45-60-75 721 60.29 2.1245 | 0.034 -0.498 W=0.976 | < .0001
50-60-70 709 | 59.946 126 | -0.198 -0.61 | W=0.9865 | < .0001
60-60-60 3213 | 59.9356 | 1.97 | -0.4766 0.13 D=0.066 | < 0.01
90-45-45 1786 | 45.31 1.10 | -0.244 0.089 W=0.986 | <.0001

Table 4.3: Table shows row count (N), mean, standard deviation (SD), skew, kur-
tosis, and normality test results of M1 - angle (degree) by interiorAngles. W is the
Shapiro-Wilk test statistic and D the Kolmogorov-Smirnov test statistic.

interiorAngles | N Mean SD Skew | Kurtosis Normality test
Statistic p
30-75-75 1428 | 70.95 4325 | -0.24 -0.233 W=0.96 | < .0001
40-60-80 699 | 60.83 | 2.154 | 0.8359 0.87 W=0.945 | < .0001
45-60-75 721 | 749998 | 2.755 | -1.386 1.235 W=0.841 | < .0001
50-60-70 709 | 50.397 | 1.096 | 0.126 -0.21 W=0.997 | 0.2226
60-60-60 3213 | 60.75 1.82 | 0.365 -0.25 D=0.095 | <0.01
90-45-45 1786 | 43.967 | 1.0278 | 0.1045 | -0.0327 | W=0.9956 | < .0001

Table 4.4: Table shows row count (N), mean, standard deviation (SD), skew, kur-
tosis, and normality test results of M2 - angle (degree) by interiorAngles. W is the
Shapiro-Wilk test statistic and D the Kolmogorov-Smirnov test statistic.

Table Table and Table 4.5 are showing some sum-
mary statistics plus results of normality test as well as skew
and kurtosis of measured angles for each marker. All ex-
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interiorAngles | N | Mean | SD | Skew | Kurtosis Normality test
Statistic P
30-75-75 1428 | 74.36 | 3.378 | -0.856 0.626 | W=0.9356 | < .0001
40-60-80 699 | 40.236 | 1.23 | 0.246 0.21 W=0.99 | <.0001
45-60-75 721 | 4471 | 148 | 0.537 0.2279 | W=0.9778 | < .0001
50-60-70 709 | 69.657 | 1.485 | -0.7996 | 0.3232 | W=0.946 | < .0001
60-60-60 3213 | 59.32 | 191 | -0.99 1.8587 D=0.09 | <0.01
90-45-45 1786 | 90.72 | 0.944 | -0.012 -0.41 W=0.995 | < .0001

Table 4.5: Table shows row count (N), mean, standard deviation (SD), skew, kur-
tosis, and normality test results of M3 - angle (degree) by interiorAngles. W is the
Shapiro-Wilk test statistic and D the Kolmogorov-Smirnov test statistic.

cept one normality test result (M2 - angle (degree), interio-
rAngles: 50-60-70, p = 0.2226) reject that our data is drawn
from a normal distribution. Since we have a huge sample
size we will evaluate it visually again. Figure shows
histogram, box plot, and quantile plot for each marker an-
gle grouped by interiorAngles. Interior angles of group 30-
75-75 are definitely not drawn from a normal distribution.
The histogram shows a bimodal distribution for all mark-
ers. We will have a detailed look into that in Section 4.4.1]
Groups 40-60-80 and 45-60-75 looking a little better but still
not normal distributed except marker three in both groups.
Skew and kurtosis of marker one in group 40-60-80 (—1.76
and 3.044) and of marker two in both groups (0.8359, 0.87
and —1.386, 1.235) are quite high. The markers in groups
50-60-70 and 60-60-60 tend to be normal distributed except
one marker of each group. In the case of group 50-60-70
this is marker three which also has a little higher skew of
—0.7996 than the rest. For Group 60-60-60 it is also marker
three where both skew (—0.99) and kurtosis (1.8587) are
quite high. Results for group 90-45-45 look promising and
therefore we assume they are drawn from a normal distri-
bution.

Detailed Look Into Group 30-75-75

Table shows a summary statistic, skew and kurtosis,
and results of Shapiro-Wilk test. Looking at the histogram
in Figure and the calculated mean values in Table
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Figure 4.10: Histogram overlayed with fitting normal distribution function, a box
plot, and a quantile plot of marker angles by interiorAngles.
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id=d75 10mm 30-75-75

marker | N | Mean SD | Skew | Kurtosis | Normality test
w p

1 719 | 30.47 075 | 027 0.197 0.96 | < .0001

2 719 | 73916 2.89 | 0.062 0.24 0.95 | <.0001

3 719 | 75.61 283 | -0.85 0.767 091 | <.0001

id=d75 13mm 30-75-75

marker | N | Mean SD | Skew | Kurtosis | Normality test
w p

1 709 | 38.96 1.53 | 0.28 -0.55 0.98 | < .0001

2 709 | 67.94 |3.3466 | -0.38 | -0.498 | 0.915 | < 0.0001

3 709 | 73.0977 | 3.416 | -0.83 0.26 0.882 | < .0001

Table 4.6: Table shows sample size (N), mean, standard deviation (SD), skew, kur-
tosis, and normality test results of marker angles for d75 10mm 30-75-75 and d75
13mm 30-75-75. W is the Shapiro-Wilk test statistic.
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Figure 4.11: Histogram overlayed with fitting normal distribution function, a box
plot, and a quantile plot of marker angles of tangible d75 10mm 30-75-75 and d75
13mm 30-75-75.

compared with the values of the expected interior angles
of 30°, 75°, and 75° we see that the tangible with 13 mm
marker size diverges. Means of the detected angles of the
13 mm marker size tangible are 38.96, 67.94, and 73.0977.
Means of the 10 mm marker size tangible are way closer to
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the expected values. Also standard deviation is higher for
13 mm. This definitely explains the bimodal distribution in

Figure[d.10]

Looking at both tangibles separately does not change the
assumption that they are not drawn from a normal distri-
bution. Shapiro-Wilk test results rejecting Hy and looking
at the quantile plots (Figure[4.11)) mostly all markers are not
describing a line which fits the normal.

Since we cannot say that all samples are drawn from a nor-
mal distribution we cannot apply the three sigma rule and
therefore have to stick to Chebyshev’s inequality which states
that at least 1 — 1/k? of the distribution’s values are within
k standard deviations of the mean.

4.4.2 Determining the Error

We decided to split group 30-75-75 into the two containing
tangibles (Section [4.4.1). To compute the error we then use
the standard deviation of tangibles 475 10mm 30-75-75 and
d75 13mm 30-75-75 itself together with the standard devia-
tions of the other groups. We calculated the mean of these
standard deviations resulting in an error of 2.066 degrees.
Since our data is not normal distributed nor every sample
unimodal we can not apply three sigma rule or Vysochan-
skij—Petunin inequality and therefore have to stick to Cheby-
shev’s inequality. So taking three standard deviations into
account results in 89% of the values lying around the mean.
Multiplying the error by factor 3 results in 6.198 degrees.
This means that two angles have to differ by 12.396° to be
distinguishable.

The error is suitable to detect the rotation of a tangible for
specific interior angles but limits the amount of different
angle patterns.

Another problem is that we only cover 89% of the samples
because the data is not drawn from a normal distribution.

In “IFuture Work[” we present another idea how to min-

imize the the error of the interior angle.

Almost all samples of
interior angles are
not drawn from a
normal distribution.

Interior angle error is
6.198 degrees.
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Chapter 5

The PASTA SDK

PAST is an i0OS SDK developed to detect passive tangi-
bles. It is is written in Swift 3 using Xcode 9 and is available
under the MIT license. It features identification, orientation
detection and recovery on marker loss.

In this chapter the PASTA SDK will be explained in detail.

5.1 Getting Started

The project is publicly available on GitHubE| and as Co-
coalPod

5.1.1 Installation

To install it, simply add the following line to your Podfile:
pod ’'PASTA’.

! Abbreviation for PASsive TAngible.
*https:/ / github.com /aroyarexs/PASTA
3https:/ /cocoapods.org/pods/PASTA
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5.1.2 How to Use

1. import PASTA

2. Add an instance of PASTAView as a subview or set it
as type of a view in Interface Builder.

3. Implement TangibleEvent and assign the object to
tangibleDelegate property of PASTAView.

4. Provide some patterns by calling whitelist (
pattern:identifier:) on PASTAView
.manager

(a) Create  PASTAPattern  with Marker-
Snapshots from scratch, or

(b) disable whitelist by setting pattern-—
WhitelistDisabled to true, place your
desired tangibles on the screen, whitelist the
patterns, and enable whitelist again.

Example An example project can be found in the Example
directory of the PASTA project. To run the example project,
clone the repo, and run pod install from the Example
directory first.

5.2 Class Documentation

The whole code is documented and a HTML based doc-
umentation is available online at Cocoadocs.orﬂ In this
section details of specific functions and properties of each
class are explained in detail. A class inheritance diagram
is shown in Figure A flow chart showing the pro-
cess from a UITouch event to a working PASTATangible
is shown in Figure The Metron [Heuvelmans, 2017]
library is used to simplify complex 2D geometric calcula-
tions.

*http:/ /cocoadocs.org/docsets/ PASTA
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Figure 5.2: Everything starts with a UITouch event received by PASTAView.
PASTAMarker are created from this touch and PASTAManager takes over to man-
age the marker. The manager tries to compose/complete a PASTATangible and
manages identifying/blocking via PASTAPattern. The tangible itself notifies the
manager and the delegate (TangibleEvent) of its changes.

5.2.1 PASTAView

This is the root of the SDK. It inherits from UIView and
overrides hitTest (_:with:). The method will either re-
turn the sub view at the hit position if one exists, otherwise
a new instantiated PASTAMarker, but never itself. The
marker is also added as a sub view of PASTAView. Using
this approach it saves up the manual distribution of touch
events to the appropriate marker because the system now

delivers UITouch directly to the marker.

To receive updates about tangibles implement the
TangibleEvent protocol and assign it to the delegate

property.

By default PASTAManager is used as marker and tangible
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manager. If you like to implement your own manager im-
plement the TangibleManager protocol and assign it to
the manager property.

5.2.2 PASTAMarker

This class represents the markers of a PASTATangible.
It also inherits from UIView and overrides
touchesBegan (_:with:), touchesEnded(_:with:),
touchesCancelled(_:with:), touchesMoved (
_:with:) of UIResponder to react to touch events.

A marker is becoming active after touchesBegan (
_:with) is called and inactive after touchesEnded (
_:with) or touchesCancelled( :with) is called. If
assigned to a tangible the view will not be removed from
its super view after the touch ended or was canceled. Be-
cause of that the marker can still receive a new touch and

turn active without involving any additional class.

A marker has two main properties radius and center.
The latter is used from superclass UIView. The radius re-
flects the value majorRadius property of UITouch. The
width and height of the view is set to 2 * radius.
Therefore, no other touch can occur on the view since it has
the same size as the touch.

By default the value of radius is averaged to make it
more robust against outliers. It can be disabled by setting
useMeanValues to false.

The class provides an implementation of the ~ infix op-
erator. The method compares the radii of two mark-
ers using their markerSnapshot property. See |5.2.6
“MarkerSnapshot|” for more details.

5.2.3 PASTATangible

A PASTATangible inherits from PASTAMarker and im-
plements MarkerEvent (5.2.9] “Protocols|’). Therefore,
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each tangible could be used as a marker if desired.

The center of the tangible is the circumcenter of the tri-
angle formed by the three markers. The radius is the dis-
tance between center and a marker.

Orientation In addition to a marker’s main properties
a tangible has an orientationVector and a pattern.
The orientationVector does what the name already
states: it is a normalized vector facing into the direction the
tangible is rotated. The property is an optional because it
depends on the pattern of the tangible whether one marker
can be distinguished from the others. If you want the ro-
tation since initialization of the tangible you should use
initialOrientationVector.

Pattern The pattern property (5.2.5/PASTAPattern!’)
contains the arrangement of markers. It is used to dis-
tinguish a tangible from others and helps handle inactive
markers which will be explained later in Section “{Mov-
ing with Inactive Markers/”. The pattern reflects the
last state of the tangible where all markers were active.
If the whitelist of the PASTAManager contains a pattern
which is similar to the pattern of this tangible the prop-
erty patternIdentifier will return the identifier of the
whitelisted pattern.

All markers assigned to a tangible will notify it through the
MarkerEvent protocol.

If a marker turned inactive the tangible is able to tackle this
loss. A tangible’s state is active as long as it has one ac-
tive marker. How this loss is handled is explained in the
following sub sections.

Moving with Inactive Markers

There are two different scenarios. We can either have one
or two inactive markers.
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Tangible active marker moved circles from 2 points and radius
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Figure 5.3: Visualization of finding new center with two
active (green circles) and one inactive marker (red circle).

Two Inactive Markers This scenario is trivial. We just cal-
culate the translation of the single active marker and apply
it to the two inactive markers and the tangible’s center.

One Inactive Marker This scenario is more complicated.
We cannot just apply the translation of the moved marker
to the inactive. If the inactive marker is translated every
time an active marker moved the inactive marker would
move twice as often because both active markers can move.
One also has to take into account that the active markers are
moving one after another and not in parallel.

Therefore we have to take the position of both active
markers into account. First we calculate the centers of the
two possible circles which can be created using the current
radius and the two active markers. The appropriate func-
tion is circleCenters (pointl:point2:radius:)
which is an extension to CGPoint and is based on a
solution of The Math Forum [2017]. We choose the center
which is closest to the current center as our new center
position of the tangible. See Figure 5.3|for a visualization.

Now that we have our new center we have to calculate
the new position of the inactive marker. Have a look at
Figure for a visualization. For this we are using the
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pattern calculating angle a rotating center and inactive marker
at marker loss of pattern by a

; L3 \‘ );? e
adding vector, new inactive marker position X\O
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%

Figure 5.4: Visualization of new position calculation with
only one inactive marker (red circle).

pattern of the tangible. First, we create two vectors. A
vector @ from the other active marker to moved marker and a
vector b using the appropriate positions of the pattern.

a = active — moved (5.1)

b = activepaitern — movedpattern (5.2)

Then we calculate the angle o between those two vectors.
o =addb (5.3)

To find the approximate new position we rotate the inac-
tive marker and center of the pattern by angle a around
the other active marker (Figure (5.4} top right). The vector fac-
ing from the rotated center to the rotated inactive marker
in the pattern needs to be added to the current center of the
tangible shown in the lower left part of Figure This will
be our new position of the inactive marker.

The only error we get is the varying distance between the
two active markers which will be just some points because
the pattern of tangibles are fixed. On that basis, we assume
that the error is negligible.
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Replacing an Inactive Marker

Again, we have to differentiate between one or two inactive
markers.

Replacing Single Inactive Markers We take the current
two active markers with the new marker and create a
PASTAPattern of it. Then we compare the pattern with
the pattern of the tangible using isSimilar (to:). If
true we will use the new marker as a replacement for the
inactive marker.

Replacing One of Two Inactive Marker In this scenario
we have just one active and two inactive markers. To
achieve this we compare the distance between the active
and the new marker (@) with the distance between the ac-
tive marker and the two inactive markers in the pattern
(in). If the of fset between them is smaller than or equal to
the radius of the inactive marker inactive, pattern We have
a candidate. If both inactive markers could be replaced we
choose the one which is closer to the new marker. See Fig-
ure

First we create the vector @ from the active marker to the
new one.

a = active — new (5.4)

For each inactive marker inactive,, we now form a vector i
from the active marker by taking the positions in the pat-
tern.

in = aCtiVepattern — INACLIVE pattern (5.5)

We then compute the offset of the length of @ and i,,.

a i
of fset = |+== -

all  |in]|

| (5.6)
(5.7)

If of fset is less than or equal to radius we have a candidate.
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Figure 5.5: Visualization of inactive marker replacement
with two inactive markers (red circles).

5.24 PASTAManager

The PASTAManager manages all markers of the appropri-
ate PASTAView by either trying to complete or to com-
pose tangibles. The class also manages the identification
of tangibles through a set of patterns. It implements the
TangibleManager protocol and is the default manager of
every PASTAView.

To receive updates about tangibles like newly detected or
lost ones, markers lost or recovered, and tangible position
changes you have to implement the TangibleEvent pro-
tocol and assign the object to tangibleDelegate. Setting
PASTAView.delegate does exactly the same.

Tangible Identification The property pattern-
Whitelist describes a whitelist of PASTAPatterns
which will be recognized. By default only tangibles with
a pattern similar to the ones in patternWhitelist are
detected. Use whitelist (pattern:identifier:) to
add a pattern to the list with an identifier of your choice. If
a similar pattern or an equal identifier is already contained
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in the list nothing will be added. Each composed tangible
which is similar to a white-listed pattern will receive the
identifier by setting the patternIdentifier property
of PASTATangible. If the whitelist is empty no tangible
will be recognized. To disable the whitelist set the property
patternWhitelistDisabled to true for example to
insert patterns during runtime. Have a look at the example
application included in the PASTA SDK.

Additionally, if a new tangible is detected with a pattern
similar to any active on the screen it will be blocked as
well. You can allow similar patterns by setting the prop-
erty similarPatternAllowed to true.

Sets PASTAManager has several set properties to keep
track of markers and tangibles. The unassigned prop-
erty is a set of markers which have not been as-
signed to a tangible yet. complete and incomplete
sets contain all current active tangibles on the screen
which are white-listed and not similar to any other.
Both sets are disjunct. Dblocked is a set of cur-
rently active tangibles which are either not allowed
(patternWhitelistDisabled = false) or too sim-
ilar to others (similarPatternAllowed = false).
Blocked tangibles are hidden from the developer and
therefore will never occur as a parameter of the
tangibleDelegate functions. Tangibles are blocked so
that their markers do not interfere with others.

Receiving a new Marker

The main logic takes part in markerDidBecomeActive (
_:). See Algorithm [ for a pseudo code implementation.
First we check whether a tangible can be completed with
the new marker. If so, we are done. Otherwise, we check
the if location of the marker is inside an incomplete or
blocked tangible. If the marker is inside we know that
a tangible did not accept the marker as a replacement but
it definitely belongs to a tangible. In this case we just re-
turn and do not add the marker to the set of unassigned
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markers. If we have more than two unassigned markers
we can try to compose a tangible. If none tangible could
be composed we add the marker to the set of unassigned
markers. Otherwise we will remove all markers used to
compose the tangible from the unassigned set.

Algorithm 4 markerDidBecomeActive (_:)

1: if marker completes a tangible then
2 marker.markerManager < nil
3 return

4: end if
5

6

: markerInside < marker inside incomplete/blocked
tangible
7. if markerInside then
8: return
9: end if
10:
11: if unassigned.count > 2 then
12: patterns < PASTAHEAP(marker, unassigned)

13: for all pattern in patterns do

14: isComposed <— COMPOSE (pattern)
15: if isComposed then

16:

17 return

18: end if

19: end for

20: end if

21:

22: insert marker into unassigned

Composing a Tangible

Algorithm 5] shows the pseudo code of composing a tan-
gible. The relevant part happens in line 6 and 7. If the
statement in line 6 evaluates to true we will create a
‘blocked” tangible. The difference to a ‘normal” tangible is
that we add it to the blocked set and do not notify the
tangibleDelegate. Especially, compose (markers:)
will return t rue to force markerDidBecomeActive (_:)
to remove the markers from the unassigned set.
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Algorithm 5 compose (markers:)

1. if markers.count # 3 then
return false
end if

pattern <— PASTAPATTERN (markers)

if pattern not allowed V (similar pattern exists A similar
pattern not allowed) then

7: INSERTBLOCKEDTANGIBLE(markers)

8: return true
9: end if
10:

11: tangible < CREATETANGIBLE(pattern)
12: add to complete (or incomplete) set
13:

14: tangibleDelegate. TANGIBLEDIDBECOMEACTIVE(tangible)

15: return true

5.2.5 PASTAPattern

This class is used to describe a pattern of a tangible. It is
used to compare two tangibles as well as functions as a
static pattern reference for incomplete tangibles.

The previously measured error values in Chapter [4]”
lysis and Evaluation|” are used in the comparison methods
to counter measurement inaccuracy.

The triangle formed by the three input markers is translated
such that the circumcenter is at position (0, 0) of the coordi-
nate system. This makes further calculations and compar-
isons easier because then all patterns share the same center
position.

Internally, snapshots (MarkerSnapshot) of PASTA-
Markers are used to represent a marker. Otherwise we
would have a reference to the marker itself which is con-
tinuously changing. This would influence the pattern.
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Differentiating Patterns

We will now explain the method isSimilar (to:) in
more detail. The method takes into account the radius of
the pattern, the internal angles of the triangle formed b
the markers, and the size of the markerﬂ Algorithm
shows the implementation as pseudo code. First we com-
pare the radius by evaluating abs (tangibleA.radius
- tangibleB.radius) <= allowed error. To com-
pare the angles and marker sizes it needs more effort. We
will explain it using the angles because marker size is com-
pared the same way just with different values. First we
have to align both triangles at one corner. This is done by
just comparing the values at the same index in the array
of both triangles. We do not have to align them geomet-
rically. The algorithm compares the markers in the array
from top to bottom. If angles are not similar we move the
first marker to the end of the array. For an example look
at Table This is done until we find similar angles or
compared all markers against each other.

Tangible A H Tangible B
marker 1 marker 1 | marker 2 | marker 3
marker 2 || marker 2 | marker 3 | marker 1
marker 3 || marker 3 | marker 1 | marker 2

Table 5.1: Pattern marker order for angle/size comparison.

5.2.6 MarkerSnapshot

The MarkerSnapshot struct represents a marker at a spe-
cific point in time. It has properties for center and
radius. On initialization a UUID (Universally Unique
Identifier) is generated if none is provided. This UUID is
used to later reference a marker snapshot with a PASTA-
Marker in the pattern.

°In the current implementation the size comparison of the markers is
disabled because they provide discrete and not continuous values

“Marker Size|".)
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Algorithm 6 isSimilar (to:)

1: 1sSimilar < false
2: if radiusA not similar to radiusB then

3: return false
4: end if
5: isSimilar < true
6: for all markers in a tangible do
7: for all markersA, markersB do
8: if marker A angle not similar to marker B then
9: isSimilar < false
10: break
11: end if
12: if marker A radii not similar to marker B then
13: isSimilar < false
14: break
15: end if
16: end for
17: if isSimilar then
18: break
19: end if
20: move first markerB to end of array
21: end for

22: return isSimilar

The struct also provides the method isRadius
Similar (to:) tocompare the radii of two snapshots.

5.2.7 PASTAHeap

This class conforms to the Sequence and Iterator-—
Protocol. Therefore instances of PASTAHeap can be used
with the [] subscript notation.

Initializing using init (marker:unassigned:
markerPerPattern:)  generates an array contain-
ing arrays of PASTAMarker. Each marker array has a
default size of three (markerPerPattern) and contains
the marker of the marker parameter. The remaining two
fields of a marker array are filled with a combination of
two markers provided by the unassigned parameter.
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This results in a total of

n! n
K(n— k) <k> (5:8)

combinations where n is the number of unassigned mark-
ers and kK = markerPerPattern — 1.

5.2.8 PASTAMeanCalculator

It calculates the mean of all values added to an instance of
PASTAMeanCalculator. Itis used in PASTAMarker and
since PASTATangible is a subclass in that class as well.

Within the same file there is a second class; Counter. It
counts the frequencies of each value which was added to
it and returns the most frequent value. The class is cur-
rently unused. The idea is to replace the mean calculator
of PASTAMarker with the Counter class because radius
values of UITouch are discrete.

5.2.9 Protocols

We will now mention each protocol and the purpose.
Check the documentation in the code for a more detailed
description.

MarkerStatus The protocol provides two methods in-
forming about the state of a marker. Active stands for a
marker which UITouch began. Inactive is a marker which
UITouch ended or was canceled.

MarkerEvent The protocol inherits from
MarkerStatus. It has a method which notifies that
a marker moved.
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TangibleStatus This protocol notifies about tangible
status changes. Additionally, it forwards marker status
changes by telling that a tangible recovered or lost a marker.

TangibleEvent Inherits from TangibleStatus and
adds an additional method notifying about marker move-
ments.

TangibleManager Describes common properties and
methods every tangible manager should have. Implement
this protocol to exchange the existing manager with your
own implementation.

5.3 Limitations

It is currently not possible to use the marker size as a pa-
rameter to differentiate tangibles. This limitation is based
on the findings in Section [4.2] “/Marker Sizel”. Suggested
improvements are described in Section [6.2.1] “Improving|
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Chapter 6

Summary and Future
Work

6.1 Summary and Contributions

We investigated parameters of passive tangibles on ca-
pacitive screens capable of uniquely identifying a tangible
and to determine its rotation. We tested tangibles with
three markers using different diameters, interior angles,
and marker sizes. Results showed that markers with sizes
greater than or equal to 15 mm should not be used be-
cause results show that they sometimes generate two touch
events.

The error of the tangible radius that should be taken into
account when building or distinguishing tangibles is 1.3
millimeters. To identify the rotation we used the interior
angles that must not be symmetric. The error taken into
account to differentiate them is 12.396 degrees.

We developed an iOS SDK called PASTA that is capable
of identifying tangibles and detecting their rotation us-
ing the aforementioned error values. Marker size is cur-
rently not used to differentiate or detect rotation since
UITouch.majorRadius values are discrete and not con-
tinuous. Implementing a detector which tackles the marker

Do not use marker
sizes > 15 mm.

Error values of
tangible radius and
interior angles.

The PASTA SDK;
capable of identifying
and detecting
rotation of passive
tangibles.
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Evaluate detection
rate of the SDK.

Conduct a user study
with developers.

Trying to minimize
interior angle error.

size detection problem would exceed this thesis and is left
to future work. The problem and possible approaches to
solve it are described in more detail in Section [6.2.1] “Im-]

proving PASTA SDKY'.

6.2 Future Work

New conductive materials should be reviewed such as
conductive foam [we online.de, 2017a] or Conductive
Graphene Filament [Engineering.com, 2017] to investigate
whether they provide more reliable results.

In a next step, the detection rate of the PASTA SDK needs to
be statistically evaluated. Type 1 (false-positive) und type 2
(false-negative) errors should be taken into account. We did
some minor qualitative tests during development by plac-
ing tangibles on the screen to check the expected behavior.

PASTA is developed to make it easy for developers to cre-
ate iOS applications using passive tangibles. To validate
the SDK a user study should be conducted with developers
containing a programming task.

The analyzed interior angle error of 12.396 degrees is quite
high. We suggest to use the mean to minimize the error
since it represents the angleﬂ quite well. If so, we could
use the standard error calculated by the confidence inter-
val instead of the standard deviation that we assume to be
smaller. The PASTA SDK needs to be altered to account for
using the mean.

A problem arises following this approach. Currently, tan-
gibles are immediately detected if three touches are found.
To identify a tangible it needs to be compared to saved pat-
terns which is also done immediately after the tangible is
formed. This creates the problem that only one value for
each angle is calculated at that time and the standard error
may not reflect the right tolerance.

!The idea could be applicable to other parameters as well.
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6.2.1 Improving PASTA SDK

Using passive tangibles, it is not possible to determine
whether a user lifted the tangible or it was filtered out by
the tracking technology. To approach this problem a so
called zombie mode can be implemented. If zombie mode is
enabled it keeps the representation of tangibles and mark-
ers on the screen after all markers vanished. It can be reacti-
vated with a tangible having the right pattern if placed with
one of his markers at least on one zombie marker represen-
tation. To remove the zombie tangible one can use a double
tap or a swipe gesture on the tangible representation itself.

At the moment, the SDK is only available via CocoaPods.
CocoaPods itself recommends that libraries should also
support the Swift Package Manager.

We use the circumcenter computed from the positions of
the three markers as the center of a tangible. As size we
use the distance between the center and one of the mark-
ers (radius). We did not take into account tangibles which
have the size of a triangle formed by the three markers. The
centroid or incenter of the triangle can also be used as the
center of a triangle. Then, a new value for the size of the
tangible has to be found since the distance to each point
from the center is not equal.

Linden [2015] implemented a deformation check to detect
tangibles which markers are moving away from each other.
This can happen if three fingers are detected as a tangible. It
can also happen if two tangibles are placed on the screen al-
most simultaneously. Two markers of the first tangible and
then one marker of the later tangible may be recognized
before all three markers of the first tangible are recognized.
The first three will then form a tangible because every tan-
gible initialized with three markers is created. Currently,
no checks are implemented like a too small or too big di-
ameter.

Adaption of the TUIO protocol would allow the iPad to be
used by other systems and applications as a tangible user
interface.

Tackle the problem of
filtered out tangibles
with a zombie mode.

Support Swift
Package Manager.

Add support of
non-round tangibles.

Add a deformation
check whose checks
for markers moving
away from each
other.

Adapt the TUIO
protocol.
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Count radius values
over time and use the
most frequent one.

Solving the Marker Size Problem As mentioned, the
touch radius values provided by iOS are discrete and not
continuous. This implies, that they are jumping by fixed
values which makes it very unreliable. We showed that the
measured radii for marker sizes greater than or equal to 8
mm are not detected as one value. Instead, they were de-
tected as two or three different radii. There are currently
two unsolved problems:

e When detection begins, markers may receive a radius
of 10.42 points which is the lowest possible value.
However, their actual size might be bigger and their
measured radius will change after some milliseconds.
Immediately forming a tangible and comparing it
with another one will lead to false results.

e The other problem occurs later when, for example,
two tangibles are compared. It may happen that a
marker’s radius is detected with a lower or higher
value at the time it is compared to another one which
again leads to a false result.

For the latter problem we recommend a counter that sets (or
returns) the radius value of a marker to the most frequent
value occurring over time. It implies that all measured val-
ues have to be counted throughout the lifetime of a marker.
The first problem is not a trivial problem. A solution could
be letting the marker gather some data points before it no-
tifies the marker manager of its presence. But this implies a
delay.
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