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Kurzfassung

Optimierung hat sich zu einem wichtigen Werkzeug in der Wissenschaft entwickelt
und wird zur Auffindung einer Lösung bei vielerlei Problemen eingesetzt. Ein wichtiges
Teilgebiet das besondere Beachtung findet ist Diskrete Optimierung welche sich durch
ganzzahlige Variablen in der Problemformulierung auszeichnet. Die spezielle Aufmerk-
samkeit, die Diskrete Optimierung bekommt, ist durch den Zusammenhang zu bekannten
kombinatorischen Problemen, welchen man oft begegnet, sowie durch Probleme welche
sich mit keiner bekannten Methode effizient lösen lassen begründet. Zwei Domänen, die
aufgrund ihrer inherenten diskreten Struktur auf fast natürliche Art und Weise eine
Vielzahl von diskreten Optimierungsproblemen offenbaren sind Graphen und Grids.

In dieser Dissertation werden drei Publikationen präsentiert, welche in zwei Themengebiete
eingeordnet werden können – Navigation und Kunst – und welche zwei Aspekte gemeinsam
haben: sie basieren auf diskreter Optimierung und verwenden Graphen und Grids als
zentrales Rechenmodell. Zunächst präsentieren wir eine Methode zur Automatischen
Generierung von Touristenbroschüren. Diese Broschüren sind statische Karten welche
sowohl wichtige Informationen über Sehenswürdigkeiten, als auch Instruktionen zur
Navigation zwischen beliebigen Paaren von Sehenswürdigkeiten beinhalten. Wir beziehen
mehrere anerkannte Design-Richtlinien in unseren Optimierungsansatz mit ein, um einfach
lesbare Karten zu erhalten, welche anschließend auf Papier gedruckt werden können.

Als Nächstes erzielen wir einen Wechsel von statischen zu dynamischen Ergebnissen. Wir
stellen ein System zur Dynamischen Pfaderkundung auf Mobilen Geräten vor, welches dem
Anwender die Erzeugung von Visualisierungen zur einfachen Erkundung von unbekannten
Regionen erlaubt. Wir setzen erneut Diskrete Optimierung ein, um einen interessanten
Pfad sowie Positionen für rechteckige Objekte, welche wichtige Information über die
Sehenwürdigkeiten in der Umgebung beinhalten, zu berechnen.

Zu guter letzt wenden wir unsere Erkenntnisse über Diskrete Optimierung an um künst-
lerische Ergebnisse zu bekommen und stellen einen vollautomatischen Fabrikationsweg
zu Erzeugung von String Art vor. Wir verwenden unseren vorgestellten Algorithmus
um eine Sequenz von Fadenabschnitten zu erhalten welche die Fabrikation mit einem
zusammenhängenden Stück textilem Faden ermöglicht. Für die eigentliche Fabrikati-
on stellen wir ein Hardware-Setup vor, welches einen hochpräzisen Industrieroboter,
einen Fadenspanner einer professionellen Strickmaschine sowie ein selbstentwickeltes
Wickler-Werkzeug beinhaltet.
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Abstract

Optimization has become an important tool for many research communities and is used
to find a good feasible solution for a variety of problems. One important subarea that
attracts special interest is discrete optimization, which is characterized by integer variables
in the problem formulation. The particular attention discrete optimization gets is caused
by the close relation to some well-known combinatorial problems encountered in real life
as well as hard problems for which methods that can solve them in polynomial time are
unknown. Due to their inherent discrete structure, two domains that almost naturally
reveal a multitude of discrete optimization problems are graphs and grids.

In this thesis, three peer-reviewed publications are presented that can be categorized into
two different topics – navigation and arts – that have one fundamental aspect in common:
they are all based on discrete optimization and use graphs and grids as their central
computational domains. First, we present a method for the Automatic Generation of
Tourist Brochures. These brochures are static printable maps that provide both essential
information about some points of interest (POIs) as well as navigational instructions to
tell the user how to travel between any pair of POIs. We incorporate several approved
design guidelines into our optimization approach to obtain maps that are easily readable
and can be printed on paper without visual clutter.

Second, we try to improve on the findings from our first publication to accomplish a
switch from a static to a dynamic output. We propose a framework for Dynamic Path
Exploration on Mobile Devices that allows the user to create custom visualizations that
allow an easy exploration of an unfamiliar region. Again, we utilize discrete optimization
to compute an interesting path through the environment as well as to find positions for
rectangular entities that encapsulate important information about the POIs in proximity
to the path.

Finally, we utilize our insights about discrete optimization to obtain an artistic output.
In our proposed system, we aim at a fully automatic fabrication pipeline to create String
Art. We present a greedy solver for binary non-linear least squares problems together
with an adaption of an algorithm used for Euler-Path-Computation to obtain a sequence
of strings that allows the fabrication using one continuous piece of textile thread. For the
actual fabrication, we propose a hardware setup using a high-precision industrial robot, a
tension regulator from a professional knitting machine and a custom-made winding tool.
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CHAPTER 1
Introduction

Optimization has become a fundamental part for a majority of publications in the
computer graphics field. While the strategies, runtimes and the memory consumptions of
the approaches may differ essentially, they usually have a common purpose: For a given
problem, they aim at finding the best solution amongst a possibly big set of feasible
solutions. A solution is called feasible if it fulfills a set of given linear or even non-linear
constraints. In the easiest case, the best solution is identified by mapping all feasible
solutions to a real number that indicates their quality and finding the one solution that
maximizes (or minimizes) this number. The mapping is performed by a special function
that takes a solution as input and provides a real number as output and is usually referred
to as the objective [BV04].

1.1 Discrete Optimization

While optimization in general deals with variables of a multitude of numeric data types,
discrete optimization forces the variables to be strictly discrete and therefore limits the
data types to be integer or binary. Discrete optimization problems are often encountered
in reality and contain many of the famous problems for which efficient algorithms that
can solve them in polynomial time are unknown. Such problems are therefore said to be
NP-hard to express their non-polynomial complexity.

A famous example in this regard is the knapsack problem, which has been intensively
investigated in the past [KPP04]. Suppose that we are given a set of n items, each having
both a weight wi and a value vi. Furthermore, we are given a virtual knapsack with a
finite weight capacity c. The problem now is to find a collection of items, in other words
a non-negative integer number xi for each item, such that they all together fit into the
knapsack and at the same time maximize the total value. Our goal is therefore to solve
the following optimization problem:
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1. Introduction

max
n∑

i=1
vixi

s.t.
n∑

i=1
wixi ≤ c

While this problem may appear to be limited to a very narrow field of applications, it
turns out that there are many areas where problems have to be solved that are variants
of the knapsack problem. Some of these problems are the optimization of cutting raw
material to minimize the waste, the selection of investments and portfolios, the selection
of asset-backed securitization, and generating keys for the Merkle–Hellman and other
knapsack cryptosystems [KPP04].

In the literature, one can find many more famous examples of discrete optimization
problems, some of which are connected to a very particular domain. Due to their inherent
discrete structure, two domains that almost naturally reveal a multitude of discrete
optimization problems are graphs and grids.

1.1.1 Graphs

A graph is an abstract structure that is usually represented by a set of nodes V and a set
of edges E [Wes00]. The edges describe relations between pairs of nodes and can either
be undirected or directed. An undirected edge can be considered as a symmetric relation
between two nodes and is usually visualized as a straight line between the nodes. A
directed edge, that is in the literature also referred to as arc, is an unsymmetric relation
and is usually visualized as an arrow, thereby illustrating that a transition between the
nodes is only possible in one direction. Graphs play an important role in navigation
and allow an easy mapping of a real street network to a computational model. Usually,
the nodes V and the edges E represent the intersections and road segments respectively.
Many algorithms on graphs do not only need the structure of the graph given by sets of
nodes and edges, but also a real number per edge that expresses the cost or length of
the edge and is often referred to as weight. For navigational purposes, the weight that is
assigned to each edge is chosen according to the distance, the traveling time or any similar
metric that expresses the cost to get from one node to an adjacent node. An undirected
graph would be used to model a road network in which all road segments are accessible in
both directions, a directed graph would be used if there are any road segments involved
that can be accessed in only one direction exclusively. Within a directed graph, it is
however no problem to model roads that are accessible in both directions, which is simply
achieved by connecting adjacent vertices with pairs of edges with opposite direction. To
allow a better understanding, we want to give a more formal overview on the various
graph types in the following.
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1.1. Discrete Optimization

Types of Graphs

As we have already indicated above, depending on the types of edges that are used to
connect pairs of vertices, a graph can either be directed or undirected. In the literature,
the word ‘undirected’ is, however, usually omitted when referring to an undirected graph.
We want to further distinguish between graphs with and without multiple edges, since for
our proposed methods only those graphs without multiple edges are of special interest.
A formal differentiation between the types can be achieved by a proper analysis of the
set of edges E. This gives a detailed insight into the structure, because a graph is

• undirected without multiple edges if E ⊆ {{vi, vj}}; vi, vj ∈ V denoting that E is a
subset of the 2-element subsets of V .

• directed without multiple edges if E ⊆ {(vi, vj)}; (vi, vj) ∈ V × V denoting that E
is a subset of the Cartesian product V × V .

• undirected with (combined) multiple edges if E is a multiset over W = {{vi, vj}};
vi, vj ∈ V and therefore a function E : W → N0.

• directed with (combined) multiple edges a multiset over the Cartesian product
V × V and therefore a function E : V × V → N0.

In Figure 1.1 we depict some toy examples for each mentioned graph category. For the
proposed methods in this thesis, graphs without multiple edges are of special interest
since their structure naturally resembles the structure of the problems that we want to
solve.

A B

C D

A B

C D

A B

C D

A B

C D

undirected directed undirected directed

without multiple edges with multiple edges

Figure 1.1: Examples of graphs. The vertices of those types that are of special interest
to our proposed approaches are highlighted in orange color.

Problems on Graphs

A classical problem in graph theory is the computation of a path between two nodes.
According to the definition [Wes00], a path is a sequence of edges that connect a sequence
of vertices such that all vertices are distinct from one another. Interestingly, while
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1. Introduction

the shortest path between two nodes can be computed efficiently (e.g., with Dijkstra’s
shortest path algorithm), finding the longest path between two nodes is a challenging
task for which no approach with polynomial runtime is known (cf. Figure 1.2). Both
problems are, however, indeed discrete since the problem formulation precisely asks to
find a subset of edges that together fulfill a particular requirement. An edge is therefore
completely inside or completely outside of a particular solution set, but cannot belong to
the solution only fractionally. One could therefore formalize the problem by introducing a
binary variable for each edge and define the solution to be represented by those variables
that get a value of 1 assigned, while all other variables would get a value of 0.

A B

E F G

C D4 310

11452 1

3

2

Figure 1.2: Shortest path (orange) of length 8 and longest path (red) of length 27 from
node A to node G.

Another standard problem on graphs is that of finding a minimum spanning tree (MST).
An MST consists of a subset of all edges of a graph that connect all vertices such that
the total edge weight is minimum [Wes00]. In Figure 1.3 we show an example graph
together with its minimum spanning tree.

9

6

3 4

2
2

9

9

7899

8
18

10

9

5

4

1

3
4

Figure 1.3: A graph together with its minimum spanning tree (MST). All edges belonging
to the MST are drawn using bold lines.
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1.1. Discrete Optimization

Graphs in This Thesis

In this thesis, three peer-reviewed papers are presented in which the authors propose novel
methods to advance the computer graphics research area. The proposed methods produce
substantially distinct imagery output, but have one central aspect in common: They all
use a graph to model the core problem and aim at finding a solution by formalizing the
problem as a discrete optimization task.

In detail, the first publication with the title Automatic Generation of Tourist Brochures
utilizes a graph in a similar manner to navigation and therefore directly maps a given
street layout to a directed graph with edge weights that represent the travel costs. Within
an iterative algorithm, the proposed method aims at computing a sub-graph that can be
printed without visual clutter on a static map but at the same time allows an efficient
travel between a given number of points of interest (POIs) without considerable detours.

The second publication, Dynamic Path Exploration on Mobile Devices, tries to improve
on the idea of the first paper by enhancing the functionality to a dynamic output. Similar
to the first publication, a graph that resembles the structure of a street layout is used
as the central computational domain. However, the assigned weights do not represent
the travel costs since the central idea of the method is the computation of a high-quality
path, where quality is measured as the proximity to highly ranked tourist attractions.

Finally, the last publication String Art: Towards Computational Fabrication of String
Images also chooses a graph as the core domain and also provides a continuous sequence
of edges (i.e. a path) as output, but with a completely different goal in mind. Instead
of being relevant for tourists like the computed paths from the first two publications,
the edges of the provided path are interpreted as moving instructions for an industrial
robot that follows the path to span a continuous piece of thread between pins that are
distributed on a circular frame. All the spanned edges then fuse to a perceptible image
that reassembles an input image as best as possible. While the first two publications
produce imagery for navigational purposes, the output of the last mainly fulfills an artistic
function.

1.1.2 Grids

A grid is a canonical structure that tessellates the Euclidean space into a set of congruent
parallelotopes [TSW99]. Although we focus on 2d rectilinear and Cartesian grids in this
thesis, we first want to give an overview over several types of 2d grids.

Types of Grids

Grids can be categorized into an unstructured and a structured type [TSW99]. Unstruc-
tured grids correspond to a tessellation of the Euclidean space using simple shapes like
triangles, thereby producing an irregular pattern. Since the particular elements cannot
be indexed in a straightforward manner, one needs some data structure that encodes
the connectivity of the elements as well as the positions of the vertices. In contrast,

5



1. Introduction

structured (in the literature also referred to as regular) grids allow an indexing of the
cells using 2d integer coordinates (i, j).

Structured grids can be further categorized into the following types:

• Cartesian grids where the cells are unit squares

• Rectilinear grids, which tessellate the Euclidean space using rectangles and paral-
lelepipeds that are not necessarily congruent to each other.

• Curvilinear grids, whose combinatorial structure is very similar to a regular grid.
However, the cells are not rectangles or squares but quadrilaterals.

Grids play an important role in layout determination by supporting designers in the
following way:

1. For a closed area, they limit the available positions for element placement to a
finite number and in turn reduce the complexity of layout design.

2. They simplify the identification of a coherent layout in which elements are placed
in columns and rows of connected grid cells.

In Figure 1.4 we depict some grid type examples. For the proposed methods in this
thesis, Cartesian and rectilinear grids, for which the tessellation with parallelotopes is
achieved using rectangles and unit squares, respectively, are of special interest since their
structure directly follows some approved guidelines for layouting and therefore easily
allows us to model optimization problems to find a coherent layout for the rectangular
entities we want to position on the canvas.

Cartesian rectilinear curvilinear
unstructuredstructured

Figure 1.4: Examples of 2d grid types. Those types that are of special interest to our
proposed approaches are highlighted in orange color.
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1.1. Discrete Optimization

Problems on Grids

There is a wealth of problems that can be formalized using a grid as the central compu-
tational domain. Some of these problems assume an infinite tessellation of the Euclidean
space while others target a bounded region like a chessboard.

One famous combinatorial problem in this regard is the eight queens puzzle, which
describes the problem of placing eight chess queens on an 8× 8 chessboard so that no two
queens threaten each other (cf. Figure 1.5). A feasible solution therefore is not allowed
to have two queens on the same row, the same column or on the same diagonal. The
problem is not limited to chessboards and can be extended to the problem of placing n
queens on an n× n grid. It has been shown that this n-queens problem has a solution
for all natural numbers n with the exception of n = 2 and n = 3 [BS09].

a b c d e f g h

a b c d e f g h

8

7

6

5

4

3

2

1

8

7

6

5

4

3

2

1

Figure 1.5: A valid solution to the eight queens problem. No two queens share a row, a
column or a diagonal.

Grids in This Thesis

The first two publications presented in this thesis utilize grids to find a coherent layout of
2d information blocks. In detail, the method proposed in the first publication, Automatic
Generation of Tourist Brochures, computes a layout of static and therefore printable
maps. These maps consist of an overview map and several detail maps, which show
detailed information about one or more POIs and which are placed around the overview
map. The placement of these detail maps is done by following a set of approved design
guidelines. By the utilization of grids, taking care of these guidelines is simplified since
the problem of finding a coherent layout can be formalized as an integer program that
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1. Introduction

naturally produces less cluttered layouts, in which the elements are positioned in columns
and rows of the grid.

The second publication, Dynamic Path Exploration on Mobile Devices, follows similar
design guidelines but provides a dynamic visualization as output. This output is particu-
larly designed to be shown on hand-held devices like smart phones or tablets and can
assist tourists to explore an unfamiliar environment. The placement of the information
blocks in the visualizations is thereby not only performed by utilizing the available space
provided by the grid on the map but due to the dynamic nature it also takes advantage
of time as another powerful dimension to expand the solution space. This allows an
overlap-free placement of several rectangular information blocks in one particular grid
cell but in different periods in time.

1.2 Problem Statement

The problems that are tackled in the presented publications can be roughly categorized
into two major research areas: navigation and arts. Although these two topics seem to
have only a small overlap, the computational models and algorithms that are used to
approach a variety of problems of either topic turn out to be very similar (cf. Section
1.1.1). Despite this overlap in the computational domain, in this section the problems
from each research field are presented separately not from a computational but from a
high-level point of view.

1.2.1 Research Problems in Navigation

Navigation is a very actively investigated research area and there is a lot of work published
in a diversity of communities like geographic information systems (GIS), algorithms and
data structures, and computer graphics. The increasing requirement for faster algorithms
and better visualizations is motivated by the increasing number of mobile devices that
are used as navigation systems as well as the establishment of new high-precision satellite-
based positioning systems like the GALILEO system, which is currently being installed
and which provides an accuracy up to a view centimeters for paying customers. With
this increasing precision and demand, the field of navigation is confronted with new fields
of application and a lot of challenges that are the driving factor for research and novel
developments:

• Presentation problem. People usually navigate when they are outside and use
their smartphone to retrieve navigational instructions. Due to the limited space
on the screen, researchers and developers are confronted with the problem of
choosing the most important from a wealth of information, and to choose the right
visualization techniques to guide the user.

8



1.2. Problem Statement

• Exploration. Especially tourists often do not want to navigate on the shortest
path to one dedicated location, but they rather want to explore the environment in
an unfamiliar region. However, this might fail without any meaningful instructions.

• Static and dynamic output. A map that is optimized for a large DIN A3
printout and which performs reasonably well in practice might completely fail when
it is visualized on a smartphone. It is therefore of great interest to understand
the characteristics of the output devices and the circumstances under which the
navigational instructions will be used.

• A to N and N to A. Navigational problems can be much more complex than a
simple route computation from point A to point B. For example, one might want
to provide a coherent printable map to give routing instructions how to reach a
certain number of locations starting at one particular location (A to N), or the
problem might be to print a map to explain how the point A can be reached from
various other locations (N to A).

1.2.2 Problem Statement of This Thesis concerning Navigation

In the following we present the fundamental problems of the first two publications of
this thesis. We establish new research questions for both a static and a dynamic setup
and will later propose our strategies to model and solve the problems efficiently. Both
publications consist of two parts, a route identification part, in which we identify the
relevant street segments that act as the atomic elements for all routing instructions, and
a layout part, in which we aim to find an optimal placement of information about the
POIs, which act as the corner points for all navigation tasks.

Automatic Generation of Tourist Brochures In our first presented publication,
the main research problem concerning navigation is to automatically generate a static
printable map containing efficient navigational instructions for traveling between a set
of preselected POIs. Many approaches have been proposed how to tackle a variety of
such routing problems. Some of these methods focus on efficient visual representations
of routes from A to B. Agrawala et al. [AS01] created route maps that are similar to
hand-drawn sketches. Karnick et al. [KCJ+10] introduced a system to visualize routes
using local detail lenses automatically placed on the canvas. Other methods focus on the
visualization of more complex route networks to give navigational instructions from many
points to one dedicated destination (N to A). Kopf et al. [KAB+10] proposed a system
for selecting and laying out the important roads based on mental representations of road
networks. In contrast, our novel research question asks to find a coherent visualization
that provides efficient instructions for traveling between many points from where each
can act both as start point and as end point (N to N).

A naive approach to tackle this problem would be to take the union of all shortest paths
between each pair of POIs and to print all contained route segments at a reasonable scale
on a static map. However, while this strategy would work pretty well for a reasonably

9



1. Introduction

small number of destinations, an increase of this number would successively increase the
amount of visual clutter and would therefore make the readability more and more difficult
and the applicability of this map for navigation negligibly low. The main problem is
therefore how this cluttered graph can be simplified to allow both a better readability
and an efficient travel without considerable detours.

The information that a user of a printed map needs to decide whether he or she should
head for a particular destination gives good reason to augment the map with essential
information (e.g., category, rating, opening times) about the POIs. This requirement
establishes the second central research problem and asks for a layout in which the
information is presented. Finding layouts for a diversity of elements is a well-studied
problem, and several design principles were proposed in recent work that can serve as
guidelines for algorithmic solutions [ALB11]. For instance, one principle relies on the
observation that a layout is better to read if coherent pieces of information are placed in
proximity to one another. Another principle that we want to consider states that the
map pins corresponding to the POIs should resemble as best as possible the arrangement
of the respective pieces of information they represent.

Dynamic Path Exploration on Mobile Devices While printed maps are well-
proven guides used for navigation and are still used very often in the field, the low price
of smartphones and tablets together with the ubiquitous availability of cheap or even
free data connections like open wireless networks has turned them into a true alternative
used for navigation and to retrieve up-to-date information. Nowadays, people use their
mobile devices together with some tourist application to retrieve information about the
points of interest in their environment. These apps usually allow limiting the search
result to a certain number of categories (e.g., museums, bars) and present the suitable
POIs in ascending order with respect to the distance to the current or some predefined
position. In turn, the mobile device is used as a navigation system to guide the user on
the shortest path to the chosen destination.

We could identify two major drawbacks in this procedure that lead to new challenging
problems and which were the main motivation for our work:

1. While the shortest path guarantees the user to reach the destination as fast as
possible, it can not guarantee to be interesting for the user as well. In fact, there
might be a path that is only slightly longer than the shortest path that the user
would prefer since it would allow her to pass by some other POIs, making also the
travel to the destination an interesting experience.

2. Common applications allow the user to choose the destination and to navigate
only in a strictly separated manner. However, users meeting a region for the first
time may not want to directly travel to some dedicated POI but they are more
interested in exploration.

10



1.2. Problem Statement

The problem deduced from drawback (1) is the identification of an interesting walking
path through a set of POIs that should not exceed some maximum length constraint.
If the user wants to define some dedicated POI as destination, the problem is similar
but is augmented with the constraint that the computed path has to end at this POI.
Note that this problem cannot be easily solved by well-known methods like Dijkstra’s
shortest path algorithm but it is more related to the NP-hard longest path problem.
Previously published methods tackle the high-quality path-computation problem using
dynamic programming [LWY+10], adapting a shortest path algorithm [KW14], and
genetic algorithms [MW06]. In contrast, we formalize the problem as a binary integer
program (BIP) and can show that our approach significantly outperforms the previous
work both according to runtime as well as to the quality of the result.

Given an interesting path and a set of POIs as a solution to the first problem, drawback
(2) leads to the question how the path can be visualized in a way such that the focus lies
not only on the path itself but also on its environment, allowing the user to better explore
an unfamiliar region. In our setup we use an orthographic view onto a Mercator-projected
map since people are already skilled to interact with similar maps from using Google
Maps or Bing Maps. The problem is therefore how we can improve the map cutouts
that represent the moving viewport onto the map within a dynamic visualization that is
finally presented to the user.

Finally and following similar guidelines as in the preceding paper, the last problem is
to find a suitable layout in which important information about the POIs (e.g., ratings,
opening hours) is shown. The novelty of this problem referring to our setup lies in the
dynamic nature of the generated visualizations, which allow a positioning of elements not
only in the 2d domain of the map, but ask for a placement in a 3d space that is spanned
together with the time axis as another powerful dimension and which enables us to show
certain elements at the same position but in different instances of time.

1.2.3 Research Problems in Arts

Creating artistical-looking images has a long tradition in the computer graphics commu-
nity, and many approaches for the abstraction and creation both for digital as well as for
physical purposes have been proposed. Despite the diversity, these techniques usually
have one aspect in common: there is some input example (often just an image), and
there is a computational pipeline that transforms the input into a specific artistic style,
appearance, or a physical phenomenon.

The development of novel approaches to create artistical-looking output is still a very
active research field. In recent years, researchers came up with very creative approaches
that can be assigned to a (non-exhaustive) number of categories:

• Abstractions and conversions. Methods that fit into this category take an
image as input and aim at a transformation that lets the output mimic some artistic
technique, e.g., to let it look like it was drawn by some particular artist.
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• Using shadows and perspective. Other approaches aim at the creation of
images by controlled shadow casting. The core problem in this category is to find
an arrangement of existing objects or to compute some fabricable 3d objects that
either cast a desired shadow or depict some particular shape when observed from a
specific position.

• Using light and optics. Yet another set of methods aims at the generation of
images from reflections or other light effects, especially by fabricating surfaces of
objects with controlled appearance and reflectance properties.

• Reliefs and fabrication. Reliefs are yet another technique for the creation of
abstracted physical images.

1.2.4 Problem Statement of This Thesis Concerning Art

Although the method for automatic string art creation that we present does not claim to
generate art, it is indeed an automation of a known technique that generates artistical-
looking results from existing input samples. Insofar, the problem is not novel but was
already tackled by a number of artists [Vre16,Var17]. Although there exist algorithmic
solutions, the physical results are usually crafted by hand.

To the best of our knowledge, we present the first formal treatment of the problem and an
automatic computational fabrication pipeline to generate string images that resemble a
gray scale image given as input. We describe the fundamental problems to automatically
generate string images in the following.

String Art: Towards Computational Fabricaton of String Images Given a
gray-scale image as input, the main problem of string art is how this image can be
reassembled using a continuous piece of string. The challenge thereby is the proper
formulation of an optimization problem that computes the path of the string.

The research question that we establish therefore asks how to compute the string path
around the given pins and to fabricate the string images automatically using a robot.
While the pins can be placed in any pattern, we focus on a setup where pins are distributed
along a circular frame that encloses a canvas. In addition, we would like the image to be
generated by a single string without cutting it.

There are many parameters and design choices leading to very different optimization
problems. For example, the selection of parameters, like the number of pins and the
image resolution used in the computation, drive the scale of the problem. The image
formation model influences the complexity of optimization.

In later sections we will propose our strategies to model and solve the raised problems
efficiently.
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1.3. Research Goals

1.3 Research Goals
Based on the identified problems, we can formulate a number of goals, both for the
research fields as well as for our proposed approaches.

1.3.1 General Research Goals in Navigation

The problems that we outlined in Section 1.2.1 already give a good indication which goals
should be pursued by researchers working in the fields of navigation. While traditional
maps are an approved tool that can provide reliable navigational instructions for a variety
of routing problems, they usually contain a lot of information that is not needed for the
particular use cases which makes an identification of the important content unnecessarily
difficult. A central goal for the research area of navigation should therefore be a careful
choice of suitable visualization methods as well as a reasonable identification of the target
user, the target medium (static or dynamic) and the circumstances under which the
system under development might be used.

1.3.2 General Research Goals in Arts

Due to the large spectrum of artistic approaches and directions, it is hard to define
general goals for this research area concerning particular problems that should be tackled.
With the falling prices and raising popularity of 3d printers and other custom-oriented
fabrication devices, one can, however, point out a general goal that is crucial to keep
in mind to follow this trend: fabrication-aware considerations. To be able to make
a fabrication of the final piece of art possible, it is of high importance to have the
characteristics of the fabrication process early in mind and to include all necessary
requirements into the computational model. For instance, we included the diameter and
the opacity of the used thread into our computational model to make a fabrication of
our string art results possible.

1.3.3 Research Goals of Our Proposed Approaches

Based on the problems that we outlined in Section 1.2, we can point out a number of
goals that we will cover in this thesis. In Section 1.4 we will take a closer look on the
methodological approach that was taken to reach those goals.

Automatic Generation of Tourist Brochures

The fundamental goal of our first publication is to provide a framework that allows the
automatic generation of static printable maps, also referred to as tourist brochures. These
brochures provide easily readable navigational instructions between a set of preselected
POIs. This selection is done by the user and allows the generation of a fully customized
tourist brochure that only shows potential destinations and attractions the user is really
interested in. Since one of our main goals is a good readability, we conducted a user
study in which we could prove the applicability of our generated output. As we have
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already outlined in the problem statement in Section 1.2.2, our approach consists of two
parts, a route identification part and a layout part, and we pursue the following goals for
these parts to come up with a comprehensible output:

For the route identification, our goal is to develop an algorithm for the computation of a
subset of the graph corresponding to the street network the POIs are embedded in. This
subgraph has to meet the following requirements:

1. It must allow traveling between any pair of POIs without any considerable detour.
What “considerable” means in this context can be chosen by the user. E.g., when
the user chooses a value of 20%, the result graph must contain a path between
any pair of POIs that is not more than 20% longer than the shortest path between
those POIs in the original graph.

2. It must be printable on a static map without visual clutter, which means that it
must be obvious from the static representation how one can navigate from one POI
to the other.

In order to comply with approved design guidelines, we further pursue the following goals
for the second part, in which we ask for a layout of rectangular entities that we refer to
as detail lenses and which encapsulate the essential information about the POIs:

1. The order of the detail lenses should resemble the order of the corresponding POIs
on the map.

2. POIs that are located close to each other should be grouped together and get a
multi-POI detail lens.

3. Detail lenses should be positioned on the tourist brochure as close as possible to the
corresponding POI, or in the case of a multi-POI detail lens, as close as possible to
the corresponding group of POIs.

Dynamic Path Exploration on Mobile Devices

The goals that we pursue for our second publication are in several aspects similar to
the goals we mentioned above for the creation of tourist brochures. Again, we aim at
a system with which the user can automatically generate visual output that provides
highly customized navigational instructions. In contrast, this time we target, as we have
already outlined it in the problem statement in Section 1.2.2, not a static printable but
a dynamic output that is designed to be shown on mobile devices like smartphones or
tablets. What is, however, still similar to our preceding publication is the division of the
whole problem into two parts: a route identification part and a layout part, and we want
to outline the particular goals for either parts in the following.
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For the first part, our goal is to identify an interesting high-quality route for the user.
Quality is a quite subjective property and an application-dependent metric, but there
exist approved methods how it can be measured. In recent work, quality was determined
by the analysis of photo locations in proximity to the path or the retrieval and weighting
of ranking values according to the distance to surrounding POIs. We follow strategies
that are similar to the latter mentioned approach and use an online database (Yelp) to
retrieve the corresponding ranking values. The particular properties of the path that we
aim for are then as follows:

1. It should pass by as many highly ranked POIs as possible, thereby being interesting
for the user. The categories of the POIs can again be freely chosen.

2. It must not be longer than a maximum predefined distance.

For the second part, we follow the concept of rectangular entities called detail lenses,
which encapsulate fundamental information about the POIs. Our goal is to compute
a coherent layout of these detail lenses. The properties of this layout can be listed as
follows:

1. To follow approved design guidelines that we already obeyed in the preceding
publication, we want to position the detail lenses as close as possible to the
corresponding map pins to make an identification of associated pieces of information
as easy as possible.

2. The detail lenses should not overlap mutually or with any part of the map that is
crucial for navigation.

String Art: Towards Computational Fabricaton of String Images

Since our third publication does not follow a navigational but an artistic intent, the
goals that we pursue for our third publication differ significantly from the two preceding
papers. In detail, we aim at a framework that takes a gray-scale image as input and
outputs at the very end a fully fabricated string art image. To this end, we pursue the
following steps towards a comprehensible output:

1. Meeting a set of requirements for digital fabrication (e.g., thread thickness, thread
opacity, frame diameter, pin distribution), our main goal is to compute a connected
set of strings that best reassembles the input image.

2. As an intermediate result, we aim at a prediction image that shows how the final
fabricated result will look like.

3. Finally, we aim at a hardware setup including a high-precision industrial robot
with which we can produce the string art images automatically.
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1.4 Methodology
During our research work we seek a clear and structured workflow that can be roughly
divided into the following steps:

1. Problem identification and definition. In the beginning of each project we
seek to identify an interesting research problem. To guarantee the novelty and
significance of an idea, this is always done in alignment to the state of the art.

2. Literature research. An important part of our work is a thorough literature
research, for which we consult the digital libraries of the Association for Computing
Machinery (ACM), the Institute of Electrical and Electronics Engineers (IEEE) and
Eurographics (EG), to name just a few. This enables us to confirm the importance
of an identified research problem and to put into the right context.

3. Implementation. Although we aim at a clean and preferably object-oriented
implementation of our ideas, we do not claim to produce high-performance market-
ready code. Our implementations can more be seen as a proof-of-concept.

4. Evaluation. We evaluate our work both in a quantitative and a qualitative manner.
For the first category, we profile our approaches and compare them to the state-of-
the-art methods concerning runtime, memory consumption and also usability. For
the latter category, we conduct user studies. By the analysis of the quantitative
and qualitative results, we can justify the significance of our approaches.

5. Identifying new research directions. Especially the results from the user
studies and the discussions with end users often give us the possibility to refine the
problem definition and to optimize our approaches. These discussions also let us
identify new problems and give us the opportunity to strike a new research direction.

In the following sections, we want to highlight some of the methodological aspects of our
presented publications.

1.4.1 Automatic Generation of Tourist Brochures

We formalize the problem of finding a clutter-free subgraph that still allows an efficient
travel between each pair of POIs as a greedy iterative procedure. We start out with the
graph consisting of all shortest paths. We then pursue two goals: We want to keep the
driving/walking time as low as possible while at the same time we want to remove as
many road sections as possible. Note that these requirements are contradictory, and the
task is therefore a balancing task, since each removal of a road segment increases the
distances between the POIs. In order to quantize which sections should be removed, we
define an energy function that reflects the quality of the residual graph. Then, in each
iteration, we remove the road section that provides the smallest energy increase. We
terminate our algorithm when either the distances between the POIs get larger than a
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predefined value, or when the residual graph is a spanning tree, in which case a removal is
impossible without splitting it into two connected components, making a travel between
certain pairs of POIs impossible.

For the computation of a coherent layout, we define an energy term that considers a
number of design principles. We want to place the detail lenses as close as possible to the
corresponding map pins on the overview map, but at the same time we want the order of
all detail lenses to resemble the map pins on the map. We formalize the whole problem
as a binary integer program (BIP) and use a highly optimized integer programming
solver (Gurobi [Gur13]) to find a good feasible solution. In Figure 1.6, an example tourist
brochure that is generated using our system is shown.

Multi-POI
Lens

Single-POI
Lens

Overview
Map M

web-search close-up viewtourist brochure

Figure 1.6: Given a set of points of interest (POIs) retrieved from an online database,
our system automatically generates customized tourist brochures that provide both
navigational instructions as well as information about the contained destinations.

1.4.2 Dynamic Path Exploration on Mobile Devices

The path that we want to compute should pass by as many highly ranked POIs as
possible. To this end we assign weights to all street segments according to the sum of
ranking values of all incident POIs. We seek for a path that maximizes the total weight
while at the same time should stay below a maximum distance. Since this task cannot
be tackled with approaches like Dijkstra’s shortest path algorithm, we formalize it as a
binary integer program (BIP) and solve it with Gurobi. We can show that, although the
problem is NP-hard, we can find a near-optimal solution within a few seconds.

As a next step, we seek for an optimization of a path for the map cutouts that represent
the viewport of an orthographic camera that is used in the dynamic visualizations which
are presented to the user as final output of our approach. We assign 2d Gaussian functions
with amplitudes that correspond to their ranking values to the POIs. The resulting
mixture of Gaussian is then handled as an indicator function to highlight interesting
regions. Since we want to emphasize these regions in our dynamic visualizations, but also
want to keep the path smooth, we compute the path for the map cutouts as a B-spline
running through the local maxima of this function while at the same time keeping the
position of the user always within the screen.
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Finally, we define an energy function to quantize the quality of a positioning of detail
lenses. Again, this energy function considers a number of design principles we want
to account for. We seek for a positioning of the detail lenses as close as possible to
the corresponding map pins without any mutual overlap or any overlap of important
information. Further, since we create a dynamic visualization, each detail lens should
be visible as long as possible but should only appear in one continuous period of time.
We formalize the positioning of detail lenses as a binary integer program (BIP) and
again use Gurobi to find a good feasible solution. The final output is then shown on a
mobile device like a smartphone or tablet. In Figure 1.7 the computational pipeline of
our approach is shown.

p(0)
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M(0)

M(1)

Cell Domain M1

M66

M41

Path Computation Map Cutout Optimization Detail Lens  Placement Visualization

Figure 1.7: Given a set of points of interest (POIs) retrieved from an online database, our
system automatically generates a dynamic visualization that enables the user to explore
the environment.

1.4.3 String Art: Towards Computational Fabricaton of String
Images

Due to the complexity of the problem of finding a continuous path that best reassembles
the input image, we propose to divide the problem into two parts, an edge selection and
a path extraction part. For the first part, we propose a greedy binary least squares solver
that selects in each iteration the edge that decreases the residual most significantly. We
continue until the residual cannot be decreased any more by the addition of an edge.
Since a greedy approach like ours tends to deliver a suboptimal local minimum, we
propose the following improvement. After our algorithm terminates, we run it again
on the result, but do not add but remove that edge that can reduce the residual most
significantly. This is then again continued until an improvement by removal is impossible.
We propose to proceed in an alternating manner, so to add and remove edges until we
are stuck in a minimum that can not be left, neither by the removal nor the addition of
an edge.

In the next step, we extract a path from the set of selected edges. Since the graph that
is defined by these edges is not necessarily Eulerian, which is however by definition a
necessary condition to contain one continuous path, we have to add some auxiliary edges.
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These edges do not influence the final fabricated result since they can be drawn on the
outside of the canvas by moving the tooltip on an arc around the frame between the two
corresponding pins.

For the fabrication, we utilize a highly accurate 6-axis industrial robot. In order to get
proper tension on the string but at the same time avoiding a break of the thread, we use
a tension regulator of a professional knitting machine. For convenience, we use aluminum
bicycle rims for the frame and conventional wall hooks at the pin positions.

In Figure 1.8, the pipeline of our approach is shown.

String
Segment
Selection

Path
Extraction Fabrication

Input Prediction Make

Figure 1.8: Given a gray scale image as input, we meet a number of computational
requirements to identify a continuous path that best reassembles the input image. We
use an industrial robot for fabrication.

1.5 Contributions

In the following we show how our publications could contribute to the scientific community.
We give a short overview on the proposed approaches, point out the novelty of our
research direction, and give a brief indication how we evaluated our findings to justify
their significance.

1.5.1 Automatic Generation of Tourist Brochures

In our first publication we present a system for the automatic generation of tourist
brochures with route information, which provide information about a set of points of
interest in a particular region in a focus-and-context style by the use of detail lenses.

We contribute an algorithm for route-aware simplification of routing graphs that provide
near-optimal routing directions on the one hand, and are simple and clutter-free on
the other. While recent approaches focus on efficient visual representations of routes
from A to B [AS01,KCJ+10], or provide instructions from many points to one dedicated
destination [KAB+10], our novel research question asks to find a coherent visualization
that provides efficient instructions for traveling between many points from which each
can act both as start point and as end point (N to N).

We show that the routing graphs that are computed using our method match well with
those selected by humans for traveling between arbitrarily distributed POIs. Moreover,
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we introduce a novel layout algorithm that optimizes a layout of a number of elements of
different sizes in a discrete grid under specific neighborhood constraints. In the future we
plan to extend the implementation of our system to real-time interactive route planning
on desktop and mobile devices.

1.5.2 Dynamic Path Exploration on Mobile Devices

In the second publication, we present a system for dynamic route exploration on mobile
devices. Our results give immediate guidance to a user by presenting both routing
information for an attractive path whose environment contains many high-quality points
of interest (POIs), as well as information about those POIs by the use of detail lenses.
While previously published methods tackle the high-quality path computation problem
using dynamic programming [LWY+10], adapting a shortest-path algorithm [KW14],
and genetic algorithms [MW06], we formalize the problem as a binary integer program
(BIP) and can show that our approach significantly outperforms the previous work both
according to runtime as well as to the quality of the result.

In addition, we contribute an algorithm for optimizing the map cutouts which correspond
to the viewports in the final visualization that is presented to the user. Moreover, we
introduce a novel layout algorithm that computes a dynamic layout of rectangular entities
in a discrete grid under specific constraints and present the results of a study that shows
the significant acceptance rate of our method.

For future work, we want to extend the functionality of our framework. We think of a
multi-layer approach in order to allow a visualization on different zoom levels and smooth
transitions between the layers.

1.5.3 String Art: Towards Computational Fabricaton of String
Images

In our last publication, we propose a novel method for the automatic computation and
digital fabrication of artistic string images. This problem is not novel but was already
tackled by a number of artists [Vre16,Var17]. However, to the best of our knowledge,
we present the first formal treatment of the problem and an automatic computational
fabrication pipeline to generate string images. We analyze the problem and derive a
problem formulation as a non-linear binary least squares problem. We propose a hardware
setup for the automatic digital fabrication of these images using an industrial robot
that spans strings between pins. We also propose a greedy algorithm to compute an
approximate solution to the optimization problem and demonstrate that the quality of
our solution significantly outperforms other approaches. Finally, we demonstrate the
applicability of our methods by generating and fabricating a set of real string art results.

In future work, we would like to extend our setup to experiment with more general pin
placement, to generate 2.5d string art. Further, we would like to experiment with strings
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of different colors and more transparent strings. We are also interested to investigate the
fabrication of customized shading systems using a similar process.
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