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초록

관광학 연구에서 이르는 관광용 지도는 주요 관심지점 파악, 경로 계획, 지리적 정보의 제공 등 크게 세

가지 기능을 제공하는 것으로 여겨진다. 모바일 장치와 디지털 지도의 시대에, 상기 기능을 사용자에 맞추어

동적·대화형시점으로지도에구현할필요가있다. 또한

본연구에서는도시관광을위한주요운송수단으로지하철을고려한다. 기존의툴은노선도에효과적으

로관심지점을가시화하지못한다. 이를보완하기위해관심지점의표현과노선도의표현을결합하는대화형

프레임워크를 제안한다. 본 프레임워크는 관심지점에 대한 가시적 중요도를 계산하고, 사용자가 지하철 교

통망으로부터 접근 가능한 관심지점을 찾아 제시한다. 지하철 노선도의 표현에 8방향 레이아웃이 사용되고,

주요관심지점의이미지가사용자의시점에맞추어레이아웃상에가시화된다.

또한 사용자 특화 웹 서비스의 시대에 맞추어 온라인 맵 서비스 역시 사용자 특화를 지향하고 있다. 이

러한 경향을 충족시키기 위해서는 특정 작업에 특화된 지도 표현을 실시간으로 처리할 수 있어야 한다. 지도

변형을위한선행기술들은대개균일격자에서구현되어실시간으로처리하기어려울수있다. 이를극복하고

해상도를 유연하게 할당하기 위하여 컨텐츠 맞춤 비균일 격자를 제안한다. 제안된 구조는 안내 도로 패턴 등

주요영역을더많이분할시키고, 덜중요한영역에서는영역을덜분할시켜처리해야할모서리정보의수를

감소시킨다. 이러한기법으로내용에기반한적응형해상도를구현하여지도를변형하면더높은변형수준과

성능을얻을수있다.

마지막으로 제안된 기법들을 여러 지도 애플리케이션에서 구현하여, 관광용 지도의 기능을 효과적으로

향상시킴을보인다.

핵심낱말 적응형,격자,대화형,지도,가시화

Abstract

In tourism studies, it is considered that a tourist map has three basic functions: discover potential points-

of-interest (POI), plan routes and give spatial information. In the age of ubiquitous mobile devices and digital

maps, it is essential that these functions be implemented in modern maps in addition to dynamic and interactive

views customized to users. Additionally, increasing trends of online map personalization demands real-time task-

dependent map representations enabled by map deformation. Prior map deformation techniques mainly based

on uniform grids can be insufficient for such real-time demands. For higher flexibility of allocating resolutions,

using an adaptive approach is needed. An initial investigation on adaptive approach with deforming models is

performed in the context of view-dependent rendering integrated with occlusion culling for large-scale crowd

scenes. To provide varying resolutions on each articulated model, it is proposed to use a cluster hierarchy in the

view-dependent representation. The cluster hierarchy, constructed by adaptively clustering regions with similar

significance values in terms of simplification quality, results in a high quality simplification that can achieve inter-

active performance. Lessons from deforming models are applied to map deformation. A proposed content-aware

non-uniform grid leads to adaptive resolutions on the map deformation. In other words, finer subdivisions on more

significant regions such as guide road patterns, and coarser subdivisions with less quad edges on less significant



regions are applied. This adaptive approach results in both higher road deformability and performance. Finally,

a dynamic and interactive tourist map application is demonstrated. An interactive framework that holistically

combines presentations of a POI map and a metro network, helping users identify popular POIs based on visual

worth computation, and discover POIs within reach of a metro. Octilinear layouts are used to highlight the metro

network, and representative POI images are shown in layout space visualized within a user-specified viewing

window.

Keywords Adaptive, grids, interactive, map, visualization
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Chapter 1. Tourist Map Visualization

1.1 Introduction

For travelers, tourist maps are essential guides in unraveling a city. It gives an overview of a city’s unfamiliar

features by showing travel destinations and major thoroughfare. Traditionally, tourist maps are in a booklet format

that is conveniently provided at stations or lodgings for presenting travelers a pocket guide and introduction to a

city.

In a recent tourism study [2], it is considered that a tourist map helps three things: discover potential attrac-

tions, plan routes, and give spatial information. A tourist map influences the activities that travelers could do by

controlling aspects of its objectives. Published maps are based on various approaches whose effectiveness differs

by catering to objectives. In this way, paper tourist maps have been a utility for travelers, but its static nature

shows its limitations. With increase of ownership of mobile devices, travelers have learned to utilize general pur-

pose digital maps to assist them in their travels, yet these digital maps have yet to fully address the tourist map

objectives.

Figure 1.1: [ Seoul paper tourist map (http://www.visitseoul.net/) ]

The ubiquity of mobile devices supports the wide spread of web services or apps utilizing the geo-spatial and

social networking information. The data gathered can result in real-time changes in trends that can only be shown

in dynamic representations. In this way, digital tourist maps can reflect time and location based information that

enables the user to get personalized recommendations to attractions, routes and information. This article explores

approaches to enhance tourism experiences by dynamic updating and adding interactivity to maps. We also cover

approaches that augment the experience by highlighting helpful information through personalization, enhancing

readability of map annotations, or deforming geometries.
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Before going in depth, we would like to recall the contrasting properties of paper and digital tourist maps.

Paper tourist maps are usually expandable-as-unfolded brochures that have a large display area for an overview

map, close-up of smaller important areas, and a list of points-of-interest. Digital tourist maps can display the said

paper map features too, yet in a smaller display area. In contrast to a static paper tourist map, dynamic digital maps

make up for a small display area by a combination of basic functionalities like interactive zooming and panning,

and level-of-detail hierarchies for visualization.

1.2 Map Information

As more map data have become more available and portable screens get ubiquitous, displaying digestible

map information has also become a challenge. There are ways to display useful relevant information without

presenting an overwhelming amount of data. Personalization of data can prioritize which information is useful

to a specific user. Decluttering can filter out unnecessary elements and annotations in a map. Focus+context, a

technique where significant elements are highlighted against a background of low-significance elements, can help

users focus on essential information.

User personalization has been applied in many internet services based on preferences and browsing history.

With mobile services increasingly integrating more as part of human lifestyle, movement behaviors of users can

also be analyzed and thus be utilized for customizing a unique map information. For instance, Google has em-

ployed personalization of its search results based on a user’s previous search history and recently applied this

approach in their maps [3]. Their maps show a personalized set of landmarks and points-of-interest based on the

user’s profile.

Figure 1.2: [ Google Maps showing map information. ]

Decluttering a map involves minimizing clutter that occurs when there is too much information in a map.

Usually in this approach, elements with lower priority are removed or hidden from the view. In a work by Jaffe

et al. [4], decluttering is applied to a map filled with geo-tagged images. They apply a significance function to

determine priority and creates a clustering hierarchy to display only the top images in a specified area and view.

Focus+context has help distinguish important regions against a backdrop. A common implementation of this

in maps is by applying a fisheye lens [5] to enlarge focus regions by distorting map images. A similar approach
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of enlarging focus regions is shown to be applied to vector maps [6] without distorting road edges by defining an

optimization framework with edge scaling objectives.

1.3 Discovering Points-of-Interest

Another essential function of tourist maps is showing potential points-of-interest (POIs) of a city. Correct,

updated and verified information about POIs would help the tourist in planning a tour. A dynamic map can

generate and update information about POIs by using multiple sources including social driven crowd-sources.

In representing POIs in a map, their annotations come in the form of representative text, image, geometry or

symbol. The following examples describe approaches in helping users discover POIs in tourist maps.

Grabler et al. [7] describe an approach to automatically generate tourist maps with POIs that pop-out in 3D

using POIs’ pre-acquired building geometries. In addition, relevant POIs are selected by importance that can be set

depending on information (user ratings, genre, etc.) gathered from internet sources or user preference. Following

the style of some hand-drawn paper tourist maps, they render a 2D road map in an oblique / perspective projection

that highlights the relevant 3D POI models.

A work by Birsak et al. [8] tries to create automatic generation of tourist brochures and put the annotations

around map boundaries. Multiple frames of maps are shown wherein a central overview map of the city is with

marked areas whose close-up views are shown in smaller frames. Each frame has a set of pins showing relevant

POIs in that specific view. A similar method of fetching relevancy of POIs from Internet sources are also applied

in this approach.

POI Annotation placement. POI annotations can be placed in a map externally or internally. External annotations

are conveniently put around the map boundaries and may be connected by 1) lines to the actual location or 2)

respective symbols (number or letter) placed on the location. Internal annotations place them in the vicinity of the

sources that allow for instant association of POI to the actual location in the map.

1.4 Route Planning

There are two ways that tourist maps guide users in their route planning: by showing roads in the vicinity of

POIs and by showing a transportation network (typically a metro). In dynamic maps, route planning is enhanced

by highlighting the road or metro network through deformation of the map. It has been studied that deformation

has been used to assist users in improving their cognitive tasks [9] in many different applications, e.g., road

network and metro network map generations. Maps can be easily re-generated and customized as desired by using

different parameters. In addition, performance improvement of map deformation has given a way to interactive

explorations of such maps.

Road Map. In map deformation approaches, road networks are represented as graphs. In most applications, a set

of design objectives is defined in order to control characteristics of layouts of road maps, and is modeled into a

minimization problem.

In the work of Haunert et al. [6], regions of a road network are scaled to give focus to selected roads. Its

road network graph is formulated as a quadratic programming problem. Its follow-up work [10] reformulates the

problem as a linear programming problem to achieve interactive rates for small maps consisting of a few thousands

of edges.

Agrawala et al. [11] and Kopf et al. [12] describe automatic approaches to generate route / destination maps,

i.e., a map summary of directions to a particular point of interest. Given a set of selected roads, an optimized
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layout that rescales and reorients road edges is computed in order to increase the readability of these road maps.

Similarly, in the work of Lin et al. [13], the goal is to create mental maps, aiming to help easily recall a featured

area. The road map is deformed such that certain formations can be recognized from shapes of the streets.

Figure 1.3: [ Busan metro map deformation [1]. ]

Metro Map. Different approaches have been proposed for computing layouts for metro network [14]. Among

them, octilinear layouts using diagonal edges as well as horizontal and vertical edges have been widely adopted

for visualizing metro networks.

Automatic generation of octilinear metro map layouts has been studied in recent years. One of the initial

works was of Hong et al. [15]. This approach utilizes mass spring techniques, where forces dictate relative

positions to achieve octilinear layouts. Stott et al. [16] used a hill climbing algorithm to optimize the positions

of the stations. Nollenburg et al. [1] viewed the layout problem as an optimization problem, and employed a

mixed integer programming (MIP) approach to find a global solution maximally satisfying design constraints.

Its resulting layouts show a strict compliance to octilinearity and feature almost uniform spacing. Similar MIP

techniques have been used in related layout problems [17].

These introduced metro map layout generation techniques can then be utilized to generate a metro-centric

tourist map. In this way, POIs near metro stations are connected by a line to annotations of POI which are placed

externally[18] or internally[19, 20].

1.5 Motivation

As mentioned before, paper tourist maps have limitations in size, and being static. As more and more tourists

travel along with mobile devices, it follows that more would utilize digital maps that are interactive. These digital

maps provide more dynamic content with the rise of mobile services and social media apps. These can lead to

updated information and personalization of maps. Yet currently general purpose digital maps like this do not

consider about the functions of the tourist maps.

Along with providing specific functional views of maps comes providing transitions from one map to another.

Several works [21, 22] use map morphing in order to assist the users in creating smooth transitions that help in

mapping points from one map into another. However, these works operate in the image space that could result in
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drastic deformations of map elements. Recently, vector-based maps undergo deformation in order to create map

representations. Early works [6, 10] apply deformation on road edges. The challenge of deforming roads is scaling

the performance as the number of road edges increases. An improvement on this approach[13] uses uniform grids

as a medium to deform the road maps. Since the uniform grid requires less edges to deform, the performance of

the uniform grid approach is faster than deforming on the road edge level directly.

Uniform grids has been studied a lot in GIS and graphics[23] [24] fields. While a uniform grid is simple

to implement, determining the adequate resolution for balancing accuracy and speed is not straight-forward. A

well-known approach to this is by using adaptive grids: more significant regions are given finer resolutions while

less significant regions are given coarser resolutions. As a result of adaptive resolutions, an expected increase of

performance can be achieved since less edges are used for similar accuracy levels.

Adaptive grids has been studied in other domains, however in map deformation there has been no known

application of adaptive grids. A challenge of using this approach has been mentioned[25] in that shorter grid

edges can cause non-optimal placement of neighbor points.

In this paper, the use of adaptive grids is explored in optimizing the performance of interactive applications.

Given a scene, the deformation is optimized by applying adaptive grids that compute the appropriate level of

detail for the given significance parameters. With less elements involved for processing the resulting effect is

higher performance compared to a uniform grid.

1.6 Scope

The area of tourist map representation covers much ground. There are multiple ways to enhance the efficiency

of interactive maps including line simplification, map generalization and adaptive deformation. This work focuses

on the adaptive deformation.

Adaptive grids applied to map layouts is investigated in this dissertation. Specifically, by applying adaptive

grids to efficiently deform maps to create tourist map layouts. It is not investigated the effective use of the resulting

map layouts since those have been investigated by the related works. Achieving efficient deformation is the focus

of this work.

The transportation network chosen in this work is limited to the metro network given that it is a prominent

feature in city navigation. However this can be extended to include other public transportation networks. This

could also be augmented by other factors such as traffic, taxi availability and transportation schedules.

This work employs the use of a quad grid mesh instead of a triangle mesh. The adaptive concepts can

be also applied in a triangle mesh as demonstrated in image deformation[26]. However, as observed in vector

deformation[13], inconsistent orientations of triangles results in inconsistent warping of road deformations, which

would lead to higher residues in optimization.

1.7 Contributions

This dissertation proposes to improve tourist map functionalities in a digital map by adding dynamic and

interactive features. This can be achieved through the use of adaptive grids that enable fast deformations.

1. Adaptive techniques from computer graphics are used to improve efficiency, as investigated by applying

adaptive simplification in animated models in crowd rendering. A cluster hierarchy is proposed that acts as

a multiresolution representation and a bounding volume hierarchy.
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2. As applied to map deformations, proposing the use of adaptive grid subdivision improves performance from

the decrease of the number of grid edges to deform. The challenge of placing of points is addressed by

use of regular trees and triangulation of smaller quads resulting to the effect of preserving the shape of the

adaptive grid comparable to the uniform grid.

3. An interactive application demonstrating a novel holistic approach of complying with tourist functions of

showing tourism, map and route information is implemented and studied. Adaptive scaling of edges is

applied to enables a focus+context effect displaying significance of regions.

The following chapters based off the author’s previous work[27, 20, 28] has investigated the use of adaptive

approaches that efficiently visualizes data. In Chapter 3, initial investigation on view-dependent adaptive render-

ing of 3D deforming models is done. In this proposed approach, applying simplification based on significance

allows the rendering performance to increase. Lessons from this work are then applied to map deformation. In

Chapter 4, to enable interactive transitions of changing map views and representations, a fast content-aware non-

uniform grid is proposed that adapts resolutions by referring to the significance function as to minimize elements

involved in map deformations. In Chapter 5, a demonstration of a metro-centric POI discovery application that

automatically generates tourist maps is proposed where spatial information of tourist hot spots are determined by

significance function based on factors (e.g. tourist density, popularity, metro proximity) and users are assisted

in route planning by attaching POI annotations to metro stations. Finally, the limitations, summary and future

directions are discussed in the concluding chapter.
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Chapter 2. Related Work

In this section, prior methods directly related to our approaches are discussed.

2.1 Adaptive Rendering

Adaptive rendering techniques in graphics involve minimizing the number of elements rendered on the screen

in order to gain performance.

2.1.1 Mesh Simplification

Mesh simplification has been extensively studied for polygonal meshes, and numerous techniques have been

presented. Among them the quadric error metric (QEM) and edge collapse operations [29] have been most widely

used for high-quality mesh simplifications. Many simplification techniques have been also proposed for dynamic

models, but some of them [30, 31] are not directly applicable to articulated models that are animated with an

underlying deformation model.

Simplification for articulated models. Mohr and Gleicher [32] applied the QEM method for simplifying artic-

ulated meshes. Their method takes a skinned mesh and a series of example poses. It computes the quadric error

for each vertex by considering all the example poses. DeCoro and Rusinkiewicz [33] improved this method by

considering the bone transformations and computing the quadric error in a base reference pose. Recently, Lan-

dreneau and Schaefer [34] perform the simplification by considering weights associated with vertices and thus

achieve higher simplification quality over other techniques. Our simplification method is based on the work of

DeCoro and Rusinkiewicz [33], but can be improved by adopting techniques proposed by Landreneau and Schae-

fer [34]. In addition, Pilgrim et al. [35] proposed a progressive skinning technique that progressively uses a subset

of original bones of articulated models. This technique can be combined with our method for higher rendering

performance.

Image-based simplification methods. As an alternative representation for polygonal representations, image-

based representations [36, 37] like impostors have been proposed for articulated models and reported to achieve a

high rendering performance, while maintaining a reasonable memory requirement [38]. As downsides, these tech-

niques may provide low quality rendering results for certain views (e.g., overhead views) or require a high storage

requirement. In addition, image-based representations may provide low-quality results for various geometric op-

erations such as collision detection. Nonetheless, these image-based representations can be used together with

polygonal representations including ours, to achieve a higher rendering performance and quality. For example,

one can use polygonal representations in a near field and use imposters in a far field, as suggested by Kavan et

al. [37]. As a result, our method is orthogonal to image-based techniques in the context of rendering.

2.1.2 View-Dependent Rendering and Culling

View-dependent rendering (VDR) uses lower resolutions for portions of the mesh that are located farther

away from the viewer. This technique aims to reduce the number of rendered triangles of complex models de-

pending on viewing configurations and has been extensively studied for polygonal meshes [39]. VDR originated

as an extension of the progressive mesh (PM) that is a linear sequence of encoding finer meshes [40]. Hoppe [40]
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improved this method by organizing the PM as a vertex hierarchy instead of a linear sequence. The vertex hierar-

chy is known to provide very smooth LOD transitions, while requiring high runtime computations. This technique

has been extended to large-scale polygonal models that consist of hundreds of millions of triangles [41]. However,

VDR has not been applied widely to articulated models for large-scale crowd rendering.

Visibility culling also has been well studied to reduce the number of rendered triangles in scenes that have

a high depth complexity [42]. For general environments, image-based occlusion representations are widely used,

and high-performance culling algorithms use GPUs to perform occlusion culling [43].

2.2 Adaptive Maps

Adaptive techniques in maps involve minimizing the number of elements rendered on the screen in order to

gain performance and readability.

2.2.1 Map Deformation

Deformation has been used to assist users in improving their cognitive tasks [9] in many different applica-

tions, e.g., road network, cartograms, and mental map generations. Maps can be easily re-generated and cus-

tomized as desired by using different parameters. In addition, performance improvement of map deformation has

given a way to interactive explorations of such maps. We discuss techniques related to map deformations used for

different, but related applications below.

In map deformation approaches, road networks are represented as graphs. In most applications, a set of

design objectives is defined in order to control characteristics of layouts of road maps, and is modeled into a

minimization problem.

In the work of Haunert et al. [6], regions of a road network are scaled to give focus to selected roads. Its

road network graph is formulated as a quadratic programming problem, where its optimization is performed at

road edge-level. Its follow-up work [10] reformulates the problem as a linear programming problem to achieve

interactive rates for small maps consisting of a few thousands of edges.

Agrawala et al. [11] and Kopf et al. [12] describe automatic approaches to generate route/destination maps,

i.e., a map summary of directions to a particular point of interest. Given a set of selected roads, an optimized

layout that rescales and reorients road edges is computed in order to increase the readability of these road maps.

Similarly, in the work of Lin et al. [13], the goal is to create mental maps, aiming to help easily recall a featured

area. The road map is deformed such that certain formations can be recognized from shapes of the streets. Pre-

defined control points are used to guide the final position of vertices. To achieve the goal, a uniform grid is overlaid

on the map, which is used as a deformation medium – the linear programming optimization is done on grid-level,

which enables higher performance than the edge-level approaches.

In Bouts et al. [25], contiguous area cartograms are generated from attributes of a geographic location. A

uniform grid is used to overlay the map, and attributes are used to affect the deformation to show dissimilarity

of attributes of a location. Similarly, Claudio et al. [20] used tourist destination data as attributes to deform and

highlight popular regions.

As discussed above, uniform grids with grid-level optimization have been commonly adopted for fast map

deformation. While this approach is simple, its time complexity goes higher as we have higher resolution for

higher deformation quality. Our work extends uniform grid-level approaches by using a non-uniform grid that

adaptively allocates edges. Because the optimization running time is commonly described by a function of those

edges, our adaptive approach can improve the running time and even quality.
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2.2.2 Adaptive Approaches

Adaptive Mesh in Graphics. In computer graphics, utilizing non-uniform grids and meshes is commonly

adopted to achieve high quality simulation with a lower polygon count than regular structures (e.g., uniform

grids). These adaptive approaches generate denser regions in interesting areas and coarser regions in uninteresting

areas [44]. However, using irregular structures for optimization problems can pose stability issues and tend to re-

quire complex theory and implementations. In similar reasons, using irregular meshes has not been widely tested

for our problem, map deformation. Specifically, Lin [13] found that a grid mesh produces better deformations

than that of a triangle mesh thanks to the regular structure of the grid mesh for map deformations.

Adaptive grids in GIS. In the field of GIS (Geographic Information System), different variants of regular struc-

tures have been actively studied [23]. The quadtree, a type of non-uniform grids, has been well studied; a good

survey by Pajarola et al. [23] details the developments. In particular, we mention a specific type called the re-

stricted quadtree, wherein nodes are allowed to differ in size by one subdivision level [45]. A restricted quadtree

adaptively samples the space and balances tree depths locally, leading to a smoother transition in terms of map

deformation. However, to the best of our knowledge, only a recent map deformation work [25] considered non-

uniform grids, but decided to use the uniform grids, since they found no benefit as they treat the grid and map as

independent entities.

In our approach, we take advantage of the geometry extracted from the map in order to create an adaptive

grid that increases the performance of deformation. In creating an adaptive grid, quads that have significant areas

are subdivided in order to give more precision in deforming those areas. To preserve shapes of quads and avoid

various deformation artifacts, we introduce support edges, quadtree-like triangulation, but only applied to coarse

quads with adjacent smaller finer quads, which are included in the deformation optimization.

Adaptive Simulation. In cloth simulation, cloth is typically modeled as a triangle mesh and forces between

vertices are computed to determine the positions. A good survey on the methods is described[46]. Adaptive

techniques have been proposed to improve performance [47, 48]. A more recent method by Lee[49] describes

an adaptive mesh approach that identifies smooth regions that can be represented with lower resolutions while

dynamic regions are represented by higher resolution in order to preserve the details of cloth simulation.

Similarly, we identify less significant regions that can be represented with lower resolutions and more signif-

icant regions that can be represented with higher resolutions. We apply this in a road map network deformation in

order to achieve the same effect of higher performance while retaining accuracy of the model.

2.3 Map Layout

The related map layout techniques described below help create readable informative maps by controlling the

placement and number of information displayed.

2.3.1 Metro Network Layout

Different approaches have been proposed for computing layouts for metro network [14]. Among them,

octilinear layouts using diagonal edges as well as horizontal and vertical edges have been widely adopted for

visualizing metro networks.

Octilinear layouts. Automatic generation of octilinear metro map layouts has been studied in recent years. One

of the initial works was of Hong et al. [15]. This approach utilizes mass spring techniques, where forces dictate
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relative positions to achieve octilinear layouts. Stott et. al. [16] used a hill climbing algorithm to optimize the

positions of the stations.

Nollenburg et al. [1] viewed the layout problem as an optimization problem, and employed a mixed integer

programming (MIP) approach to find a global solution maximally satisfying design constraints. Its resulting

layouts show a strict compliance to octilinearity and feature almost uniform spacing. Similar MIP techniques have

been used in related layout problems [17]. Our work also utilizes MIP based optimization for computing a global

solution given our design criteria.

Annotation placement. Map annotation has been well investigated, yet annotation placement in octilinear metro

maps is another problem raised with automated octilinear layout generation. Wu et al. [18] used flow networks to

put external annotations around the map boundaries connected by lines to the stations, while avoiding intersections

with metro lines. More recently, Wu et al. [19] investigated internal annotations: placing them in the vicinity of

the sources; an MIP framework proposed by Nollenburg et al. [1] is utilized to place annotations without overlaps,

while drawing octilinear line connectors. Although the resulting internal annotations may not retain relative

topology, the spacing is well distributed thanks to the additional aesthetic criteria such as alternating distribution

and closed region avoidance. Nonetheless, these techniques are not designed for interactive tour planning and

computing representative POIs.

Map warping. Jenny et al. [50] used map warping, Helmert transformation, to analyze geometric distortions

of maps, and analyzed octilinear metro maps compared to its geographic counterpart. Bottger et al. [22] used

distortion by moving least squares to fit a street map in an octilinear metro map. We also apply map warping

techniques for aligning POIs in the computed octilinear layout. A simple map warping method like Jenny et al.

suffices for our purposes of transforming point positions. Yet more sophisticated methods exist such as Bottger et

al., which can be substituted in order to perform non-overlapping transforms.

2.3.2 Removing Clutters

Metro maps can be populated with many associated attributes such as labels, pictures, etc. Focus+Context

and computing representative images have been studied to optimize the display of these annotations.

Focus+Context. Focus and context is one of the staple techniques in the visualization community. This technique

magnifies graphs and grids to focus on certain areas, while retaining the normalcy of the remaining areas as a

context [51]. In particular, Sarkar and Brown [52] defined a visual worth attribute for each vertex to determine

its importance in visibility. In the work of Wang et al. [53], as applied in metro maps, visual worth are set to be

higher for edges in the selected route.

Representative images. In a map featuring hundreds of photos, a representative image is usually used to represent

an area, as commonly applied in geo-tagged image websites (e.g., flickr.com and panoramio.com). An approach by

Jaffe et al. [4] is to display summaries of a large collection of images by traversing a hierarchy resulting from the

Hungarian hierarchical clustering method[54]. The representative images of a cluster are defined by their scores

coming from criteria such as relevance. We find the Hungarian method useful as a hierarchical clustering method,

which creates a hierarchy handily used as an LOD tree. At the same time, this method does not need a defined

number of clusters as input. These techniques have not been applied to city tour planning, the main application of

our method.
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Chapter 3. VDR-AM: View-Dependent Representation of Articulated
Models

3.1 Introduction

Owing to advances of data capture and modeling technologies, detailed articulated models are easily gener-

ated and widely used in many different applications. Moreover, various crowd simulation techniques have been

designed and a high number of articulated models are frequently used in large-scale crowd scenes [55, 56]. In

typical crowd scenes with lots of articulated characters, it can require high computation costs of rendering and

performing other operations (e.g., collision detection) for handling those articulated characters.

A significant amount of research has been put in order to improve the performance of rendering and conduct-

ing various operations for polygonal models. Some of them include designing multi-resolution representations of

polygonal models [57, 39], performing visibility culling [42], collision detection [58], etc. Unfortunately, most

of these prior techniques assume polygonal models and do not easily apply to articulated models. This is mainly

because articulated characters are dynamically animated with an underlying deformation model (e.g., skeleton)

that changes the shapes of characters.

In terms of rendering articulated models, many techniques have been proposed to improve the rendering

performance. At a high level, these techniques can be classified as image-based [36, 37] and mesh simplification

approaches [32, 33, 34] for articulated models. Image-based approaches have been reported to achieve a high

rendering performance by rendering textures instead of triangles. However, these techniques may provide low

quality rendering results for certain views (e.g., overhead or near views [36, 37]) or may not be used for other

geometric applications such as collision detection.

Geometric simplification methods for articulated models, on the other hand, can provide high-quality polygo-

nal meshes that can be used for various views. However, these simplification methods have focused on computing

different versions of level-of-detail (LOD) meshes from an input articulated mesh, and have not been applied

widely to view-dependent rendering that uses different LODs for portions of the mesh depending on viewing in-

formation. To the best of our knowledge, there have been no prior methods that adopt view-dependent rendering

integrated with culling for large-scale scenes consisting of hundreds or thousands of articulated models [59].

Main contributions. In this paper we propose a novel, View-Dependent Representation of Articulated Models,

VDR-AM. We show its benefits in the context of rendering, especially view-dependent rendering integrated with

occlusion culling. VDR-AM consists of a cluster hierarchy that serves as both a multi-resolution representation

and a bounding volume hierarchy. We use its multi-resolution representation for view-dependent rendering, and

its bounding volume hierarchy for occlusion culling. We construct each cluster of the cluster hierarchy to contain a

spatially-coherent small portion of the mesh that also has similar simplification errors. To construct such clusters,

we propose an error-aware clustering method. Given the cluster hierarchy of VDR-AM, we can compute a LOD

cut that satisfies a user-specified screen space error in terms of pixels-of-errors (PoE) at runtime. We also perform

occlusion culling for clusters in the LOD cut in an efficient manner that utilizes the temporal coherence between

consecutive frames.

We have implemented our method and applied it to three large-scale crowd scenes that consist of up to five

thousand articulated models that have 242 M triangles in total. Even though our VDR-AM representation is not

mainly designed for static polygonal models, it can be naturally applied to handling those models without major

modifications. Therefore, we have also applied our representation even for static models that are parts of tested
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Figure 3.1: [ This figure shows two images of an exhibition crowd scene that has 1 K articulated characters. All

the characters and the scene have 83 M triangles. Our method achieves 46 frames per second (fps) on average for

this model with 0.5 pixel-of-error (PoE) in a 1280 by 720 HD screen resolution. ]

crowed scenes. Our method shows 16 to 50 frames per second (fps) without visible artifacts in a 1280 by 720 HD

screen resolution. Compared with a base rendering method that uses the original articulated models combined

with view-frustum culling, our method achieves four to eight times improvement.

3.2 Related Work

In this section we give a background on animating articulated models based on skinning, and briefly review

previous work related to our method. For detailed information about crowd rendering in general, refer to an

excellent survey by Ryder et al. [59].

3.2.1 Background of Articulated Models

Articulated models are typically designed with skinning and skeleton animations. In this case an articulated

model consists of a base mesh, a skeleton, and vertex weights. The base mesh, also known as skin, is a 3D

polygonal mesh, and the skeleton is a hierarchical representation of bones. The vertex weights associated with

vertices of the base mesh represent the skin-to-skeleton binding. One of the most popular techniques used to

achieve interactive animation is linear blend skinning.

The animation of the base mesh of an articulated model is defined by a series of poses. Each pose is defined

by a 4 by 4 transformation matrix representing positions and orientations of bones of the skeleton. A vertex

position, v, in the base mesh is then moved to a new position, v̂, by linear blend skinning with a pose, based on the

following equation:

v̂ = ∑
i

wiMiv, (3.1)

where Mi is the transformation of the ith bone associated with the vertex with the weight wi given the input pose.

There are more advanced skin blending methods such as skinning using the dual quaternions, and they can be also

used with our method.

12



Figure 3.2: [ This figure shows a stampede crowd scene that has 5 K articulated characters and 242 M triangles.

Our method can achieve 16 frames per second (fps) on average for this large-scale crowd scene. ]

3.2.2 Mesh Simplification

Mesh simplification has been extensively studied for polygonal meshes, and numerous techniques have been

presented. Among them the quadric error metric (QEM) and edge collapse operations [29] have been most widely

used for high-quality mesh simplifications.

Many simplification techniques have been also proposed for dynamic models, but some of them [30, 31]

are not directly applicable to articulated models that are animated with an underlying deformation model. In this

section we focus on simplification methods that can handle articulated models with skinning.

Simplification for articulated models. Mohr and Gleicher [32] applied the QEM method for simplifying artic-

ulated meshes. Their method takes a skinned mesh and a series of example poses. It computes the quadric error

for each vertex by considering all the example poses. DeCoro and Rusinkiewicz [33] improved this method by

considering the bone transformations and computing the quadric error in a base reference pose. Recently, Lan-

dreneau and Schaefer [34] perform the simplification by considering weights associated with vertices and thus

achieve higher simplification quality over other techniques. Our simplification method is based on the work of

DeCoro and Rusinkiewicz [33], but can be improved by adopting techniques proposed by Landreneau and Schae-

fer [34]. In addition, Pilgrim et al. [35] proposed a progressive skinning technique that progressively uses a subset

of original bones of articulated models. This technique can be combined with our method for higher rendering

performance.

Image-based simplification methods. As an alternative representation for polygonal representations, image-

based representations [36, 37] like impostors have been proposed for articulated models and reported to achieve a

high rendering performance, while maintaining a reasonable memory requirement [38]. As downsides, these tech-

niques may provide low quality rendering results for certain views (e.g., overhead views) or require a high storage

requirement. In addition, image-based representations may provide low-quality results for various geometric op-

erations such as collision detection. Nonetheless, these image-based representations can be used together with

polygonal representations including ours, to achieve a higher rendering performance and quality. For example,

one can use polygonal representations in a near field and use imposters in a far field, as suggested by Kavan et

al. [37]. As a result, our method is orthogonal to image-based techniques in the context of rendering.
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: Visible clusters 

: Occluded clusters 

Active clusters : Contains original mesh 

Figure 3.3: [ This figure shows our cluster hierarchy of our VDR-AM representation with active clusters (i.e.

LOD cut) including visible and occluded clusters. Note that leaf clusters contain the original mesh. ]

3.2.3 View-Dependent Rendering and Culling

View-dependent rendering (VDR) uses lower resolutions for portions of the mesh that are located farther

away from the viewer. This technique aims to reduce the number of rendered triangles of complex models de-

pending on viewing configurations and has been extensively studied for polygonal meshes [39]. VDR originated

as an extension of the progressive mesh (PM) that is a linear sequence of encoding finer meshes [40]. Hoppe [40]

improved this method by organizing the PM as a vertex hierarchy instead of a linear sequence. The vertex hierar-

chy is known to provide very smooth LOD transitions, while requiring high runtime computations. This technique

has been extended to large-scale polygonal models that consist of hundreds of millions of triangles [41]. However,

VDR has not been applied widely to articulated models for large-scale crowd rendering.

Visibility culling also has been well studied to reduce the number of rendered triangles in scenes that have

a high depth complexity [42]. For general environments, image-based occlusion representations are widely used,

and high-performance culling algorithms use GPUs to perform occlusion culling [43].

Hybrid algorithms for rendering acceleration. Many hybrid algorithms [60, 41, 61] that combine simplification

with visibility culling for static polygonal models have been proposed. These techniques have integrated various

visibility techniques into VDR frameworks of static polygonal meshes. Our VDR-AM representation can enable

hybrid rendering methods for articulated models.

3.3 Overview of Our Method

In this section we explain our representation, followed by an overview of its construction and our runtime

rendering algorithm.

3.3.1 Dual Representation

We use a cluster hierarchy (Fig. 3.3) for an articulated model, as a dual representation. The cluster hierarchy

serves both as a multi-resolution hierarchy for View-Dependent Rendering (VDR), and as a bounding volume

hierarchy for occlusion culling, view-frustum culling, and other geometric operations.

We call each node of the hierarchy a cluster. Each cluster serves as a main processing unit for VDR and

occlusion culling. Each leaf cluster of the hierarchy contains a portion of the base mesh of the articulated model.

For an intermediate cluster of the hierarchy, we merge two sub-meshes contained in its two child clusters, simplify

them, and store them in the intermediate cluster. Therefore, each leaf cluster can provide the original resolution of
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a portion of the mesh, while an intermediate cluster can provide a low resolution for a portion of the mesh. Also,

each cluster is associated with a bounding volume that contains all the geometry throughout the animation.

Each cluster records its maximum geometric simplification error that is caused by simplifying the sub-mesh

of the cluster, while considering poses of an animation for the articulated model. In order to allow drastic simplifi-

cations on the articulated model given an error bound, it is critical to cluster vertices that have similar simplification

errors, thus leading to smaller geometric simplification errors for each cluster. In order to provide a high culling

ratio, each cluster should be constructed such that it contains a spatially coherent portion of the base mesh of the

articulated model.

3.3.2 Construction

In order to construct the cluster hierarchy of an articulated model, we first decompose the base mesh of

the model into clusters, which become the leaf clusters of the hierarchy. We perform our error-aware clustering

method to construct each cluster to have a spatially-coherent portion of the mesh whose vertices have similar

simplification errors (Sec. 3.4.2). For the simplification of sub-meshes contained in clusters, we use the well-

known edge-collapse and quadric-based simplification methods, which also consider poses of the animation of the

model. Since the simplification process can take a large amount of time for the animation that consists of many

poses, we propose a pose selection method that chooses representative poses for the animation and simplify the

mesh by considering only those representative poses (Sec. 3.4.1).

3.3.3 Rendering Algorithm

To show benefits of our VDR-AM representation, we apply it to view-dependent rendering integrated with

occlusion culling for articulated models. At runtime, we compute a new position and orientation (e.g., animation

pose) of each articulated model in the scene. To perform VDR, we maintain active clusters (i.e. a LOD cut) that

represent the articulated model with the lowest number of triangles, given a user-specified error bound (Sec. 3.5.1).

To determine active clusters, we compute a screen-space projected simplification error for each cluster and com-

pare it with the user-specified error bound. To perform occlusion culling we compute a conservative set of visible

clusters based on the bounding volume information encoded in the cluster hierarchy and render them for the final

images (Sec. 3.5.2).

3.4 Cluster Hierarchy Construction

In this section we explain our cluster hierarchy construction method. We also compute clusters from the static

polygonal models of scenes, as we compute clusters from the animated, articulated models.

Pose space reduction. Since an articulated model can have many bones (e.g., 30 to 60 bones for human-like

characters), each pose can be considered as a point in a high dimensional pose space. Unfortunately, any oper-

ations on these high dimensional points can be very difficult and expensive because of the well-known curse of

dimensionality. To ameliorate this issue, we reduce the dimensionality of the pose space. In particular, we use the

multi-dimensional scaling, a statistical tool for reducing dimensions of data [62]. This method maps data into a

reduced dimensional space, while preserving the distance between data in the original dimensional space. For all

the tested models in the paper, we reduce the pose space of such models to 9 dimensional space, as suggested by

Assa et al. [63]. Though Assa et al. suggested mainly for human-like models, we found that 9 dimensional space

works well to other tested animal models.
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Clustering Partitioning

Figure 3.4: [ This figure shows the process of our pose selection method that performs the clustering and

partitioning. The red points are the selected final poses that represent the distribution of the original poses. ]

3.4.1 Representative Pose Selection

In order to reduce the time taken on simplifying models, we propose to consider only representative poses

instead of considering all the original poses during the simplification process. As the number of representation

poses decreases, we can improve the performance of the simplification, but can underestimate the simplification

error more, leading to a low-quality simplification.

To minimize this negative effect, we define pose groups, each of which contains a coherent set of poses. We

then choose a representative pose from each pose group. After reducing the dimension of the pose space, we

partition poses into pose groups based on our clustering and partitioning framework (Fig. 3.4).

We start with creating a pose group for each pose point. Our pose selection method consists of two stages:

clustering and partitioning stages. In the clustering stage, we recursively merge two groups into a new pose

group, if any two points chosen from those two pose groups are within the Euclidean distance of d. In order to

efficiently perform this operation, we can construct a kd-tree from poses in the reduced pose space and find nearest

neighboring pose points [64].

The pose groups computed from the clustering stage can be quite big (e.g., the top group computed from the

clustering step shown in Fig. 3.4), since we compute pose groups based only on the local distance information

between poses. We adopt a second, partitioning stage that splits big groups into smaller groups. More specifically,

we check whether the diagonal size of the bounding box computed from a pose group, c, is bigger than a threshold

(e.g., 1.5×d). If so, we recursively split the group c into two pose groups by using a median spatial partitioning,

which divides the longest width of the bounding box of the group c into half. For each final pose group, we choose

a representative pose (e.g., red circles shown in Fig. 3.4) that is closest to the center of the group.

We tried a well-known clustering method, K-means, for computing representative poses. We chose our

clustering and partitioning framework instead of K-means, mainly because it is hard to set the target number

of pose groups that well represents the distribution of the original poses for different animation patterns (e.g.,

walking, running, etc.).

3.4.2 Error-Aware Clustering Method

To construct the cluster hierarchy of an articulated model, we first decompose the base mesh of the model

into a set of clusters. These computed clusters become leaf clusters of the cluster hierarchy.

We identify two different criteria and consider them for the cluster construction. First, each cluster should be

a spatially coherent portion of the mesh, in order to keep the bounding box of the cluster small and thus achieve

a high culling ratio. Second, each cluster should contain vertices that have similar simplification errors. For
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Figure 3.5: [ This figure shows eight poses chosen out of 35 poses for the walking animation based on our pose

selection method. ]

Figure 3.6: [ This figure shows two images of an office evacuation crowd scene with two hundred articulated

characters. This scene consists of 16.4 M triangles. Our method can achieve 49 frames per second (fps) on average

for this scene. ]

example, if a cluster contains two different mesh regions such as a joint and upper arm, highly deforming and

less deforming regions respectively in the animation, then the cluster can get a high simplification error caused by

the joint region, even though some portions (e.g., the upper arm) contained in the cluster may have a much lower

simplification error. In this case, we may have to render a higher number of triangles even though some of those

triangles can be simplified further given the user-specified error bound.

We, therefore, propose an error-aware clustering method that considers the simplification error as well as the

spatial coherence for the sub-mesh contained in each cluster. To consider the simplification error for the geometry

contained in each cluster during clustering, we have to simplify the mesh and compute simplification errors.

However, this causes a chicken-and-egg problem, since we have to construct clusters first before simplifying

clusters.

In order to avoid this problem, we measure how much a vertex deforms during the animation as a deformation

level for the vertex, and use it as a rough approximation of the simplification error for the vertex. This is because as

a vertex deforms more, it tends to generate a higher simplification error computed by considering different poses

of animations.

To measure the deformation level of a vertex, we identify a bone, ba, that is a least common ancestor for bones

that affect the vertex and then compute a tightest bounding box that contains the trajectory of the vertex during

the animation in the reference frame of the bone ba. The deformation level of the vertex, then, is computed as the
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Figure 3.7: [ This figure shows an original model (a) and its leaf clusters generated by our error-aware clustering

method (b). (c) show zoomed regions of boxed parts in (b). The top of (c) shows a deforming elbow region with

increasing simplification levels. The bottom shows a non-deforming torso region, resulting in more aggressive

simplification. ]

diagonal length of the bounding box. The computed deformation level does not fully capture the simplification

error, which is also affected by the neighboring triangles of the vertex. Nonetheless, we have found that it works

well for our tested benchmarks and is very easy to compute the deformation level during the clustering stage.

For computing clusters of the base mesh, we adopt a clustering and partitioning framework that is similar to

the one we used for computing pose groups. In the first clustering stage, we group adjacent vertices (i.e. spatially

coherent vertices) with similar deformation levels into a cluster. We define that two vertices have the similar

deformation levels, when their deformation levels differ within the range of 10%. We continue this process until

we cannot merge vertices any more.

Clusters computed from the clustering stage can have a very high number of triangles. Therefore, we apply

the partitioning stage, which recursively splits clusters that have more than s (e.g., 100) triangles based on the

median-based spatial partitioning. Fig. 3.7-(b) shows computed leaf clusters based on our method for an input

model.

3.4.3 Hierarchy Construction

We construct the cluster hierarchy in a bottom-up manner, starting from leaf clusters computed in Sec. 3.4.2.

We construct the hierarchy by merging two adjacent clusters that have similar deformation levels. We define two

clusters to be adjacent, if they have adjacent triangles that share the same vertices. We also define the deformation

level of a cluster to be the maximum of the deformation levels of vertices contained in the cluster.

Particularly, among adjacent clusters for a cluster, c, we identify a cluster, cm, that has the minimum difference

of the deformation level to that of the cluster c, and merge cm and c into their parent cluster. We repeat this

procedure until we construct the root node of the cluster hierarchy.

Simplification. Once we construct the hierarchy, we then perform the simplification for each cluster by traversing

clusters in a bottom-up manner. For each leaf cluster, we simplify the sub-mesh contained in the cluster such

that the number of the triangles in the cluster is reduced into half. For the simplification, we apply the pose-
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Figure 3.8: [ This figure shows our runtime rendering architecture. ]

independent simplification method [33] that uses the well-known quadric simplification error metric. During the

simplification, we consider only representative poses computed by our pose selection method (Sec. 3.4.1).

3.5 GPU-based Rendering

In this section we explain how we can design an interactive GPU-based VDR method integrated with occlu-

sion culling based on our VDR-AM representations for articulated models.

3.5.1 LOD Selection

In order to perform VDR and culling, we first compute a LOD cut in the cluster hierarchy that represents

the articulated model given the error bound. To compute the LOD cut, we measure the geometric simplification

error of each cluster in the screen space. To do that, we pre-compute a sphere whose diameter corresponds to

the maximum Hausdorff distance between the original mesh and its corresponding simplified mesh contained in

each cluster. For efficient computation, the maximum Hausdorff distance is approximated as the square root of

the maximum quadric error associated with each cluster. We project the sphere associated with each cluster to

the screen space. If the diameter of the projected sphere is equal to or smaller than the user specified pixels-of-

error (PoE) value, we treat the cluster to have an enough resolution that can represent the articulated model given

the PoE value. This LOD cut selection method takes only a minor CPU time (e.g., less than 1 ms) even for the

exhibition crowd scene (Fig. 3.1) that consists of 1 K articulated models and 83 M triangles.

3.5.2 Rendering Algorithm

We use an image-based conservative culling algorithm [43] that is based on the frame-to-frame coherence

and hardware-accelerated occlusion queries, in order to achieve an efficient performance of culling. We briefly

explain how we enable such image-based culling based on our VDR-AM representation for articulated models.

Before we perform the culling, we decompose active clusters of the hierarchy into two disjoint sets: poten-

tially visible set (PVS) and potential occludee set. Clusters in the PVS are treated to be visible and are used to

create an occlusion map for visibility tests of clusters. We use PV Si to denote the PVS at frame i. The overall

architecture of our rendering algorithm is shown in Fig. 3.8.

Occlusion map generation. At frame i, we start with PV Si−1, the PVS at the previous frame i−1. As Step 1 of

our algorithm, we first update, i.e. simplify or refine, clusters of PV Si−1 to meet the error bound with our LOD

selection method (Sec. 3.5.1) that considers the current view information. We set those clusters as PV Si. We then
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Figure 3.9: [ The left figure shows the image created at a first person view. The right image shows a third person

view with occlusion results. The black lines show the view frustum of the first person view. The pink, blue, and

yellow boxes are visible, occlusion culled, and view-frustum culled clusters. ]

render clusters of PV Si into color and depth buffers. The depth buffer information computed with PV Si serves as

an occlusion map for visibility tests in the next rendering step.

Visibility tests. All the clusters of the LOD cut that are not in the PV Si are used for the potential occludee

set. We also update all the clusters in the occludee set. In Step 2 of our rendering algorithm, we check the

visibility of clusters of the occludee set by using hardware accelerated occlusion queries. For clusters that passed

the standard view-frustum culling, we use the bounding volumes of those clusters with the occlusion queries

against the occlusion map. These bounding volumes serve as a conservative proxy to the geometry contained

in corresponding clusters. We call those clusters of the occludee set that are identified as visible clusters with

occlusion queries newly visible clusters. Fig. 3.9 shows an example of culling results in one of our benchmark

scenes.

Rendering newly visible clusters. As the final step of our algorithm, we render newly visible clusters, to create

the final image. Also, these newly visible clusters are added to the PV Si. We use the PV Si for the next frame.

Note that by taking advantage of temporal coherence, we only update and reset the PV S every n frames.

Instancing and static models. It is common to use instancing to create large-scale crowd scenes. We also

store various data of cluster hierarchies such that we can efficiently utilize the GPU-based instancing. More

specifically, we adopt the pseudo-instancing method [65] for our VDR representation. In addition, our VDR-AM

representation can be easily applied to handling static models. In this case our method considers only base meshes

of static models. As a result, our rendering method can be applied to handling both static and articulated models.

3.6 Results

To show benefits of our representation, we have implemented our construction and runtime rendering algo-

rithms on a 3.00 GHz Intel quad-core PC with a GeForce 8800 GTX GPU that has 768 MB. We store all the

transformation matrices of bones of various articulated models with all the poses in a 1 D texture buffer, which is

easily accessible in the GLSL vertex shader that implements our runtime skinning method. For all the performance

tests, we use the HD image resolution of 1280 by 720. In this image resolution, we use the PoE value of 0.5, in

order to avoid visual artifacts to viewers. Since the used PoE causes only sub-pixel errors in the screen space, we
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do not perform any expensive geomorphing [40].

Benchmark scenes. We have tested our method with three different crowd scenes that consist of human and

animal articulated characters. Our first benchmark represents an office evacuation scenario (Fig. 3.6). This office

scene consists of 200 instanced virtual human characters and 16.4 M triangles. Our second benchmark represents

an exhibition scenario (Fig. 3.1). This exhibition scene consists of 1 K instanced characters and 83 M triangles.

The third scene is a stampede scenario (Fig. 3.2) consisting of 5 K instanced animal characters and 242 M triangles.

In the first and second crowd scenes, we use 20 different virtual human characters that have 35 bones and 73 K to

110 K triangles for their base meshes. Also, they are animated by using a walking animation pattern that consists

of 35 different poses. In the third crowd scene, we use horse, elephant and camel models that consist of 17 K,

85 K, and 44 K triangles respectively. They have 30 to 40 bones and are animated in a running pattern with 15 to

80 poses.

Pose selection parameter setting. In our pose selection method, the parameter d trades-off between the simplifi-

cation quality and performance of our overall construction method. If we set d to be too high, we would choose

too small number of representative poses, causing faster construction, but leading to a worse simplification quality.

On the other hand, if we set d to be too low, we would get the reverse effects: slower construction, but higher

simplification quality. Given this trade-off space, we found that the range of 10% to 30% of the diagonal size of

the bounding box of the model for d strikes a good balance in our tested benchmarks.

In this setting, for a walking animation that consists of 35 poses, our method selects 8 different poses. For

a snake crawling animation with 81 poses, our method selects 13 poses. As a result, our method achieves 3 to

5 times performance improvement for our construction method. Also, in terms of the simplification quality, we

found that the RMS distance between the original mesh and the simplified mesh computed only from considering

computed representative poses is within 1% to 2% difference to the RMS distance between the original mesh and

the simplified mesh computed from considering all the poses; we use the metro tool [66] to measure the RMS

distance. Fig. 3.5 shows eight chosen poses out of 35 poses of the walking animation. Note that more poses are

chosen during a period that the human character switches his pivoting leg.

Hierarchy construction comparisons. In order to show the benefits of our error-aware clustering method, we

additionally implemented a naive clustering method that uses an octree. More specifically, we construct clusters by

recursively partitioning the base mesh until the sub-mesh contained in each node of the octree has s triangles. This

naive method considers only the base mesh computed from a pose and does not consider any simplification errors.

Once we compute clusters from the octree, the hierarchy construction and simplification that we have applied to to

our error-aware clustering method are performed in the same manner to the naive, octree-based clustering method.

Compared to this naive method, our error-aware clustering method shows only 4% slower clustering perfor-

mance at preprocessing, but shows 50% higher runtime rendering performances, by rendering 50% fewer triangles

given the same error bound in our tested benchmarks. Since we cluster vertices that have similar simplifica-

tion errors, we can allow more drastic simplification if possible, over the naive octree-based clustering method.

Fig. 3.7-(c) shows our simplification results on different portions of a walking character.

Construction time and memory requirement. We set each cluster to have less than 100 triangles. In this setting,

our method creates 1.8 K leaf clusters and takes 19 min in CPU to compute our representation for the biggest

virtual character that has 110 K triangles. Also, our representation requires 72 bytes per each triangle for an

articulated model. Since the original mesh requires 30 bytes per each triangle, our representation requires 140%

more space over the original mesh. Since our representation stores simplified triangles, whose number is similar

to the number of original unsimplified triangles, our representation requires at least 100% more space over the

original mesh. Therefore, the memory overhead 140% of our representation is not significantly high.

Comparison configurations. We measure the performance of three different methods: 1) a base rendering system,
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Figure 3.10: [ These figures show fps graphs of different methods: our VDR method, VDR, our VDR method

integrated with occlusion culling, VDR+OC, and NoLOD that uses the original resolutions and view-frustum

culling.]
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FPS #. Rendered Tri. (M)

Benchmark NoLOD VDR VDR+OCNoLODVDRVDR+OC

Office Fig. 3.6 10.27 43.29 49.21 12.46 2.29 2.06

Exhibition Fig. 3.1 7.73 29.15 46.08 24.66 3.14 1.94

Stampede Fig. 3.2 0.55 16.38 16.23 148.09 4.77 4.70

Table 3.1: [ This table shows the frames per second (fps) and the number of rendered triangles on average while

rendering scenes. NoLOD, VDR, and OC represent rendering with the original resolutions, our view-dependent

rendering method, and our occlusion culling technique respectively. ]

NoLOD, that uses the original resolutions and performs only view-frustum culling, 2) our VDR rendering system,

VDR, that performs the VDR on the base system, and 3) our VDR system integrated with occlusion culling,

VDR+OC. We measure the frames per second (fps) of these methods with pre-defined paths, which are shown in

the accompanying video. The fps graphs of these methods with our benchmark scenes are shown in Fig. 3.10.

3.6.1 Rendering Performance

On average, VDR+OC achieves interactive performances, 49 fps and 46 fps in the office and exhibition crowd

scenes respectively (Table 3.1). In the exhibition scene, compared to the base rendering system, we achieve 4 times

performance improvement by enabling the VDR, and achieve 6 times performance improvement by enabling

VDR and occlusion culling together. We also observe a similar performance gain with the office scene. These

performance improvements are mainly caused by reducing the number of triangles that we have to process for

the skinning and rendering operations. More specifically, the base rendering system renders 458 K clusters that

contain 24.66 M triangles for the exhibition scene. On the other hand, VDR renders 12 K clusters with 3.14 M

triangles and VDR+OC renders 8 K clusters with 1.94 M triangles.

In the stampede scene our method achieves interactive performance, 16 fps, even though the original model

consists of more than 200 M triangles. Also, it demonstrates high performance improvement (up to 30 times) by

enabling VDR over the base rendering method. Nonetheless we show a minor, but lower performance by enabling

occlusion culling over VDR. This is mainly because we do not have much depth complexity in the tested view

point.

3.6.2 Discussions

To highlight the benefit of our method, we show varying resolutions of our view-dependent representation

for a snake articulated model that consists of 28 K triangles and 81 poses for its crawling animation (Fig. 3.11).

We use the heat color map to show how the resolution of the model varies given the first person view. As a portion

of the model is farther away from the viewer, it gets lower resolution as indicated by showing colors close to the

blue one. At the given view our method requires only 18 K triangles for rendering the snake model.

Relationships with LODs. Many view-dependent representations have been proposed, as discussed in Sec. 3.2.

These techniques have not been widely applied to articulated models. This may be mainly because that many

prior view-dependent techniques have high computational overheads. Nonetheless, our technique reduces the

computational overhead by providing view-dependent resolution at a granularity of clusters consisting of around
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Figure 3.11: [ This figure shows adaptively varying resolutions computed from our VDR-AM representation. We

render each vertex of the model with colors computed from the well-known heat color map; the red color indicates

the highest resolution, while the blue color refers to the lowest resolution. ]

100 triangles, not each triangle of the mesh. Note that this kind of approach is inspired by efficient LOD rendering

techniques such as HLODs (Hierarchical levels of detail) [67] designed for large-scale static models.

Breakdown of each rendering component. We also measure how much percentage each component of our

method takes over the total rendering time. The CPU-based selection of the LOD cut given a viewing configuration

takes less than 1.5 ms. The GPU-based skinning, rendering, and occlusion culling components take 14%, 82%,

and 4% over the total rendering time on average across all the tested benchmarks.

Limitations. Even though our method shows performance improvements over the base rendering method, there

is no guarantee that our VDR integrated with occlusion culling always improves the performance of various

crowd scenes. This is mainly because performing VDR and occlusion culling has overheads. Also, our method

may show visual artifacts with PoE values bigger than 1, while we were able to achieve interactive performance

without noticeable artifacts by using 0.5 PoE for our tested models. Geomorphing can ameliorate popping artifacts

by providing smooth transitions between different LODs.

3.7 Conclusion

We have proposed view-dependent representation for articulated models, VDR-AM, and presented how we

can use it for an interactive view-dependent rendering method integrated with occlusion culling in large-scale

crowd scenes. VDR-AM consists of a cluster hierarchy that serves both as a multi-resolution representation for

VDR and a bounding volume hierarchy for occlusion culling. We also presented an error-aware cluster construc-

tion method to allow drastic simplifications on portions of meshes of articulated models. We were able to achieve

16 to 49 fps on average for large-scale crowd scenes that consist of thousands of articulated models and hundreds

of millions of triangles without noticeable visual artifacts.

There are many avenues for future work. In addition to addressing current limitations of our method, we

would like to first handle larger crowd scenes by designing a more drastic simplification method (e.g., volumetric

simplification methods) as well as to simplify skeletal and behavioral models of characters [68]. One can combine

our method with image-based representations [36, 37]; use our method in a near field and use impostors allowing

more drastic simplifications in a far field. Also, we used deformation levels to estimate simplification errors.

We would like to extend this concept to identify vertices that have similar rotational sequences [69], to more
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accurately cluster vertices that have similar simplification errors. In addition, it would be interesting to conduct

a user study measuring perceptual errors of our method. Finally, we would like to apply our VDR-AM to other

geometric applications such as collision detection. Since our representation is based on a polygonal representation,

we believe that it can be easily applied to collision detection in a similar spirit to the collision detection method

designed for dynamic simplification [70].
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Chapter 4. A Content-Aware Non-Uniform Grid for Fast Map
Deformation

4.1 Introduction

As various map data have become available and portable screens get ubiquitous, displaying digestible map

information has also become a challenge, especially in applications generating route and tourist maps. With

mobile services increasingly integrating more as part of human lifestyle, our movement behavior can be analyzed

and thus be utilized for customizing a unique map information. This trend is just beginning to be utilized in map

representations [71], as more freely accessible and updated map data arises.

Map users can have various tasks at hand at a given time, and maps can be tailored to specific tasks. Defor-

mation has been a common approach used by recent map makers in creating different views. To help in navigating

tasks, deformation is applied by focus regions, which can be constructed by creating variably scaled regions ac-

cording to importance [6]. To help in recall and memory retention, deformation is applied to roads that form shape

patterns that are associated with regions [13]. To assist in analyzing and exploring geographical data, deformation

is used to create cartograms [25].

Providing feedback in bi-directions between a user and device is critical to create such a unique and useful

map [71]. Within a feedback loop, a user supplies the information and depending on that, a resulting personalized

map is generated to address the current user need. It is, therefore, essential to formulate fast map transformations

that bring real-time interaction in switching views with transitions [22]. Especially in cases where users have

mobile devices on the move, map parameters have to be adjusted to display the current time/location-specific data.

Clarity, efficiency, reducing spatial information overload, and interactive experience are common goals of

these deformation maps. While attainable at the moment for small maps, there is much to be improved, i.e., the

number of roads under deformation, while maintaining high quality map representations (e.g., vector instead of

image). As more roads are included, the time to process increases too. By deforming a uniform grid mesh of the

map space instead of individual roads, the processing time can be lessened. However, choosing the resolution of

the grid affects the quality of the deformation. In particular, optimization of a coarser mesh converges faster, but

roads inside a quad may not be deformed well. On the other hand, optimization of a finer mesh deforms most roads

well, but converges slower. In current approaches, this resolution parameter tuning is a trial-and-error process that

could require repeated attempts.

Contributions. In this paper we offer the following contributions: 1) We extend the uniform grid method and

propose an adaptive approach: an easily compatible non-uniform grid for deforming road networks. Subdivision of

a non-uniform grid is determined by a significance function. In more significant regions, finer divisions are created,

where roads can be deformed more carefully. In less significant regions, the divisions are coarser, thus less quad

segments to optimize. Overall, this adaptive approach results in increase in road deformability and performance.

2) We also introduce support edges to preserve larger leaf quad shapes. We generate our non-uniform grid as a

balanced grid, where each quad’s neighbors have a single level size difference. 3) We implement our optimization

method in CUDA to achieve a faster computation. Our goal is to scale up while maintaining efficiency, and to

create the interactive experience, which is essential in many applications of using deformation maps.

We demonstrate how our approach can be easily integrated to existing approaches and improve their perfor-

mance. We apply our approach to variable scaling in creating focus + context regions, transforming mental maps,
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and destination maps. In these applications, our method using adaptive grids shows more robust scaling perfor-

mance than those using uniform grids, showing slower relative growth rates in computational time as a function

of residue. This robust improvement is mainly thanks to our content-aware non-uniform grids.

4.2 Related Work

In this section, we discuss prior methods that are directly related to our method.

4.2.1 Map Deformation

Deformation has been used to assist users in improving their cognitive tasks [9] in many different applica-

tions, e.g., road network, cartograms, and mental map generations. Maps can be easily re-generated and cus-

tomized as desired by using different parameters. In addition, performance improvement of map deformation has

given a way to interactive explorations of such maps. We discuss techniques related to map deformations used for

different, but related applications below.

In map deformation approaches, road networks are represented as graphs. In most applications, a set of design

objectives is defined in order to control characteristics of layouts of road maps, and is modeled into a minimization

problem. In the work of Haunert et al. [6], regions of a road network are scaled to give focus to selected roads.

Its road network graph is formulated as a quadratic programming problem, where its optimization is performed at

road edge-level. Its follow-up work [10] reformulates the problem as a linear programming problem to achieve

interactive rates for small maps consisting of a few thousands of edges.

Agrawala et al. [11] and Kopf et al. [12] describe automatic approaches to generate route/destination maps,

i.e., a map summary of directions to a particular point of interest. Given a set of selected roads, an optimized

layout that rescales and reorients road edges is computed in order to increase the readability of these road maps.

Similarly, in the work of Lin et al. [13], the goal is to create mental maps, aiming to help easily recall a featured

area. The road map is deformed such that certain formations can be recognized from shapes of the streets. Pre-

defined control points are used to guide the final position of vertices. To achieve the goal, a uniform grid is overlaid

on the map, which is used as a deformation medium – the linear programming optimization is done on grid-level,

which enables higher performance than the edge-level approaches.

In Bouts et al. [25], contiguous area cartograms are generated from attributes of a geographic location. A

uniform grid is used to overlay the map, and attributes are used to affect the deformation to show dissimilarity

of attributes of a location. Similarly, Claudio et al. [20] used tourist destination data as attributes to deform and

highlight popular regions.

As discussed above, uniform grids with grid-level optimization have been commonly adopted for fast map

deformation. While this approach is simple, its time complexity goes higher as we have higher resolution for

higher deformation quality. Our work extends uniform grid-level approaches by using a non-uniform grid that

adaptively allocates edges. Because the optimization running time is commonly described by a function of those

edges, our adaptive approach can improve the running time and even quality.

4.2.2 Adaptive Approaches

Adaptive Mesh in Graphics. In computer graphics, utilizing non-uniform grids and meshes is commonly

adopted to achieve high quality simulation with a lower polygon count than regular structures (e.g., uniform

grids). These adaptive approaches generate denser regions in interesting areas and coarser regions in uninteresting
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areas [44]. However, using irregular structures for optimization problems can pose stability issues and tend to re-

quire complex theory and implementations. In similar reasons, using irregular meshes has not been widely tested

for our problem, map deformation. Specifically, Lin [13] found that a grid mesh produces better deformations

than that of a triangle mesh thanks to the regular structure of the grid mesh for map deformations.

Adaptive grids in GIS. In the field of GIS (Geographic Information System), different variants of regular struc-

tures have been actively studied [23]. The quadtree, a type of non-uniform grids, has been well studied; a good

survey by Pajarola et al. [23] details the developments. In particular, we mention a specific type called the re-

stricted quadtree, wherein nodes are allowed to differ in size by one subdivision level [45]. A restricted quadtree

adaptively samples the space and balances tree depths locally, leading to a smoother transition in terms of map

deformation. However, to the best of our knowledge, only a recent map deformation work [25] considered non-

uniform grids, but decided to use the uniform grids, since they found no benefit as they treat the grid and map as

independent entities.

In our approach, we take advantage of the geometry extracted from the map in order to create an adaptive

grid that increases the performance of deformation. In creating an adaptive grid, quads that have significant areas

are subdivided in order to give more precision in deforming those areas. To preserve shapes of quads and avoid

various deformation artifacts, we introduce support edges, quadtree-like triangulation, but only applied to coarse

quads with adjacent smaller finer quads, which are included in the deformation optimization.

Adaptive Simulation. In cloth simulation, cloth is typically modeled as a triangle mesh and forces between

vertices are computed to determine the positions. A good survey on the methods is described[46]. Adaptive

techniques have been proposed to improve performance [47, 48]. A more recent method by Lee[49] describes

an adaptive mesh approach that identifies smooth regions that can be represented with lower resolutions while

dynamic regions are represented by higher resolution in order to preserve the details of cloth simulation.

Similarly, we identify less significant regions that can be represented with lower resolutions and more signif-

icant regions that can be represented with higher resolutions. We apply this in a road map network deformation in

order to achieve the same effect of higher performance while retaining accuracy of the model.

4.3 Background

In a simple road edge deformation, a road edge E undergoes a transformation T, resulting to a deformed

edge TE. The goal of a basic edge deformation is to find a configuration of target edges such that the residual

between the target, Ẽ, and the deformed edge TE are minimized. Specifically, the residual, DRE , is defined as the

following:

DRE = ∑
E∈E

∥∥Ẽ−TE
∥∥2
, (4.1)

where E is a set containing all those edges. In this simple edge-based deformation, its computational time in-

creases, as the number of road edges increases.

In order to accelerate this edge-based deformation process, a grid overlaid on a map is typically adopted in

a map deformation for many different applications, because optimizing with the grid can provide higher perfor-

mance than directly optimizing individual elements of maps. A grid overlaid on a map consists of quads that

encompass the map elements (e.g., road vertices, road edges, Points-of-Interest (POIs), textures) under them.

Optimizing the grid indicates that we perform the process in terms of the grid components instead of in-

dividual road edges. In particular, grid components include quads Q, quad edges A, and quad vertices V . We
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assume that indices of two vertices of each road edge in Eq. 4.1 are E1 and E2, and those two vertices are then

represented as barycentric coordinates associated with their respective quartet of quad corner vertices. The prior

residual equation (Eq. 4.1) is then reformulated as the following:

DRE = ∑
E∈E

∥∥∥∥∥
(

4

∑
p=1

bẼ1

p Ṽ Ẽ1

p −
4

∑
p=1

bẼ2

p Ṽ Ẽ2

p

)

−T

(
4

∑
p=1

bE1

p V E1

p −
4

∑
p=1

bE2

p V E2

p

)∥∥∥∥∥
2

, (4.2)

where Ṽ is a target vertex and bE i
p is a barycentric coordinate of a corner V E i

p of a quad containing the edge endpoint

indexed by E i.

Deformation can deviate from the original shape of the map, so preservation of the shape of quads is ap-

plied [13]. Its objective, DQE , called quad error, is defined as:

DQE = ∑
Q∈Q

4

∑
i=1

∥∥B̃−KÃi
∥∥2 (4.3)

where Ãi is a deformed quad Q edge under T, and B̃ is one of edges of the quad Q; the top edge is typically

selected for this purpose. K is the original relationship computed by original edges, i.e., B and Ai.

Additionally, a smoothing objective can be considered to maintain the rigidity of the grid and implicitly avoid

quad overlaps. The smoothing objective, DSM , is a matrix form of the Laplacian smoothing [72]:

DSM = ∑
V∈V

∥∥LṼ
∥∥2
, (4.4)

Li j =


−1/Valence(Vi) if Vi and Vj are adjacent,

1 if i = j,

0 otherwise.

Finally, the optimization of the map is achieved by minimizing the weighted sum of all the objectives:

D = wREDRE +wQEDQE +wSMDSM. (4.5)

Depending a type of applications, this overall objective can be appended with additional objectives (Sec. 4.5).

4.4 Our Method

Uniform grids are popular thanks to ease of use and fast results in deformation with a coarse resolution.

However, manual setting of the grid resolution and thus many trials would be required as to produce the desired

effect. On one hand, a high resolution setting results in a high quality warping, but low computational efficiency.

On the other hand, a low resolution setting results in a low quality warp, but high computational efficiency. Given

this trade-off, Lin et al. show a grid resolution comparison and let the user tune the parameter [13].

Our adaptive grid tries to identify regions where we can set higher or lower resolutions in order to achieve

a high quality warping along with a high computational efficiency. Fig. 4.4 shows these characteristics of using

uniform grids with varying resolutions and our adaptive resolution in the application of mental maps. Compared

to the quality of the high resolution grid (Fig. 4.4e), our adaptive grid structure (Fig.4.4b) produces the same

overall shape with less edges and errors while performing faster. This pattern scales as shown in Fig. 4.4f: a

slower relative growth rate in computational time. We now discuss how to construct our adaptive grids and its

optimization.
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4.4.1 Non-uniform Grid Construction

Figure 4.1: [ A non-uniform grid with support edges (dashed). For smoothing our non-uniform grid, a T-junction

(white vertex) consisting of only three neighbor vertices (black) is smoothed by considering the support vertex

(red) as a fourth orthogonal neighbor. ]

We construct our grid from user defined dimensions by a single root quad by default or by multiple quads if

necessary. For each quad, we identify whether the area under the quad is significant by checking for 1) its enclosed

road vertex count is greater than c, or 2) inclusion of a special vertex (e.g. guide pattern vertices, which are shown

in the inset of Fig.4.4a). When either one of criteria satifsies, we divide the quad into four sub-quads, resulting in

finer subdivision.

Recursive subdivision can result in an unbalanced quadtree. In our experiments, we observe that the overall

shape quality can be improved by balancing the tree through conversion into a restricted grid, wherein neighbors

of a quad must be within one level of each other in terms of the tree depth. This restriction prevents a sudden

change of deformation rate over a surface, resulting in artifacts minimized [73].

In the uniform grid approach, quads would deform without shape collapsing, because the surrounding quads

have the same size. However, in a non-uniform grid like in a quadtree, quads do not necessarily have the same

sizes, producing T-junctions that can cause “cracks”. Inspired by techniques from terrain rendering, we apply

triangulation and provide support edges to remove such cracks. Our goal is to decrease the number of edges and

thus increase the optimization performance, while maintaining the accuracy of map deformation. Following the

behaviour of the uniform grid, a neighborhood of same sized quads would support themselves. We therefore apply

triangulation support edges only to quads with smaller neighbors (Fig. 4.1). The support edges are included to a

quad’s edges and are considered to maintain the shape of quads based on Eq. (4.3).

Smoothing. Laplacian smoothing is applied to each vertex with its orthogonal neighbor vertices. In the case of

non-uniform grids, T-junctions may occur due to non-uniform subdivision. To complete its 4-way neighborhood,

we consider the centroid vertex, e.g., the red vertex shown in Fig. 4.1, of the adjacent bigger quad, to serve as a

fourth neighbor to these T-junctions.

While useful in maintaining rigidity and implicitly avoiding overlaps, smoothing comes with a problem
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(a) uniform grid (b) non-uniform grid w/o support edges

(c) non-uniform grid w/ support edges

Figure 4.2: [ Support edges preserve the shapes locally and globally. ]

known as the shrinking, brought to by boundary vertices converging to the centroid of its neighbors towards its

internal vertex neighbor. We address this by applying a simple method of Taubin [74] by projecting the Laplacian

to the vertex normal.

Fig. 4.2 shows the deformation produced using a uniform grid, non-uniform grid without support edges and

a non-uniform grid with support edges.

4.4.2 Optimization

We encode the system of linear equations from Eq. 4.5 in the form Ax = b, which can be described as a large

sparse system. For such a system, we employ a common iterative algorithm used in layout optimization [53, 13]

called the conjugate gradient method, which requires a symmetric matrix. In most cases, A is not symmetric, so

we transform to the normal equation form AT Ax = AT b to obtain a positive-semidefinite matrix AT A.

We refer to the conjugate gradient algorithm described in [75]. Shewchuk [76] describes specific implemen-

tation details to improve the stability of the optimization. We implemented the algorithm both in CPU and in

CUDA / cuBLAS / cuSPARSE [77]. Fig. 4.3 shows that our GPU implementation shows up to 88% increase in

performance in our tested settings. A GPU implementation of the conjugate gradient method is essential in the

goal of scaling the data size while keeping interactive rates.

Preventing foldovers. While layout optimization generates a best local solution for minimization of residue, it

is not concerned for a foldover-free result, which is visually undesirable. Haunert et al. [6] prevents foldovers

by including non-crossing objectives, but uses quadratic programming, which is slow. Most linear programming

approaches prefer checking and correcting foldovers after the fact. Some of them include rewinding to the time
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Figure 4.3: [ Performance Comparison: CPU vs GPU. As resolution increases and residue decreases, GPU’s

computational time shows a slower growth rate than the CPU. Three different points labeled as depth1, depth2

and depth3 indicate pairs of running time and residue for our method. ]

of earliest point of the contact[10, 78], Procrustes projection [79], and Laplacian smoothing [13]. In a large

system like ours, Laplacian smoothing implicitly provides foldover prevention by distributing neighbor spacing,

resulting in a high performance due to only involving matrix multiplications. To further ensure solutions in cases

of non-convergence, an additional relaxation step can be performed after each iteration: a simple mass-spring

minimization[80]. As with [13], these foldover steps are optional in order to maintain efficient computation for

interactive systems.

4.5 Applications

Our proposed structure can be applied easily in grid based deformation techniques and we demonstrate three

such cases.

Evaluation. To show different behaviors of uniform grids and our adaptive grids, we show the performance time

graph as a function of the residue of each method.

Computing residues using Eq. 4.5 for a uniform grid and a non-uniform grid differs due to the unequal

number of grid elements (e.g. quads and support edges), but the number road elements and guide vertices are

the same for both approaches. To perform a fair quantitative comparisons between these two different methods

in terms of residue values, we consider only residues computed from the unweighted road edges (Eq. 4.1), and

the unweighted guide objective when it exists. These residue values are used only for comparisons (e.g., the time

vs. residue graph) between two methods, and are different from the ones used for the minimization of residue

optimization mentioned in Sec. 4.4.2.

The time complexity of the conjugate gradient method is shown to be O(m
√

κ), where m is the nonzero

entries in the matrix A and κ is its condition number [76]. We employ a positive-semidefinite matrix AT A, and

its the condition number is the square of the condition number of A, making our method’s time complexity to be
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(a) Map featuring Abbey Road. Inset: guitar guide pattern (b) Ours depth3 (residue=683.22, 1.64s)

(c) 20x20 (residue=880.31, 0.17s) (d) 40x40 (residue=714.90, 1.35s)

(e) 80x80 (residue=688.85, 2.20s)
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(f) Performance graph. As resolution increases and residue

decreases, our adaptive grid’s computational time shows a

slower growth rate than the uniform grid. The base grid for

our adaptive approach is 10x10. Three different points la-

beled as depth1, depth2 and depth3 indicate pairs of running

time and residue for our method.

Figure 4.4: [ Abbey road mental map ]

33



O(mκ). Our computation setup features a 3.60GHz CPU and an NVDIA GTX 680 GPU.

4.5.1 Mental and Destination Maps

Mental maps or destination maps are classified into thematic maps that convey a specific theme or mental

image of particular regions.

Mental maps are defined as maps that feature a pattern formed by roads to help users form a mental image of

the location. The pattern is supplied as target vertices that have corresponding real road vertices in the input map.

The optimization is guided by those input vertices. Lin et al. [13] designed a uniform grid based deformation to

create such maps.

This approach adopts an overlaid grid, while preserving road and quad shapes. The road edge and quad shape

preservation objectives are defined as in Eq. 4.2 and 4.3. In addition, a guide objective, DGV , is enabled to direct

specified road vertices to the input vertex pattern of a mental map, and is shown in below:

DGV = ∑
G∈G

∥∥R̃−G
∥∥2
, (4.6)

where G is a vertex in the set of target vertices, R is its corresponding road vertex, and R̃ is the deformed version

of R. In terms of a quad barycentric coordinate, Eq.4.6 becomes:

DGV = ∑
G∈G

∥∥∥∥∥ 4

∑
p=1

bR̃
pṼ R̃

p −G

∥∥∥∥∥
2

. (4.7)

In our method, we replace the uniform grid into our non-uniform grid and apply the optimization process

(Sec. 4.4.2).

As an example, Fig. 4.4 shows the famous Abbey road having the same name of one of the Beatles’ albums.

In this example, we want to use the guitar pattern (the inset of Fig. 4.4a) as a mental map to form the shape of the

road. We compare our work to a uniform grid and measure their performance (Fig. 4.4f). In our tests, we found

that as the resolution increases and the residue decreases, the computation time of our adaptive grid has a slower

relative growth rate than that of the uniform grid.

Another application of road deformation is to generate destination maps, defined as maps that show a sketch

of a simplified route towards a destination. In this case, the input is a sketch pattern and a geographic map, and the

output is a deformed geographic map satisfying the route sketch pattern. For this application, we test the Malaysia

map (Fig. 4.6) with a sketch (Fig. 4.5).

We also test prior uniform grids with varying resolutions against our adaptive method. We found that the time

(Fig. 4.6e) as a function of residue chart shows that our approach is more scalable, although our adaptive grid has

shown slow computational time in low resolutions. This low performance at a lower resolution is mainly due to

the overhead brought to by including support edges in the objectives (Sec. 4.4.1). Nonetheless, as we use higher

resolutions, our method shows a slower relative growth rate than that of the uniform grid.

4.5.2 Focus region maps

A focus region map is a focus+context map wherein a focused region is highlighted by making it standout

from the rest of the region (context). In the case of Haunert et al. and Van Dijk et al. [6, 10], a focus region is

defined by scaling the road edges in that region. The scaling factor for the focus region edges is a user input,

and the rest of the map as the context is variably scaled to preserve road edge lengths. Their optimization works

originally at the road edge-level like the one shown in Eq. 4.1:

DRE = ∑
Ei∈E

∥∥Ẽi− siEi
∥∥2
, (4.8)
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Figure 4.5: [ Target pattern (magenta) over the original map, shown with displacement vectors for creating a

destination map. ]

where si is the scaling factor.

For the use with a grid, we expand the edge-level objective function into the grid-level, in a similar manner

to derive Eq. 4.2:

DRE = ∑
Ei∈E

∥∥∥∥∥
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. (4.9)

The difference in this application is that the user inputs the scale factor Z for a set of edges E f in the specified

focus region such that si = Z. We test using the Boston road map with multiple focus regions and compare the

road edge-based, the uniform grid and the non-uniform grid approaches (Fig. 4.7). In our tests (Fig. 4.7e), we

found that as the resolution increases and the residue decreases, our adaptive grid’s relative growth rate is slower

than that of the uniform grid.

4.6 Conclusion

We proposed a non-uniform grid that adaptively adjusts resolution for significant areas in the map without

needing for resolution parameter tuning. We also applied support edges for coarser quads, which help to stabilize

and preserve the quad shapes of our adaptive grid. In different map deformation applications, our adaptive grid’s

performance scales better than a uniform grid, displaying a slower relative growth rate. We also showed that the

performance further increases by implementing the optimization in CUDA.

In a future work, we would like to apply our approach to include deforming octilinear metro networks [53]

with road maps. We would also like to consider other user specific data like genre preferences, GPS locations in

customizing road maps.
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(a) 20x10 (residue=1865.83, 1.20s) (b) 40x20 (residue=1653.79, 8.62s) (c) 80x40 (residue=1477.70, 77.63s)

(d) Ours depth3 (residue=1036.36, 85.61s)
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(e) Performance graph. As resolution increases and residue

decreases, our adaptive grid’s computational time shows a

slower growth rate than the uniform grid. The base grid for

our method is 20x10, and three points labeled as depth1,

depth2 and depth3 are shown to indicate pairs of running

time and residues for our method.

Figure 4.6: [ Destination maps (Malaysia) with different resolutions. (a-d) Top shows the overall grid shape,

while the bottom shows a zoom-in view. Input target routes are shown in magenta. ]
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(a) Original (b) Road edge (Van Dijk et al.) (residue=619.45, 10.28s)

(c) Uniform grid 80x80 (residue=688.85, 2.20s) (d) Non-uniform grid depth3 (Ours) (residue=683.22, 1.64s)
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(e) Performance graph. As resolution increases and residue de-

creases, our adaptive grid’s computational time shows a slower

growth rate than the uniform grid. The green dot indicates the

running time and residue of the road edge-level computation.

The base grid for our method is 10x10 and three points labeled

as depth1, depth2 and depth3 are shown to indicate pairs of the

running time and residue for our method.

Figure 4.7: [ Boston map with multiple focus regions. (a-d) Magenta edges are set to scale factor Z = 3. ]
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Chapter 5. Metro Transit-Centric Visualization for City Tour Planning

(a) Default zoom level (b) Zoomed-in view

Figure 5.1: [ This figure shows our maps for Lisbon with different zoom levels. ]

5.1 Introduction

Thanks to advances of various transportation means and increased leisure time of common people, people

have more opportunities of traveling to popular tourist destinations. In traditional city trip planning, tourist desti-

nation discovery comes typically from looking at reviews or geographic map highlights (Fig. 5.2-(a)), and results

in a list of preferred destinations. Planning a tour route among those identified tourist destinations is the next

separate step, by looking at transportation maps (Fig. 5.2-(b)).

This decoupled approach may result in changes on the preferred destinations depending on distances and

transportation availability. In addition, swapping from a geographic map to a transportation map creates a mental

gap, as the planner tries to remember details from one map, and places and translates them into a different map.

Unfortunately, prior visualization techniques for metro network [14] and their labels [19] mainly focused on

visualizing individual components of common city trip planning. As a result these approaches are not mainly

designed for providing holistic visualization for this kind of trip planning.

Geo-tagged photo websites (Fig.5.2-(a)), e.g., flickr.com and panoramio.com, assist tourist destination dis-

covery by highlighting popular photos in geographic maps. Some tour planner websites (e.g., planner.com) also

offer popular destinations in a similar photo discovery in geographic maps. In these websites, photos are clus-

tered and usually presented with a representative image. Display of these photos, however, are not composed by

explicitly considering reachability from metro or other transportation means.

To address this problem, the metro network is commonly featured in the geographic map. Nonetheless,

it can be easily buried in photos and other geographic map information such as various labels and roads. It is

important to effectively show reachability from a metro map to tourist destinations during the city trip planning.

An approach demonstrated in Google maps shows transit lines and an external strip of POI photos, pointing to

a POI location one-at-a-time. As opposed to the approach in geo-tagged photo websites, this form belongs to
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(a) Tourist destinations map (b) Schematic metro map

Figure 5.2: [ Two separate maps are commonly used for planning. (a) is a screenshot of panoramio.com Swapping

between these two different maps can cause a mental gap for city tour planning. ]

external annotation, occupying additional precious screen estate, such that when applied to a smaller display, the

screen could get easily cluttered.

(a) Default zoom level (b) Zoomed-in view

Figure 5.3: [ This figure shows our maps for the Vienna city with different zoom levels. ]

Main contributions. We propose a holistic visualization technique that supports tour planners to effectively

identify preferred tourist destinations and their reachability from the metro map of a chosen city (Fig. 5.1). To

achieve our goals, our method uses the metro network as the center of planning and provides a schematic diagram

of a metro map populated with representative photos. To help tour planners to effectively navigate the metro

network and tourist destinations, we provide them an automated octilinear layout of the metro. In addition, we

identify and highlight popular tourist areas that are also in the vicinity of metro stations.

Our method starts from both a metro network, represented with a graph, and Points-Of-Interest (POIs) pro-

vided by trip reviews websites such as tripadvisor.com. Each POI is associated with its name, its geographic

location, genre, photos, etc. Our method identifies popular tourist areas based on kernel density estimation. We

then assign high visual worths to such areas for allocating more visualization space for them (Sec. 5.4.1). For

computing the schematic metro map in the octlinear layout, we apply a mixed integer programming approach

for computing a near-optimal solution (Sec. 5.4.2). Once the schematic metro map is constructed, we position

POIs in the map by warping geographic locations to the computed map (Sec. 5.4.3). We finally perform a hier-
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archical clustering method for computing representative images out of densely populated POIs in a small region

(Sec. 5.4.4). Fig. 5.4 summarizes our method.

To validate our approach, we have conducted a user study surveying 70 individuals. We have factored out our

six design guidelines and used them as a basis for designing our method. We have found that our method receives

a high user satisfaction rating average of 1.097 in the range [−2,2] of our Likert scale. These results demonstrate

the benefits of our proposed method.

5.2 Related Work

We review prior methods directly related to our approach in this section.

5.2.1 Metro Network Layout

Different approaches have been proposed for computing layouts for metro network [14]. Among them,

octilinear layouts using diagonal edges as well as horizontal and vertical edges have been widely adopted for

visualizing metro networks.

Octilinear layouts. Automatic generation of octilinear metro map layouts has been studied in recent years. One

of the initial works was of Hong et al. [15]. This approach utilizes mass spring techniques, where forces dictate

relative positions to achieve octilinear layouts. Stott et. al. [16] used a hill climbing algorithm to optimize the

positions of the stations.

Nollenburg et al. [1] viewed the layout problem as an optimization problem, and employed a mixed integer

programming (MIP) approach to find a global solution maximally satisfying design constraints. Its resulting

layouts show a strict compliance to octilinearity and feature almost uniform spacing. Similar MIP techniques have

been used in related layout problems [17]. Our work also utilizes MIP based optimization for computing a global

solution given our design criteria.

Annotation placement. Map annotation has been well investigated, yet annotation placement in octilinear metro

maps is another problem raised with automated octilinear layout generation. Wu et al. [18] used flow networks to

put external annotations around the map boundaries connected by lines to the stations, while avoiding intersections

with metro lines. More recently, Wu et al. [19] investigated internal annotations: placing them in the vicinity of

the sources; an MIP framework proposed by Nollenburg et al. [1] is utilized to place annotations without overlaps,

while drawing octilinear line connectors. Although the resulting internal annotations may not retain relative

topology, the spacing is well distributed thanks to the additional aesthetic criteria such as alternating distribution

and closed region avoidance. Nonetheless, these techniques are not designed for interactive tour planning and

computing representative POIs.

Map warping. Jenny et al. [50] used map warping, Helmert transformation, to analyze geometric distortions

of maps, and analyzed octilinear metro maps compared to its geographic counterpart. Bottger et al. [22] used

distortion by moving least squares to fit a street map in an octilinear metro map. We also apply map warping

techniques for aligning POIs in the computed octilinear layout. A simple map warping method like Jenny et al.

suffices for our purposes of transforming point positions. Yet more sophisticated methods exist such as Bottger et

al., which can be substituted in order to perform non-overlapping transforms.

5.2.2 Removing Clutters

Metro maps can be populated with many associated attributes such as labels, pictures, etc. Focus+Context

and computing representative images have been studied to optimize the display of these annotations.
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Focus+Context. Focus and context is one of the staple techniques in the visualization community. This technique

magnifies graphs and grids to focus on certain areas, while retaining the normalcy of the remaining areas as a

context [51]. In particular, Sarkar and Brown [52] defined a visual worth attribute for each vertex to determine

its importance in visibility. In the work of Wang et al. [53], as applied in metro maps, visual worth are set to be

higher for edges in the selected route.

Representative images. In a map featuring hundreds of photos, a representative image is usually used to represent

an area, as commonly applied in geo-tagged image websites (e.g., flickr.com and panoramio.com). An approach by

Jaffe et al. [4] is to display summaries of a large collection of images by traversing a hierarchy resulting from the

Hungarian hierarchical clustering method[54]. The representative images of a cluster are defined by their scores

coming from criteria such as relevance. We find the Hungarian method useful as a hierarchical clustering method,

which creates a hierarchy handily used as an LOD tree. At the same time, this method does not need a defined

number of clusters as input. These techniques have not been applied to city tour planning, the main application of

our method.

5.3 Background

In this section we go through a domain of applications addressing map switching. In particular, we view tools

that explore solutions on combining metro maps with tourist/street maps.

Reilly et al. [21] investigated image map morphing as a tool to reconcile two different maps of the same place.

One-to-one mapping points are defined to guide the image morphing process and intermediate transition images

are recorded. Bottger et al. [22] used distortion by moving least squares to fit a street map in an octilinear metro

map space. Zooming-in morphs the image until it converges to the undistorted geographically accurate map. As

these applications apply image distortion to the maps, resulting artifacts include curvy street lines, cross-blending.

We take inspiration from these works, but we do not use image space in distorting our maps.

Our work strives to improve on creating an optimized tourist map in a single octilinear space for use in trip

planning. We parallel our design principles on complementary works on trip planning such as route maps [11, 12],

which discard detailed map solutions for a clear and easy-to-read format in conveying information. Also by

working in a single octilinear space through interpolation, the difficulty of adjusting between map conventions

and spaces is absolved. This design can bring added usability. For example, near a tourist center, there may be

many POIs and nearby metro stations. One can easily identify different routes to cover preferred POIs by taking

metro transits or walking, by looking at the single octilinear layout populated with POIs.

Note that most tourist maps are still handcrafted despite automated solutions exist. Aforementioned works

may not be popularly applied on their own applications yet. Nonetheless, automatically generated layouts can be

used as basis by artists, as described in [19].

Tasks As discussed in Chap. 1, we would want to address the functions of the tourist map in a holistic appli-

cation. To recap it involves providing digestible info, POI discovery in a metro-centric map, and effective route

planning from an octilinear metro layout. Accordingly, we define the following goals and tasks for the users.

1. Map Information What are the names of the POIs? Which regions are tourist spots?

2. POI Discovery Which are the top POIs in a specific area? Which are the nearby minor POIs?

3. Route Planning Which POI are reachable from a metro? How to reach from one POI to another POI via

metro?
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5.4 Our Approach

POI Data 

Run-time Map 

Hierarchical Clustering 

Map Warping Octilinear Layout 

Trip Websites 

Visual Worth 

Figure 5.4: [ This figure shows the overall structure of our system. ]

In this section we elaborate each part of our method. For designing these parts, we have factored out various

design guidelines, which are discussed in Sec. 5.5.1. Based on those observations, we adapt our final design

choices.

As the base information to our method, we harvest a metro network map and POIs representing interesting

locations of a city from trip reviews websites like tripadvisor.com. In addition to harvesting basic information

(e.g., name and location) for each POI, we also collect its popularity ranking among those identified POIs.

5.4.1 Visual Worth Computation

We aim to magnify the spaces of popular tourist areas for allocating larger visualization working spaces to

them. To effectively identify such areas, we transform the problem of identifying them into a density estima-

tion problem. Specifically, we use the variable kernel density estimation method [81] with the POI geographic

coordinates as samples (Fig. 5.5).

We also utilize available ranking information, ri, for i-th POIs and consider it in our density estimation. In

particular, we emphasize highly ranked POIs. To realize our purpose, we use the POI ranking as a factor to a

constant kernel bandwidth, k. In other words, lower ranked POIs are used with larger bandwidths, and thus affects

visual worths on their nearby regions in low weights. We also consider the proximity, ρi, of POIs from the nearest

metro station, since close POIs from metro stations can be also preferable for tourists.
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Figure 5.5: [ This figure shows a heat map of Lisbon resulting from our kernel density estimation with POIs

(shown in red dots). ]

Given a point u on a geographic map, we estimate its visual worth vw(u), as the following:

vw(u) =
1
n

n

∑
i=1

1
(hi)2 K(POIi,u,hi), (5.1)

hi = k(wrri +wρ ρi),

K(POIi,u,hi) =
1

2πh2
i

e
− d(POIi,u)

2h2
i ,

where n is the number of samples, hi is the variable bandwidth, K is a 2D Gaussian kernel, POIi represents the

location of ith POI, and d(POIi,u) is the Euclidean distance function. wr and wρ are the weights for the terms

ranking ri and proximity ρi.

Fig. 5.5 shows an example of our visual worth computation for a city. We treat high-density areas (shown in

red colors) as tourist centers of the city and allocate more space for those areas in later parts of our method.

Recalling Fig. 5.4, the computed visual worth values directly affect later stages of our method. On one hand,

we use visual worth to control edge lengths in the octilinear layout computation. On the other hand, we use visual

worth to extract prominent clusters in the active cluster set.

5.4.2 Octilinear Layout Computation for Metro Network

We use the given metro network as the center of our visualization. To support tour planners to effectively

navigate the metro network and tourist destinations, we compute an octilinear layout of the given metro network as

its schematic representation. In particular, we use an MIP based optimization method for computing the octilinear

layout, while minimizing costs that are measured against various octilinear layout design criteria [1].

For our purpose, we aim to minimize bending angles between the physical metro line and its corresponding

edge in the layout, costbend , to preserve the original topology of the metro network, costtopo, and to reduce the sum
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(a) Input

(b) Our octilinear layout w/ the uniform edge length

(c) Our octilinear layout w/ the variable edge length

Figure 5.6: [ (b) and (c) show computed octilinear layouts of the Lisbon metro network (a) constructed with

uniform or variable edge lengths. POIs, shown in red dots, are also transformed according to the computed

octilinear layout. ]
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of edge lengths and avoid excessively long edges, costlength. They are defined in the following equations:

costbend = ∑
L∈L

∑
uv,vw∈L

bd(u,v,w),

costtopo = ∑
uv∈E

rpos(u,v),

costlength = ∑
uv∈E

λ (u,v), (5.2)

where u, v, and w are station vertices, E is a set of metro edges in the layout. L is a geographical metro line

in the set of physical metro lines, L , and bd(u,v,w) measures the bending angle between two different edges

corresponding to two sub-lines, uv and vw, sampled from a geographical metro line L. rpos(u,v) measures the

angle difference between the edge (u,v) in the layout and its corresponding line in the metro network, and λ

returns the edge length cost.

As the final cost function to the MIP optimization process, we combine these three costs with different

weights; we put highest weights for costtopo, since maintaining the relative topology of the metro network is one

of the most important visualization criteria for our purpose. For all the experiments we use 1, 50, and 1 for

costbend , costtopo, and costlength, respectively, as weights for the MIP optimization process.

Edges between stations are kept to have a length that is equal or higher than the minimum edge length, `uv.

We then compute an edge length according to visual worths of two end points of the edge. The following equations

define two aforementioned constraints used within our MIP optimization process for east horizontal cases:

x(u)− x(v) ≥ `uv, (5.3)

`uv = `const
vw(u)+ vw(v)

2
, (5.4)

where x(u) represents the x coordinate of the vertex u and `const is a constant factor converting from the visual

worth to the edge length; we set 10 for `const in practice.

We also have similar equations for the other seven directions. The MIP optimization process uses constraints

depending on configurations among the eight possible octilinear directions of an edge. We do not check edge

overlaps, expensive constraints within our MIP optimization process, since we have found that the other used

constraints combined with a small edge length, produce layouts without edge overlaps in our tested benchmarks. In

a default setting, we show labels associated with metro stations, only when users click stations. This design choice

is made to avoid excessive clutters. Nonetheless, we can naturally consider labels within our MIP optimization

process, as mentioned in a related prior work [1].

Fig.5.6-(b) and -(c) show octilinear layouts of the Lisbon metro network that are computed by considering

uniform edge lengths and ones considering the visual worth. The one constructed by considering the visual worth

dedicates larger spaces for popular tourist areas.

5.4.3 Map Warping

In the prior section, we use the MIP optimization process to compute the octilinear layout of the given metro

network. These deformed metro layouts, unfortunately, cannot be visualized together with the original coordinates

of POIs. One can treat POIs as labels or other attributes associated with stations or vertices of the metro network

graph, and compute their locations within the octilinear layout. We found, however, that this approach requires

prohibitively excessive amount of computation time and even fails given its high time complexity, since the number

of POIs can be very high (e.g., hundreds of POIs).

Instead of handling them within the MIP optimization, we adopt another step that maps POIs according to the

computed octilinear layout. To map those elements into a space aligned with the computed octilinear layout, we
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(a) Default zoom level (b) Zoomed-in view

Figure 5.7: [ This figure shows our maps for Prague with different zoom levels. ]

utilize the Helmert transformation, a popular transformation method in geodesy, which is essentially a 4-parameter

Euclidean transformation [50].

Given the Helmert transformation, we use the newly computed station positions as control points for trans-

forming the rest of the map elements such as POI positions, city outline polygon vertices, etc. Positions of the

input control points in the octilinear layout, x̄i = x̄(u) and ȳi = ȳ(u), and their original positions, xi = x(u) and

yi = y(u), are used to compute the four unknown parameters representing 2D translation (tx and ty), 1D scaling (s),

and 1D rotation (θ ): [
x̄i

ȳi

]
=

[
tx
ty

]
+

[
scosθ −ssinθ

ssinθ scosθ

][
xi

yi

]
.

Given the linear system, we use a common least-squares method for computing the unknown parameters.

The next step after computing the transformation matrix for each vertex of the metro network is to construct

an interpolation scheme for transforming POIs into the octilinear layout. For this purpose we adopt a multiquadric

interpolation [82] for achieving high-quality interpolation. Specifically, we define our interpolation equation to be

a quadric basis function:

x̄i− xi =
n

∑
j=1

α j
(
(x̄i− x̄ j)

2 +(ȳi− ȳ j)
2)−1/2

, (5.5)

ȳi− yi =
n

∑
j=1

β j
(
(x̄i− x̄ j)

2 +(ȳi− ȳ j)
2)−1/2

, (5.6)

where n is the number of control points. We estimate unknown coefficients α and β based on the least-squares

method.

Once we setup our interpolation equations, we then compute discrepancies, p̄− p and q̄− q, for any point,

(p,q), in the original map. In other words, we use the following equations to compute transformed positions (p̄, q̄)

given the transformed metro layout:

p̄− p =
n

∑
j=1

α j
(
(p̄− x̄ j)

2 +(q̄− ȳ j)
2)−1/2

,

q̄−q =
n

∑
j=1

β j
(
(p̄− x̄ j)

2 +(q̄− ȳ j)
2)−1/2

.

We visualize this transformation by showing a regular mesh and its deformed mesh in the original and octi-

linear layout space in Fig. 5.6.
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Figure 5.8: [ This figure shows our clustering result at an intermediate level. ]

5.4.4 Hierarchical Clustering

Displaying all POI photos can clutter the visualization result and overload users with a lot of information.

Instead, we summarize the collection by computing and showing only representative images. To realize this, we

use a hierarchical clustering algorithm, namely the Hungarian clustering method [54].

The Hungarian clustering method performs clustering based on the cycle cover problem [54]. In this cluster-

ing method, we start with the POI positions as inputs. We then perform the following procedures. a) These points

are treated as initial clusters. b) For each cluster, we construct an edge from the cluster to the nearest cluster. We

then solve a minimal cycle cover for the computed graph, resulting in a set of cycles that are treated as clustering.

c) This is repeated for the resulting clusters in the prior step, until we cannot merge clusters anymore.

This recursive process results in a clustering tree, where each node represents a cluster, and the leaves contain

individual POIs. The resulting hierarchical clustering tree is used to display a portion of the POI collection.

Runtime. At runtime, a user can zoom-in/out and translate the visualization window that shows the full or a

portion of our map (Fig. 5.7). Given a chosen visualization window, we choose and visualize biggest POI clusters

whose size is smaller than that of the window and is contained in the window. Fig. 5.8 shows chosen clusters given

an example visualization window. To compute such clusters, defined as active clusters, we traverse the clustering

tree from the root in the top-down manner. When we visit clusters satisfying the criteria, we treat them as active

clusters and terminate the traversal from those clusters.

There can be too many active clusters that cannot be visualized given the visualization window. We therefore

choose top M clusters. For ordering active clusters, ci, we compute a prominence of cluster, p(ci):

p(ci) =
vw(ci)

∑
n
j=1 vw(c j)

,

where vw(c j) is the visual worth of the cluster c j, which is defined as the biggest visual worth of POIs contained

in the cluster. Additionally, we display the next M POIs in a smaller size to give previews of other interesting

destinations. We have found that M = 10 works well for our purpose without cluttering the visualization. An

accompanying video shows an example of using our interactive framework.

In our implementation, we only use a POI’s geographic coordinate, which is assigned by tourist websites,
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City # of Stations # of Edges # of POIs

Lisbon 49 51 120

Prague 54 54 120

Vienna 90 96 120

Table 5.1: [ This table shows the characteristics of our tested benchmarks. ]

as a single point to locate it in the map. Unfortunately, this would mean that if the point is outside the viewing

window, the POI would not be displayed, even if the actual POI area is bigger. This can be addressed if a bounding

box of each POI is available.

5.5 Results and Analysis

We have implemented our methods on a machine with a quad-core i7 3.6GHz CPU. The MIP solver used is

Gurobi Optimizer (gurobi.com).

We have tested three benchmarks: Prague, Lisbon and Vienna data sets as shown in Fig. 5.7, 5.1, and 5.3,

respectively. The characteristics of these three data sets are summarized in Table 5.1. The total preprocessing

time of the visual worth computation, the MIP optimization, warping, and clustering is 0.52s, 3.22s and 12.35s

for Prague, Lisbon, and Vienna, respectively. In the visual worth computation, we set wr = 0.7 and wρ = 0.3,

as we have found effective based on our design factors DF5 and DF6, which are discussed below. Our runtime

computation that computes the most prominent, active clusters takes less than 1 ms.

5.5.1 Design Factors and User Study

We have designed and conducted our study to isolate design factors. Their summary is shown in Fig. 5.9. In

order to assess our design factors, we have conducted a user study through the actual use of our interactive map

prototype. We have surveyed 70 individuals: 38 females and 32 males, 16 to 35 years old. In addition to designing

related questions, we have inquired about their trip planning habits. We screened participants in such a way that

they actually use metro-transit in their trips and are not well acquainted in the tested cities.

1. (DF1) Geographic vs. our map: we showed the users a geographically accurate metro map and our octilinear

layout metro map, both with all the POI images. More than half of the users prefer using our map in terms

of looking at a metro network and POI images. We presume that our approach might be uncomfortable to

users without getting accustomed to it.

2. (DF2) All vs. representative photos: we showed the users our map filled with all POIs in the city and

with representative POIs. We find that more users like the map with representative images. All the POIs

displayed at once clutter the screen, while representative images give a clean organized look.

3. (DF3) Representative photos vs. representative photos+points: we showed the users our map with represen-

tative images, and with representative images and non-representative POIs displayed as small points. Users

like to see what they might have been missing out, so the latter one is preferred.

4. (DF4) Uniform (Fig.5.6-(b)) vs. variable (Fig.5.6-(c)) edge lengths: we showed the users our map with the

uniform minimum edge length and with variable minimum edge lengths. Users are slightly leaning towards

variable edge lengths. As for more dense tourist areas, the variable edge factor is more valuable. This

deserves further exploring in more visual perception studies.
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Figure 5.9: [ Design factors study results. ]

5. (DF5) Density vs. proximity: we showed the users our map with a small set of POIs near the metro, and

with many POIs including ones far from the metro. More users prefer to visit and see POIs nearby a metro.

6. (DF6) Proximity vs. ranking: we showed the users our map with a region containing far but high ranked

POIs, and with another region containing near but low ranked POIs. More users prefer the high ranking

tourist areas, even though it is far from the metro.

We find that significantly more participants picked ours (p-value < 0.05), and in particular, DF3 and DF6

trials have highly significant results (p-value < 0.01). However, the DF4 case has no deducible statistical signifi-

cance (p-value = 0.20).

Observations from DF5 and DF6 became our basis for defining weights used in our visual worth computation

(Sec. 5.4.1). All the other design factors have been incorporated in our method described in the prior section.

Visual Worth. Considering visual worth permits flexibility to distort the map according to multiple spatial

factors. By computing visual worth with the density estimation formulation, we can naturally support proximity

and ranking. It can be extended to support other factors such as POI genre, to magnify certain map areas in a

different manner.

In our tested user study, many users took a while in choosing between uniform and variable edge lengths,

and 54% of them selected variable edge lengths. We believe this as a result of a non-optimized parameter setting

for considering proximity and ranking. Optimizing them could improve the visual worth, including the lengths of

edges of the metro. Further visual cognition studies, in particular eye tracking, would greatly assist in tuning these

parameters.

User Satisfaction. We have also let our users to evaluate our prototype. Fig. 5.10 shows the user satisfaction

rating with 99% confidence intervals. Most users agreed that our map features the clarity of information and

our map avoids complexity brought by overloaded information. Users find that our map would help them plan a

tour-by-metro well. While our work is still a prototype, many rate our UI highly on ease of use.
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Figure 5.10: [ Average user satisfaction rating with 99% confidence intervals. ]

Limitations. Our method has drawbacks, although it has been demonstrated to show benefits for our purpose.

Our approach for visualizing annotations of POIs is on-site, exactly placing POIs where they are located. This

approach results in unavoidable overlaps with the metro stations and edges. Our current MIP optimization is

reasonably fast, but its layouts can be complex and produce edge crossings. We withhold displaying labels of

stations and POIs in order to allocate more space for the metro and representative photos. Since our work provides

interactive map visualization, we can conveniently show pop-up labels upon selection of a station or a POI. Our

method also inherits the limitations of our employed techniques. Nollenburg’s method [1] produces high quality

globally optimized metro layouts, yet it has not been demonstrated to be applicable for complex metro networks

such as Tokyo, New York or Paris.

5.6 Conclusion

We have proposed an interactive approach for supporting tourists to effectively identify popular tourist desti-

nations and travel to them based on the metro network. For our holistic visualization of city trip planing, we have

used visual worth computation, MIP-based octilinear layout computation combined in showing representative

POIs in the layout. Additionally, we have used a hierarchical clustering method to efficiently compute represen-

tative images given a user-specified visualization window and zoom level. To validate our proposed method and

factor out important design criteria that are basis for finalizing our method, we have conducted a user study, which

confirmed the benefits of our method.

We have found that the proposed direction for city tour planning is promising and deserves further studies. As

more geo-data is collected (location check-in, geo-tagged photos, etc.), more advanced interfaces are necessary

to help tourists in planning their trips. In addition, the continued increase of smart mobile devices adaption

will contribute to changing tour planning, and further trigger high demand on interactive tour guides for modern

tourists [83]. The next logical improvement to our current system are paths to the POIs, which would require

solving a different set of difficult challenges such as road simplification and layouting.

5.7 Supplemental Images
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(a) Geographic (b) Octilinear

Figure 5.11: [ Geographic vs. Octilinear Layout ]

(a) All (b) Representative

Figure 5.12: [ All vs. Representative Photos ]

(a) Representative (b) Representative Photos + Points

Figure 5.13: [ Representative Photos vs. Representative Photos + Points ]
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(a) Uniform (b) Variable

Figure 5.14: [ Uniform vs. Variable ]
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Chapter 6. Conclusion

6.1 Limitations

Considering the scope and the benefits of the methods utilized, this work also comes with limitations as with

any other approach.

The limitations of using modeling as an optimization problem applies also to this work. Arriving to a solution

is not guaranteed. A way to address this is by fall back to the previous layout which may be the same as the

original. Also, complete collision avoidance can influence the deformation to diverge from the optimal solution

by satisfying that constraint. Allowing a tolerance value, especially for grids with coarse contents, can improve

quality. Also by applying mass-spring methods with small steps can improve the fidelity.

In some cases there could be some overhead in using our method in low resolutions because of the additional

support edges. However, the difference is small in absolute terms and goes away as the resolution increases. The

benefit is seen in the scalability of the approach.

6.2 Future work

The methods described could be further enhanced upon application to smart cities. Availability of real-time

data to real-time visualization would greatly benefit users, especially mobile tourists. In the area of personal urban

mobility, map visualization is essential in giving timely information to guide users on the move. There are several

possible research directions that can be taken.

1. Time-sensitive POI discovery. With the rise of online social activity, development of trends can be ob-

served real-time. Information on current concerts, events, and happenings can be collected and aggregated

to form new insights. These can be applied to POI discovery map applications that would suggest (mobile)

users of latest during-the-moment trends that they should not miss.

2. Smart route recommendation. In addition to online social media, a smart city with sensors deployed

around the city can bring convenience to travelers. Weather or traffic reports would affect the displayed

routes real-time. Crowded stations or areas would be avoided in touristic routes in order to give users a

relaxed travel. Connected bus and metro tracking services to display closest transfer trips would lessen idle

time for travelers.

3. Task-based map warping. A full application demonstrating dynamic map morphing. Depending on a

given task, a specific map will be displayed. While on a metro train, an octilinear map can be displayed,

which can transition into a geographic road map to look for road directions. Depending on map search

queries, certain buildings can be magnified or popped-out in 3D. Depending on map data, a cartogram can

display intuitive value comparisons.

4. Gamification. Recent boom of augmented reality games like Pokemon GO showed that gadget users are

willing to perform physical activity when presented virtual incentives. Applying gamification to tourist

walking tours could boost tourism in participating regions and could also introduce less traveled paths to a

new audience.
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6.3 Conclusion

Creating an effective tourist map would assist a traveler in touring of a city: learn local spatial information,

discover POIs and plan a route accordingly. Instead of going around using traditional paper tourist maps, an

array of enhancements can be experienced through using a dynamic digital map that employs a combination of

approaches. Additionally, map personalization that demands real-time task-dependent map representations require

deformation techniques mainly based on uniform grids which can be insufficient for such real-time demands.

For higher flexibility of allocating resolutions resulting in higher performance, a content-aware adaptive grid is

proposed.

An initial investigation on adaptive approach on deforming models is performed in the context of view-

dependent rendering integrated with occlusion culling for large-scale crowd scenes. In order to provide varying

resolutions on each animated, articulated model, it is proposed to use a cluster hierarchy in the view-dependent

representation. The cluster hierarchy is constructed by adaptively clustering regions with similar significance

values in terms of simplification quality. This results in a high quality simplification that can achieve interactive

performance at run-time.

Lessons from deforming 3D models are applied to map deformation. The proposed content-aware non-

uniform grid leads to adaptive resolutions on the map deformation. Finer subdivisions on more significant regions

such as guide road patterns, and coarser subdivisions with less quad edges on less significant regions are applied.

This adaptive approach results in both higher road deformability and performance.

Finally, a dynamic and interactive framework that holistically combines presentations of POIs and a metro

network is proposed. The idea is to identify popular POIs based on visual worth computation, and to introduce POI

discovery for effectively identifying POIs within reach of a metro network for users. Octilinear layouts are used

to highlight the metro network, and representative POI images are shown in the layout space visualized within a

user-specified viewing window.

As more map related data become more available and a ubiquity of smaller display in mobile devices, the

approaches proposed would be more apt in further development of dynamic and interactive tourist maps. In

addition, when augmented reality becomes prevalent in mobile devices, 3D maps would be more utilized and

would require more efficient deformation.
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