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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 POl map and a metro network, helping users identify popular POIls 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.



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



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

POI Annotation placement. POl 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
POls 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



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, POls 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



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.



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 POl annotations to metro stations. Finally, the limitations, summary and future
directions are discussed in the concluding chapter.



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]



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.



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



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 POlIs.

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.qg., 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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