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2.1 Introduction

In this chapter we discuss issues about Level Of Detail (L@&pyesentations for
digital terrain models and, especially, we describe howet dith very large terrain
datasets through out-of-core techniques that explicithnage 1/0 operations be-
tween levels of memory. LOD modeling in the related contéxgemgraphical maps
is discussed in Chapters 3 and 4.

A dataset describing a terrain consists of a set of elevatieasurements taken
at a finite number of locations over a planar or a sphericalalonin a digital terrain
model, elevation is extended to the whole domain of intdrgstveraging or interpo-
lating the available measurements. Of course, the reguttivdel is affected by some
approximation error and, in general, the higher the dew$itiye samples, the smaller
the error. The same arguments can be used for more generdinvemsional scalar,
or vector fields (e.g., generated by simulation), defined avaanifold domain, and
measured through some sampling process.

Available terrain datasets are becoming larger and laeget,processing them
at their full resolution often exhibits prohibitive comptibnal costs, even for high-
end workstations. Simplification algorithms and multietesion models proposed
in the literature may improve efficiency, by adapting resioluon-the-fly, according
to the needs of a specific application [32]. Data at high regm are preprocessed
once in order to build a multi-resolution model, which cargberied on-line by the
application. The multi-resolution model acts as a black that provides simplified
representations, where resolution is focused on the regiorterest, and at the level
of detail required by the application. A simplified repretsgion is generally affected
by some approximation error, which is usually associated aither the vertices, or
the cells of the simplified mesh.

Since current datasets often exceed the size of main mehf@rgperations be-
tween levels of memory are often the bottleneck in companath disk access is
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about one million times slower than an access to main mernfonaive manage-
ment of external memory, e.g., with standard caching artdalimemory policies,
may thus highly degrades the. Indeed, some computatiorialaeently non-local
and require large amounts of I1/O operations. Out-of-cagerdthms and data struc-
tures explicitly control how data are loaded and how theystoeed. Here, we review
methods and models proposed in the literature for simpfifinaand multi-resolution
management of huge datasets that cannot be handled in mainomméNe consider
methods that are suitable to manage terrain data, some offilthive been developed
for more general kinds of data (e.g., triangle meshes dsaagrthe boundary of 3D
objects).

The rest of this chapter is organized as follows. In Secti@y®e introduce the
necessary background about digital terrain models, fogusir attention on Trian-
gulated Irregular Networks (TINS). In Section 2.3, we rewimut-of-core techniques
for simplification of triangle meshes and discuss their @gibn to terrain data in
order to produce approximated representations. In Se2tihnve review out-of-core
multi-resolution models specific for regularly distribdtgata, while, in Section 2.5,
we describe more general out-of-core multi-resolution el®dhat can manage ir-
regularly distributed data. In Section 2.6, we draw someskating remarks and we
discuss open research issues including extensions tofaare simplification and
multi-resolution modeling of scalar fields in three and legtimensions, to deal, for
instance, with geological data.

2.2 Digital Terrain Models

There exist two major classes of digital terrain models, elgnDigital Elevation
Models (DEMs) and Triangulated Irregular Networks (TINS).

A DEM consists of a regular tiling of a planar domain into esqjular cells,
called pixels with elevation values attached to pixels, which provide ecpivise-
constant approximation of terrain surface. DEMs are mdshadefined over rectan-
gular domains encoded just as two-dimensional arrays etidsn values, which are
easily geo-referenced by defining an origin, an orientadioththe extent of the cells
in the tiling.

A TIN consists of a subdivision of the domain into trianglég.( a triangle
mesh). Triangles do not overlap, and any two triangles aheedisjoint or may
share exactly either one vertex or one edge. Elevation smmguk attached to ver-
tices of triangles, thus each triangle in the mesh corredptma triangular terrain
patch interpolating measured elevation at its verticeser interpolation is usually
adopted at each triangle, hence the resulting surface tepise-linear. More so-
phisticated interpolation models can also be used, withbahging the underlying
domain subdivision. Data structures used to encode TINsare sophisticated and
expensive than those used for DEMs, but TINs have the adyantebeing adaptive.
High density of samples may be adopted over more irregulgions of a terrain,
while other portions, that are relatively flat, may be repreed at the same accuracy
with a small number of samples.
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Multi-resolution DEMs usually consist of a collection ofdg at different resolu-
tions. Well-known multi-resolution representations fdglds are provided by region
quadtrees or pyramids [41]. One recent example in compuggrhics is provided
by the work by Losasso and Hoppe [31], where fast renderirglafge terrain is
supported through a compressed pyramid of images, whiclhedrandled in main
memory. Fast decompression algorithms and an effectiveofiaeGPU (Graphics
Processing Unit) allow traversing the pyramid, by extragiilata at the appropriate
resolution, and rendering them on the fly.

In most cases, however, multi-resolution models requiirguadaptive repre-
sentations in the form of TINs, even when full resolutionadedme in the form of
a DEM. For this reason, we consider here techniques thaepsand produce TINs
at all intermediate levels of resolution. If a DEM at highaksion is given as input,
most of the techniques developed in the literature congdBIN built as follows.
The DEM is interpreted as a regular grid, where elevationeshbre attached to the
vertices (usually placed at the center of pixels) and eactangular cell is subdivided
into two triangles through one diagonal. This model canfiessame information as
the DEM but is fully compatible with the structure of a TIN.Wer resolution mod-
els are TINs obtained adaptively from the full resolutiondeithrough some terrain
simplification procedure, as described in the followingtisec

2.3 Out-of-core Terrain Simplification

Dealing with huge data is often a difficult challenge. An amsg workaround is
to reduce the dataset to a more manageable size. Simptificalgorithms take as
input a terrain model and produce a simplified version of itiol provides a coarser
(approximated) representation of the same terrain, basadsmaller dataset.

Many simplification algorithms have been proposed in tieediture (see, e.g., [16]
for a survey of specific methods for terrain, and [32] for aveyrof more general
methods for polygonal 3D models). Most methods are baseti@itdrated, or si-
multaneous application of local operators that simplifyaimortions of the mesh
by reducing the number of vertices. Most popular techniguedased on:

e Clustering: a group of vertices that lie close in space, Ardtub-mesh that they
define, are collapsed to a single vertex, and the portion shrearrounding it is
warped accordingly.

e \ertex decimation: a vertex is eliminated, together withitalincident triangles,
and the hole is filled by a new set of triangles.

e Edge collapse: an edge is contracted so that its two vertmégpse to a single
point (which may be either one of them or a point at a new pasitomputed
to reduce approximation error), and its two incident triasgollapse to edges
incident at that point; the portion of mesh surrounding stweb triangles is
warped accordingly.

Classical techniques require that the model is completelgéd in main mem-
ory. For this reason, such techniques cannot be applied de Hatasets directly.
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Simplification of huge meshes requires a technique thatlestadoad and process
at each step a subset of the data, which can fit in main memnwistikyy out-of-core
techniques have been developed mainly for simplificatiamiafgle meshes bound-
ing 3D objects, and can be easily adapted to simplifying ThMsich are usually
simpler to handle. Out-of-core simplification algorithnade roughly subdivided
into three major classes:

e Methods based on vertex clustering.
e Methods based on space patrtition.
e Streaming techniques.

In the following subsections, we review the main contribns in each class.

2.3.1 Algorithms based on clustering

Rossignac and Borrel [39] proposed an in-core method fositmglification of tri-
angle meshes embedded in the three-dimensional Euclig@&e sTheir algorithm
subdivides the portion of 3D space on which the mesh is endzknido buckets by
using a uniform grid, and collapses all vertices inside dadtket to a new vertex,
thus modifying the mesh accordingly. In [27], Lindstrom poses an out-of-core
version of the above method that has a lower time and spacelerity, and im-
proves mesh quality. The input mesh is kept in secondary mgmiile only the
portion of the mesh within a single bucket is loaded in maimmory. However, the
whole output mesh is assumed to fit in main memory. In [28]dktnom and Silva
propose further improvements over the method in [27] thareiase the quality of ap-
proximation further and reduce memory requirements. Theadgorithm removes
the constraint of having enough memory to hold the simplifiegh, thus supporting
simplification of really huge models. The work in [28] alsogroves the quality of
the mesh, preserving surface boundaries and optimizingdkigon of the represen-
tative vertex of a grid cell.

Another extension of the Rossignac and Borrel's approatheisalgorithm by
Shaffer and Garland [40]. This algorithm makes two passes the input mesh.
During the first pass, the mesh is analyzed and an adaptice gaatitioning, based
on a BSP tree, is performed. Using this approach, a largebeunf samples can be
allocated to more detailed portions of the surface. Howekeir algorithm requires
more RAM than the algorithm by Lindstrom in order to maintailBSP tree and
additional information in-core.

Garland and Shaffer in [17] present a technique that corshingex clustering
and iterative edge collapse. This approach works in twosstép first step performs
a uniform vertex clustering, as in the methods describedalduring the second
step, edge collapse operations are performed iterativedyrplify the mesh further,
according to an error-driven criterion. The assumptiohad the mesh obtained after
the first step is small enough to perform the second step in mamory.

Note that all these methods have been developed for singiffiangle meshes
representing objects in 3D space. Adaptation to terraia dastraightforward: it is
sufficient to simplify the triangle mesh subdividing the d@mwhich describes the
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structure of the TIN, while elevation values are used jugteform error computa-
tion. Therefore, for terrains, it is sufficient to partititne domain of the TIN with a
2D grid subdividing its domain into buckets.

Methods based on clustering are fast, but they are not pssigee The resolution
of the simplified mesh is a priori determined by the resoluttbthe regular grid of
buckets and no intermediate representations are produredygimplification. For
this reason, the algorithms in this class are not suitabdepport the construction of
multi-resolution models, that will be discussed in Sec2dn

2.3.2 Algorithms based on space partitioning

The approach to simplification based on space partitionmists of subdividing
the mesh into patches, each of which can fit into main memadstlaen simplifying
each patch with standard techniques. Attention must betpgidtch boundaries in
order to maintain the topological consistency of the sifigdimesh.

The method proposed by Hoppe [20] starts from a regular gnidpartitions the
domain by using a PR quadtree subdivision based on the datts pbhe quadtree
is built in such a way that data points in each leaf node fit immaemory. Simpli-
fied TINs are built bottom-up as described below. A full-leson TIN is built by
connecting the vertices of the input grid inside each lead, this is simplified itera-
tively by applying edge collapse. Only internal edges candiapsed, while edges
on the boundary of each patch are left unchanged. Once theesmesrresponding
to the four siblings of a nodd in the quadtree are reduced to a manageable size,
they are merged into a mesh that will be associated with nhdend the simplifi-
cation process is repeated recursively. The fact that edigeélse boundaries of the
quadtree blocks are frozen leads to a somehow unbalancedifgiation, because
data along boundaries between adjacent blocks are madtatriull resolution even
in the upper levels of the quadtree.

The previous technique has been later generalized by Pfa¥ddo arbitrary
TINs, whose vertices do not necessarily lie on a regular. §titlile conceptually
simple, the time and space overhead of partitioning the Titla later stitching the
various pieces together leads to an expensive in-core ificagibn process, making
such method less suitable for simplifying very large meshes

El-Sana and Chiang [12] propose an algorithm that worksregidarly distrib-
uted data. They partition the mesh at full resolution inttchas, where each patch
is bounded by chains of edges of the triangle mesh. Patcheszad in such a way
that a few of them can be loaded in main memory if necessamypBication of a
single patch is performed by iteratively collapsing therstst internal edge of the
corresponding triangle mesh. Simplification of a patch isnupted when its short-
est edge lies on its boundary in order to preserve matchitvgelem adjacent patches.
Once all patches have been simplified independently, theedt@dge of the mesh
lies on the common boundary between two patches. Such twbemare merged in
main memory and edge collapse is restarted. In this wayethdtrof simplification
is consistent with that obtained in-core by collapsing €&l the shortest edge of
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the mesh. This method has been used to build a multi-resolatodel as described
in Section 2.5.

Magillo and Bertocci [33] present a method specific for a TINsubdivides
the TIN into patches that are small enough to be simplifiedviddally in-core.
They take a different approach to preserve inter-patch taies. The skeleton of
edges that defines the boundary of the patches in the decampassimplified first
through an algorithm for line simplification based on vememoval. This maintains
the consistency of patch boundaries through different$eviedetail. The history of
simplification of each chain of edges forming a boundaryismaaintained. Then the
interior of each patch is also simplified independently tigio vertex removal. Re-
moval of internal and boundary vertices can be interleagaabtain a more uniform
simplification process.

Cignoni etal. [3] propose a simplification method for trismmeshes in 3D space
based on a hierarchical partition of the embedding spaceitfirthe use of octrees.
Octree subdivision stops when the set of triangles assatigith a leaf fits in a disk
page. The portion of the triangle mesh contained in eacleedaf is independently
simplified through iterative edge collapse. Once the leavessimplified, they can
be merged and simplified further. The problem caused by axgpjgerforming edge
collapses on the boundary of the patches, as in [19], is owegcVertices and edges
of the mesh do not lie on faces of quadtree blocks, while odfyes that cross the
boundary between adjacent blocks may exist. Such intektddges cannot be col-
lapsed while independently simplifying the patches, baytban be either stretched
or identified in pairs, because of other edge collapses dogunside the patches.
Thus, the independent simplification of the interior of omécp is interleaved with
some simplification on the strip of triangles joining it te &djacent patches, thus
preserving inter-patch consistency. This method can hityeatapted to the special
case of terrain data by using quadtrees instead of octrgertition the domain of
the TIN. Note that the input data do not need to be reguladiriButed. In general,
the vertices of the mesh will not lie on the boundary of quatiraf the quadtree.

2.3.3 Streaming algorithms

The philosophy underlying streaming techniques is thatetlstsequential process-
ing order is followed, where each datum is loaded only onc@am memory and
such that the result is written to secondary memory as sopossble.

Isenburg et al. [23] present a simplification technique f@nigle meshes that
takes as input a sequential indexed representation of tish mmewhich vertices
and triangles are suitably interleaved. This represemtatiay be also built from
more common mesh data structures, such as triangle soupgexed data struc-
tures, through pre-processing techniques also basedsamstrg [22]. The algorithm
streams very large meshes through main memory, but, at égghosly a small por-
tion of the mesh is kept in-core. Mesh access is restrictedfixed traversal order,
but full connectivity and geometry information is availalfbr the active elements
of the traversal. The simplification step is performed omiytlee portion of the mesh
loaded in main memory.
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Note that streaming algorithms, as those based on clugtexia not progressive
and cannot be used to build multi-resolution models.

2.3.4 Comparison

Table 2.1 summarizes the main features of out-of-core diicgtion techniques.
For each method, we list: the type of inpiddtase}; the type of space partition
adopted Partitioning); the type of approact8jmplification); the possibility to build
a multi-resolution model based on the specific simplificatechnique ulti-res);
and the space requirements in main mem&yac¢. The algorithms by Hoppe [20],
Prince [37] and Magillo and Bertocci [33] are designed fahei regular or irreg-
ular terrain data, while all the other technique can handiérary triangle meshes
describing the boundary of 3D objects. When applied to iersanplification, al-
gorithms based on space partitioning should be modified placeng the octree
which partitions 3D space with a simpler quadtree partitbthe 2D domain of
the TIN. Note that only methods based on space partitioniagsaitable to build
multi-resolution models.

Dataset Partitioning Simplification Multi-res Space

Lindstrom [27] tri mesh regular grid vertex clustering  NOO(out)
Lindstrom et al. [28] tri mesh regular grid vertex clustgrin NO o(1)
Shafferetal. [40] trimesh BSPtree vertexclustering NGD(out)
Garland etal. [17] tri mesh regular grid clust.+collapse SYEO(out)
Hoppe [20] DEM space part. edge collapse YESO(1)
Prince [37] TIN  space part. edge collapse NO O(1)
El-Sanaetal. [12] trimesh greedy dec. edge collapse YE®(1)
Magillo et al. [33]  tri mesh user defined vertexremoval YESO(1)
Cignonietal. [3] trimesh space part. edge collapse YES(1)
Isenburg et al. [23] trimesh streaming various NO

Table 2.1. Comparison among simplification algorithms for trianglesimes

2.4 Out-of-core Representation of Regular Multi-resoluton
Models

Multi-resolution terrain models have been proposed in ifeedture that work on
data regularly distributed on a grid [10, 13, 18, 25, 26, 3&jch models are based
on a nested subdivision that starts from a simple regulagtof the terrain domain
into regular triangles and is generated through a refinepremciess defined by the
uniform subdivision of a triangle into scaled copies of iheTtwo most common
refinement operators used for generating regular multitoéisn models arériangle
guadrisectiorandtriangle bisection
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Fig. 2.1.The quadrisection of a triangle oriented (a) tip-up, andidlown. (c) An example
of a triangle quadtree

The quadrisection of a triangleconsists of inserting a new vertex on each edge
of ¢ in such a way that the original triangiés split into four sub-triangles (see Fig-
ure 2.1 (a,b)). The resulting (nested) hierarchy of triaedgé encoded as a quadtree,
called atriangle quadtreqsee Figure 2.1 (c)). A triangle quadtree is used for both
terrain data distributed on the plane, or on the sphere.itnlditer case, the idea
is to model (i.e., to approximate) the sphere with a reguidyheedron, namely one
of the five Platonic solids (i.e., tetrahedron, hexahedootghedron, dodecahedron,
and icosahedron, which have 4, 6, 8, 12, and 20 faces, résggjtand then to
subdivide the surface of the polyhedron using regular deasition. In the case of
the tetrahedron, octahedron, and icosahedron, the ingilidces of the solid are
triangles and they are in turn represented by a triangle tgggavhich provides a
representation that has both a variable and multiple réealvariant. Clearly, the
fact that the icosahedron has the most faces of the Platohits sneans that it pro-
vides the best approximation to a sphere and consequesstlydsm studied the most
(e.g., [14, 15, 25]). The goal of these studies has been phinta enable a way to
rapidly navigate between adjacent elements of the surfaca¢dneighbor finding.
However, the methods by Lee and Samet [25] are not limitededadosahedron and,
in fact, are also applicable to the tetrahedron and octamedin particular, neighbor
finding can be performed in worst-case constant time ongléaquadtrees.

Most of regular multi-resolution terrain models are basedriangle bisection
The square domain is initially subdivided in two right trig@s. The bisection rule
subdivides a trianglé into two similar triangles by splitting at the midpoint of its
longest edge (see Figure 2.2 (a)). The recursive applitafithis splitting rule to the
subdivided square domain defines a binary tree of rightdtes) in which the chil-
dren of a triangle are the two triangles obtained by splittihgrhe multi-resolution
model generated by this subdivision rule is described byestwof triangles, called
atriangle bintree Each node in a triangle bintree represents a triahglenerated
in the recursive subdivision, while the children of nad#escribe the two triangles
arising from the subdivision df(see Figure 2.2 (b)).
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Fig. 2.2.(a) The bisection of a triangle. (b) An example of a triangleree

If vertices are available at all nodes of the supporting laggrid, then a tri-
angle bintree consists of two full trees, which can be regresd implicitly as two
arrays [10, 13]. On the contrary, if data are available ded#ht resolutions over
different parts of the domain, then the binary forest ofrigi@s is not complete, and
dependencies must be represented explicitly, thus reguiltia more verbose data
structure [18].

When extracting adaptive TINs from a triangle bintree, wedi® guarantee that
whenever a triangleis split, the triangle adjacent toalong its longest edge is also
split at the same time. In this way, the extracted mesh wittdr&orming, i.e., it will
contain no cracks. This can be achieved through the apiglicaf neighbor finding
techniques to the hierarchy. In [13], an algorithm for néighfinding is proposed,
which works in worst-case constant time. An alternativerapph consists of using
an error saturation technique, which through manipulatibthe errors associated
with the triangles in the hierarchy, allows for extractingnéorming meshes (but
not with a minimal number of triangles) without the need fefghbor finding [34].
Other representations for multi-resolution models geeerghrough triangle bisec-
tion have been proposed which encode the model as a DireciatiéGraph (DAG)
of atomic updates, each of which is callediamond formed by pairs of triangles
which need to be split at the same time [26, 35, 38].

The space requirements of a hierarchical representatiobeaeduced through
the use of pointerless tree representations, also knovoo@pressed representa-
tions There are a number of alternative compressed represardddir a binary tree,
and, in general, for a tree with fanout equal2b(i.e., a quadtree fod = 2 and
an octree ford = 3). One simple method, known as a DF-expression [24], makes
use of a list consisting of the traversal of the tree’s comstit nodes, where a one
bit code is used to denote if the corresponding node is a eaidr a leaf node.
This method is very space-efficient but does not providedodom access to nodes
without traversing the list from the start for each queryu$jmost implementations
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make use of structures that are based on finding a mappingtfrernells of the
domain decomposition to a subset of the integers (i.e., éodimension)

In the case of a triangle bintree or triangle quadtree, tlipping is constructed
by associating &cation codewith each node that corresponds to a triangle element
(i.e., noblock) in the tree. A location code for a node imigijcencodes the node as
a bit string consisting of the path from the root of the tre¢hiat node, where the
path is really the binary (1 bit) or quaternary (2 bits) resgrgtation of the transitions
that have been made along the path. If the node is at leveldepth): in the tree,
a string of lengthd; binary digits is associated with the node where each step in
the descent from the root is representeddblyits. In a triangle bintree, each step
is encoded as 0(1) depending on whether the correspondirig #re tree leads to
the left (right) child of its parent, while in a triangle queek, a labeling scheme is
applied which extends the one used for region quadtreesarticplar, in a region
quadtree where the blocks are square, the 2-bit stringrpat@, 01, 10, and 11
are associated with the NW, NE, SW, and SE transitions, otispd. In the case
of a triangle quadtree, the same 2-bit string patterns agd udth the difference
that they correspond to different triangles in the hiergrdpending on the triangle
orientation (i.e., whether it is tip-up as in Figure 2.1 (a)tip-down as in Figure
2.1 (b)).

Note that the location codes in a square quadtree are egnivial the Z order
(or Morton order) (e.g., see [42]) which is an ordering of threlerlying space in
which the result is a mapping from the coordinate values efupper-left cornet
of each square quadtree block to the integers. The Mortagr ondpping consists of
concatenating the result of interleaving the binary regméations of the coordinate
values of the upper-left corner (e.ga, b) in two dimensions) and of each block
of size2’ so that; is at the right. In the case of a triangle quadtree, the anaflag
Z or Morton order can still be constructed but there is norprietation in terms of
bit interleaving as can be seen by examining the three labelling of the triangle
quadtree in Figure 2.3, that is three levels deep. If we bttt depth of the tree at
which the node is found and append it to the right of the nuncberesponding to
the path from the root to the node thereby forming a more cernlgication code,
then the result of sorting the resulting location codes bfre nodes in increasing
order yields the equivalent of a depth-first traversal oftthe. If we vary the format
of the resulting location codes so that we record the depthefree at which the
node is found on the left (instead of on the right), and the Ioentorresponding
to the path from the root to the node is on the right, then tlsaltef sorting the
resulting location codes of all the nodes in increasing ioyads the equivalent of a
breadth-first traversal of the tree access structure [Bs€&ldepth-first and breadth-
first traversal characterizations are also applicabléaogte quadtrees.

Location codes are used for performing neighbor finding ieffity as well as
to retrieve the vertices of a triangle, the value of the fieddogiated with a vertex,
etc. An efficient implementation involving arithmetic mpalation and a few bit
operations allows performing such computations in constane [13, 25].
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000000

000010,
000001 000011

000110, 001000, 001110,
000101 000111 001101 00111
10010 10011, 10110 10111
010000 100110 101000 101110 110000

010010, 100100 10101 10110 110010,

010001 010011 101001 10101 110001 11001

01100 01101 10000 10001 11100 11101

010100 01101 011100 100010 110100 111010 111100

010110, 011000, 011110, 100000, 110110, 111000, 111110
010101 01011 01110 0111 110101 11011 111101 11111

Fig. 2.3.Labeling of a triangle quadtree which is three levels deep

Out-of-core representations of triangle quadtrees antidaa are based on en-
coding the location codes of both internal and leaf nodes exéernal memory index
such as a B-tree, as done for encoding a quadtree or an ategernal memory.

In [18], Gerstner presents a compressed representatiotriahgle bintree, that
works in main memory, but it could be implemented to provideeffective out-of-
core representation. One of the most interesting featdréssoapproach is that the
triangle bintree is not necessarily a forest of two full #@es in the implicit in-core
representations commonly used for triangle bintrees [2D, 1

In [29], Lindstrom and Pascucci present an implementatfantaangle bintree
in external memory with the purpose of visualizing huge sét®rrain data at uni-
form and variable resolutions. The triangle bintree is espnted by using two inter-
leaved quadtrees, which appear at alternating levels. idtgfiadtree is aligned with
the domain boundary, while the other one is rotated of 45ekegiThe two quadtrees
are encoded level-by-level, and the resolution increasbsine level. Then, the out-
of-core handling of data is left to the file paging system efdlperating system (data
are simply loaded throughrarap system call). Two different data layouts are pro-
posed: the first one corresponds to a row by row traversalgvié second one is
based on the Z-order. The latter appears to be more efficienttbough it is more
complex. In this approach, a version of the triangle bintxéé error saturation is
encoded to avoid neighbor finding in order to extract topizially consistent TINS.
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2.5 Out-of-core Multi-resolution Models based on Irregula
Meshes

Many multi-resolution models based on irregular triangleshes have been pro-
posed for both terrain and arbitrary 3D shapes (see [9, 3Qudoveys). The basic
elements of a multi-resolution model arébase mesfthat defines the coarsest avail-
able representation; a set of loegddatesU refining it; and adependency relation
among updates [38]. In general, apdateu defines two sets of triangles™ and
u™, representing the same portion of a surface at a lower arghahievel of detail,
respectively. An update can be applied locally either toneefir to coarsen a mesh.
The direct dependencselation is defined as follows. An updatg depends on an
updateu; if it removes some cells inserted hy, i.e., if the intersectioms™ Nu;™

is not empty. The transitive closure of the dependencyiogids a partial order,
and the direct dependency relation can be represented asetddi Acyclic Graph
(DAG). Any subset of updates, which is closed with respethéopartial order, i.e.,
which defines a cut of the DAG, can be applied to the base meahyiriotal order
extending the partial one, and gives a mesh at an interngeiaiform or variable)
resolution. In Figure 2.4 we show a simple multi-resolutinadel composed by a
base mesh and three updates, red line represents a cut oA@emroding the de-
pendecy relation and the mesh on the right represents trected mesh, associated
to the depicted cut. In [8], we have shown that all existindtirresolution models
are captured by this framework, which can be extended toetiglmensions and to
cell complexes.

In some cases, when a multi-resolution model is built thhoagme specific
local modification operators (such as vertex removal, eddlapse, or vertex-pair
contraction), an implicit, procedural, encoding of the afes$ can be used and the
dependency relation can be encoded in a more compact formatls®AG, such as
the view-dependent tree proposed in [11].

(b)

Fig. 2.4.(a) A simple multi-resolution model composed by a base madhtaee updates, red
line represents a cut. (b) The mesh corresponding to thé fepresented by the bold red line
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Various techniques have been recently proposed in thatiitex for out-of-core
multi-resolution modeling of large irregular datasetse Gieneral strategy in the de-
sign of out-of-core data structure consists of organiziigrimation in disk pages in
such a way that the number of page loads/swaps is minimizeshwiversing the
model. In this respect, the basic queries on a multi-reswluhodel are instances of
selective refinemenivhich consists of extracting adaptive meshes of mininzgd si
according to application-dependent requirements. Tha igldo select and apply
to the base mesh all and only those updates that are necéssesfyieve a given,
user-defined, level of detail in a user-defined region ofrede Figure 2.5 shows the
beaviour of a selective refinement with a top-down depth-dipproach. The update
without label denotes the dummy modification correspondiingreating the base
mesh. White updates satisfy the user criterion, gray ugdidanot. The dashed line
encloses the current set of updates.

add 6 and 2

Fig. 2.5. Selective refinement with a top-down depth-first approach

There are two main strategies to organize data into cluthetsfit disk pages.
The first approach consists of clustering nodes of the hibyarcorresponding to
atomic updates. The second approach consists of clustiatady spatial proximity.
We will follow this classification to describe the various timeds in the following
subsections.

2.5.1 Methods based on clustering of atomic updates

In [12], El-Sana and Chiang build an out-of-core multi-lesion model based on
edge collapse, which is generated through the simplifinaigorithm described in
Section 2.3, and targeted to support view-dependent rengddrhe dependency re-
lation among updates is represented as a binary forest t€e®r called aview-
dependent tredf an edgee = (v1,v2) is collapsed into a vertex, then the node
corresponding t@ will be the parent of the two nodes corresponding to vertiges
andvy, respectively. There is a one-to-one relation betweerncesrtn the forest and
nodes in the DAG of the general model. Arcs of the binary treenat sufficient to
encode all dependencies in the DAG. However, a vertex eratrnemechanism is
associated with the vertices in the binary forest, in ordecdrrectly represent the
dependency relation among updates, as described in [11].

The binary vertex forest is clustered in subtrees of heiglaind, thus, each sub-
tree contains at mofh — 1 nodes of the tree. The valueis selected in order to
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maximize disk page filling. The selective refinement aldonikkeeps in memory the
set of subtrees that store the vertices belonging to the&betl mesh, and keeps in
cache also their parents and children. If pre-fetched sabtexceed cache size, the
first pre-fetched page, not used by the extracted mesh, isueafrom the cache.
Figure 2.6 shows a simple binary vertex forest clusteredlrtrees of height 2.

oLl oo

Fig. 2.6. Clustering of a binary vertex forest in subtrees of height 2

Pajarola in [36] proposes a compact representation forisradolution models,
built through half-edge collapse, i.e., by contracting dgee = (v, v2) to one of
its extreme vertices, let us say. The multi-resolution model encodes a binary forest
of half-edge collapses. This forest is obtained from thegoof binary vertices by
replacing the subtree formed by verticgs v, and by their parent, which will be
againv; for a half-edge collapse with a pointer to the correspondialf-edgee
in the data structure describing the currently extractedhmén [7], DeCoro and
Pajarola propose an out-of-core representation of the saoake!, to support view-
dependent rendering of large 3D meshes. The proposed tgehetarts from the
binary forest and computes almost balanced subtrees, d@mafitcin a disk page.
Pointers to empty children are removed, thus reducing thegé cost by 25%.
This, together with a compact encoding of the informaticsoasmted with the nodes
of the binary forest of edges, results in a compact datatstreithat requires less
disk accesses. On the other hand, computation of the diskbtequires two depth-
first traversals of the binary forest. The objective is tofpen selective refinement
out-of-core efficiently, while both the simplification stapd the construction of the
multi-resolution model are assumed to be performed in-core

The strategies described above apply only to models basedgmcollapse, in
which the dependency relation is represented as a binaggtidn [6] we propose
and analyze clustering techniques which work on the full D&@&ependency rela-
tions. Such techniques are general and can be applied to @tiyrasolution model,
regardless of the way it is generated. An important assumjiithat the updates in
the multi-resolution model are atomic, i.e., each updatelires a relatively small
number of triangles. Conversely, the DAG may have a venelagmber of nodes.
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On the basis of an analysis of selective refinement queriefthe shape of the
DAG describing the MT, we have defined and implemented tHewahg techniques
for grouping the updates in an MT according to sorting ddter

Approximation error Er r ).

Layer: shortest path from the rodty(r ).

Level: longest path from root.ev).

Distance: average path length from the rdot2).

Depth-first DFS) and Breadth-firstgFS) DAG traversal.

Multi-resolution depth-first traversalX D) and Multi-resolution breadth-first
traversal G B): similar to depth-first or breadth-first DAG traversal, pes-
tively, but before performing an updateon the currently extracted mesh, all
ancestors of; are visited recursively if they have not been visited befotese
criteria simulate the strategies used in a selective remegdgorithm.

We have also defined and implemented two spatial groupiatesfies. The first
strategy is based on tHe*-tree [1], while the second strategy is based oRant
Regionk-d (PR k-d) tredor partitioning in space combined withRK-tree[44] as a
grouping mechanism.

Finally, we have designed and implemented a class of stest@gdich combine
space grouping with DAG traverals (according to depth). Adveer resolution, we
are interested to have clusters that span the whole domhite,\as the resolution
increases, we are looking for clusters associated with pace subdivisions. In
order to achieve this goal, we have developed techniquésitiealeave the effect of
a sorting rule and the effect of a space partitioning ruldlainto a PRk-d tree. A
description of such techniques can be found in [6].

In all our experiments, th& B outperforms the other clustering techniques. It
is interesting to note that, even with a small cache (ab&uthe size of the whole
model), a clustering technique based@rB exhibits a very limited overhead, com-
pared to loading the whole model just once in main memory.

2.5.2 Methods based on domain partitioning

In [20], Hoppe describes an out-of-core multi-resolutioadal generated through
edge collapse, called a PM (Progressive Mesh) quadtreehvidbuilt through the
simplification method described in Section 2.3. The modealk&®n gridded data
(DEM). The input grid is triangulated and then partitionetbisquare blocks in such
a way that the content of each block fits in main memory. Sifieglion is performed
bottom-up, and a quadtree is built, where every quadraribama simplified repre-
sentation of the terrain represented by its four childrdre fesulting data structure
is a sort of pyramid, where each block contains a sequencertéwsplits, which
inverts the sequence of edge collapses that produced the asssaciated with that
block. When selective refinement is performed, only the kdaaf the quadtree that
are interested in the query are transferred to main memdsp this model was
designed specifically for visualization.
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In [4], Cignoni et al. propose an out-of-core multi-res@uatmodel based on
the decomposition of the domain into a nested triangle mesieribed as a trian-
gle bintree. Each triangle in the bintree, which we cathacro-triangle contains
an irregular mesh, formed by a relatively large number @fnigies (typically be-
tween 256 and 8k triangles). Leaves of the triangle bintreeaasociated with por-
tions of the mesh at full resolution, while internal nodes associated with simpli-
fied meshes. This multi-resolution representation is eckduring a fine-to-coarse
simplification process, based on Hoppe’s method [21] angtadan order to keep
boundary coherence among adjacent macro-triangles. Tehanessociated with
the macro-triangles are carefully created during the sfioation process, so that,
when assembled together, they form a conforming trianglehms in Hoppe’s ap-
proach, this multi-resolution model is targeted at outofe terrain visualization.
In order to enhance rendering performances, each meshiatesbwith a macro-
triangle is organized into triangle strips. The out-of&organization in this case is
very simple, thanks to the approach that acts on the diftéegals of granularity of
nodes in the hierarchy. The triangle bintree is relativetal, even for huge models,
and can be easily kept in main memory. The mesh associathdawitacro-triangle
is stored in a disk page through a compact data structure.

In [5], the same approach is extended to work on Multi-Téasehs, i.e. the
general model, in which the hierarchy is represented by a D6 in this case,
every node of the DAG contains a patch of a few thousandsaofdtes, and is stored
in secondary memory, while the DAG describing the depengeslation among
updates is small enough to be kept in core. As for the standait-Tessellation,
this model can be used for both terrains and 3D shapes.

The model is constructed by computing a partition of the tmpesh into patches
of almost equal size. Such patches are computed by unifadistyibuting on the
mesh a set of seed points. The number of such points must pentiomal to the
mesh size. Then, an approximated Voronoi diagram of the geids is computed,
so that the Voronoi cells define the patches of the subdividiach patch is then
independently simplified, without modifying its boundaBymplification of a patch
usually reduces the number of triangles by a factor of twee $ame process de-
scribed above is applied again to the simplified mesh byistawith a new, smaller,
set of seed points. The process is repeated until the neguttesh satisfies some size
constraint. It has been shown that the number of steps idlydogarithmic in the
size of the mesh. The DAG describing the dependency relédibnilt during this
process.

During selective refinement, the DAG is traversed, and ombsé patches that
are needed in order to achieve the resolution required byi¢ke are loaded into
memory. Each patch is stored as a compressed triangle istrgpgder to improve
rendering performances.

Lindstrom [30] and Shaffer and Garland [43] have proposea $imilar out-
of-core multi-resolution models for massive triangle nesskescribing 3D scenes
generated through vertex clustering. The purpose is in batles view-dependent
rendering of very large 3D meshes. The multi-resolution ehgan octree in which
the leaves store the vertices of the mesh at full resolutioaf an already simplified
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mesh (in the case of Lindstrom’s approach), while the irgkoctree cells represent
vertices obtained as result of the vertex clustering pioaed triangles are associated
with cells containing their vertices.

Lindstrom’s approach is based on the out-of-core simptificatechnique re-
ported in Section 2.3. The construction of the multi-resolumodel is performed
in two steps. During the first step, the mesh is regularly dachgeach side of the
sampling grid is composed &y cells, wheren is a user defined quantity. After that,
vertices are sorted in external memory according to thesitipm in the grid. This
guarantees local access during the construction of tharaigy. The second step
considers the simplified mesh, composed of the list of vestierror information,
and the list of triangles, and produces an octree havingithgliied mesh stored in
its leaves. Starting from a group of sibling vertices, gositnormal and error of the
parent are computed. Note that a leaf cell stores just thexand its normal, while
an internal cell stores a vertexand the triangles removed from the representation
whenv is collapsed.

The mesh indexed in the leaves of the resulting multi-régoiumnodel is the
mesh generated by the first simplification step. Thus, thgirai full-resolution
mesh cannot be reconstructed. The multi-resolution madebmpletely built on
disk. View-dependent refinement is performed by two threade extracts the
variable-resolution mesh, according to an approximateaditefirst octree traversal
of the tree, while the other thread renders the mesh. Dislnpag left to the oper-
ating system. This is a reasonable choice, since data aexldora cache coherent
way, but the technigue could be further improved by an eitpglging scheme.

Shaffer and Garland’s approach [43] is to develop a desigrafdata struc-
ture that offers explicit access to the original mesh. Onather hand, Lindstrom’s
method has the benefit of working completely out of core, &&haffer and Gar-
land’s method keeps a hash table that refers only to nonyeaatis of the grid in
memory. This could be a problem for very dense meshes fillyegspace. More-
over, hash keys are stored in 32 bits, and each key is compddbd three vertex
coordinates. This bounds the size of the uniform grid@243. For out-of-core ter-
rain modeling, both approaches can be simplified by usingadinee to describe the
vertex clustering. In this scenario, Lindstrom’s approaohld be definitely more
efficient, since its performances are not affected by thegregage of full cells in the
domain decomposition.

In [45], Yoon et al. propose an out-of-core multi-resolatimodel for view-
dependent rendering of massive triangle meshes desciddngcenes. The multi-
resolution model is called a Clustered Hierarchy of PragjvesMeshes (CHPMs),
and consists of a hierarchy of clusters, which are spatiatiglized mesh regions,
and of linear sequences of edge collapses, each assocititedoluster, that simplify
the corresponding meshes. Each cluster consists of a maseddy a few thou-
sand of triangles. The clusters are used to perform coaeseegl view-dependent
refinement of the model, while the linear sequences of edtiepses are used for
fine-grained local refinement. The cluster hierarchy is anbd with dependencies
among clusters which act as constraints in order to be ablenerate crack-free
meshes. A CHPM is computed in three steps. First, the verti€¢he mesh at full
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resolution are organized into clusters containing almessame number of vertices.
A regular grid is superimposed to the set of vertices and plg€a = (IV, A) is
computed, in which the nodes correspond to the non-emplty akthe grid, while
any arc inA connects a node iV and itsk-nearest neighboring cells. Graphis
partitioned into clusters, and a new graph is computed itlvhodes are associated
with clusters, and two nodes are connected by an arc if thegponding clusters
share vertices or are within a threshold distance of eadr.othen, the cluster hier-
archy is generated top-down by recursively partitionirgythuster graph into halves,
thus producing a binary hierarchy. Finally, the triangléshe full-resolution mesh
are associated with the clusters in the hierarchy and a meghification process
is applied bottom up on the hierarchy of clusters by perfagialf-edge collapses.
During each pass of simplification only the cluster beingpdified and the clus-
ters with which it shares vertices must be resident in memityen performing
view-dependent refinement, the cluster hierarchy is keptam memory, while the
sequences of edge collapses are fetched from disk. Alsticegiand triangles cor-
responding to the active clusters are stored in GPU memabig.approach has been
developed for 3D meshes, but can be easily adapted to TINsiby & 2D grid built
on the projection of the data points in the plane.

2.5.3 Comparison

Table 2.2 summarizes the various multi-resolution techesg that we have pre-
sented, by highlighting the approach used to organize thefcore data structure,
the data that can be represented, and the size of updatemllOwvedels based on
the clustering of nodes in the hierarchy are more generaélalse more complex
to manage. They have the advantage that the meshes extfiatethem have the
same granularity and, thus, the same accuracy of the mestiasted from the cor-
responding in-core multi-resolution models. On the othend) dealing with large
sets of atomic updates can become a bottleneck in some izistiah tasks.

On the contrary, methods that use large patches highly Bintbé management
of secondary memory and result more efficient, but they ttithis advantage by
being coarser-grained, hence less smooth in the trandigtwmeen different levels
of detail. In particular, the method by Yoon et al. [45] sedmbe more suitable for
large scenes than terrains, and also the dependencies afsteys are not easily
managed.

2.6 Conclusions

We have analyzed and compared out-of core approaches fplifstation of trian-
gle meshes and for out-of-core multi-resolution modelifi§ldls, both for regularly
and irregularly distributed data sets. Most of the mesh Eficgtion algorithms and
of the out-of-core multi-resolution representations hbgen developed for visual-
ization purposes. Most of the techniques for irregular reediave been developed
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Approach Data Update size in RAM
El-Sana and Chiang [12] clustering dep. free form  atomic stels of C.M.
DeCoro and Pajarola [7] clustering dep. free form  atomic  abjrforest

Danovaro et al. [6] clustering dep. nD atomic a few clusters
Hoppe [20] partitioning scalar field atomic  cluster hiergrc
Cignoni et al. [4] partitioning scalar field  large binarydre
Yoon et al. [45] partitioning  free form large  cluster hiaslay
Lindstrom [30] partitioning free form  medium a few MB
Shaffer and Garland [43] partitioning free form  medium  tdusndices
Cignoni et al. [5] partitioning  free form large  cluster laechy

Table 2.2. Comparison among multi-resolution approaches

for triangle meshes describing the boundary of a 3D objec 8D scene. These
techniques, however, either can be applied directly or eaedsily adapted to TINSs.

While there are several techniques able to deal with hugaghe meshes,
or regular tetrahedral meshes, there is no technique fopléication and multi-
resolution modeling of tetrahedral meshes. We are cuyrel@veloping an out-of-
core multi-resolution modeling system for scalar fieldsdoaen the out-of-core
Multi-Tessellation, able to handle both triangle and ted@ral meshes, as well as
simplicial meshes in higher dimensions.
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