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Abstract Rendering high quality digital terrains at interever increasing complexity of DEMs, real-time display im-
active rates requires carefully crafted algorithms and daiases strict efficiency constraints on the visualization sys-
structures able to balance the competing requirements oftesn, which is forced to dynamically trade rendering qual-
alism and frame rates, while taking into account the menty with usage of limited system resources. The investiga-
ory and speed limitations of the underlying graphics plation of multiresolution methods to dynamically adapt ren-
form. In this survey, we analyze multi-resolution approachegred model complexity has thus been, and still is, a very
that exploit a certain semi-regularity of the data. These agetive computer graphics research area. The concept has ex-
proaches have produced some of the most efficient systdamissively been studied for general 3D triangle meshes and
to date. After providing a short background and motivatidmas been surveyed, for instance, in [25,10,18,39,38], and
for the methods, we focus on illustrating models based amore recently in [16]. While general data structure and al-
tiled blocks and nested regular grids, quadtrees and triangteithms are also applicable to digital terrain models, the
bin-trees triangulations, as well as cluster based approactmesst efficient systems to date rely on a variety of methods
We then discuss LOD error metrics and system-level datgecifically tailored to terrain models, i.e., 2.5-dimensional
management aspects of interactive terrain visualization, Burfaces.
cluding dynamic scene management, out-of-core data orga-In this survey, we present and analyze the most com-
nization and compression, as well as numerical accuracy.mon multiresolution approaches for terrain rendering that
. . ) ] ) exploit a certain semi-regularity of the data to gain max-

Keywords Terrain rendering Multiresolution triangula-  jmum efficiency. Reference [11] provides a classic survey
tion - Semi-regular meshes focusing more on multiresolution terrain models over irreg-
ular meshes.

After providing a short background and motivation for
: the methods (Section 2), we provide an overview of the most
1 Introduction common approaches. Section 3 provides examples of mod-

o . ] ) o o els based on tiled blocks and nested regular grids, Section 4
Eff|IC|ent interactive V|su_aI|_zat|on of very large digital e|e_’surveys quadtree and triangle bin-trees triangulations, while
vation models (DEMs) is important in a number of applisection 5 is devoted to recent GPU friendly cluster based
cation do_mal_ns, sut_:h as smgntlflq wsuz_ahzatlf_m, GIS, Magpproaches. We then discuss error metrics (Section 6) and
ping applications, virtual reality, flight simulation, militarysystem-level aspects of interactive terrain visualization (Sec-
command & control, or interactive 3D games. Due to thgn 7), including dynamic scene management; out-of-core
data organization and compression, as well as numerical ac-
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efficiently rendered at run time. The basic ingredients ofZal Multiple static level-of-detail rendering based on tiled
such a model are hase meshthat defines the coarsesblocks

approximation to the terrain surface, a seupfiates that,

when applied to the base mesh, provide variable resolutiBarly LOD terrain rendering methods used a fixed repre-
mesh-based representations, anddependency relation sentation approach. With these methods, multiple represen-
among updates, which allows combining them to extragitions of parts of the terrain, typically square blocks, are
consistent intermediate representations [16]. Interactigeecomputed and stored off-line. At run time, the appro-
rendering of large datasets consists in extracting at run timpgiate approximation mesh is assembled from precomputed
through aview-dependent querp consistent minimum blocks based on the current view-parameters. Because dif-
complexity representation that minimizesiaw-dependent ferent parts of the terrain may be using different representa-
error measure, eventually loading it on demand fromions in the current approximation, cracks can occur at the
external memory. Different specialized multiresolutioboundaries between different-resolution representations.
models, of various efficiency and generality, are obtained The NPSNET military simulation system [15], for in-
by mixing and matching different instances of all thesgtance, decomposes the terrain into adjacent blocks repre-
ingredients. sented at four different levels of details. The representations

In the most general case, the multiresolution model é8e precomputed and stored on disk. A 16x16 grid of blocks
based on a fully irregular approach in which the base meigtkept in memory, and a simple distance metric is used to de-
is an irregular triangulation with unrestricted connectivitermine the resolution at which each block will be rendered
and updates are encoded either explicitly in terms of sets(Bfgure 1). No effort is made to stitch blocks. As the viewer
removed and inserted triangles, e.g., [17], or implicitly byhoves, an entire row or column is paged out while the oppo-
the operations through which the model is refined or coassite one is paged in. This technique is also used in the most
ened (i.e., edge collapse/split or vertex insertion/removalpcent and general work on geometry clipmaps [37]. As the
e.g., [27]. A dimension-independent framework fully coveinumber of LODs is fixed, the model provides very limited
ing this kind of models is the Multi-Tessellation [48, 12]. Beadaptivity and is tuned to particular applications with nar-
cause of their flexibility, fully irregular approaches are thegow fields of view.
retically capable of producing the minimum complexity rep-
resentation for a given error measure. However, this flexibil-
ity comes at a price. In particular, mesh connectivity, hierar- 1oxi6AmIe ARy Fidoliew
chy, and dependencies must explicitly be encoded, and sim- /
plification and coarsening operations must handle arbitrary R s e
neighborhoods. By imposing constraints on mesh connec-
tivity and update operations it is possible to devise classes ] soomete resotion
of more restricted models that are less costly to store, trans-
mit, render, and simpler to modify. This is because much of Bl 250 meir sesotuion
the information required for all these tasks becomes implicit,
and often, because stricter bounds on the region of influence I 125 wetec estuion
of each local modification can be defined.

Using meshes with semi-regular or regular connectiv-
ity, together with fixed subdivision rules, is particularly wellzi
adapted to terrains, since input data from remote sensin
most often comes in gridded form. Moreover, as the cost of
3D transformations is becoming negligible on current hard- - o .
ware, controlling the shape of each rendered triangle start? toIn [?12’50]' rather than dwviding thde terraEm 'Etlo a Ig”]fj’h
become negligible, favoring methods with the most compa@te authors represent it using a quadtree. Each level of the
and efficient host-to-graphics interface. For all these reasoff
regular or semi-regular approaches have produced som
the most efficient systems to date.

%. 1 Multiresolution rendering in NPSNET.

gadtree has a single LOD representation that consists of
%i‘form grid over a fixed number of sample points. The root-
evel mesh represents the entire terrain, while deeper lev-
els represent one quarter of the previous level's area. At
run time, the quadtree is traversed and a decision is made
about which blocks of terrain should be used to represent the
3 Non-conforming and limited adaptivity techniques: terrain. To visually deal with discontinuities at tile bound-
tiled blocks and nested regular grids aries, vertical wall polygons are constructed between the
tile edges. This work was then extended in [6] by associat-
A number of successful large scale terrain visualization syieg at each block a precomputed fixed representation, which
tems are based on data structures that do not support fisl}chosen among uniform meshes, non-uniform grids, and
adaptive surfaces but are simple to implement and efficiéfitNs. This allows nodes that are deep in the tree to repre-
in communicating with the I/O subsystem and with the ursent fine-grained features (such as river beds or roadways)
derlying graphics hardware. using a TIN representation, while allowing a uniform mesh
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representation to be at shallower levels in the tree. As in [32],

cracks between adjacent blocks of terrain are filled by verti-

cal wall polygons. Other visual crack filling methods include

adding flanges around blocks, so that neighboring meshes

interpenetrate slightly, as well as joining blocks with special , .

meshes at run-time [59], Top View of Terran

Even if these methods may seem overly simplistic, since _

they do not produce continuous levels-of-detail and requif- 2 Geometry clipmap.

work to fix the cracks at block boundaries, and introduce

hard to control visual artefacts, they are still very popular, es-

pecially for networked applications, mostly because of scafations in adaptivity and approximation quality. In the next

ability, ease of implementation, and simplicity of integratiogections we will see methods that rely on more complex,

with an efficient tile based I/0 system. but also more powerful data structures. We will first sur-
vey quadtree and bin-tree triangulations, i.e. methods able to

i construct fully continuous levels of details by imposing con-

3.2 Nested regular grids sistency rules on local subdivision. We will then show how

these methods can be made more efficient in terms of raw

Losasso and Hoppe [37] have recently proposed thgyngle throughput by employing a cluster based approach.
geometry clipmap, a simple and efficient approach that

parallels with the LOD treatment of images. A pre-filtered
mipmap pyramid is a natural representation of terrain
data. The pyramid represents nested extents at successive
power-of-two resolutions. Geometry clipmaps cache in
video memory nested rectangular extents of the pyramidvariable resolution triangulation using quadtree and
to create view-dependent approximations (see Figure gjangle bin-tree subdivision

As the viewpoint moves, the clipmap levels shift and

are incrementally refilled with data. To permit efﬁmenhom the point of view of the rapid adaptive construction

mpremental updates, the array 1s a}ccessed tormdglly, d display of continuous terrain surfaces, some of the most
with 2D wraparound addressing using mod operations %&

" X ful exampl r n r r triangle bin-
x and y. Transition regions are created to smoothly ble ccessful examples are based on quadtree or triangle b

between levels. and T-iunctions are avoided by stitchince triangulation. As we will see, the scheme permits the
' < I . y eation of continuous variable resolution surfaces without
the level boundaries using zero-area triangles. The L

i . . ving to cope with the gaps created by other regular grid
transition scheme allows independent translation of tggherges, aspthose in Se?:tign 3. The mzin idea sh%red gy all
_C"P”.‘ap levels, _and Iets_ levels be cropped rather th%?these approaches is to build a regular multiresolution hi-
invalidated atomically. Since LODs are purely based )

2D distance from clipmap center, the terrain data does {5\rchy by refinement or by simplification. The refinement
. pmap - L X proach starts from an isosceles right triangle and proceeds
require precomputation of refinement criteria. Togeth%

. . ! . . recursively refining it by bisecting its longest edge and
with the simple grid structure, this allows the terrain t : - . LD i
be synthesized on-the-fly, or to be stored in a high reating two smaller right triangles. In the simplification ap

compressed format. For compression, the residuals betw roach the steps are reversed: given a regular triangulation

levels are compressed using an advanced image coder gridded terrain, pairs of right triangles are selectively
supports fast access to image regions ged. The regular structure of these operations enables to

Storing in a compressed form iust the heiahts and rirr_1p|icitly encode all the dependencies among the various re-
9 np J 9 —_Tinement/simplification operations in a compact and simple
constructing at runtime both normal and color data (usin

simple height color mapping) provides a very compact rep- " ) o . )
resentation that can be maintained in main memory even for Depending on the definition of the triangulation rule,
large datasets. The pyramidal scheme limits however ad#pere is potentially a difference in the adaptive triangula-
tivity. In particular, as with texture clipmap-based method§on power of quadtree based triangulations versus triangle
the technique works best for wide field of views and nearfjin-trees. Generally, any of the discussed quadtree triangu-
planar geometry, and would not apply to planetary recol@tions can be considered a special case of recursive triangle

structions that would require more than one nesting neidﬁ'section. Nevertheless, from the refined definition of a re-
borhood for a given perspective. stricted quadtree triangulation as presented in [58,57] and

the following works [34,42] one can arguably consider the

restricted quadtree triangulation and triangle bin-tree to pro-
3.3 Discussion duce the same class of adaptive grid triangulations. Hence

we use the term restricted quadtree triangulation more in
The methods surveyed in this section strive to provide a sifine with [57] rather than with the more strict definition as in
ple and efficient implementation at the cost of imposing linj49].
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4.1 Quadtree Triangulation 3. 4-split of unacceptable regions.

4. Repetition of Steps 2 and 3 until adaptive sampling sat-
In this section we discuss the various algorithms of quadtree isfies acceptance criteria over the entire surface.
based adaptive triangulation of height-fields (or parametrk. Triangulation and rendering of all quadtree regions.
two-dimensional surfaces). The closely related triangle ) )
bisection approaches are discussed in Section 4.2. A typical TO prevent possibleracksin the polygonal represen-
example of a simplified triangulated surface that can Kgtion of a restricted quadtree as shown in Figure 5, every

constructed using this class of multiresolution triangulatidtadtree region is triangulated with respect to the resolution
methods is given in Figure 3. of its adjacent regions. Due to the constraint of the restricted

guadtree hierarchy that the levels of adjacent regions differ
at most by one, the regions can be triangulated such that no
cracks appear as outlined below. Such a crack-free triangu-
lation is also calledtonforming

Fig. 5 Cracks (shaded in grey) resulting from a quadrilateral polygonal
representation of a restricted quadtree.
Fig. 3 Adaptive quadtree based terrain triangulation.

The triangulation rule as stated in [62] is the following:
Each square is subdivided into eight triangles, two triangles
Restricted ~ Quadtreeddierarchical, quadtree basedyer edge, unless the edge borders a larger square in which
adaptive triangulation of 2-manifold surfaces has firglase a single triangle is formed along that edge. Figure 6

been presented in [62] and applied to adaptively samgigows a triangulation of a restricted quadtree following this
and triangulate curved parametric surfaces. In parametgle.

space, the quadtree subdivision is performed recursively
until for each sampled region the Lipschitz condition for

the parametric curve is met that bounds the accuracy of
the resulting polygonal approximation. Furthermore, the
guadtree subdivision is restricted such that neighboring
regions must be within one level of each other in the

quadtree hierarchy as shown in Figure 4.

Fig. 6 Conforming triangulation of a restricted quadtree subdivision
asin [62].

No detailed algorithms and data structures are given in
[62] to construct and triangulate a restricted quadtree. Never-
theless, the presented restricted quadtree subdivision and its
a) b) triangulation forms the fundamental basis on which a num-

Fig. 4 Example of an unrestricted quadtree subdivision in paramefe@r Of the surveyed triangulation approaches are built.
space in a), and the restricted subdivision in b).

Quadtree Surface Mapdn [58,57], the restricted quadtree
dechnique is refined and applied to 2.5-dimensional surface
data consisting of points on a regular 2D-grid and each hav-
ing a heightvalue associated with it. This is the common
1. Initial sampling of function on a uniform grid. representation of grid-digital terrain elevation models. In ad-
2. Evaluation of each region with respect to some accegition to the basic method as presented in [62], in [58] two
tance criteria (approximation error metric). efficient construction algorithms to generate and triangulate

The basic approach for triangulation and visualizati
uses the following steps:
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a restricted quadtree from a set of points on a regular ghigt one root node and splits nodes recursively, never merges
are provided. One method is performed bottom-up and they, as necessary to approximate the data set. The method
other top-down to generate the restricted quadtree hieraramgaintains at all time the restricted quadtree property that
Furthermore, in [58] it is also observed that edges shareddmjacent leaf nodes do not differ by more than one level in
two quadtree nodes on the same hierarchy level do not h#ve hierarchy.

to be split to guarantee a conforming triangulation as shown vertices that can conceptually be removed by merging
in Figure 7 in comparison to Figure 6. four sibling nodes are calledon-persistentStarting with

the root node as shown in Figure 9-a, for each node of the
partially constructed restricted quadtree the non-persistent
vertices are identified in the input data set and their error
metric compared to the given approximation threshold. If
any non-persistent vertex is not within the tolerated thresh-
old it is added to the current quadtree. However, insertion
of vertices can lead to complex updates of the quadtree as
outlined below.

Fig. 7 Improved conforming triangulation of a restricted quadtree sub-

division as in [58]. O0—0—0—0

QOO0 00000
In thebottom-upconstruction method, the (square) input

grid is partitioned into atomic nodes of 3x3 elevation points

as shown in Figure 8. These nodes form the leaf nodes of

complete and balanced quadtree over the entire input grid. a)

Q00000000
O—0—0—=O

Fig. 9 Vertices of the root node (level 0) shown in a), as well as the
. e o o o © o o o non-persistent vertices of level 1 in b) and level 2 in c).

* | 7, N G, S S R 4 To permanently maintain a restricted quadtree, the inser-
— N o o ¢ o o o e tion of a vertex can lead to propagated splits in the parent
and adjacent quadtree nodes. As shown in Figure 10, it may

ookt *° happen that a node on leveis not split because no ver-

e o o o o6 o o o o o o tices of level + 1 are inserted, however, a vertexon level
Fig. 8 Atomic leaf-node for bottom-up construction of restrictecs .+2 has_to be added. This |nsert|o_n cannot be performed
quadtree. directly since no parent node covering has been created

yet on levell + 1. First the parent node @ and its siblings
on levell + 1 have to be inserted by splitting the smallest
The main phase of this method then consists of coaede on level enclosingvs into four nodes. Such propa-
lescing all mergible nodes bottom-up to create the restrictgated splits can occur over multiple levels.
quadtree. Nodes must pass two main criteria before they canfor further details, in particular of the top-down algo-

be merged: rithm algorithm we refer to the detailed description of sur-

1. Error measure The approximation error introduced byface maps from restricted quadtrees in [57].

removing the edge mid-point vertices of the nodes be-
ing merged must be within the tolerance of a given error _

@ selected vertices on level / A selected vertex 15 on level /+ 2
threshold. o not selected vertices on level /+1 0 added vertices on level /+ 1

2 Quadtree ConStraintSThe Size Of the nOde iS equal tO the o not selected vertices on level /+2 m added vertices on level /

size of its three siblings in the quadtree hierarchy, and
neither the node nor its siblings have any smaller-sized
neighbors

The approximation error of Criterion 1 used in [58] is
further discussed in Section 6. The algorithm terminates if
no more merges can be performed, and it has a linear space

and time cosO(n) in the sizen of the mput da‘? set. Fig. 10 Starting triangulation of a node on leveis shown in a). No

The second algorithm presented in [58] iso@-down \ertices are initially selected on level 1. The selection of a vertex on
construction of the restricted quadtree hierarchy. Thissell + 2 leads to forced splits and added vertices on previous levels
method starts with representing the entire data set simplifiggishown in b).
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The proposed top-down algorithm to create an adaptitree midpoint of the bottom edge on levelthe base vertex
surface mesh processes the entire data set and thus its ebstanglesa, anda,, cannot be part of a conforming tri-
is O(n), linear in the sizen of the input. While the num- angulation if the center vertex of the quad region, the base
ber of generated quadtree nodes is indeed output sensitieiex ofg, e, is missing. Or from the opposite viewpoint,
the overall run-time is still directly proportional to the inthe base vertex of triangles, e and f, f; cannot be re-
put data set since all vertices have to be visited. However,moved if any of the base vertices of triangle paarsa,,
contrast to the bottom-up algorithm, this top-down methdal,b,, ¢,c; or d,d; persists. These constraints of a con-
correctly calculates the approximation error at each vertiming restricted quadtree triangulation define a binary, hi-
as discussed in Section 6. erarchical dependency relation between vertices as shown

Both methods presented in [58,57] operate on a hieram-Figure 12. Each vertex to be included in a triangulation
chical quadtree data structure that must provide functiondepends on two other vertices (on the same or lower reso-
ity for inserting vertices, calculating distance of a vertex taition level) to be included first. Therefore, a triangulation
a piece-wise linear surface approximation, neighbor findingf, a (restricted) quadtree is a conforming triangulation only
and for merging and splitting nodes. Furthermore, the ri-no such dependency relation is violated. The triangula-
stricted quadtree nodes must be post-processed to gendiratemethod proposed in [34] recursively resolves the de-
the resulting conforming triangulation. The presented algpendency relations of a s8bf selected vertices (i.e. all ver-
rithms are capable of creating adaptive and continuous LQ@iDes exceeding a given error tolerance) as follows: For each
triangulations within the limits of the error metric. Howeveryertexv € S, all its dependent parents according to the de-
efficiency is not optimized for real-time rendering of verypendency rules shown in Figure 12 are recursively activated
large terrain data sets due to the input sensitiveness of #mal included in the triangulation as well.
basic triangulation algorithms.

level / level / level A1 level A1

Continuous LOD QuadtreeA different approach to gener-

ate and triangulate a restricted quadtree is presented in [34] / \ o>l

based on the notion dfiangle fusion Starting with a tri- o—>
I \/ 2SN
b) c) d)

angulation of the entire grid-digital terrain data set the tri-

angle mesh is simplified bottom-up by consecutive merging

of symmetric triangle pairs. The full resolution grid triangu- a)

lation as shown in Figure 11-a is equivalent to the atomigy. 12 Dependency relation of a restricted quadtree triangulation. The
leaf nodes of the bottom-up triangulation method in [58enter vertex in a) depends on the inclusion of two corners of its quad
Triangle merging is performed in two phases as shown figion. The boundary edge midpoints in b) depend on the center vertex
Figure 11-b and c. First, in an atomic node pairs of isosce% hl‘zaeﬂg‘;:g%ﬁgwﬁ?ﬁi;‘gﬁgcgs within and between the next resolu-
triangles (i.ea anda; in Figure 11-b) sharing a short edge '

are coalesced and the mid-point on the boundary edge of the

guad is removed. In the second phase the center vertex of aAnother important feature presented in [34] is the
guad region is removed by merging isosceles triangle paisnstruction of triangle strips, similar to the earlier work
along the diagonal (i.e3 ande in Figure 11-c). However, in [24], for fast rendering. In fact, a triangulation of a
to prevent cracks from occurring due to triangle merging, akestricted quadtree can be represented by one single
ways two pairs of isosceles triangles that all share the sagemeralized triangle strip The triangle strip generation
removed base vertex must be coalesced at the same time ffiethod described in [34] is based on a recursive pre-order
both pairsg, e andf, f; in Figure 11-c). traversal of the triangular quadrants of quadtree blocks.
Starting with a counterclockwise ordering of triangular
guadrants of the root node as shown in Figure 13-a, each

guadrant is recursively traversed and the traversal is stopped
when a triangle is not further subdivided. In alternating

order, children of triangular quadrants are visiteft-first
A as for quadrangp (and in Figure 13-c), or em right-first as

for the triangles in the next level shown in Figure 13-b.

a) c) Based on this traversal, vertices can be ordered and output

Fig. 11 Full resolution triangulation shown in a). Merging of '[riangleto form a generalized _t”angle strip for efficient rendering
pairs along the bottom boundary edge shown in b) and along the dié§ee [34] for code details).
onalin c). Despite the fact that an entire triangulated restricted
guadtree can be represented by one triangle strip, triangle
strips are formed for individual blocks only in [34]. For each
rame a block-based view-dependent image-space error
ric is used (see Section 5) to form a (non-restricted)

One of the main contributions of [34] is the introductio
of vertex dependencies that can be used to prevent cr
and create conforming triangulations at variable LOD. For
example, considering Figures 11-b and 11-c it is clear that generalized triangle strips allow swap operations
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5] 4 11 8 hierarchical pointer-based data structure. (See also [56] for
12 X 10 7 i~ i
o 6 3 . 9 p efficient operations on quadtrees.)
q
93 1 7 5 m 5
0 0|1 1 0 2 3 4 A0 Foko Pkt g
a) b) c)
Fook1 @ Pok k-1

Fig. 13 Recursive quadtree traversal for triangle strip generation. Ini-
tial order of triangular quadrants shown in a) wiglft-firsttraversal for
odd subdivisions shown in b), amidjht-first traversal of even subdivi- P2 Pk gk Pkt ok
sion steps shown in C). level 0 level 1 level 2

Fig. 14 Implicit quadtree hierarchy and point indexing defined on the
L . height-field grid.
guadtree subdivisiof of the terrain. For each blodke S

of this subdivision, a vertex-based error metric is applied
to achieve a fine-grain selection of vertices to be included An optimal output-sensitive triangulation algorithm is
in the triangulation. Furthermore, the vertex dependencigsented in [42] that exploits the strict error monotonic-
are resolved at this stage to guarantee a conformiingachieved byerror saturation(see Section 6). This allows
triangulation. Finally, for each quadtree blotke S a for a simple top-down vertex selection algorithm which does
triangle strip is generated and used for rendering. not have to resolve any restricted quadtree dependencies or
The triangulation method presented in [34] is very effipropagate triangle splits at run-time. The proposed saturated
cient in terms of rendering performance. The triangulatia@rror metric guarantees that the set of initially selected ver-
algorithm is output sensitive since the quadtree subdivisitines for a given threshold automatically satisfy the restricted
is performed top-down and does not need to examine all vquadtree constraint and hence allow for a crack-free con-
tices on the highest resolution. Furthermore, efficient rendésrming triangulation.
ing primitives in form of triangle strips are generated for op- To improve rendering performance, a triangle strip con-
timized rendering. Despite the fact that the view-dependeituction algorithm is presented in [42] that traverses the en-
error metric does not provide a guaranteed error bound, itii® quadtree hierarchy instead of blocks as proposed in [34].
very efficient in practice and provides good terrain simplifiAs shown in Figure 15, the RQT triangle strip that recur-
cation while maintaining plausible visual results. sively circles counterclockwise around each quadtree blocks
center vertex is apace filling curvahat visits all triangles
exactly once. It also representsHamiltonian path in the
dual graph of the triangulation. This triangle strip can be
enerated by a depth-first traversal of the quadtree in lin-

43] is focused.on large SC*’?"e real-time terrain V|sual_|zat|o ar time, proportional to the size of the generated triangle
Th‘? triangulation meth_od is based on a quadt_ree hierarg Vp. Moreover, the proposed error saturation technique in
as in [58,57] and exploits the dependency relation presen ﬁé] and the quadtree based triangle strip generation support

in [34] to generate minimally ‘conforming quadtre highly efficient unified vertex selection, triangle strip gen-

gll aggﬁﬁlsogié&i)&g’ ntc])cg;dgv;/: r;ri]g ﬁg?ohm}%ﬁ) dtr:ﬁg?nl::::g%ation and rendering algorithm based on a single depth-first
9 9 9 aversal of the implicit height-field quadtree.

Restricted Quadtree  TriangulatiormThe Restricted
Quadtree TriangulatiofRQT) approach presented in [42

. . L
in a region quadtree, and where each vertex has a an

approximation error associated with it. It is observed that
the quadtree hierarchy can be defined implicitly on an

array of the regular grid input data set by appropriate point o Y

/

indexing and recursive functions, and no hierarchical data . [ /\
structure actually needs to be stored. For suchngplicit I/ hod
guadtree this reduces the storage cost effectively down to / —
the elevation and approximation error values per vertex. \

As shown in [43], for each poirR j of the X4+ 1x 2k 4-1 N/
height-field grid its level in the implicit quadtree hierarchy
can efficiently be determined by arithmetic and logical oper- a) b)

ations on the integer index valuieand j, see also Figure 14. Fig. 15 Generalized RQT triangle strip shown in a) and its Hamilto-
Furthermore, it is also observed that the dependency relatitgn path on the dual graph in b).

of Figure 12 can be expressed by arithmetic expressions as

functions of the points indek j. The implicit definition of

guadtree levels and dependency relations between points by

arithmetic functions allows the top-down and bottom-up a#8 MeshesThe class 0f4-8 mesheg61,3,60] is based
gorithms presented in [42] to run very fast and directly oon a quadtree subdivision and triangulation as illustrated
the array of the height-field grid data instead of relying onia Figure 16, which in its triangulation power is basically
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equivalent to the other outlined quadtree and triangle fovel /1 fovel/ tovel / fovel 41

bin-tree meshing approaches. . %

Fig. 18 Irregular recursive QuadTIN subdivision.

Fig. 16 Recursive 4-8 triangle mesh subdivision. To avoid badly shaped triangles and inversion of orientation,
however, the domain for searching for good input vertices is
. restricted as illustrated in Figure 19-b. If no good candidate

However, instead of a vertex dependency graph as,)iices exist, artificiabteiner Pointsre inserted to guaran-

[34], amerging domain Mis defined for each vertexin ; ; ; ;
[3] for the purpose of satisfying the triangulation constrain{ge a coherent restricted quadtree triangulation hierarchy.

that avoid cracks in the surface mesh. As shown in Figure 17,
the merging domai, is basically the transitive hull of all
vertices depending onin the dependency graph [34]. Con-
sequentlyM, is used to define all vertices that must be re-
moved from the triangulation jointly witk. And hence the
removal of multiple vertices is constrained by the joint re-
moval of the union of their merging domains. A similar con-
cept, thesplitting domainis introduced for inserting vertices a)
into the triangulation.

base edge ¢, ,»

restricted
search domain

b)

Fig. 19 a) Vertex closest to the midpoint of diagonal edgeis se-
lected for recursive subdivision. b) Only vertices from a restricted

. . search domain are considered.
O vertex vto be removed O merging domain M,

NANNANNAN NNA
1 An example adaptive QuadTIN based terrain triangula-
%) tion is shown in Figure 20 which demonstrates its flexibility
INCINZINE to adapt to an irregular input point data set. This added flex-
%)\ ibility comes at the expense of extra points inserted into the
7 data set.
a) b)

Fig. 17 A vertexv and its merging domaiivly are highlighted in a).
The adaptive triangle mesh after removal/@ndM, is shown in b).

The triangulation algorithms presented in [2, 3] require
O(nlogn) time to refine or merg@ nodes. This is in con-
trast to the algorithms presented in [34] and [42] which can
generate an adaptive meshrofriangles optimally in linear
O(n) time. ’ R ~

Fig. 20 Adaptive QuadTIN triangulation of an irregular distribution of
Irregular Quadtree Hierarchy.n [61,60] it has been shown elévation samples.
that arbitrary 3D surfaces can adaptively be triangulated by
a hierarchical 4-8 triangulation approach, given a parame-
terization of the manifold surface is known. TRgiadTIN
approach presented in [44] goes one step further and defines _
a restricted quadtree hierarchy on top of any irregular poth2 Triangle Bin-Trees
setin 2D, i.e. given from a preprocesdeadngulated irreg- , ) ) , ] , ]
ular network(TIN). As in [61, 60], the idea of QuadTIN [44] In t_h|s sectionwe dls_cuss tna_ngle blsgcnon bas_ed glgorlthms
is based on the fact that points do not have to lie on a regufdpich generate equivalent triangulations of grid-digital ter-
grid to allow for a regular hierarchical triangle subdivisiof@in height-fields as the methods presented previously.
as shown in Figure 18.

At each subdivision step, the diagonal edge of a quadReal-time Optimally Adapting Mesheshe Real-time Opti-
lateral is not necessarily split at its midpoint, but using mally Adapting Meshe@ROAM) triangulation method pre-
nearby point from the input data set as shown in Figure 19snted in [13] is conceptually very close to [34]. However, it
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is strictly based on the notion otdaangle bin-treehierarchy the triangles € T according to their priority to be split next,

as shown in Figure 21, which is a special case ofdhgest and the merge queu®,, maintains the mergible triangle
side bisectiortriangle refinement method described in [51pairs of T. For each frame the priority queu@g, andQs are

52]. This method recursively refines triangles by splittingonsulted and the current triangle mesh is adaptively refined
their longest edge at thEase verteXsee also Figure 11).  or simplified accordingly to satisfy the given error thresh-
old z. The priorities are based on an error metric defined on
triangles.

To guarantee an e-approximation with respect to a par-
ticular error metric, the proposed greedy algorithm requires
the error metric, and thus the priorities @f, andQs, to be
Fig. 21 Binary longest side bisection hierarchy of isosceles triangISt”Ctly mono-tomc Th_IS mean-s that the error or priority of
with indicated split vertices on the longest side. %ﬁw triangle In t.he b"?'”ee hlera.rc.hy Can.HOt be ""‘.rg?r than

its parents priority. This monotonicity requirement limits the
direct applicability of many standard error metrics. For ex-

As shown in Figure 22, for a refinement operation a paample, neither the view-dependent error metric in [34] nor
of triangles are split at the common base vertex of thehe vertical distance measure of [58] or the Hausdorff dis-
shared longest edge, and a simplification operation consistsce error metric defined hierarchically on removed vertices
of merging two triangle pairs at their common base vertexor triangles initially satisfy this monotonicity requirement

(see also Section 6). Special care has to be taken to enforce
monotonicity of any error metric by a bottom up traversal of

level / level A1 level A2 level 43

e base vertex, midpoint of longest side

split the triangle bin-tree hierarchy in a preprocess and calculat-
— ZRN ing bounding priorities at each node.
~_ o5/ Besides the two main contributions of ROAM which are
merge the priority-queue driven triangle-bin-tree based triangula-
tion method and a screen distortion error metric, the paper
Fig. 22 Split and merge operations on a bin-tree triangulation. [13] contains a number of interesting contributions. A list of

twelve criteria is given that generally apply to mesh simpli-
A mportant bseraton s tht i  conforming a2 11 P 0 e el e vuaater.
gulation, all neighbors of a triangten levell in the bin-tree lemented in’ ROAMpare described including view-frustum
hierarchy must be either on the same level,as on levels plement . : ding X
lling, incremental triangle strip generation, deferred prior-

| +1 orl — 1 of the bin-tree hierarchy. Therefore, two pair% recomputation. and proaressive optimization
of trianglesty, ty andtc,ty sharing the same base vertex ca P ' prog P '

only be merged if they are all on the same level in the bin-

tree hierarchy as shown in Figure 22. Furthermore, a triangéght-Triangulated Irregular Networks. Right-Triangulated

t cannot be split immediately if its neighbtigng across its Irregular Networks(RTIN) as presented in [14] is a mul-
longest edge is from a coarser level as shown in Figure ZiBesolution triangulation framework for the same class of
In that case, trianglecan only be split if its correspondingtriangle bin-tree meshes [13] as presented above. The RTIN
neighbor isforcedto split first. These forced splits are conapproach is particularly focused on the efficient representa-
ceptually the same as the split propagation of [58] showntin of the binary triangle hierarchy, and fast mesh traversal
Figure 10. Moreover, the dependency relation of [34] in Fider neighbor-finding. Starting with a square triangulated by
ure 12 denotes exactly the same forced split propagationchibosing one diagonal, triangles are split recursively at the
a bin-tree or restricted quadtree triangulation. All these cobase vertex or midpoint of their longest edge, identical to the
cepts for assuring a conforming triangulation are equivalemethod described above.To guarantee a conforming triangu-
in this context. lation without cracks the same propagation of forced splits
as shown in Figure 23 is imposed on the RTIN triangula-
tion. In [14] it is observed that split propagation caused by
splitting a triangle on levell; cannot cause triangles smaller
thant to be split (on level$ > I;), and that at most two tri-

7 {fong angles on each level< I; are split. Thus split propagation
terminates in the worst case @(logn) steps, withn being
desired split at base vertex forced splits the size of the triangle bin-tree hierarchy (number of leaf

nodes).
One of the main contributions of [14] is an efficient
data structure to represent right-triangular surface
The run-time triangulation algorithm of ROAM is base@pproximations. Similar to Figure 11, child triangles
on a greedy algorithm using two priority queues of the triamesulting from a split are labelled dsft and right with
glest € T of the current mesfi: The split queu&)s stores respect to the split vertex of their parent triangle. A binary

Fig. 23 Propagation of forced triangle splits.
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labelling scheme as shown in Figure 24 is used in RTIRorced splits are propagated to the corresponding
to identify triangular regions of the approximation. A-neighbors to avoid cracks in the triangulated surface
RTIN triangulation is thus represented by a binary trespproximation.

denoting the triangle splits and the elevation values ( The main focus of RTIN is efficient representation of the
coordinate) of the triangle vertices. The geographicalangle bin-tree hierarchy and neighbor finding techniques
(x andy) coordinates do not have to be stored for eaan the adaptively triangulated surface. Similar to [34,13,42],
vertex but can be computed from the triangles label. AZTIN is efficient in creating an adaptive surface triangula-
noted in [14], a main memory implementation of such #on since its top-down algorithm is output sensitive. In fact,
binary tree structure with two pointers and three verteke RTIN approach is almost identical to the ROAM method
indice$ per node is space inefficient if used to represeand only differs in notation and representation of the trian-
one single triangulated surface approximation. Howevejle bin-tree hierarchy. No detailed algorithms are given in
a triangle bin-tree actually represents an entire hierarciiyl] on how to incorporate propagation of forced splits to
of triangulations. To reduce the storage cost of a triangjenerate a conforming triangulation.

bin-tree hierarchy it is proposed to remove child pointers by

storing the nodes in an array and using an array indexipgyht-Triangular Bin-Tree.n [19], the class of restricted

scheme based on the node labels. quadtree or right-triangular bin-tree triangulations is studied
with respect to efficient data storage and processing, search
(] and access methods, and data compression. It is proposed
10 o=\ to always manage the data in compressed form, even inter-
010 active processing is performed on the compressed data. The
orn " oy o N multiresolution triangulation framework in [19] follows the
o119xQoo0} - = AN o D\1 v < binary triangle hierarchy approach as used in [13] and [14].
ooor AN N To prevent cracks in the triangulation resulting from recur-
SN R sive triangle bisection, error saturation is used as presented
in [42].
Fig. 24 RTIN triangle bin-tree labelling using O féeftand 1 forright. [Th]e main contribution of [19] is a compressed represen-

tation of the triangle bin-tree hierarchy based on an efficient

mesh traversal and triangle numbering scheme. The traversal

Based on the binary tree representation of the RTIN Rizqar of triangles in the bin-tree hierarchy is equivalent to the
erarchy as shown in Figure 24, an efficient neighbor fin

. ! . L . triangle strip ordering as shown in Figure 15. Furthermore,
ing scheme is the second main contribution of [14]. GIVEL, - triangle is numbered such that the left child of a trian-
a counterclockwise numbering from to vz of the vertices gle with numben receives the numbenznd the right child

of trianglet with vertexvs being the right-angled vertex, theig humbered B+ 1 if the levell of the parent triangle is odd

i —neighborof trianglet is defined as the adjacent triangle,q yice versa if it is even as shown in Figure 25. For a given
f th_at does not sha_re vertéxFurthermore, _thesame-_5|ze triangle, bitwise logical operations can be used to compute
I-neighborsof any triangle are the edge adjacent trianglgge 4gjacent triangle that shares the common refinement ver-

at the same level in the bin-tree hierarchy. For example, i "Each vertex is associated with the two numbers of the
angle 10 in Figure 24 is the same-size 1-neighbor of t”ai?fangles that it refines.

gle 11, and triangle 001 is the 3-neighbor of triangle 0000

but not a same-size neighbor. The neighbor-finding function

N (t) presented in [14] first finds the same-size i-neighbor of AN
atriangle and then determines the actual i-neighbor for a par- ! A\g\ 7 #5 AANE
ticular triangulation. The recursive neighbor-finding func-
tion N (1), that returns the label of the same-size i-neighbéig. 25 Triangle numbering.
of a given trianglet, is conceptually identical to a recur-

sive tree traversal for finding adjacent regions in any bi-

nary space partition (BSP-tree), see also [54,53]. An effi- 1hiS ordering and triangle numbering imposes a binary
cient non-recursive implementation Kf(t) based on arith- classification of triangles in a conforming bin-tree triangula-

metic and logical operations is also given in [14]. tion into up- or down—triangle_s. In a depth-first traversal of
For terrain visualization, each triangle is assigndj€ Pin-tree hierarchy, amp-trianglecan only be followed

an approximation error during the preprocess phase ‘Bf 2 "'?‘”9'8 on th_e same or h|gh(_ar level (coarser triangle)

constructing the RTIN hierarchy. At run-time, startind? the hierarchy. Similarly, down-trianglecan only have a

with the two triangles at the root of the RTIN hierarchy?€ighbor on the same or lower level of the hierarchy. There-

a depth-first traversal recursively splits triangles who are, the starting triangle and one bit per triangle is sufficient

approximation errors exceed a given tolerance threshoﬁﬂ.e_r]code an adaptive bin-tre_e_ triangulat_ion_. Furthermore,
vertices only need to be specified on their first occurrence

2 could be reduced to only one vertex index, others are known frdf the bin-tree traversal. Based on this traversal and number-
parent triangle nodes ing technique an efficient compressed representation of a tri-
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angle bin-tree hierarchy is proposed. Moreover, it is shownC|uster Triangulations

how an arbitrary adaptive triangulation can efficiently be ex-

tracted from the code stream that represents the entire bin-

tree hierarchy, and that can be read and processed efficiently

from disk. The impressive improvement of graphics hardware in terms

The triangulation algorithm and data structure present@ticComputation and communication speed is reshaping the
in [19] are particularly tailored towards efficient represent&€@l-time rendering domain. A number of performance and
tion and traversal of the binary triangle hierarchy. The pré¥chitectural aspects have a major impact on the design of
posed encoding of the triangle bin-tree is very interestifgal-time rendering methods.
from the point of view that it can be used to access an adap-
tive triangulation efficiently even if the bin-tree is stored se- .
guentially on disk. The proposed multiresolution framewor Todays GPUs are able to sustain speeds of hundreds

provides most of the important features such as continuolmsprgr'![g?]?sin?;Iig;%g%'gsfoee:e;e_g%ned;retzgerﬁg nﬁthégg
LOD, fast rendering, and compact representation. First of all, to sustain such speeds, the CPU workload of

the adaptive rendered has to be reduced to few instruction
cycles per rendered triangle. Second, since the target
rendering speed is two orders of magnitudes larger than
the number of screen pixels, there is an expectation for
4.3 Discussion high quality scenes with millions of triangles per frame.
On classic vertex- or triangle-based structures, managing

The different multiresolution terrain  triangulationand storing very large dependency graphs at run-time
approaches reviewed in this section all contribute unig@&comes a major bottleneck, mostly due to random-access
features and improvements to the class of restrictd@versals with poor cache-coherence. Moreover, current
quadtree and bin-tree triangulations. The basic adaptf@®Us are optimized for retained mode graphics, and
multiresolution  triangulation framework has beef€ir maximum performance is obtained only when using
introduced in [58]. The approaches of [34] and [42] follovgPecific preferential data paths. This typically means using
this concept of an adaptive quadtree hierarchy, while tRlipified, indexed, and well packed and aligned primitives
methods presented in [13], [14] and [19] describe the Saﬁqee?(plon on-board vertex cgg:hes and fas_t render routes. In
class of triangulations from the point of a binary triangl@ddition, the number of primitive batches (i.e. the number of
subdivision hierarchy. DrawIndexedPrimitivecalls) per frame has to be kept low,

s driver overhead would otherwise dominate rendering

Very efficient triangulation algorithms are the focus o? : . : .
; ; ime [64]. Finally, maximum performance is only obtained
[34], [42]'.[35] and [5], which are pase_d on a simple V€lvhen rendering from on-board memory. Editing on-board
tex selection strategy, and [13], which is based on a prloHiemory introduces however synchronization issues

tized triangle merge and split concept. Error saturation ¢ Stween CPU and GPU, which is a problem for dynamic

forming to the restricted quadtree triangulation constrairL . . . )

. . . D techniques. In this setting, approaches which select,
introduced in [42] and [19], has been extended to efficieqf’ ) . frarr?e, the minimum sgt ofptrr)iangles to be rendered
view-dependent error metrics and LOD selection algorlthrﬂﬂhe CPU typically do not have a sufficient throughput to

Il:?in[—?t’rStgé [ig]sggda [5]r.0\2g;::ees e;icg}fe’hﬁoﬁfoféhigrﬂ'ﬁggIe eed the GPU at the top of its capacity, both because of the
PD gnty P -triangle cost and the complexity associated to sending

Egrézzu;s"l\i/gy as;ﬂltttr'nj% trrlg\?eglss maengiggtsj?/gr'gg g;ogg?nat metry in the correct format through preferential paths.
PILS, g P Eace the processing rate of GPUs is increasing faster than

to the simple quadtree based vertex selection algorithms. t of CPUs. the gap between what could be rendered b
surveyed methods are capable of generating smooth a AR ’ 9ap y

tive LODs for efficient terrain surface approximation, an
though not explicitly described, RTIN [14] can generate tr,
angle strips for fast rendering.

The main objective of this kind of algorithms was to
compute on the CPU the minimum number of triangles to For such reasons many techniques have been recently
render each frame, so that the graphic board was able to qusposed to reduce the per-primitive workload by compos-
tain the rendering. More recently, the impressive improvaig at run-time pre-assembled optimized surface patches,
ments of the graphics hardware both in term of computaraking it possible to employ theetained-modeendering
tion and communication speed shifted the bottleneck of theodel instead of the less efficient direct rendering approach
process from the GPU to the CPU. In the next section vier all CPU-GPU communication tasks. The main common
will show how these methods can be made more efficientpoint of these methods, that we call he&tister Triangu-
terms of raw triangle throughput by employing cluster baséations is that they move the LOD unit up from points or
approaches. triangles to small contiguous portions of a mesh.

graphics hardware and what the CPU is able to compute
b'vn the fly to generate adaptive triangulations is doomed to
iden.
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5.1 Tiled Blocks to geometry caching. A particular contribution of these
methods was to show that, even though the number of
A classic example of &luster Triangulationsapproach triangles per frame increased by a factor of 50%, with
are tiled blocks techniques (e.g. [26,63]), which partitiorespect to ROAM, the overall rendering performance was
the terrain into square patches tessellated at differdiosted by a factor of four due to the order of magnitude
resolutions. A full survey of this subject is beyond thisaw performance increase of the rendering interface.
survey, devoted to quadtree approaches. We restrict our
presentation to [55] which proposes a combination of tiled
blocks and restricted quadtree triangulations. The methgad Combining Regular and Irregular Triangulations
strives to improve CPU / GPU communication efficiency
by incremental batched communication of updates. In thspAM [7], P-BDAM [8], and HyperBlock-QuadTIN [30]
approach, the terrain mesh is partitioned into equal tilgeneralized the caching approach by combining regular
of size 257x257, with an overlap of one sample in eithgid irregular triangulations in the same GPU friendly
direction. For each tile, a fixed set of restricted quadtrg&mework. The main insight of these methods is to
meshes of increasing error is generated, resulting ins@parate the coarse topology of the multiresolution method,
nested mesh hierarchy per tile. At run-time a specific LOR\anaged using semi-regular fine geometry of the objects,
is selected independently for each tile, and the relevafhnaged using triangulations. In other words, the task of
updates are sent to the GPU. Each finer level is represenis multiresolution structure is to generate adaptive regular
by all coarser level vertices plus the additional ones. Byartitions of the terrain domain using data independent
caching the current mesh on the GPU, only the additionakhniques, while the task of the geometry is to approximate
vertices need to be sent, reducing the required bandwigijé data inside the partition with a fixed triangle count mesh

by 50%. Since vertices are transferred by groups, efficiepith appropriate boundary constraints.
vertex array technigues can be employed to boost transfer

efficiency. In [55] all vertex data for a given tile is store . -
in a single vertex array, which grows by a block for eachyPerBlock-QuadTINQuadTIN [44] is an efficient
adtree-based triangulation approach to irregular input

LOD, while the connectivity is stored in a separate p int sets with improved storage cost and feature adaptive
level element array. In order to smoothly transition surfadgNt £ p 9 P
Sampling resolution. It preserves a regular quadtree

changes, the method exploits the concepg@bmorphing ! . . ; .
[27] which interpolates vertex attributes between LODS. muIUresontlon hierarchy over the irregular input data set
The main challenge for this technique, as for all tile eseics(gggg'rr'lﬁl.1[24r¥qp§LIilgcg-%l:Zgg:\N ggg]o:rxs:[gmrzi;r:e%
block techniques, is to seamlessly stitch block boundari & y ng ISe grall
which requires extra run-time work. In [55] boundaries e structure of blocks that store different triangulation
neighboring tiles are detected and connected using run-t(i}Z;els‘ Similar to the clustering performed by RUSTIC

generated triangles. This need to remesh boundal ]_gnd CABTT [31] on R.OAM hierarchies_ but with th_e
is avoided in the quadtree-based techniques that v ditional advantage of direct support of irregular point

be presented nex. Moreover, the technigue is not =, T SoTuclon pocess s by @ 1 Sud )
adaptive, and limits simplification to pure subsampling, iraversiny it coarse to fine. At run-time, the coarse bloc{
order to support progressive vertex transmission. 9 ' '

hierarchy is traversed, and resolution levels are selected on

a block-by-block basis. A global crack-free triangulation

5.2 Cached Triangle Bin-Trees is ensured by adjusting the selected block levels so that
they meet restricted quadtree constraints. A simplified

RUSTIC [47] and CABTT [31] are both extensions of thdlustration of an example of restricted quadtree blocks of

ROAM [13] algorithm that improve rendering performancé&lyperBlock-QuadTIN [30] is given in Figure 26.

through the addition of coarse-grained on-board caching.

RUSTIC is an extension of the basic ROAM algorithm in

which preprocessed static subtrees of the ROAM triangle 7 2=Cteetoce
bin-tree are used. The CABTT approach is very similar A
to RUSTIC, but triangle clusters are dynamically created,

cached and reused during rendering. Triangle clusters
form the unit for LOD refinement/coarsening operations, AN
and can be cached on the GPU as vertex arrays. Improved AV IAIPN
performance over ROAM is gained by rendering the meshes
as triangle strips. Since all adaptively refined graphs are still %

hyperLevel 1 hyperLevel 2

incomplete grid

NANANAS

ROAM graphs, adaptive triangulations are guaranteed to be
conforming.

These me_thOds demons'[_rate the_ p?rformance benaflgs 26 Adaptive elevation grid and the corresponding LOD hyper-
of coarse grain LOD adaptation, but limited its applicatioblocks of levels 1 and 2.
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Batched Dynamic Adaptive Meshes (BDAMhe BDAM nique [9]). The selection cost is thus amortized over patches
approach [7] seamlessly combines the benefits of TINs aoithousands of triangles.

restricted quadtree triangulation in a single data structure for The highest resolution triangle patches sample the input
multiresolution terrain modeling. BDAM is a specializatiortata at a matching resolution, while coarser level patches
of the more general Batched Multi-Triangulation framewor&ontain TINs constructed by constrained edge-collapse sim-
[9]. It is based on the idea of exploiting the partitioning inplification of child patches. In a preprocess, simplification is
duced by a recursive subdivision of the input domainima carried out fine-to-coarse level-by-level, and independently
erarchy of right triangleclusters to generate a coarse grainegdr each diamond. The whole simplification process is inher-
multiresolution structure. The partitioning consists of a foently massively parallel, because the grain of the individual
est of triangle bin-trees (see also Section 4.2) covering ttask is very fine and synchronization is required only at the
input domain. completion of each bin-tree level (see also Figure 28).

The partitioning consists of replacing a triangular region
o with two triangular regions obtained by splittimgat the
midpoint of its longest edge [51,52]. To guarantee that a
conforming mesh is always generated after a bisection, the <> ¥ >

collect
simplified

two triangular regions sharing’s longest edge are split at _,H\ T —

the same time. These pairs of triangular regions are called -~ « « : —
diamondsand cover a square. The dependency graph encod-“ - 12 = - =
ing the multiresolution structure is thus a DAG with at most ‘ $ ’S‘—E <o -

two parents a:nd at most four children per node (Conceptuafi%. 28 Construction of a BDAM through a sequence of (parallel) sim-

the same as in [34]). plification and marking steps. Each triangle represents a terrain patch
This structure has the important property that, by selet2mposed by many triangles, as in Figure 27.

tively refining or coarsening it on a diamond by diamond

basis, it is possible to extract conforming variable resolution

mesh representations. BDAM exploits this property to con-

struct a coarse grained LOD structure. This is done by as- . .

sociating to each triangle region s a small triangle patch, g+ 4-8 Mesh Cluster Hierarchies

to a given triangle count, of the portion of the surface con- . i ,

tained in it. Each patch is constructed so that vertices aloff @PProach similar to BDAM, but described in terms of a

the longest edge of the region are kept fixed during a diA: me_sh hierarchy and optimized for regul:_slr grids is intro-

mond coarsening operation (or, equivalently, so that verticddced in [28]. The authors remark that, with current ren-

along the shortest edge are kept fixed when refining). In t§i€7iNg rates, it is now possible to render adaptive scenes

way, it is ensured that each mesh composed by a collectf§fih triangles that have a projected size of one or few pix-
of small triangle patches arranged as a triangle bin-tree g&ff: At this point, it is no longer desirable to make trian-

erates a globally correct and conforming triangulation (s§&S nonuniform in screen space due to variations in sur-
Figure 27). face roughness, since this will only lead to sub-pixel trian-

gles and thus to artifacts. The authors therefore rewrite the
BDAM approach in terms of regular grids, replacing geo-
metric patch simplification with low-pass filtering. In ad-
dition, while the original BDAM work encoded the hierar-
chy with triangle bin-trees, this work explicitly encodes the
graph of diamonds, and incrementally refines and coarsens
it using ROAM’s dual queue incremental method. Another
contribution of the work is that geometry and texture are
handled in the same framework. That is, both geometry and
textures are treated as small regular grids, called tiles, de-
fined for each diamond in the hierarchy. Each grid corre-
sponds to two patches sharing the main diagonal. The rela-

tive density of the grids are adjusted to maintain a fixed ratio
Fig. 27 a) BDAM triangle clusters of a diamond structure. Coarsenings texels per triangle.

of two diamonds in b) to one in c) with coarsening vertices along the

shared boundary (in yellow). Highlighted vertices (in red) shared with

neighboring diamonds remain unchanged.

leveli

leveli —1

6 LOD Error Metric

At run-time, the LOD is chosen by a triangle bin-tree ren this section we review the major error metrics that have
finement over the triangle patches (based on saturated elreen proposed for the discussed terrain triangulation algo-
[7,8] or incremental refinement based on a dual queue tecithms.
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allowed error tolerance t

6.1 Object-Space Approximation Error

To render deformed parametric surfaces, several recursive

subdivision criteria are given in [62] that take into acoumulated

account local curvature, intersection of surfaces, and approximation error ¢

silhouette boundaries. While these subdivision criteria are -

not directly applicable to terrain height-fields, the local

curvature criterion, or flatness, is similar to other geometric

approximation error metrics used for terrain triangulation. Fig. 30 Merging of nodes satisfying the approximation error threshold
The approximation error proposed in [58] is the verticagcally may result in intolerable large accumulated errors with respect

distance of a removed vertex with respect to its linear intdf-I"e final result.

polation provided by the parent node as shown in Figure 29.

The error of vertex B is its vertical distance to the average el- . N . . . .

evation of A and C. An example of mergible nodes, with r onic, setting it to the maximum distance of vertices within

spect to Section 4.1, is given in Figure 29. Given that the a _et_domaln Oftthg ttrlaﬁglet. Hbowetver,dafgeomitrtlc_: ap?rot)r?_t
proximation error of all removed vertices (outlined points jff'a10n error attribute has to be stored for each trangie tha

Figure 29-b) is within the given tolerance, and given that n ever be formed by the adaptive multiresolution triangu-

other neighboring nodes violate the restricted quadtree c ion method. This can be quite a costly approach in terms

straint, the nodes and triangles of Figure 29-a can be me@hgnemotr)y us?ge a? thl's nunt1ber IIS St?[yeral t||mes Ia_l[%er than
into the larger node Figure 29-b. € number of input elements (elevation values). The per-

vertex error metric proposed in [42] eliminates this memory
cost.

Ax . It has been observed in [42,43] and [41] that for
object-space geometric error metrics the dependency
graph shown in Figure 12 can be encoded into the error
* c 3 metric itself by a technique known &sror saturation As
demonstrated in Figure 31-a, the selection of a particular
vertex P (black square) due to its error valae= 9,

. 3 exceeding the allowed tolerance = 5, causes several

a) b) forced triangle splits (dashed grey lines). To avoid such
Fig. 29 Initial four leaf nodes shown in a) that are merged in b) witforced Splits, error values are propagated and maximized
the outlined points denoting the removed vertices in the merged no@dong the dependency graph, as shown in Figure 31-b.

This error saturationis performed in the preprocess: Each
vertex stores the maximum value of all propagated errors

A major problem of the proposed bottom-up quadtregnd its own computed error, and propagates this maximum
initialization in [58] is the computation of the approximatiorfurther along the dependency graph. This preprocess can
error metric. While the vertical distance of a removed verteye implemented by a simple traversal over the grid-digital
(B in Figure 29) with respect to its linear interpolation (linglevation values. Therefore, a fast top-down selection of
between A and C in Figure 29) in the immediate parent nodertices according to their saturated error metric directly
may be below a given error threshotdit is not clear that yields an adaptive and conforming triangulation of a
this removed vertex is within t distance to the final result g&stricted quadtree, without the need of enforcing any
an iterative bottom-up merging process. As shown for a 2kjadtree constraints, forced splits or resolving dependency
example in Figure 30, this error metric is not monotonic. Ifelations. This error saturation technique has also been
fact, the resulting simplified surface based on this methe@lserved in [22] and can be applied in various ways to
does not interpolate the removed vertices within a boundgfiforce constraints on multiresolution hierarchies such as
distance. topology preservation in isosurface extraction [21].

However, the top-down triangulation approach in [58]
computes the distance to the original surface for each ver-
tex with respect to the current adaptive restricted quadtree
surface approximation. Therefore, no accumulation of er-
rors beyond the given threshotdcan occur, and the recon-
structed surface map is a correeapproximation.

A similar vertical distance measure has been used in [14]
and [42], modified to satisfy the monotonicity requirement
outlined in [13]. However, in contrast to [14], and also [13]51%. 31 Initial error metric shown in a) for selected vertices, white

ti

which define the error metric on triangles, the RQT approaggtices are below and black vertices above the error threshel8.
[42] defines the error metric on vertices. If precomputed pRérced splits are indicated with dashed grey lines. Propagation of error

triangle it is straight forward to make the error metric mongaturation shown in b) for the vertex causing the forced splits.
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Other geometric distance metrics, instead of the verti-
cal offset measure, must be treated in a similar way to pre-
serve monotonicity for an efficient output sensitive top-down
adaptive mesh refinement approach.

An object-space geometric approximation error metric
is defined in [13] by calculating for each trianglén the
bin-tree hierarchy the thicknessof a boundingvedgiethat  Fig. 33 Vertical distances, between removed base vertexand its
encloses all children of its subtree as shown in Figure 3®ear interpolatiorv.

This measure bounds the maximal deviation of a simplified
mesh with respect to the full resolution input data, however,
has to be computed and stored for every triangle that can For efficient block-based mesh simplification, the view-
possibly be defined by the multiresolution hierarchy. Thidependent image-space error metric is extended to entire
basic object-space approximation bound is input to a viewuadtree blocks in [34]. In particular, if for a quadtree re-
dependent image-space error metric as discussed in the §idn R the maximum delta projection of all higher resolu-
lowing section. tion vertices withinR is smaller than the threshotd then
they can be ignored. For an axis-aligned bounding box of
a quadtree bloclR and given viewing parameters, one can
compute the smallest elevation dedtaand largest;, of that
p Ig, box that when projected onto screen may exceethere-
f fore, if the maximum vertical erragmay Of all verticesv e R
is smaller tharg thenR can be replaced by a lower LOD
Fig. 32 The thickness of a bounding wedgie defines an object-spasiock, and ifemay is larger thare, thenR has to be refined
geometric approximation error. into smaller blocks. Otherwise the screen space projected
errorspy of all verticesv € R have to be computed and com-
pared tor individually.

The thicknesg; of a boundingwedgieas introduced in
[13] (see Figure 32) can be used to estimate the maximal
image-space distortion of a trianglet for view-dependent
implification similar to the approach presented in [34].
onsequently, for any given triangulatidnits image-space
iss_tortion can be bounded by the maximum projected
SPsgthPt of et of all trianglest € T. Additionally to this
age-space distortion error metric, [13] proposes several
ther mesh refinement and simplification measures such
In [34] the definition of an efficient view-dependenfS backface detail reduction, surface normal distortion,

exture-coordinate distortion, silhouette preservation, view

image-spacg error metric has been proposed Fhat dgtermw&&um culling, atmospheric or depth attenuation, and
removal or inclusion of vertices for a given viewpoint. A?egion of intereét '

illustrated in Figure 33, the basic idea of this error metric . .
is that triangle pairs can be merged if the change in slope ' [39,36] and [20] it has been observed that also view-

g, at the removed base verteprojected into screen spac ependent Eerror metrics can, in a sense, conservatively pe
is smaller than a given threshold The line segment saturated similar to [42,42] for object-space measures. This

€ = v— V between the removed base verteand its linear WOrks if the image-space error meti of a vertexv is
interpolation v = (v + v )/2 is perspectively projected pased on a static geometric approximation en;p_whlch
onto the screen space viewing planepaslf py is smaller 'S perspect_lvely projected into Image-space (d|V|dectipy
than the tolerance then the vertew can be removed and9iven the distance, of the vertexv to the viewer). For this
the corresponding triangle pairs merged. Note that tHeWOrk, additionally toey, a conservative bounding sphere
projected delta segmen, is not defined with respect to radiusry is negded foreach vertex. This attrlbu\te_slefmes a
the highest resolution mesh or the current LOD medjgsted bounding sphere hierarchy on the r_estrlcted quadtree
but rather based on the adjacent vertigegnd v; of the Vertex dependency graph [35, 36]. A vertewill be selected
next lower resolution in the quadtree. Therefore, aIthou%ﬁ’lr the current LOD triangulation if its conservative image-
hardly noticeable in practice, the metric as defined in [32PaC€ €ITOPy = g =, is larger than the given threshotd
suffers from the same limitations as the error computation In SMART [5] the same basic error metric and view-
of the bottom-up triangulation method presented in [58fependent vertex selection criteridp< £ +ry gives rise to
and does not provide a guaranteed error bound on the-sphere defined for each vertex by the rad{us- & +r,.
final triangulation. For this, the error metric must eithdrdence vertex selection is simplified to all vertices whose t-
be saturated correctly, or defined and maximized on eaheres contain the viewpoint. Further it is elaborated in [5]
triangle with respect to the full resolution mesh. that a so called-save-distancean dynamically be main-

6.2 Image-Space Approximation Error

A static object-space geometric error metric is not sufficie
to adaptively simplify terrain for perspective rendering. Thi
is because far away regions must be simplified more aggré
sively than nearby areas. As this depends on the observ
location and changes continually, the error metric must
defined dynamically and view-dependently.
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tained, which bounds for each vertex the deviation of thesystem Issues
viewpoint that does not change the LOD level of the ver-

tex. This concept allows for optimized LOD computations a§ this section we want to briefly review a few system and
well as efficient vertex caching, and results in significantiyatabase level aspects of terrain visualization in conjunction
improved LOD meshing and rendering performance.  jth the LOD triangulation and rendering algorithms dis-
cussed so far. This includes topics such as dynamic scene
management, progressive or incremental meshing, data stor-
6.3 Discussion age and retrieval, or client-server architectures that are im-
portant for large scale real-time terrain visualization sys-

The error metric of triangle bin-tree approaches is defined sns.
the triangles in the binary hierarchy. Due to the property of
a binary tree having roughlyniznodes fom leaf nodes and
a triangle mesh havingr2triangles forn vertices, storage 7.1 Dynamic Scene Management
of a triangle based error metric requires maintaining about
4n error values. In contrast, the quadtree based approachst of the discussed real-time terrain triangulation and vi-
define the error metric on vertices and only requirerror sualization algorithms assume the entire terrain data set to
values to be stored. Simple geometric approximation erdoe accessed directly in virtual memory and do not explic-
metrics based on vertical displacement can be found in [58ly consider dynamically loading terrain from disk or from
[14], [42] and [19]. More sophisticated view-dependent ea database server. Also most algorithms can dynamically
ror metrics such as screen space distortion are discusseextnact a particular LOD triangle mesh from a hierarchical
[34] and [13], and saturated view-dependent error metriosultiresolution data structure holding the terrain data.
are presented in [35] and [5]. Projection of a global geo- Fully main-memory resident approaches generally gen-
metric approximation error metric into image-space will berate a space-LOD query for each rendered frame given the
most efficient for large scale terrain visualization in practiceurrent view frustum and LOD tolerance threshold t settings.
In [13] it was observed that an error metric must be hieraFhis query is generally answered using the multiresolution
chically monotonic to guaranteebounded approximations.terrain triangulation hierarchy. Efficient recursive top-down
RTIN [14] and RQT [42] in object-space as well as SOAROD selection and triangulation algorithms for real-time ter-
[35,36] and SMART [5] in image-space provide such moneain rendering are presented in [58,34,13,42,14], of which
tonic geometric error metrics. [34] and [42] address the issue of out-of-core data manage-
The type or error metric and error representation has thment and are discussed in the following section.
important consequences also on structure size and efficiency.Specifically designed for fast real-time LOD triangula-
Arguably the most space efficient representation of a mtien and rendering in main memory is the system presented
tiresolution triangulation of a height-field is an implicit hi-in [13] (ROAM). As discussed in Section 4.2, the run-time
erarchical structure, embedded in an array, with a saturatedngulation algorithm of ROAM is based on a greedy algo-
error metric defined on the grid of elevation values as prdthm that maintains two priority queues, the split qu€ie
posed in [42] and [35]. This representation does not requaad the merge queu@n,. For each frame the priority queues
any information to be stored that describes the structure@f, andQs are used to incrementally simplify and refine the
the multiresolution hierarchy, and only needs the elevationrrent triangle mesh to reach a triangulation that satisfies
and error values for each grid point. Furthermore, such #re given error threshold The priorities ofQs andQy, are
elevation grid can also efficiently be partitioned and stordzhsed on the error metric defined on the triangles.
on a remote server as shown in [42] and [43], or mapped The ROAM terrain rendering system [13] is designed to
linearly to disk as demonstrated in [35]. However, this fullgupport guaranteed frame rates in an interactive visualiza-
implicit representation is only possible if the tree is comntion application. Despite the maintenance of priority queues
plete, i.e., if the input data is a uniformly sampled square.at run-time, which requires ord€d(nlogn) cost for each
Other related techniques fot the rfficient representatiaipdate, the method is efficient as it is output sensitive (for
and compression of a triangle bin-tree hierarchy mmonotonic error metrics) and because the triangulation can
discussed in [14] and [19]. However, both approaches use updated incrementally between rendered frames. In addi-
triangle based error metrics which are space inefficieinin to the basic algorithms, a couple of system level issues
due to the large number of error values that have to bee discussed as well such as reducing the amount of CPU
stored. Efficient LOD-based spatial access and triangulatittme spent on updating priorities between frames, or limit-
is discussed in [42], and extraction of an adaptivieg the number of split and merge operations to bound the
triangulation in a sequentially stored and comprességhangle count and guarantee consistent frame rates.
triangle bin-tree representation is considered in [19]. Very Clustered triangulation approaches typically adapt their
efficient representations are further achieved in clust@presentation by traversing an in-core structure that repre-
based triangulation approaches such as [7,7,63,28], siseats the coarse-grained multiresolution models. BDAM [7],
errors and other structural information is only stored pand P-BDAM [8] use a top-down refinement approach based
cluster. on saturated errors and bounding volumes similar to SOAR
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[35,36]. The 4-8 texture hierarchy system [28] use instead Soasmoss ookt ooy region &
the dual queue approach of ROAM [13]. All these systems

maintain in-core the dependency graph (for a conforming m

triangulation) and incrementally fetch from external mem-

ory the required LOD data. The choice of the particular re-
finement strategy is less important for clustered triangulation
approaches than for the other methods surveyed here, since @) b) c)

the run-time dependency graph size is output sensitive afigl 34 Rectangular range query shown in a) and initial vertex selec-
small, and all operations are amortized over thousandstioh given in b). RQT constraints are enforced on the range query as
rendered triangles. shown in c).

reached, or the LOD priority of the vertices in the cluster ex-
7.2 Out-of-Core Data Organization ceeds a tolerated evenness bound. Hence each cluster forms
a part of the quadtree hierarchy structure and preserves spa-

While early systems such a&51S[29,34,33],VIRGIS[42, tial selectivity as well as uniform LOD distribution within
45,46], [27] andTerraVision 11 [50], as well as extremely the cluster.
successful viewers such &oogle Earthor NASA World-  |n [27] the entire terrain data set is block-partitioned into
wind, generally manage the terrain data as a set of rectajiradratic patches on disk. Each patch may be pre-simplified
gular elevation grid tiles, more recent approaches [35,36b]a minimum tolerance and stored on disk, however, block
use clever indexing and, when possible, memory mappiggundaries are preserved at the finest resolution to guarantee
techniques. conforming triangulations. In main memory, the interior of

In tile-based systems the terrain data can easily exceggth quadratic block is adaptively simplified for each frame.
the main (or even virtual) memory capacity of the workst&implification across the highly tessellated block boundaries
tion used for rendering as the data is dynamically loadésiperformed in a second stage, after block-internal simplifi-
on-demand from disk. VGIS [29, 34,33] maintains the tegation, to reduce artifacts between block regions.
rain data on disk partitioned into a hierarchy of blocks of A different approach for out-of-core memory
129x129 vertices each. Hence at run-time, retrieval of thganagement of multiresolution data has been presented
terrain data from disk is based on block access at fixed ghidl [35,36] which relies purely on the virtual memory
resolutions. In main memory a partial global terrain quadtreganagement functionality of modern operating systems.
is maintained, and updated dynamically by loading elevahe basic principle is to sequentially order the grid-digital
tion data blocks on demand from disk. Adaptive simplificaslevation samples based on a hierarchical, recursively
tion is performed from this in-core data for each frame basedfined space-filling curveindexing scheme [1]. The
on the view-dependent block- and vertex-level error metrigpace-filling property of such an index preserves spatial
discussed in Section 4.1. proximity between index neighbors, and the hierarchical

In VIRGIS [42,45,486], a tiled sliding window concept isdefinition e.g. of the-curve index as used in [35] provides
applied that dynamically maintains a fraction of the entire@ basic LOD ordering. The multiresolution restricted
data set in main memory, similar to Figure 1. A dynamiquadtree, or bin-tree triangulation hierarchy is thus mapped
scene manager dynamically updates the set of visible tilés, a linear data layout that can be stored on external
by loading from disk on demand, and maintains each tile isemory. The out-of-core data management is then solved
self as a RQT. To avoid excessive loading from disk, a strély memory mappinghis file at run-time to an array data
egy ofdeferred cumulative updatésproposed which incre- structure. View-dependent adaptive LOD triangulation and
mentally updates grid tiles in-core based on the required adal-time rendering can then be carried out fully in (virtual)
ditional LOD. A multi-client capable terrain server managesain memory without specific out-of-core data access
the elevation data in a quadtree database structure, suppagehanisms.
ing LOD-based rectangular range queries as well as LOD- Clustered triangulation approaches obtain their
interval range queries for incremental tile updates. Giverefficiency by moving the granularity of all LOD operations
rectangular query rande an adaptive triangulation for anyfrom individual vertices or triangles to small mesh portions.
specified LOD-interval can be retrieved as indicated in FigHis reduces memory needs, since less dependency
ure 34. In that process, the boundatRR of the query re- information has to be stored, and offers the possibility
gion R is resolved such that a conforming triangulation ab optimize the throughput by exploiting block-transfer
the query regioriR is generated. features and compression at the level of individual mesh

Instead of using grid tiles to partition the elevation dat@ortions. As a representative example, the BDAM and
[4] combines spatial grouping with a LOD priority to clusP-BDAM [7,8] systems encode the hierarchy of right
ter elevation data on disk. Starting with a simple group dfiangles that guide their multiresolution partitioning as
vertices of the restricted quadtree triangulation hierarchy,triangle bin-tree, and store the geometry associated to
a cluster is formed by recursively adding same, or similaach bin-tree region in a out-of-core patch repository which
LOD child nodes until: the size limit for a single cluster iss accessed on a patch by patch basis. This repository



18 Renato Pajarola, Enrico Gobbetti

is constructed in a preprocessing step by a distributgthin refinement operations are associated to regions in a
algorithm that builds the patches bottom-up usinigin-tree hierarchy. Each region, called diamond, is formed
edge collapse simplification with appropriate boundatyy two triangular patches that share their longest edge. In
constraints. Patches are stored in the repository in a pacBfAM, each patch is a general precomputed triangulated
stripified form ready for rendering. Similarly to [36], thesurface region. In the C-BDAM approach, however, all
data layout is optimized to improve memory coherengyatches share the same regular triangulation connectivity
by sorting patches by level and spatial position. Spatiahd incrementally encode their vertex attributes when
sorting is realized using an indexing function based afescending in the multiresolution hierarchy. The encoding
a space-filling curve. A separate index, kept in-cor&llows a two-stage wavelet based near-lossless scheme
establishes the relation between triangle bin-tree regianswhich lossy wavelet prediction are corrected to keep
and stored mesh patches. At run time, the most recerdgigproximated values within user imposed bounds. The
used patches are cached on the GPU using a LRU strategproach supports both mean-square error and maximum
while the new patches are retrieved by accessing teeor metrics allowing to introduce a strict bound on the
repository through memory-mapping primitives. Whemaximum error introduced in the visualization process. The
dealing with textured terrains, a tiled texture quadtresegcheme requires storage of two small square matrices of
stored in compressed DXT format is overlaid on theesiduals per diamond, which are maintained in a repository.
geometry. At run-time, a compact in-core multiresolution structure
The 4-8 texture hierarchy system [28] improves over thg traversed, and incrementally refined or coarsened on a
previous approach by integrating geometry and texture in th@mond-by-diamond basis until screen space error criteria
same framework. In this case, the diamond region is usechife met. The data required for refining is either retrieved
the data structure rather than the bin-tree triangles. Both f@m the repository or procedurally generated to support
ometry and textures are treated as small regular grids, calfedtime detail synthesis. At each frame, updates are
tiles, defined for each diamond in the hierarchy and pagededmmunicated to the GPU with a batched communication
from disk on demand. Loading a new diamond corresponawdel.
to loading two patches sharing the main diagonal. For effi- The main take home message of the C-BDAM work is
cientinput and output, files and disk blocks are laid out usittigat it is not necessary to use non-adaptive techniques, such
a diamond indexing scheme based on the Sierpinski spage-geometry clipmaps, to incorporate aggressive compres-
filling curve. In [23], the client and data access componerg®n in a high performance view-dependent terrain renderer.
are separated to support thin clients and network servers.This comes, however, at the cost of increased implementa-
tion complexity.

7.3 Compression
7.4 Numerical Accuracy

Various authors have concentrated on combining data com-
pression methods with multiresolution schemes to reduN@merical accuracy issues are one of the most neglected as-
data transfer bandwidths and memory footprints. Tiled blogiects in the management of huge data sets. Sending posi-
techniques typically use standard 2D compressors to indiens to the graphics hardware pipeline needs particular care,
pendently compress each tile. In [28], the authors point agitven that the highest precision data-type is the |IEEE float-
that, when using a 4-8 hierarchy, the rectangular tiles dasg point, whose 23 bit mantissa leads to noticeable vertex
sociated to each diamond could be also compressed usibglescing problem for metric data sets on the Earth and to
standard 2D image compression methods. camera jitter problems in the general case [50]. In P-BDAM

Geometry clipmaps [37] organize the terrain height daf8], BDAM’s structural properties that guarantee overall ge-
in a pyramidal multiresolution scheme and the residual bemetric continuity are exploited for planetary sized render-
tween levels are compressed using an advanced image caugapplications. Programmable graphics hardware is in par-
that supports fast access to image regions [40]. Storing iticular exploited to cope with the accuracy issues introduced
compressed form just the heights and reconstructing at rioy-single precision floating point numbers, resulting in the
time both normal and color data (using a simple height colfirst fully hardware accelerated system able to provide sub-
mapping) provides a very compact representation that aaetric positioning accuracy on the Earth.
be maintained in main memory even for large datasets. The The method uses as basic primitive a general triangula-
method is possibly the current state-of-the-art in terms tn of points on a displaced triangle (see Figure 35). Each
compression rates. corner vertex contains a pair of parametric coordindtes

The Compressed Batched Dynamic Adaptive Mesh#wat correspond to the position of the vertex(inv) coor-
(C-BDAM) technique [23], an extension of the BDAMdinates, as well as a planetocentric positirand a nor-
and P-BDAM chunked level-of-detail hierarchy, strives tanal vectorN;, that are computed frornf; during the patch
combine the generality and adaptivity of chunked bin-tremnstruction preprocess as a function of the particular pro-
multiresolution structures with the compression rates jction used. The vertices of the internal triangulation are
nested regular grid techniques. Similarly to BDAM, coarsgtored by specifying a barycentric coordinate and an offset
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along the interpolated normal direction, and all the informapproaches provide different alternatives in data structures,
tion required at rendering time is linearly interpolated frorriangulation algorithms, error metrics, dynamic scene man-
the base corner vertex data. As for BDAM, the interior cigement and rendering methods that can be exploited for an
the patch is an arbitrary triangulation of the vertices, thaptimized implementation.

is represented by a cache-coherent generalized triangle stripModels based on tiled blocks and nested regular grids
stored as a single ordered list of vertex indices. The only ase generally simple to implement and maintain, and offer
pect that requires particular care is the computation of plamptimized interfaces to the graphics hardware at the cost of
etocentric positions, since all other information is local tiimited adaptivitity and/or approximation quality and/or do-
the patch. P-BDAM therefore stor®sin double precision. main generality. Quadtree and triangle bin-trees triangula-
At each frame, all patches are rendered in camera coottittns offer a sound mathematical basis upon which efficient
nates, simply subtracting the camera position fi&mn the dynamic structures providing fully adaptive conforming tri-
host before converting them to single precision for transfangulations can be programmed. Cluster based approaches,
to the GPU. This way a single reference frame is used fitvat build upon this basis, have recently shown how these
each frame, and positional accuracy decreases with the dithods can efficiently harness the performance of current
tance from the camera, which is exactly what is needed.dommodity graphics platforms, at the cost of a slight reduc-
contrast to common linear transformation approaches [3i&n in adaptivity.

50], neighboring patches remain unconditionally connected Even though the domain is mature and has a long history,
because displaced vertex values only depend on the capen problems remain. In particular, while networked and
mon base corner vertices (along the edges, the weight éut-of-core rendering systems have been demonstrated for
the opposite vertex is null). The conversion cost (9 subtratost of the structures discussed in this survey, limited solu-
tions and 9 floating point conversion) is negligible, since it isons have been proposed for fully out-of-core data construc-
amortized over all the internal triangles. Moreover, the transen. Moreover efficient techniques for incrementally updat-
formation from barycentric to Cartesian/texture coordinat@sy an already constructed multiresolution hierarchy are still
can be efficiently computed from corner data on the GPth be devised.

This has the important advantage that, since the vertices of

the internal triangulation are invariant in barycentric coordi-

nates, they can be cached in a static vertex array directlygRferences

graphics memory. Moreover, the rendering routine can fully
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