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Abstract

Digital Terrain Models play an important rolein a variety of applications such as games, virtual simulations and
geographic information systems. Most of terrain visualization techniques are based on multiresol ution model s that
reduce the number of rendered primitives using different levels of detail. In fact, the main problems are the big
number of primitives to visualize and the transmission of large terrain datasets across the networks. The main
contributions of this paper are focused on the first of this problems: an efficient implementation of a quadtree data
structure for in-memory representation of terrain models is proposed, and a triangle strip generation algorithm
based on the Hilbert space-filling curve for the fast rendering of the final multiresolution mesh.

Categories and Subject Descriptors (according to ACM CCS): 1.3.3 [Computer Graphics]: Curve, surface, solid, and

object representations

1. Introduction

The problem of mesh simplification and multiresolution sur-
face triangulation has been widely studied over the last two
decades. A number of approaches are based on the princi-
ple of Delaunay triangulation [vK97] to create Triangulated
Irregular Networks (TINs) over irregularly spaced sets of
points (see also [FMP96]). Another important contribution
belongs to [Hop96] in which the progressive mesh represen-
tation is introduced, a new scheme for storing and transmit-
ting arbitrary triangle meshes.

The most commonly used models over regular grids of
points are based on quadtrees and binary triangle trees.
Right-Triangulated Irregular Networks (RTIN) is presented
in [EKTO1]. Like [DWS*97], which uses a priority-queue
driven triangulation based on the notion of longest side bi-
section, RTIN is based on the same binary triangle tree hi-
erarchy, but mainly focused in the efficient representation of
the hierarchy, and the fast traversal of the structure for neigh-
bor finding.

The main contributions on Restricted Quadtree Triangu-
lations (RQT) belongs to Lindstrom et al. [LKR*96] which
introduces the vertex dependencies graph that can be used
to prevent cracks and create triangulations at variable re-
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solution, and to Pajarola [Pajo8] which uses the dependen-
cies relations presented in [LKR*96] to generate minimally
triangulations over implicit region quadtrees, and reduces
the storage cost effectively using both arithmetic an logi-
cal operations on large height-field grids. Another signifi-
cant solution to quadtree based terrain rendering is proposed
in [RHS98], which is mainly focused in a memory efficient
representation of the quadtree data structure.

This paper addresses the problem of real-time visualiza-
tion at different level of details of terrain datasets that en-
tirely fit into the main memory. An efficient representation
of a model based on a quadtree is proposed. The spatial
data structure is implemented as a hierarchical Hilbert space-
filling curve [ARR*97], which is the base of the technique
proposed for fast triangle strip generation.

2. Quadtree construction

The Hilbert space-filling curve, as shown in Fig 1, it is
widely considered to be tricky to work with. In this section
we will show that this curve is very useful in quadtree-based
terrain modeling and fast triangle strip generation.

In this case, the quadtree is implemented using index op-
erations and recursion instead of pointers and nodes like
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Figure 1: Hilbert space-filling curves at levels 1, 2 and 3.

in [Paj98]. In the proposed data structure, Fig 2, there is no
need to store information about children, parents and neigh-
bor squares.

Figure2: Thefirst threelevels of the quadtree data structure.
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The starting point is a (nx n) regular grid, where n =
K4 1,k > 1, representing de height field (with corners at
(0,0, (0,25), (2%,0), (2X,2%)), that is recursively subdi-
vided at each step of the algorithm. Each quadtree node is
represented as a segment of the Hilbert space-filling curve
(“Hilbert pattern” from now on), Fig 2.

2.1. Thequadtree data structure

As shown in Fig 2, the quadtree is stored in a one dimen-
sional array that at each position stores a bidimensional array
of Hilbert patterns. Each index in the one dimensional array
represents a level (from 1 to number of levels, position O re-
mains empty) in the quadtree, and each matrix stores all the
nodes in corresponding level. The algorithm 1 shows how
the recursive subdivision is achieved.

The CREATEQUADTREE procedure starts calculating the
number of levels in order to create the one dimensional ar-
ray. Lines 4 to 6 set the corresponding bidimensional array
to each level. After that, the starting Hilbert pattern, Fig 1,
is created and stored in the (1 x 1) matrix at level 1, be-
sides the direction to follow by the space-filling curve for
further triangle strip creation(ie. the direction of the north-
west Hilbert pattern in Fig 1 at level 2 is South). Both at-
tributes, the Hilbert pattern orientation and the direction, can
be represented with values from 0 to 3, needing only 2 bits
per attribute. Finally, at line 8, the recursive subdivision is
started.

The DOWNSPLIT procedure takes four parameters: the
size of the squares that will be created in the next level, and
the grid row, grid column, and level of the father square. In

Algorithm 1 Quadtree creation
1: procedure CREATEQUADTREE
2: levels — |log, n|
3: gt < array[levels+1]
4 for i — 1,levelsdo )
5: at[i] — array[2—t 24
6: end for
7
8
9

qt[1][0,0] < Data(Down, East)
: DowNSPLIT(|n/2],|Nn/2],|Nn/2],1)
. end procedure

10: procedure DOWNSPLIT(Size, 1, c, level)
11: if |[size/2| # 0 then

12: Fnw < —size/2

13: Crw < C—Size/2

14; rm<— |rnw/size|

15: Cm < |Cnw/Size]

16: qt{level 4 1][rm, cm] < Data(Right, South)
17: RIGHTSPLIT(SiZe/2, rnw, Cnw, level + 1)

18: qt{level 4 1][rm, cm] < Data(Down,East)
19: DOWNSPLIT(Size/2, rsw, Caw, | evel + 1)

20: qt{level 4 1][rm, cm] < Data(Down, North)
21: DOWNSPLIT(SiZe/2, I'se, Cse, | evel + 1)

22 qt{level 4 1][rm,cm| < Data(Left, Father.Dir)
23: LEFTSPLIT(SiZe/2, e, Cne, level + 1)

24 end if

25: end procedure

this procedure, a Down Hilbert pattern is subdivided in four
patterns that are stored in the next level, Fig 2. Before to exe-
cute the procedures at lines 19, 21 and 23, the values of the
row and column in the grid and in the corresponding matrix
for de south-west, south-east and north-west children have to
be calculated. The calculation is done similar to lines 12 to
15: [rasw =r +Size/2, Csw = Cnw], [F'se = rsw, Cse = C-+Size/2],
and [rne = I'nw, Cne = Cse]. The rm and cm values are updated
for each child. Procedures RIGHTSPLIT, LEFTSPLIT and
UPSPLIT are very similar to DOWNSPLIT.

An important advantage of this quadtree representation is
that each Hilbert pattern represents the new point introduced
at each step of the recursive subdivision, that’s why the infor-
mation of the smallest squares is not explicitly stored in the
structure. Given the position of a Hilbert pattern in the struc-
ture, the corresponding information in the height field (x,y
coordinates and the height value) can be retrieved by sim-
ple mathematical operations. In a similar way the corners of
the four quadrants represented by each Hilbert pattern can
be found.

The procedure GETSWCHILD in the algorithm 2 returns
the south-west child for the Hilbert pattern at the valid posi-
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tion [level][rm, cm]. In a similar way, references to the neigh-
bors and father nodes of a given Hilbert pattern are calcu-
lated using simple mathematical operations, and there is no
need to store that information in the quadtree data structure.

Algorithm 2 South-west child
1. procedure GETSWCHILD(level, rm,cm)
2: return quadtreelevel +1][rm*2+1,Cm* 2]
3: end procedure

3. Fast triangle strip generation

The speed at which triangulated surfaces can be displayed
is decisive in almost all scientific visualization techniques
(see [AHMS94]). Triangle strip generation based on space-
filling curves has been widely used to generate fast an ef-
ficient triangulations over hierarchical data structures (see
[Pajo98], [VAFG99]). The technique proposed in this section
is based on the Hilbert space-filling curve, and the infor-
mation needed for its construction is stored explicitly in the
model.

In the algorithm 1, once each Hilbert pattern is created, an
object space error like in [POF04] is calculated (ie. after line
17) and stored for further extraction of the multiresolution
triangulation. Due to the fact that our recursive subdivision
starts with a down-oriented Hilbert pattern, the beginning of
the space-filling curve is in the north-west region, while the
end is at the north-east area. Following the curve, for each
node in the structure the vertices are added to the triangle
strip according to some rules, Fig 3.
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Figure 3: Left: Triangulation of left and right oriented
Hilbert patterns. Right: A triangulated surface created fol-
lowing the space-filling curve (dotted lines).

Converting a general polygon mesh to a single triangle
strip is generally not possible. In order to describe a com-
plete object, either several strips has to be created, or a de-
generated strip (see [Paj98]) as in Fig 3, which contains zero-
area triangles that the processing software or hardware will
discard. Fig 4 shows a rendered landscape with the superim-
posed Hilbert curve.

(© The Eurographics Association 2008.

243

Figure 4: Rendered sample landscapes. Fragment of the
original Puget Sound height field.

The quadrants to be rendered are selected in a similar way
to [RHS98] guaranteeing that the level difference of adjacent
blocks is less than or equal to one. The starting point of the
space-filling curve is found by recursively descending the
north-west region of the quadtree until a marked(indivisible)
quadrant is reached. Then, following the directions stored in
the structure, each Hilbert pattern is triangulated in a conti-
nues way.

4. Results

In order to show the effectiveness of the proposed model
for fast an efficient terrain rendering, some screen shoots
were taken from the application running in a simple Toshiba
Satellite L20-273 with a 1.40 GHz Intel Celeron M360 pro-
cessor and a 64 MB ATI RADEON XPRESS 200M Series
(0x5A62) graphics card. For visualization purposes, we used
an object space error metric that is defined in terms of the
vertical distance between points in quadrants at different le-
vels, and sample data that describes the Great Canyon and
Puget Sound areas, USA, with the elevation data artificially
scaled in order to exaggerate the elevation changes.

Table 1 shows the number of points included in the tri-
angle strip for a 1025 x 1025 fragment of the original Great
Canyon height field with different error threshold tolerance.
Instead of 3N points needed to draw N triangles, about the
80% are used by the triangle strip (TS).

Table 1. Pointsin the triangle strip

Error 0 meters 2 meters 5 meters
Triangles 524288 503763 260529
Pointsin TS 1310720 1237622 633832

Fig 5 shows a sample landscape rendered using our al-
gorithm and the superimposed triangulation generated fol-
lowing the corresponding Hilbert space-filling curve. In this
simple example, the levels of details clearly depends only
on surface roughness. In a future work, we will consider the
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distance of the point of view for the generation of multi-
ple levels of details in order to decrease the number of ren-
dered primitives. Moreover, we will compare our proposal
with other approaches in order to evaluate its effectiveness.

Figure 5: Rendered sample landscapes. Fragment of the
original Great Canyon height field.

Like some other works (see [EKT01] and [RHS98]), the
main contribution of this proposal is focused on the effi-
ciency in memory representation of the model. Let M a
(nx n) regular grid, where n = 2K4+ 1,k > 1, representing
a height field. A classical quadtree (represented using nodes
and pointers) built over M have k+ 1 levels and

ko
Q=32 @&

nodes. Besides at least two bytes per height value in the re-
gular grid, for each node in the quadtree information about
error, descendants, parent and neighbors have to be stored.
That’s why the size of each node q is at least

S’1:Sp(dq+Vq+fq+eq) (2)

with sp the size of a pointer to a node, dq, Vg, fq and eg the
number of descendants, the number of neighbors, the father
and the associated error respectively.

Due to the fact that in our quadtree representation each
Hilbert pattern represents four quadrants, we only need k
levels. Therefore, the number of Hilbert patterns stored is

Ko
Q=Y2" ®)
i=1

Besides at least two bytes per height value, for each
Hilbert pattern only four bytes per error and four additional
bits, two for the kind of Hilbert pattern and two for the di-
rection to follow in the triangle strip generation, are needed.
Calculations done for some regular grids shows that our re-
presentation takes about the 6% of the total memory needed
by a classical representation using nodes and pointers.
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