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Abstract— The performance of an algorithmic In this article, a variant of the adaptive simkiion
procedure to visualize digital landscapes based the methods is presented and applied to DEMs visualiza-
dynamic control of the size of the model is preseatl. tion. A hierarchy quadtree with restrictions anante
Approximate representations are produced taking plates associated to the end nodes is used toajeriee
into account criteria relative to the observer pogion final surface ensuring conformal triangulation and
and the local curvature of the terrain. The algorihm  avoiding major changes in the size of the mesh-poly
leads to substantial reductions of the size of thignal gons. The basic guiding criterion to the coarsening
meshes, lowering the rendering costs down to 5%. process is the local curvature of the represeniefédce
An application of the algorithm is tested on a mode (Cifuenteset al, 2004). Subsequent enhancement is
of the Colorado Canyon is shown. achieved by introducing a refinement accordingh® t
position of the observer (Gerstner, 1999). Theltésa
dynamic mesh that is extracted from the quadtree hi
archy which mutates following the movement of the
observer. The size of the problem can be reduced on

[. INTRODUCTION order of magnitude; and even more if some quatisg |
Virtual reality applications based on outdoor sc&rsa is accepted.

demand realistic and efficient topographic represen Il. COARSENING GUIDED BY CURVATURE

tions. The current trend is to abandon models based :
inthetet Us start with a DEM supported by a regular mafsh

representations, resorting instead to real digtala- squared pixels. The height of the terrdiy),is provided

tion models (DEMs). Basically a DEM is a grid wherd©r €veryAxA cell located in each vertekjj. One rea-
each cell is associated with a pair of geo-refezdnc sonable criterion to S|_mpllfy_ this model is to demse
coordinates (e.g. geodesic or Gauss Kruger) amdra-c "€ number of pixels in regions where the curvaisre
sponding terrain height, leading to a digital reprea- SMall (Miaoet al, 2009). The underlying principle is
tion of a fraction of the earth surface within aegi res- that in order_ to obtain similar visualization qtiak
olution. Current DEMs use tens and even hundreds 8f00ther regions can be represented by fewer tbeifs
millions of cells. Such a huge volume of data isese fougherregions. o
sary in many applications, but it is hard to vigein- To construct a simple I_ocal curvature indicatoe w
teractively, particularly if interactive navigatids in- Propose to use the Frobenius norm of the curvaaire
volved (Duchaineaet al, 1997; Gobbettet al, 2006 SOr in each vertex, given t;y: ,
and Livnyet al, 2007). The mesh data often exceed the ,2 _ o _ o _
available memory, and this problem is more drarmiétic Ki (G)hl” G¥_12" ) +( G qy_l; ) (1)
texture maps are involved (Délinet al, 2000). +cx . . — ) + .

In the last decades several efficient algorithmg an (G)q’”l G)F’J_l) (Gy”ﬂ _GM _1) _
techniques were developed to digitally represemaies Where Gx; and Gy; are the gradient components in

preserving the quality of the visualizations whilgep-  each direction and can be efficiently approximatgd

Keywords—- surface simplification, landscape vi-
sualization, computational geometry, polygonal
mesh.

ing fast access to the data. One of the most stiage 1

strategies is mesh simplification by recursive dego- Gx; :ﬂ( Raj— ) (2)
sition. In particular, the adaptive simplificatiaigo-

rithms start from the simplest version of the ardi . GYij =i(hj+1 - mj_l), (3)
model and subsequently add greater detail enhancing 24N " ’

the quality of the primal model (BalmeHit al, 1998; Accordingly, the cumulative curvature of a giver Se
Hoppe, 1998; Pajarola, 1998; Rottgeml, 1998; Lind- of neighbour vertices is defined as

strom and Pascucci, 2002; Pajaretaal, 2002 and Pa- K(S): Z,(i, , 4)
jarola and Gobbetti, 2007). DeHaemer and Zyda (1991 (i,j)DSJ

have Successfully applled this teChanue in DEMt&hwi Then, the procedure to S|mp||fy the mesh is as f0|_
an algorithm that preserves the topology. lows:
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1. Letthe entire domaiNxM be the root of a tree. N

2. Divide each branch of the tree in four subsets o
cutting through the apothems.

3. Calculate the cumulative curvatuté, of each
subset according to Eq. 4.

4. Continue applying this procedure to every sub- N
set until the cumulative curvature of all the

branches are below certain predefined upper /|
bound, K Fig. 2: Templates used for triangulate the terminal nodes. Red

max* points are problematic vertex causing holes in the mesh.

A hierarchy of meshes of different complexity is
generated through the subsequent divisions leadirg

quadtree representation whdskevel nodes are squares

with side-lengthL/2*, beingL size of the original do- e\
main. The smallest nodes are called leaves. Aaogrdi A ‘A (
to the quadtree structure, the cumulative curvatire 2080

eachk-level square is calculated before adding the cor- \ K

responding cumulative curvature of its four descer]:ig_ 3: Mesh before and after applying templates.
dents. Figure 1 shows the final structure obtawét
the mentioned procedure for a simple case of aserf template solution should be applied to the corradpat

with a change in the slope. situation. Figure 3 shows the final result
The applied data structure provides a simple asd faIII REEINEMENT GUIDED BY THE DISTANCE
way to localize any node, organizing each quadéaes ' TO THE OBSERVER

in an array. The ancestor ofkdevel node localized at _
(i) is a k-1)-level node localized ai/2, j2), the de- Lindstrom and Pascucci (2002) and Gerstner (2003)

scendants arek{1)-level nodes localized at i(22j), ~PrOPOse to use the distance to the observer ateaar
2i+1, 2)), (2, 2j+1) and (2+1, 2j+1). This design im- to deal with fast landscape navigations. The upiel
proves the performance of the algorithm because RfiNCIPle is that regions farther from the observer

quickly builds a restricted quadtree and the cpoed- duire fewer details than closer ones. Hence, tailsita
ing polygonal mesh of the surface. navigations the coarsening should change follovifirey
observer movement. Following this concept, we psepo

A. Conformed mesh the following dynamic criterion to integrate thegats
As in any other multigrain representation, the psgal  of curvature and distance to the observer:

solution should be complemented by a conformation K'(S) = K(S) <K' (6)
correction in order to avoid holes in the mesh wter wd+1- ™

two different coarsening levels touch each othen Fhered is the distance from the observer to the centre
that purpose, every adjacent region should noediff  of the region expressed as a fraction of the migad
more than a single coarsening level. The simplelst s na of the total domaing is a control parameter repre-
tion is to close the surface discontinuities witlidia  senting the relative importance of the observetadise
tional polygons; however many of these new elemenfgspect to the curvature, aithey is a tolerance value
will have anomalous aspect ratios (Von Herzen anghnosed by the user. The parametercontrols the vis-
B_arr, 1987)'.'” our case, we e_ldopt an al_ternam-t ual appearance of the representation. Thus, whe0,
hique that yields b‘?“ef V|sual|.zat|ons (Rivara am the curvature dominates the coarsening process,
nere, 199.6)' The f'”f”" mesh s conformed using fo%hereas asw increases an additional refining is im-
types .Of trlang!es having ggod aspect ratios. TQleer posed in regions closer to the observer. Figurbots
of additional tnar_\glgs requ_|red IS O(NumTermlﬁé)s . the effect of the distance to an observer for thsec
Surface continuity at junctions separating regions, in Fia. 1. usina= 70 andK——.= 0.001
differing in a single coarsening level are obtairsd shown inFig. 2, using= /4 anttmax = L.00L.
realizing that there are just 16 possible situatiavhich
are shown in Fig. 2. To resolve the discontinujtibe
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£ Fig. 4: Remeshing according to local curvature (left) and ob-

server’s location (right). The visualization parameters oféEq.
Fig. 1: Example of quadtree decomposition. arew= 70 andK,ox = 0.001.
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A breath-first algorithm was implemented starting
with the construction of a passive base coarseinray 10*
quadtree generated with the curvature indicatonelo
(i.e., a=0). The dual curvature-distance indicatar ()
was then applied to generate active coarsening;hnihi
dynamically constructed during navigations using th
passive coarsening as primitive. To generate ameact
hierarchy, the search begins at the root node eopts-
sive tree, and proceeds towards the leaves aciyatid
deactivating nodes according to the criterion gitsn
Eq. 1. Simultaneously, the mesh is conformed plgper
in order to avoid discontinuitied=igure 5 shows the 10°
passive hierarchyi.€., the whole tree) and the active

hierarchy (dashed regions). The terminal nodes) (red Tolerance
constitute the final triangulation. Fig. 6: Relation between the number of triangles and the toler-
ance.
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IV. RESULTS . . .
i ) . Figure 9 shows the remeshing resulting from three
The remeshing algorithm was tested on a synthelififerent positions of the observer keeping cortstae
DEM and in two real landscapes: the Colorado Canyaf), .o meter=70. It can be seen that the density of trian-
and the Lake Nahuel-Huapi. The synthetic model coryeg increases in the regions closer to the obséolee

sists of a regular square grid, representing aal Elepe  ,in) prioritizing the rendering around him ens
flattened at the top and the bottom. The numbdriof %vis)daﬁizations%f real Iandscgpes. - @b

angles of the original mesh is 131,072.

Table 1 shows the performance of the remeshina
guided by curvatured=0). It can be seen that in this
ideal case there is a substantial reduction omtineber \
of triangles, even when the tolerance is nuéd.{only
the strictly planar regions are reduced). As exgubdhe
number of forced divisions to eliminate discontiies
decreases as the tolerance increases. Figure & shew
variation of the number of triangles of the finaésh @
with the curvature tolerance.

Figure 7 shows visualizations of the syntheticaierr
for different tolerances. Due to the simplicity thfe
model, even a crude coarsening represents quitdheel
original surface. It can be seen that the algoritbroes
a denser meshing at the bands where the curvagure =
higher. The error introduced by the coarsening loan
quantified by calculating the volume enclosed betwe
the actual model and the remeshing. It can be Been
Fig. 8 that the error is higher as the curvatuterémce
increases, following the lawk:’ .

©

Fig. 7: Original mesh of 131,072 triangles (a) and data ap-
proximations of 10,224 triangles (b), 1,072 triangles (c) and
32 triangles (d).

o///o
107
................ ..
| passive hierarchy (all nodes) 53 10-2 , ’/.r
active hierarchy = P
regions in the screen (terminals of active hierai w -
-3
Fig. 5: Active and passive hierarchies. 1077
Table I: Performance of the remeshing according to curvature. 4l .
The input model is the regular square mesh of 131,072 trian- 10 1('),2 164 160
gles shown in Fig. 6. Tolerance
Tolerance 0.0 001 005 0.10 05 1.0 i i
Triangles (%)  6.77 1.79 0.33 0.10 0.006 0.002 Fig. 8: Effect of the curvature tolerance on the representation
forced divisions 488 232 40 8 0 o  error
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constructed with about 1% of the polygons of thgier

nal DEM, the observer neighbourhood maintain th

same density as the mesh generated Kyjth = 0.001.
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Figure 11 shows visualizations of the landscape of
Lake Nahuel Huapi in southern Patagonia. The igft f
ures are the remeshing used to represent the pones
ing pictures on the right. Note that as the obsegeat
close to a region the corresponding geometry ileed
in details due to the increasing local trianglesiign

Figure 12 shows the sensitivity of the remeshing

Figure 13 shows the visualization error, calculated
fhe volume enclosed between representations, goes a
with x decreasing slightly witlw (x = 1.6 forw=

X

Fig. 10 shows a dynamic mesh representation of them’
Colorado Canyon, starting from a 16 million triaggyl 9 X= 1.5 forw= 15).

DEM. The passive mesliw(= 0) has about 20 thousand
\Y;

triangles. Running on a 3 GHz 1Gb-RAM Pentium |

and GeForce FX 5200, the passive mesh is gendrate

0.28 s, each remeshing takes 12 ms and the regd29in

ms. Following a remeshing strategy that actualie t

active hierarchy only when the region closest ®db-
server violates the tolerance criterion, renderatgs of

20 f/s can be achieved.
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Fig. 10: Remeshing of Colorado Canyon MB& = 15)
Observer is located at red point.

V. CONCLUSIONS

d’An algorithm to dynamically reduce the number of tr
angles required to visualize digital elevation nisde
during navigations was proposed and tested. The alg
rithm takes into account the curvature of the teread

the distance to the observer, leading to substargia
ductions of the complexity of the final meshes, déoing

the rendering cost down to 5% in the worst case sce
nario studied. The strategy of an active hierarshy-
ported by a passive hierarchy showed good perform-
ances, especially when the observer navigates ghrou
under-detailed regions. The memory saving of tieh-te
nigue is also quite powerful, reaching in all cas€%
reduction of memory space, while keeping the visual
appearance of the model.
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Fig. 12: Influence of the parameteron the
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Fig. 13: Effect of the tolerance on the error of the dynamic
representation.
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Fig. 11: Views of the navigation with interactive remeshinghefrhodel (DEM of Lake Nahuel Huapi, Argentina).
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