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Abstract

We describe VARIANT (VAriable Resolution Interactive ANaly-
sis of Terrains), a prototype system for processing and visualizing
terrains at variable resolution, which is based on a multiresolution
terrain model, called a Multi-Triangulation (MT).

1 Introduction

Terrain models used in geographic information systems are built
from elevation values measured at a set of data points. A terrain
model consists of a grid, having its vertices at data points: a prede-
fined convention is used for interpolating the terrain surface within
each grid element. Usually, grids composed of square or triangular
elements are used. The accuracy of a terrain model increases with
the resolution (density) of the grid, but this also increases the cost
for manipulating, analyzing, and visualizing the model.

Different application tasks have different requirements in terms
of accuracy of representation and/or efficiency of operations, and
these requirements may change with time even within the same
task: for example, in a flight simulator the accuracy needed in each
part of the terrain depends on its distance from the moving view-
point.

Multiresolution terrain models provide compact data structures,
from which representations of the terrain at variable resolution can
be retrieved on-line, according to the needs of each application task
[1, 2, 8, 10, 12). In [10], we proposed a general multiresolution
model, called a Multi-Triangulation (MT), and in [3] we presented
the main principles of its application to terrain modeling.

In this paper, we describe VARIANT (VAriable Resolution Inter-
active ANalysis of Terrains), a prototype system for analysis and
visualization of terrains, based on the MT. VARIANT has been de-
veloped as a joint work of the Department of Computer and Infor-
mation Sciences of the University of Genova, and of the Institute
for Applied Mathematics of the National Research Council.

The system has a modular structure: the MT-manager encap-
sulates the data structure for the Multi-Triangulation, and pro-
vides operations for manipulating and inquiring it to the MT-clients.
A special MT-client is the MT-builder, which builds the multi-
triangulation offline through a set of update operations provided
by the MT-manager. Other MT-clients can use query operations
provided by the MT-manager to perform computations such as ter-
rain visualization, analysis (e.g., viewshed, drainage networks, path
computations), simulations, etc.
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An extended version of this paper 5] is available from
http:/fwww.disi.unige.it/research/Geometric.modeling/.

2 The Multi-Triangulation

Triangulated Irregular Networks (TINs), unlike regular square
grids, do not rely on a regular distribution of the data points. This
means that the resolution of a TIN can be locally adapted, either to
the roughness of the surface, or to an error threshold variable over
the domain. Thus, TINs are especially suitable to meet variable res-
olution requirements of application tasks: for this reason, they are
at the basis of our multiresolution terrain model.

A Multi-Triangulation (MT) is made of a collection of compo-
nents arranged into a partial order, which can be described by a
directed acyclic graph (DAG) having such components as nodes.
Each component holds two TING, giving two different descriptions
of the terrain over the same portion of the domain, at a lower and
at a higher resolution, respectively. For convenience, we denote the
TIN at lower and higher resolution of a node N with low(N) and
high(N), respectively. An arc (N, N) is in the DAG if and only
if one or more triangles of high(N,) also belong to low(Ns), ie.,
if high{Na) N low(Vs) contains at least one trangle. The DAG is
rooted at a sourcecomponent, holding only one TIN (the high one),
representing the whole domain at lowest resolution available in the
model. A further drain component is added to the DAG, which
also holds only one TIN (the low one), representing the whole do-
main at the highest available resolution. An example of a multi-
triangulation is shown in Figure 1.

Each triangle t appears in exactly two TINs, namely high(N.)
and low(Np), in two components N, and Np, connected by an arc
(Ne, Ny); we say that triangle ¢ is associated with arc (Na, Np).
Every triangle of an MT is associated with exactly one arc. A cut
of the DAG is a set of arcs that separate the source from the drain,
The set of triangles associated with the arcs of any possible cut
in the DAG provide a TIN covering the whole domain: the closer
the cut to the drain, the higher the resolution of the corresponding
TIN. Having a cut either immediately above or immediately below
a node N means using either triangles of low(N) or triangles of
high(N) in the extracted TIN, i.e., such a TIN is made either less
or more refined over the portion of domain corresponding to N.
Therefore, the MT provides local control of the resolution, hence
the possibility of extracting representations that have variable reso-
lution over different zones of the domain. An example of a cut, and
of its corresponding TIN, is shown in Figure 1. Formal definitions
and properties of the MT can be found in [10, 3].

Every tiangle in an MT is characterized by an approximation
error, corresponding to the maximum vertical distance between the
surface patch represented by the triangle and the original terrain.
The accuracy of a TIN extracted from an MT depends on the error
of its triangles, and, in general, it can be variable over the domain,
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Fig'ure 1: (@) A multi-triangulation, and a cut (shown as a thick line); (b) the variable-resolution triangulation corresponding to the cut. T

triangles associated with each arc of the cut are shown.

The data structure encoding an MT [10, 4] stores components as
raw nodes, while triangles are represented in the arcs of the DAG:
every arc is labelled with the set of triangles associated wiih it.
Thus, every triangle is stored exactly once, and the space complex-~
ity is linear in the number of triangles of the MT. An alternative
data structure that avoids storing triangles explicitly, hence highly
reducing the storage requirements of the model, is described in [4]:
in this case, reduced storage is traded for less efficient query opera-
tions.

3 System Architecture

VARIANT (VAriable Resolution Interactive ANalysis of Terrains})
is a prototype system for the analysis, manipulation, and visual-
ization of terrains at variable resolution, having the MT as a core
model. The main idea behind VARIANT is to provide an open sys-
tem which can be integrated with modules performing any kind of
analysis and processing of terrains, with the additional characteris-
tic of using the accuracy of representation, possibly variable over
the terrain domain, as a further parameter in the computation.

The system consists of various modules, and each can be imple-
mented as an independent process. The use of the MT model is
made transparent to the applications by providing a standard inter-
face to access it, made of a collection of operations encapsulated in
a kemel module, called the MT-manager. The MT-manager is the
only module having direct access to the MT data structure, and it
provides three classes of primitive operations:

o query operations, used to inquire the MT for obtaining infor-
mation on the terrain over a given area and at a given resolu-
tion;

o update operations used to build and modify an MT;
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Figure 2: The architecture of VARIANT

& I/0 operations used to read/write a terrain encoded by an N
from/to disk.

All applications processing a terrain throngh the MT-manag
are called MT-clients. A special MT-client is an MT-builder, i.c.
program that builds the multi-triangulation off-line starting fron
raw dataset (e.g., a set of sample points) at high resolution, An M
builder uses update operations to build the MT, and I/O operati
to store it on disk. The system architecture is depicted in Figt
2. The MT-manager, some examples of MT-builders, and of M
clients performing relevant application tasks are described in t
next sections.

4 The MT-manager

The MT-manager is essentially a layer of operations built on top
the MT data structure. Update operations support the constructi



and modification of an MT through insertion/deletion of compo-
nents, An initialization operation creates an MT corresponding to a
single TIN: such an MT is made only of a source and a drain com-
ponents, each holding the same TIN, and an arc connecting them.
Insertion operations permit to add a new component inside the MT,
by specifying the TINs it holds: such anew componentis connected
to other components already present in the MT, and the content of
such components is modified accordingly. Deletion operations act
symmetrically by eliminating a component from the MT, and up-
dating contents and arcs on its parent and children nodes. More
details on the use of update operations are given in the next section.

Most applications load a terrain model through I/O operations,
and access it through query operations. Examples of basic query
operations that are of interest in many applications are point loca-
tion and windowing. Point location is needed whenever the charac-
teristics of the terrain (e.g., elevation, slope) must be obtained at a
given location and with a given accuracy. Windowing is a funda-
mental operation whenever an application must bound the domain
of interest to a given rectangular portion of the domain. The MT-
manager provides operations for performing these and other oper-
ations, at any desired level of accuracy, on a terrain represented
through a Multi-Triangulation.

All query operations can be seen as special cases of a single gen-
cral query that is specified by the following parameters:

o the maximum error tolerance for the inquired representation

at each point of the domain: tolerance is provided by a thresh-
old function T : R> — IR, where 7(p) is the error tolerance
at point p.
Common examples are either uniform accuracy given by a
constant threshold function, or an error increasing with dis-
tance from a reference set (e.g., a viewpoint, a set of viepoints,
a road, a coastline, a drainage network, etc.);

afocus set F in the plane, which defines the area of interest of
the query. Only terrain elements interfering with F are con-
sidered in extracting a representation from the MT.
Interesting examples of focus sets are:

- a point p: only the triangle containing p is reported; this cor-
responds to a point location query, and can be used to evaluate
local terrain characteristics (e.g., elevation or slope at p);

~a (poly)line I: used, for example, to obtain the terrain con-
figuration along a street, a river, or a line-of-sight;

- a region r: the extracted terrain representation is restricted
to triangles lying (at least partially) inside r; relevant cases
are when r is a rectangular window, and when r is the view
volume for termain visualization;

- the whole domain: in this case, a global representation of
the terrain is obtained.

The geneml query consists of retrieving from the MT a terrain
representation made of triangles satisfying 7 and relevant with re-
spect to F. There are two different approaches to the solution of
such a query:

o in a static approach, the answer to each query is computed
independently;

« in a dynamic approach, the answer is obtained by modifying
the solution of a previous query of the same kind.

In practice, the latter approach consists in updating a representation
that is expected to be “close” to the desired answer. The conve-
nience of using either one or the other approachis highly dependent
on the characteristics of the application: while an application per-
forming random point locations on the surface may prefer a static
approach, a (ight simulator, that must update the representation at
frame rate according to the position of the viewpoint, might prefer
the dynamic approach,
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Given a threshold function 7, a focus set F, let us call valid all
triangles that satisfy 7, and active all triangles that intersect F. An
algorithm to answer the general query locates the smallest cut of
the DAG such that all active triangles in such a cut are valid. Only
suchactive and valid triangles are reported in the output (see Figure
3).

The static algoritm for answering the general query is essentially
an adaptation of the algorithm described in [10] for extracting a rep-
resentation at variable resolution over the whole terrain. The DAG
is traversed starting at its root, and assuming the cut immediately
below such a node as an initial solution. If some active triangle in
the current cut is not valid, then the cut is moved below the end
node of the arc corresponding to such a triangle. The cut is iterativ-
ley advanced until all its active triangles become valid.

In a dynamic approach, a similar strategy is applied, starting at
a cut corresponding to a previous solution of a similar query (e.g.,
with a slightly different threshold function and/or focus set). The
cut is advanced first, in order to satisfy = at all its active trian-
gles. However, the solution obtained in this way may be over-
refined. Thus, the cut is iteratively moved towards the source of
the DAG, whenever this is possible while maintaining all active tri-
angles valid.

5 The MT-builders

MT-builders are programs that use the update operations provided
by the MT-manager in order to build an MT from raw data. Input
data are assumed to be in the form of a set of points sampled on the
terrain surface. Such data can be obtained either directly, through
data acquisition techniques (e.g., photogrammetry), or by process-
ing other data sources, suchas a digital terrain model (DTM) at high
resolution, encoded either as a raster, or as a TIN, or as a contour
map. A TIN containing the whole set of data points as vertices is
a reference terrain model at the highest possible resolution (on the
basis of the given dataset). Given the input dataset, there are two
basic techniques for constructing multi-triangulations:

o refinementmethods start from a coarse TIN and produce more
refined components by adding vertices progressively in order
to increase resolution;

o simplification methods start from the reference TIN and pro-
duce less refined components by reducing the number of ver-
tices progressively.

In case a refinement method is adopted, the MT is initialized
with a TIN built on a small set of vertices, e.g., on the vertices of
the convex hull of the terrain domain. A refinement step consists
in adding one component immediately above the drain of the DAG.
Such a component is obtained by adding one new vertex from the
dataset, and updating the drain TIN accordingly: the two local TINs
held by the new component cover the portion of domain affected by
insertion, before and after the vertex has been inserted, to obtain a
lower and a higher resolution, respectively. The element to be in-
serted at each step may be selected by several heuristics, e.g., either
random, or taking the point that is likely to improve the approxima-
tion better.

Simplification methods act in a fully symmetric way. The MT
is initialized with a TIN at full resolution, and simplification steps
consist in adding one component immediately below the source of
the DAG, and updating the source TIN accordingly. In this case, the
new componentis obtained by removing one vertex from the source
TIN, and the local TINs held by it cover the portion of domain
affected by such an update, before and after deletion, respectively.
Also in this case, selection of the element to be eliminated can be
either random, or error-driven.

More details on the construction algorithms can be found in [6).
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Figure 3: (2) A query on an MT (dashed triangles do not satisfy the threshold function, the thick line is the focus set), and the cut giving
the solution; (b) the triangulation corresponding to such cut and (c) the output TIN; note that non-valid triangles are tolerated if they are not

active.

6 The MT-clients

A naive use of MTs from any application handling terrain data (for
visualization, analysis, or simulation) consists simply of extracting
a TIN at a user-defined accuracy, and using it as a dataset for subse-
quent processing. In this case, a single TIN extraction is performed
by using a constant function as error tolerance, and the whole do-
main as focus set. This simple feature is already an improvement
over the use of a predefined terrain model at fixed resolution, since
it allows an application to run on a model whose accuracy is suit-
able to match its needs, and/or the computing power.

However, the true power of VARIANT is exploited by applica-
tions that make direct use of variable resolution features to improve
performance. In the following, we list some examples of MT-clients
that either we have developed, or we are designing, which are meant
to exploit such features.

Visualization. Realistic visualization of terrains is very important
in flight simulation and environment assessment. The performance
of a visualization system can be improved enormously if a variable
accuracy of representation is used [1, 3, 8, 10].

For instance, a flight simulator can be built on top of VARIANT,
which extracts at each frame a new TIN, by using a function in-
creasing with distance from the current viewpoint as a threshold
for the error tolerance, and the view frustum as a focus set. This
approach permits to maintain a high visual quality, while highly
reducing the number of rendered triangles.

In landscape visualization, it is possible to enhance readibility
of an image by using high visual quality only at a set of points or
regions of interest, or along given terrain features (roads, rivers,
coastlines, ridges, etc.). This is achieved simply by using suitable

threshold functions and focus sets.

Another application might simulate driving a car along a road
on the terrain. In this case, it is possible to use a threshold function
increasing with distance from the road, and a focus region involving
only portions of terrain that are visible from the road, After an
extraction with such parameters, the same (highly simplificd) TIN
can be used at each frame during simulation.

Drainage networks. Programs that compute drainage, and simu-
late behavior of water flow can take advantage of the possibility to
use higher accuracy only in the proximity of most important {low
channels (rivers), and/or of critical regions (e.g., regions that might
be subject to fioods). Also in this case, it is possible to improve per-
formance by adopting suitable threshold functions. For instance, if
the drainage network related to a given river must be extracted, the
threshold function can be increasing with distance from the river,
while the focus region might be limited to the slopes around its val-
ley.

Visibility. Applications involving visibility over terrain may need
either computing the viewshed from a given viewpoint, or solving
problems which involve lines-of-sight between pairs of points on
the surface [9].

In the former case, the focus set is the whole domain, while in
the latter it is just a given line-of-sight. In both cases, the thresh-
old function can be arbitrarily chosen depending on the needs of
the specific application. In general, visibility computations arc sen-
sitive to elevation errors near the viewpoint, therefore it is recom-
mended to vary resolution according to the distance from the view-
point [7], adopting a highly accurate representation necar the view-
point and increasing the error threshold while moving away from it,



Note that a query on the mutual visibility of two points is implicitly
answered by using the line-of-sight as focus set: therefore, a visi-
bility program that manipulates only lines-of-sight does not need to
load directly a terrain model, which is handled indirectly through
the MT-manager,

7 The Prototype System

VARIANT has been implemented in C++ under the Unix operat-
ing system and the X-Window environment; its interactive user in-
terface has been developed by using the FL-FORMS and OpenGL
graphics libraries, The system is portable to any Unix platform, and
it currently runs on Silicon Graphics workstations, and PCs (under
Linux),

In the current state, the following modules have been imple-
mented;

¢ Two MT-builders, which construct an MT through refinement
and simplification techniques, respectively, based on the up-
date of a Delaunay triangulation by incremental insertion or
deletion of points. Such construction algorithms are based
on well-known procedures to dynamically update a Delaunay
triangulation. Other MT-builders, based on data dependent
triangulations [11] rather than on the Delaunay triangulation,
are under implementation.

¢ Two MT-managers, using two alternative data structures for
storing an MT: a highly efficient data structure where trian-
gles are represented explicitly, and a lighter data structure,
ad-hoc for Delaunay TINs, which encodes only the vertices
of the model (see Section 2), This latter structures only im-
plements the static algorithm for answering the general query.
There is trade-off between the efficiency of the data structure
and the efficiency of the extraction algorithm. Results and
comparisons can be found in {4].

¢ An MT-client, which permits the interactive visualization of
a terrain at variable resolution. Two viewing modes are sup-
ported:
~In overview mode, the focus set is the whole domain, and the
user can select different threshold functions to extract a TIN
at variable resolution. The terrain initially appears centered in
the main window; then the user can rotate, translate and zoom
onit.
—In animation mode, the user can fly on the terrain by driving
its viewpoint as a virtual “airplane”. Controls similar to those
of a flight simulator are provided. The threshold function lin-
early increases with distance from the current viewpoint, and
therefore changes at every instant of time as the viewpoint
moves,
In both viewing modes, colors, lights and rendering param-
eters can be edited to obtain the desired image appearance.

8 Conclusions and Future Work

VARIANT is a prototype system for processing and visualizing ter-
rnins at variable resolution, based on the Multi-Triangulation. For
its modular structure, the system is “open” to the addition of fur-
ther modules, We are currently enriching the system with improved
extraction algorithms which also generate topological information
for the output TIN, In fact, an output simply consisting of a col-
lection of triangles is enough for visualization, but not for more
complex terrain analysis, such as visibility computations, construc-
tion of drainage networks or basins (see Section 6). We also plan
to add more MT user modules, performing specific computations
such as viewshed computations, extraction of drainage networks
and basins, computation of optimal paths, etc. Finally, we are
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studying an indexing technique for multi-triangulations. In fact,
the size of an MT for large data sets could be too big to fit in main
memory, and in such caces methods are needed that allow the ef-
ficient retrieval of the disk page containing a part of an MT, when
access to that portion is required.
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