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Abstract  
 

In this paper we discuss a framework for representation and maintenance of 
multi-resolution terrain and network data. We use a triangle-based representation 
of the terrain surface, and representations of curve networks (river systems, 
roads, railroad, etc. are integrated into the triangle-based representation. We 
introduce a data model for the representation and we discuss issues connected to 
the construction of the integrated representation of data. Several examples are 
provided. 

1 Introduction 

The motivation for this paper is the large amounts of fine-resolution geodata available and 
the observation that terrain data may constrain the curve network and that the curve network 
may constrain the terrain. It is also a fact that these two data types are heterogeneous and 
inconsistent with respect to each other and between different resolution levels. Our aim is to 
create a framework to handle integration and consistent maintenance of curve network and 
terrain data, to enable efficient extraction of data at required resolution level and to ensure 
efficient and compact representation of the data. 
 
Hierarchical models, also referred to as level-of-detail models or multi-scale models, are 
widely studied in the literature; see [1] and references therein. Within geographical 
information systems (GIS) these models are particularly interesting. Multi-scale models are 
used to obtain compact storage of huge data sets, fast retrieval of data at different resolution 
and efficient storage of digital maps at different scale. There are several reasons for this. In a 
multi-scale model only differences are stored which in most cases requires less storage 
space. Moreover, data points can be removed based on some prescribed tolerance and for 
curve networks and terrain surfaces this is often the case. A multi-scale model is also 
constructed so that data can be retrieved at different resolutions, and in general this speeds up 
the data retrieval procedures. For example, over the Internet we can observe this through so-
called progressive transmission and presentation of images and geometric objects. In some 
cases level-of-detail models also form a basis for cartographic generalisation. Throughout the 
last decade several papers are written on the subject of introducing multi-scale 
representations into GIS; see [2-5] and references within these papers. Multi-scale models 
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are also used in other areas, like computer aided geometric design, multi-grid methods for 
solving partial differential equation and in signal and image processing [1].  
 
In this paper we investigate the integration of curve networks into hierarchical triangle-based 
terrain surfaces. The triangle-based terrain representation is used as a carrier of curve 
networks like rivers, roads, etc. The underlying triangulation is also used in order to handle 
and maintain the topological relations between different curve networks or branches of the 
curve networks. In this paper we introduce a hierarchical model, which combines terrain 
surfaces with curve networks. Our goal is to produce a consistent hierarchical representation 
of terrain surfaces and curve network objects like rivers and roads lying on the terrain 
surfaces. We combine a hierarchical triangle-based representation of the terrain surface with 
a planar graph representation of the curve networks. Moreover, we discuss some issues 
connected to the implementation of the model and functionality for constructing and 
maintaining the hierarchical model. 
 
The outline of the paper is as follows: In order to motivate for the work presented in later 
sections, we will in Section 2 discuss some major concepts in the proposed framework for 
multi-level representation of geographical data and we introduce the geodata carrier. In 
Section 3 we introduce a data model for multi-level representation of curve networks 
integrated into terrain models. A triangle-based representation of the terrain surface is used 
as an underlying framework for the integration. Related work can be found in [4]. The multi-
level structure is obtained by applying a specialised decimation method on the triangulation 
taking into account the structural relations between the curve networks on the terrain surface. 
The decimation method is based on the edge ordering technique presented in [6]. Examples 
are also presented and discussed in Section 3. In Section 4 we give a brief comment on the 
operational issues of the framework. We summarise the paper in Section 5 together with 
some remarks on future work. 

2 Framework 

Geographical data, in the following referred to as geodata, plays an important role in many 
applications. With emphasis on a multi-level representation, we are in this section concerned 
with the construction, maintenance and distribution of scale-independent terrain models over 
huge areas. Moreover, we focus on issues connected to the integration of geographical curve 
network data into the terrain surface. In order to explain the various challenges we introduce 
the concept of a geodata pipeline. The geodata pipeline can be regarded as a basic processing 
system, either as an integrated module in a (geographical) information system or as a 
separate system for pre-processing geodata for further use.  
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Figure 1: The geodata pipeline based on a hierarchical representation of triangle-based 
terrain surfaces and associated curve networks. 

Figure 1 shows a high level structure for the geodata pipeline designed for constructing 
models which integrate elevation and curve network data. Typical input data are scattered 
measurement data, grid data, contours, cartographic data and polygonal (line) data 
representing ridges, roads, rivers etc.  
The geodata carrier is a triangle-based terrain surface defined over some suitable portion of 
the Earth’s surface – the domain over which the terrain surface is defined. For huge volumes 
of data over large areas it is often convenient to decompose the domain into a set of non-
overlapping tiles or subdomains. We will only investigate one domain in this paper. A 
strategy for domain decomposition can be found in [7]. The representation of the 
triangulation must be hierarchical in the sense that a triangle-based terrain model can be 
extracted at different resolutions (or scales). Each triangle-based terrain model in the 
hierarchy can be a standard Delaunay triangulation [8] or some other suitable triangulation of 
the parts of the underlying data set. Constrained triangulation [9] is important since we will 
impose curve networks into the terrain. Constraint triangulation means that we force edges to 
be a part of the triangulation. Various types of pre-processing can be regarded as part of the 
construction and updating procedures, e.g. sorting points before constructing the hierarchies. 
The model construction implies building triangulations from input data into a hierarchical 
representation. The following items correspond to the numbers in the boxes in Figure 1. 
 
1. The underlying data model, or the geodata carrier, holds the triangle-based terrain surface 

and its associated curve networks. The data model is represented as a graph that is not 
necessarily planar, and the graph can be realised as the terrain surface, curve networks on 
the surface, or relations between the curve networks on the surface. Hence, the two major 
entities of a graph, nodes and edges, include features, which classifies the entities into 
groups. The algorithms for constructing and updating the graph operate on the underlying 
data model. 
 

2. The integration of curve networks into the geodata carrier (or data model) implies the 
construction of a planar graph based on some suitable data. Moreover, the planar graph 
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(curve network) is integrated in the carrier. Conceptually, this can be done in two ways. 
As indicated in Figure 1, integration of curve networks is done after the construction of 
the carrier, which in most cases will impose corrections on the carrier. This is indicated 
in the figure and discussed in item 3 below. In general the integration of curve networks 
will impose constraints on the triangulation. Alternatively, the curve networks can be 
integrated directly when the carrier is being built. We will focus on the first approach 
since curve networks can be with or without elevation values. 
 

3. The geodata carrier will in general be a set of terrain models at different resolutions. The 
curve networks are rivers, lake-boundaries, roads, or some suitable partition of the earth's 
surface, e.g. forest stands. When introducing a curve network we will in general have to 
change the terrain. A typical example arises when we introduce a river curve network, 
which of course is monotonically decreasing from the “mountain” to the “ocean”. In this 
case we face the problem of correcting the terrain. Some correction can be detected and 
corrected automatically, however, in general this is a difficult task, which we have put up 
as a separate issue in item 5. As the data are refined through the pipeline, a system like 
this requires methods for handling corrections that are detected throughout the processing 
of the data. 

 
4. From an application point of view it is important to provide functionality for 

extracting/deriving customised information from the underlying data model. Typically, a 
cartographer selects an area of interest for extracting information about road and river 
curve networks together with their spatial relations. Other derived models can typically 
be surface triangulations at a requested level of detail selected from a hierarchical 
representation, or we might only be interested in the topological representation of a river 
curve network.  

 
5. In order to detect and correct inconsistencies in the data, a visualisation/graphics 

environment with interactive facilities is required. 
 
The challenges behind item 4 and 5 are not discussed in this paper. Moreover, a database 
system is needed to store the data, and we assume that a suitable database is available. In the 
examples presented later we are using a fairly straightforward file structure for storing the 
graphs and the triangulation. In this paper we focus on the major functionality behind the 
modules marked 1, 2 and 3 in Figure 1 and how these modules are linked. 
 
In order to implement the framework some basic technologies have to be available. We need 
software that efficiently can construct and handle large triangulations including various 
methods for constructing a triangulation, e.g. inserting edges into the triangulation. For this 
purpose we may use a triangulation library like SISCAT [10]. We can use the software such 
that a standard one-level triangulation is regarded as a special case of the multi-level 
triangulation. Moreover, the software has been extended so that the curve networks can be 
integrated using methods for constrained triangulation [9]. A singular point can be regarded 
as a degenerated curve network or graph. Finally, storage requirements for the adjacency 
information between topological entities as vertices, edges and triangles should be minimal, 
but sufficient for carrying out topological operations as fast as possible. With respect to these 
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issues, the most important is to enable representation, and not necessarily construction. The 
construction of the triangulation or the graph can be regarded as an application issue and 
several methods are available, see [8].  

3 Data model 

In this section we introduce the data model which integrates the triangle-based hierarchical 
terrain model with a set of curve networks. The model is finally represented as one single 
graph. When introducing hierarchical triangulations we assume that a hierarchical structure 
consists of a number of independent triangle-based surfaces at different level of resolution. 
This assumption implies that we can use standard data structures for representing triangle-
based surfaces over some suitable domain. The issue of combing the topological information 
of different levels of the hierarchical triangulation is interesting due to the possibility of 
reducing storage requirements. However, this problem is due to further studies. 
 
There are many possible topological structures, or data structures, for representing 
triangulations on computers. On the one side the data structure must be chosen in view of the 
needs and requirements of the actual application in mind. On the other hand we must design 
structures which are efficient with respect to the basic operations which we want to perform, 
e.g. traversing the triangulation. When analysing different data structures we always face a 
trade-off between storage requirement and efficiency of carrying out topological and 
geometric operations. For example, for visualisation purposes we need a data structure with 
fast access to data and sufficient topological adjacency information for traversing the 
topology of the triangulation when extracting sequences of triangles for the visualisation 
system. This will normally require more storage than a data structure used only for storage 
purposes. In a real world application we might need more than one data structure and thus 
tools for mapping one data structure to another are important [8]. 

3.1 Graphs 

Behind the model we can use graph theoretic concepts for representing the topology of the 
triangulations and the curve networks. Thus, we will make a clear distinction between the 
topological elements such as vertices, edges and faces, and the geometric information which 
we associate with these topological elements, Geometric information are points, curves (or 
straight line segments) and surfaces in 3D space. By considering triangulations and curve 
networks as graphs, we can benefit from an extensive mathematical theory and a variety of 
interesting algorithms operating on graphs. There is a rich literature on graphs, algorithmic 
graph theory and applications of graphs; see [13-15] and references therein.  
 
The graph representation of a triangulation, which represents a subdivision of an open 
surface into triangles, will be a planar graph, G(V,E), where V is a set of vertices and E is a 
set of edges connecting vertices in V. Loosely speaking, a planar graph is a graph that can be 
embedded, or drawn, in the plane such that no two edges intersect except at their incident 
vertices. 
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(a) (b)

 

Figure 2: A planar embedding of a graph in (a), and a non-planar graph in (b). 

The graph shown in Figure 2(a) is planar according to this definition. Figure 2 (b) shows a 
graph that is non-planar. Depending on the restrictions we decide to put on triangulations, we 
can make restrictions on G such that traversing operations become faster. The trivial 
restriction is that each edge and vertex of the graph is a member of a minimum edge-vertex 
cycle, or a face cycle, with three vertices and three edges. This implies that we will only 
model faces that are triangles. We might also decide to restrict G further and model regular 
triangulations only, i.e. the domain is without holes and connected edge by edge. 
 
To follow the speed-up issue further, we may choose a graph representation that reflects data 
structures based on the notion of half-edge as the basic topological element. Each edge in E, 
connecting two vertices in V, will then be replaced by two ordered edges pointing in 
opposite directions. The graph G(V,E) will then be a planar ordered multigraph, or more 
specifically, a planar bidirected graph where face cycles are pair-wise disjoint. We can also 
use the term planar embedded bidirected graph for a graph representing the half-edge 
structure in Figure 4, since we assume that the graph objects, vertices and edges, are 
embedded with geometry.  
 
Representing hierarchical structures in combination with curve networks requires graph 
representations that in general are non-planar (c.f. Figure 2 and the definition of planar 
graphs above). While triangulations or simple curve networks can be regarded as planar 
graphs when viewed separately, the union, when integrated into one single graph, is not 
necessarily planar. For example, a road curve network imposed into a triangulation will 
result in a planar graph, while a graph representing a curve network connecting cities 
combined with the terrain graph may not be planar. Again, we might regard this as an 
application issue. However, the generic tools must enable representation and manipulation of 
these structures. 
 
It is an open question how (or if) these graph models should be implemented. The needs may 
differ from one application to the other and it might be difficult to find a sound unified 
design covering the needs of all applications. However, a generic graph library such as 
LEDA [16] would provide many useful tools and data structures for triangulations and curve 
network software. In the first instance, the most important task would be to establish flexible 
generic data structures for graph representations without sophisticated graph algorithms 
operating on these structures. 
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3.2 Triangulation 

The first data structure described here has been implemented in many triangulation libraries. 
The topology is represented as a fixed pointer structure as depicted in Figure 3. A triangle 
has references to its three edges in counter-clockwise order, and an edge has references to 
two nodes. In addition, there are references from edges to incident triangles. A triangulation 
consists of a list of all triangles.  

Vertex

Edge

Triangle

2

3

2(or 1 at boundary)

0

Triangulation

N

 

Figure 3: Pointers in the triangle-edge topology for triangulations. 

 
We observe that the edges are not oriented when viewed separately. When viewed from a 
triangle they can be considered as oriented since a triangle refers to its three edges in 
counter-clockwise order. It can be shown that that the number of pointer fields in such a 
triangulation is approximately twenty times the number of vertices. We will use a topological 
structure that carries out topological operations more efficiently. 
 
The notion of half-edge as the basic topological entity for boundary based topological 
representations was introduced by Weiler [11]. The principle is to split each edge into two 
directed half-edges each of which are oriented opposite to the other as shown in Figure 4. 
Hence, we can think of a half-edge as belonging to exactly one triangle, and the three half-
edges of a triangle can be oriented counter-clockwise around the triangle. There are many 
possible data structures that can be derived from this concept, for example, vertex-edge and 
face-edge data structures, see [5]. 
 

Vertex

Half-Edge

1

0

 Triangulation

N

(next in triangle)(twin edge) 
1 1

 

Figure 4: Pointers in the half-edge topology for triangulations. 
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Each half-edge has a reference to the node it starts from, a pointer to the next half-edge 
belonging to the same triangle (counter-clockwise), and a pointer to its twin edge belonging 
to another triangle. We have a list of ''triangles'', but each triangle is only represented as one 
of its half-edges. It can also be shown that we have exactly the same storage requirement as 
in the triangle-edge structure shown in Figure 3. 
  
Basic topological operations for traversing the topology will be faster with this data structure 
because the half-edges are oriented. But we also loose one important property. There are no 
triangle objects in the internal structure. Thus, when visiting the three half-edges in a triangle 
we do not know which represents the triangle. This might be necessary, for example when 
removing a triangle from the triangulation. On the other hand, in an actual implementation 
we might need extra information in the topological elements anyway, for example bit-fields, 
so then its sufficient with one bit to indicate whether a half-edge represents a triangle or not. 

3.3 Curve networks 

In the following we will describe the structure for curve networks. Figure 5 shows a standard 
representation of a curve network drawn as a class diagram and in Figure 6 is shown an 
example of a curve network drawn as a graph embedded in the plane. A link defines the 
connection between two nodes in a curve network and a link can contain many vertices 
including the nodes. The curve network is given as a list of pointers to nodes. A node is 
either a start point or an end point of a link. Hence a link has pointers to two nodes. The link 
between two nodes is again a set of edges (or half-edges in our structure), each of which is 
given as a line between two vertices. Although it is not necessary, we assume that a node of a 
curve network also has its relation to a vertex. A node has pointers to a number of links. Note 
that the geometry of the curve network is represented as points in 2D or 3D given at the 
vertices. 
 

Link (Half-)Edge

2

N

N

Vertex
2 or 1

1Node

Network

N

N
 

Figure 5: Standard representation of a curve network. 
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Figure 6: Curve network as a graph embedded in the plane. 

 
Similar to the surface case we can build hierarchies of curve networks. We assume that the 
topological representation of the curve networks at the different levels are independent, that 
is, we can retrieve information from any level without using information from other levels. 

3.4 Combination 
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Figure 7: Integrated topology for terrain and curve networks. 

In Figure 7 is shown a complete model where we have joined the curve network structure 
and the half-edge triangulation structure. The Triangle-Network model (TN-model) consists 
of one hierarchy of triangle-based surfaces and a set of hierarchies representing various 
curve networks attached to the triangle-based surfaces. Each curve network consists of a set 
of nodes. The branches of the TN-model are joined since links are pointing to collections of 
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half-edges. These half-edges are also a part of the triangulation. An example of integrating 
the terrain and curve network data is shown in Figure 8 and Figure 9. 

Figure 8: (a)Triangulation of a point set. (b) A curve network integrated into the 
triangulation 

Figure 9: (a) Two curve networks integrated into the triangulation. (b) Decimated version. 

Figure 8 (a) shows a triangulation of a point set given over a rectangular domain. The black 
filled circles are vertices and a line between two vertices can be interpreted as a pair of half-
edges. Next, we integrate a water curve network with two rivers and a lake boundary, see 
Figure 8 (b). A loop in the curve network is interpreted as a lake. We assume that height 
values are given at the vertices of the water curve network and that the height values of the 
water curve network overrule the height values of the triangle-based terrain surface in Figure 
8 (a). The integration goes in three steps: 
1. The vertices of the curve network are inserted into the triangulation representing the 

terrain surface. 
2. The edges of the curve network are forced into the triangulation such that each link in the 

curve network topology becomes a directed graph of half-edges. 
3. The terrain is adjusted according to the constraints given by the water curve network, e.g. 

the height values of points in the lake are adjusted to the altitude of the lake. Note that 
the points in the lake can be removed from the model. Other requirements imposed by 
the water curve network are discussed later. 

 
The model as it is shown in Figure 7 now consists of the geometry (the union of the points 
from the terrain and the points from the water curve network) and the topology given as two 
branches of the TN-model - a terrain branch and a curve network branch. Note that there is 
only one level of the hierarchy shown in Figure 8(b). In Figure 9 (a) we have integrated a 
second curve network representing a road. We use the same procedure as in the water case 
for integrating the road curve network. However, one additional subject has to be taken care 
of. It is convenient to introduce new nodes where the two curve networks intersect, which in 
this case naturally can be interpreted as bridges. These nodes have to be inserted into both 
curve networks. The model now consists of a terrain and two curve networks. We still do not 
have more than one level of the hierarchy. 
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In Figure 9 (b) we have removed points from the model shown in Figure 9 (a) without 
changing the topology of the curve networks. That is, the number of edges (half-edges) and 
vertices are reduced, while the number of nodes and links are kept the same. The geometry 
(points) in Figure 9 (b) is a subset of the geometry (points) in Figure 9 (a). We have now 
constructed a TN-model with a hierarchy of triangulations representing the terrain at two 
different resolutions, and two curve network hierarchies each consisting of two curve 
networks at different resolutions.  

3.5 Hierarchy model and construction 

A hierarchical representation of a surface can be interpreted as a pyramid consisting of a 
number of layers, where the first layer is the top of the pyramid and the last layer is the base 
of the pyramid, see Figure 10. 
 

0T

NT
1−NT

T-Hierarchy

 Triangulation
N

 

Figure 10. Hierarchy of triangulations. 

The natural interpretation of this will be that the top of the pyramid (first layer) gives an 
initial coarse representation of the triangle-based surface, the first together with the second 
layer a more detailed representation, the first together with the second and third layer an even 
more detailed representation, etc. Using all the layers of the pyramid gives the most detailed 
terrain surface. 
 
We assume that the hierarchical structure consists of a number of independent triangle-based 
surfaces of different levels of resolution. Roughly speaking, we have a coarse-to-fine 
representation of the triangle-based surfaces from level 0 to level N-1, for some suitable 
number of levels N in the hierarchy. Since the triangle-based surfaces at each layer are 
represented independently of each other, extraction or retrieval of a surface at some level n 
does not need information from the levels i=0,…,n-1. Note that it is only the topological 
structure that is independent from one level to another. The geometric points behind the 
vertices are not duplicated. These are stored in one sorted array. 
 
The structure for the hierarchy can be illustrated simply as in Figure 10, where N is the 
number of layers of the hierarchy.  
 
We will here give a short review of the hierarchy construction method used to generate the 
model and a few examples from a real world data set. We assume that height values are 
given along the curve networks and that the height values of the curve network overrule the 
values taken from the scattered terrain data. If values are not given along the curve networks, 
these values can be found by sampling the terrain. We also assume that the curve network 
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data is consistent with respect to the logic meaning behind the curve network, e.g. that a river 
system is monotonically decreasing from “mountain” to “ocean”.  The construction goes as 
follows: 
1. A triangle-based terrain model is constructed from a set of scattered data points using a 

Delaunay triangulation method [8]. The triangulation is represented as a planar graph. 
2. The (half-) edges and the vertices (and nodes) of the curve network is inserted into the 

triangulation so that the links of the curve network, which is a collection of half-edges, 
becomes a part of the triangulation, see Figure 9(a). This can be done by constrained 
triangulation [9]. We denote this model Tn. 

3. Given a tolerance, say εn-1, we remove as many (half-)edges as possible from the model 
Tn so that the difference between the new model Tn-1 and Tn is less than εn-1 in some 
appropriate norm. This can be done in various ways, see [1]. Alternatively, we can 
choose to remove a certain percentage of the edges. The removal has to be done in such a 
way that the topology of the curve network is maintained. Again this is accomplished by 
using constrained triangulation or by collapsing edges of the triangulation as it is done 
here. The edge collapse technique is presented in [6]. The new model consists of both Tn 
and Tn-1. That is, two terrain surfaces at different resolution and a set of curve networks, 
each curve network represented at two resolutions. 

4. Finally, we repeat the process for tolerances εn-2,…, ε0 in order to obtain the complete 
model Tn, Tn-1 ,…,T0. 

3.6 Example 

A variety of methods can be used for selecting data at the different levels of the hierarchy, 
see [1]. In this section we briefly go through an example, based on the implementation 
presented in [12]. The data model and implementation presented in this paper form a basis 
for the data selection and construction method presented in [12].  
 
The illustrations in the Figures 11-14 show some results where the data model and the 
hierarchy construction method are used. The terrain is constructed from approximately 
64.000 points (and therefore we obtain about 128.000 triangles from the initial Delaunay 
triangulation). Curve network data from roads, rivers (small and large) and lakes are 
combined and integrated into the terrain model using a constrained Delaunay triangulation 
procedure. The total number of geometric edges in the combined curve network is 
approximately 1200. Figure 11 is a picture of the whole data set. 

 

Figure 11: Overview of the data set at the finest level 
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Figure 12: A lake at the finest level (a) and a coarser level (b) 

In the Figures 12-14 we show pictures of parts of the whole data set.  Figure 12 (a) shows an 
area around a lake at the finest level (high resolution) and Figure 12 (b) shows the same at a 
coarser level (lower resolution). The coarse representation in Figure 12 (b) uses 
approximately 25% of the original data used in Figure 12 (a). As can be seen, some of the 
details have been removed (e.g. the shape of the island in the lake), while the main structures 
can easily be recognised from the original data set. Most important however, the topology of 
the curve network is unchanged and no new intersections between the curve network and the 
terrain models have been created. Thus, the decimation process has ensured consistency in 
the data sets. 

 
Figure 13: A small lake and a river at the finest level (a) and a coarser level (b) 

 
In Figure 13, the same principles are illustrated. A river runs through the bottom of a valley 
while several smaller rivers run into the main river. The road curve network (drawn in black) 
crosses the river curve network at multiple places. At the coarser level, the main contours of 
the terrain are still present, while the details vanish. Figure 14 shows the same data sets using 
wire-frame visualisation. Again we observe that the intersections between the terrain and the 
curve networks and in-between the curve networks are unchanged. Thus, the topology is 
maintained. 
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Figure 14: A small lake and a river at the finest level (a) and a coarser level (b) shown using 
wire-frame visualisation 

4 Operations 

There are many issues to be studied in connection with the work presented in the previous 
sections. We will here give a brief discussion on the operational aspects of the framework. 
Important operations are data pre-processing, construction, integration, consistency control, 
update, visualisation and customisation. 

Data
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Update

Corrections
Continuity
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Construction
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Domain decomposition         Hierarchical(level of detail)        Topology          Features

 

Figure 15: The main functions for handling triangulations and curve networks integrated 
into the triangulations. 

Figure 15 shows the main parts of the high level functionality of the framework. Working 
with huge data sets over huge regions will in general require some pre-processing before 
constructing terrain surface objects and their attributes. If the underlying domain were 
divided into subdomains or tiles, we would like to partition the data into sets associated to 
each tile. In the figure this is referred to as segmentation. The critical challenge, however, 
becomes the task of ensuring proper behaviour on the borders between the tiles. For 
visualisation purposes this problem is studied in [7]. It is basically a question of maintaining 
the continuity between the tiles. We want surfaces and curves defined on different tiles to 
join “smoothly” across tile's boundaries. Moreover, it might be convenient to sort the points 
based on some suitable criteria, e.g. density. In many cases it is also important to verify that 
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the data fulfil certain properties, for example, there might be outliers or some other 
systematic error in the data. 
 
The generation of hierarchical surfaces is basically interpolation and approximation of 
scattered data where the final model is represented as a hierarchical triangular model. It is 
important to distinguish between construction of a complete model and the updating of a 
model based on limited input. Correction of the surface, both geometrically and 
topologically, is necessary when introducing new information. Once a complete data set has 
been collected and the initial build-up of curve network integration and terrain modelling has 
been performed, the need for updating will arise. A complete rebuild for every change in the 
data set will be time-consuming. Instead we will use a strategy which updates only a portion 
of the hierarchical structure. A correction of the data set will have consequences in all levels 
of the hierarchy. Furthermore, a correction can be made at any level and an update procedure 
will have to ensure that changes are reflected throughout all other levels of the hierarchy. 
This provides an important extension of the work presented here, however, further 
investigations are necessary. The domain decomposition and the updating procedures are 
indicated as a part of the representation and functionality of the software, respectively. This 
is indicated in Figure 15. 
 
Finally, integration of curve network data into the surface model (or carrier) involves the 
same aspects as the construction of triangle-based surfaces. And with respect to the surface 
construction it involves imposing edge constraints into the triangulation. An important aspect 
for further investigations is how these constraints shall be imposed into a hierarchical 
structure. 

5 Summary and future work 

In this paper we have presented a framework of three major parts. First part is the context of 
the geodata pipeline and the geodata carrier where curve network and terrain data are 
represented in a triangulated irregular curve network. The second part is the data model, 
which in detail describes how the data is logically organised into a multi-resolution data 
structure, according to a hierarchical represented layered model. The data model allows us to 
store a consistent integrated model at different levels of resolution. The hierarchical layered 
model gives a compact representation as well as efficient access to the data. The third part is 
the operational aspects of the framework. We have described a set of operations that interacts 
with the data model, which may be considered an integral part of the data model in an object-
oriented implementation. 
 
The implementation described in [12], shows that the framework is implementable and leads 
to more consistent data maintenance and efficient access. However, it has potential for 
improvements. Especially the data model should be evaluated and inter-resolution 
dependencies should be taken into account to ensure incremental updates. Other issues that 
should be addressed are the ability to handle large data sets and better support to resolve 
inconsistencies. 
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