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1. Introduction
When comparing terrain elevation measure-
ments obtained from multiple sources, the
most noticeable difference between data sets
is usually the resolution. For example, echo
sounders mounted on ships or underwater ve-
hicles are used to measure the topography of
the sea floor. The measurement density de-
pends on distance from the transducer to the
sea floor, and characteristics of the echo
sounder, such as the number of beams and the
ping rate. In a sea floor model compiled from a
combination of single beam and multi beam
echo sounder data, the sampling distances can
vary from centimeters to kilometers in some
areas. Variable resolution is therefore a key is-
sue in the design of digital terrain models.

We propose a concept for creating and
managing terrain models in which the reso-
lution of the original measurements is re-
flected in the models. The concept has been
implemented at the Norwegian Defense Re-
search Establishment in a system called
NVRG/Sarepta. This system is capable of
creating, storing, updating and delivering
global digital terrain models. Access to the
data is through a web service.

Research in digital terrain models has re-
sulted in a multitude of interpolation methods
and data structures. The various methods
have strengths and weaknesses, and it is prob-
ably impossible to find a digital terrain model
implementation that outperforms every other
alternative in all aspects. Digital terrain mod-
els can be classified on the basis of how the ter-
rain domain is partitioned and how the inter-
polation is defined. Commonly used partitions
of the domain are based on either rectangular
cells (raster models) or triangles. Triangle
models have an obvious advantage compared
with raster models in that they are flexible in
the way they partition the domain, but their
complex construction is a drawback.

Triangle models were introduced in digital
terrain modeling in the 1970’s, see for example
[McL76], [Yoë77] or [MR80]. As the applica-
tion of triangle models became more popular,
attention was brought to their time complexi-
ty [Bjø88]. The introduction of adaptive trian-
gle models at the end of the 1980’s [Hel90 and
others] opened a new branch of research.

A multi resolution database based on the
Delaunay pyramid is described by Ware and
Jones [WJ92]. The database is accessed via
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the triangle structure and topographic ob-
jects. This allows features necessary to char-
acterize the shape of the terrain surface and
topologically structured objects, such as
lines, to be integrated into the pyramid.

De Floriani et al. [DFP95] have studied the
shape of the terrain surface and shown how a
system of hierarchical triangle models can be
constructed. VARIANT [DFMP00], is a ter-
rain database manager based on the idea of
multiresolution and the application of trian-
gulated irregular networks. The authors ad-
mit that their implementation of VARIANT is
a prototype which needs some restructuring
to become effective and efficient at global
scale. One of the problems seems to be how a
small part of the model can be loaded from
disk into the main memory, i.e., how the mod-
el can be split into parts that are multitrian-
gulations. Moreover, the authors say that up-
dating the models each time new data are
made available, is not a trivial problem.

A method for merging Delaunay networks
is presented in Midtbø [1993]. The author
shows how triangle models can be parti-
tioned into disjoint blocks, and merged on-
the-fly at application time. The size of the
blocks can be optimized based on the capaci-
ty of computer resources including network,
main memory and disks.

Just as there is a diversity of methods in
the field of digital terrain models, there are
also several multidimensional access meth-
ods. Gaede and Günther [GG98], point out
that in this field vendors tend to resort to
structures that are easy to understand and
implement. We adopted the same pragmatic
view for the design of a global digital terrain
model. Due to the complexity of irregular tri-
angulated networks, our construction is based
on a matrix representation. This concept is
used to develop variable resolution terrain
models with a transparent addressing scheme
and robust methods for splitting the models
into segments of appropriate size. In this way
global terrain models that are both easy to un-
derstand and simple to implement are ob-
tained. The structure is called the NVRG –
the ‘N’ Variable Resolution Grid. The underly-
ing tiling scheme has grid lines that are par-
allels and segments of meridians, and each
tile has approximately the same shape and

size all over the globe; rectangular with
height equal to one minute of arc, and a lati-
tude dependent width close to one nautical
mile. Using regular subdivision of the tiles
gives us infinitely many resolution levels.

Since we are faced with the problem of han-
dling data sets from different sources, our im-
plementation must provide a solution han-
dling overlapping data sets with different lev-
els of accuracy and resolution. To produce a
coherent model, resampling of one or more of
the data sets might be a strategy, but this pro-
cedure will most likely introduce artifacts into
the model. In addition, the variance of the
data will be reduced in many cases [BN07].

These problems can be avoided by allowing
data sets with differing properties to live
side-by-side, but this strategy leads to several
new challenges. Without a common represen-
tation, we must consider: Which model and
representation is valid in a domain of over-
lap? How should data sets be adjusted and
imported into existing models? Can the data
be represented efficiently? Do common GIS
tools have the ability to visualize the data?

An NVRG model is defined as a collection of
terrain data files that are either (1) prepared
for special purposes, (2) compiled by another
organization, or (3) generated from our own
survey data. We prefer not to merge data sets
obtained from different sources into one com-
mon model, but this can be done on request.
The procedures for constructing coherent
models are application dependent and outside
the scope of the present study. When it comes
to representation and visualization of varia-
ble coverage/resolution data sets, there are
several viable candidates. One open source al-
ternative is the Python configurable OpenEV.

Sarepta is a web service built on top of the
NVRG. Together they constitute the
NVRG/Sarepta system. The storage compo-
nent of the system is not implemented as a
data base, but as a file collection. There are
several reasons for making this choice. Main-
tenance is easy and requires little training.
This is important for the deployment of the
system to military, as well as civilian, mobile
units. We prefer to implement many of the
features present in spatial databases our-
selves (such as interpolation, point evalua-
tions and coordinate transformations) and
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spatial indexing is taken care of by the
NVRG. Our terrain models are essentially
images, meaning that they are not meant to
be updated or edited by users. There is thus
little to be gained, even from a performance
perspective, by using a relational database.

The NVRG/Sarepta system contains vari-
able resolution terrain models with fixed res-
olution levels. The natural hierarchy of the
grid makes XML a suitable and efficient for-
mat for describing the models. The XML files
list every grid block covered by a model, the
resolution level of the coverage, and the file
paths. The Sarepta service locates models by
querying the XML documents. This solution
not only decouples the service from the stor-
age component, but also increases the flexi-
bility of the system. For instance, a model
can be accessed directly from a CD without
any need for installation, as long as an XML
model file is made available to the service.

The NVRG, which is a refinement of the
tiling scheme presented in Bjørke et al.
[BGHN03] and Bjørke and Nilsen[BN04], is
described in detail in the next section. We
then give an overview of the NVRG/Sarepta
system and discuss the various components.

2  NVRG

2.1  Tiling Scheme

The WGS84 ellipsoid is divided into bands
and sectors. Band heights differ, but sectors
are always 30°. The cell structure inside each
sector is identical. The part of a band that
lies between two sector lines is called an in-
tersection block, or i-block for short. In gen-
eral, any collection of cells of rectangular
shape will be referred to as a block. We use
the convention that the southern and west-
ern boundaries always belong to a domain.
Consequently, the south-west corner unique-
ly identifies a cell/block of a given size.

The specification of the grid is given in Fig.
1. Columns two and three show the exact lat-
itudes of the band boundaries, expressed in
minutes of arc and in degrees/minutes. The
next columns show the number of cells verti-
cally and horizontally in each i-block. The
last column lists the exact widths of the cells,
measured in minutes of arc. Figs. 2 and 3
show the structure and how the cells change
across the band boundaries.

Fig. 1. Definition of the NVRG. The ellipsoid is divided into 32 bands, and 12 sectors. Sectors
are 30° wide. Measured in geographical coordinates, all grid cells within a band have the same
width. The number of bands, and the location of the band boundaries, are chosen so that the
physical size and shape of the cells is as homogeneous as possible across the globe. An arbitrary
«level one» subcell will fit inside every grid cell; there are four «level one» subcells in a cell.
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Fig. 2. NVRG tiling scheme, lower bands. The vertical axis/horizontal lines show the location
of the band boundaries, and the band height. The horizontal axis/vertical lines show cell
widths. The unbroken vertical lines from 0° to 74° illustrate that the grid supports 5' blocks up
to 74°.

Fig. 3. NVRG tiling scheme. Cell structure of upper bands.
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2.2  Request and Resolution levels
The fundamental unit in the grid is the cell.
All cells have roughly the same vertical and
horizontal dimensions: one minute of arc by
(approximately) one nautical mile. We define
different resolution levels inside the cells by
using regular subdivision. There is thus no
limit to the resolution the grid can support.

Resolution level zero is a whole cell – at
level one there are four subcells. In general,
at level n there are 2n × 2n subcells.

There are several ways of grouping cells
into larger units. A user might request data
covering an area delimited by particular an-
gles of latitude and longitude. Up to 74° the
grid supports blocks covering 5’ × 5’ regions;
up to 88°, 15’ × 15’ regions. A common unit
for partitioning the globe is the 1° × 1° block,
which is supported by the NVRG up to 89°.
We restrict the request areas to cells, sub-
cells, and certain aggregations of cells: These
are the request levels. We use the notation
Cn to describe cell and subcell request levels;

e.g., C0 is a fundamental cell, and C8 is a
subcell covering (1/28) × (1/28) of a cell, i.e.,
an area with approximate dimensions 8m by
8m. For larger areas we use the notation Am.
Request level A1 is a block covering 5’ by 5’;
A2 covers 15’ by 15’; A3 is 1° by 1°, A4 is a 6°
wide subsector of an i-block, and A5 is a
whole i-block.

The resolution level refers to the size of the
pixels in a request area. The coarsest resolu-
tion level defined is 0; this corresponds to a pix-
el size equal to one cell. Resolution level n
means that there are 2n × 2n pixels inside a cell.

2.3 Cell and subcell contents
Values assigned to cells and subcells are area
values, not point values. The error/vari-
ance/uncertainty associated with a point val-
ue only applies at the location of the point. A
corresponding number associated with an
area value applies to the whole area. Point
values are usually the result of interpolation.
The density of a grid of interpolated point
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Fig. 4. Components and processes of the NVRG/Sarepta system.



Et konsept for konstruksjon, lagring, oppdatering og distribusjon av terrengmodeller

KART OG PLAN   3–2007 173

values does not necessarily reflect the reso-
lution of the underlying data set. An area
value has an implicit resolution given by the
dimensions of the area.

Area values should only be assigned to
cells where the sample density supports the
calculation of that value; there should be no
interpolation. A central idea behind the
NVRG/Sarepta system is processing and
storage of terrain data with the exact same
resolution as the data collected during the
survey. Coarser models can be distributed,
but smoothing and interpolation, either for
visualization or for populating areas where
no values are assigned, belong to the applica-
tion level.

It is not required to assign values at every
level of resolution. Inhouse models are con-
sistent across resolution levels, but this need
not be the case for multiresolution models
created by other organizations. The solution
is to base the NVRG «instance» of the model
on data from the finest level, and use the
NVRG projection operators to generate the
coarser levels. This is discussed in the  next
section.

If possible, we assign three values to each
subcell: cell_mean, cell_maximum, and
cell_minimum. A vital criterion for a varia-
ble resolution grid, is that values need not be
assigned to every subcell at a given resolu-
tion level. At some levels, matrices might be
populated predominantly by no_value-iden-
tifiers. This will perhaps, at first, seem unde-
sirable from a user’s standpoint. The way
data are used is a problem that belongs to
the application level, however, not to the lev-
el of data collection, management, or distri-
bution. Production of data sets in which defi-
ciencies are highlighted should allow for
more judicial use of the data.

In summary: The NVRG is a global grid
model with banded structure and grid cells of
nearly uniform size and shape. To each cell is
associated a sequence of matrices. The size of a
matrix is 2n × 2n subcells. The values assigned
to subcells are area values, not point values.
Not all levels need to be present, and matrices
can be populated by mostly no_value-identifi-
ers. A user can easily import classified resolu-
tion levels, for example, into the system in the
form of a «special purpose» model.

3 The NVRG/Sarepta system
The NVRG/Sarepta is a system for creating,
storing, updating and serving terrain mod-
els. It is not designed for performing compli-
cated searches or data analysis. The system
supports several different models, but indi-
vidual model files are not meant to be modi-
fied by users.

The processes and components of
NVRG/Sarepta are shown in Fig.4. We de-
scribe how to generate model files from sur-
vey data, as this is the most elaborate model
generation scheme.

The event chain is as follows: The
NVRG/Sarepta reads output files from the
bathymetric post processing system in the
form of corrected height/depth values, (xyz-
values). Model source files are then generat-
ed for each affected cell. Depending on cover-
age and sounding density, model files of var-
ious request and resolution levels are gener-
ated.

If possible, only one model file is created for
each area. The resolution should be as high as
possible, and will thus depend on both the
depth and the collection equipment. Coarser
levels should preferably be generated on-the-
fly. An important point here is that the proce-
dures that map block mean/min/max values
from fine to coarser levels, are projection oper-
ators. As long as there is full coverage at some
level, coarser scale values are uniquely de-
fined. Whether projecting level by level, or di-
rectly, the resulting value is the same.

3.1 Preprocessing
The NVRG/Sarepta system takes filtered
and tide corrected echo sounder data as in-
put. The first processing step is data binning,
where each measurement is assigned to an
NVRG cell. Data from a survey will thus be
split across several NVRG cells, and a cell
can contain soundings from several surveys.
During the next step, the xy-coordinates are
quantized, which in effect maps every point
to a standard local coordinate system. The
resulting data sets are stored in so called .ijz
files. In order to increase the efficiency of the
modeling algorithms, the local coordinates in
this file format are represented by an index
that allows subcell assignment using bit
shifts.
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3.2  Modeling
The coverage and resolution of the .ijz-files
determines the block size and the resolution
of the model files. Multiple resolution levels
can be built covering the same area, and dif-
ferent block sizes can be used to model a giv-
en resolution level. However, in order to sim-
plify searches and minimize storage over-
head, we only allow one model file to cover a
given area for each resolution level. In the
actual model building, the crucial step is the
transformation from point to area values
that takes place at the finest scale. A simple
solution is to use the observed mean, but
more robust methods are sometimes re-
quired. The coarser scales can be generated
level-by-level by averaging over 2× 2 sub-
cells, allowing one or perhaps two of the sub-
cells to have undefined values.

3.3 Web service
The most common way to access the NVRG
models is through the Sarepta web service.
Web services (WS) is essentially a means to
achieve interoperability between software
applications running on different computers
over a network. It is thus similar to other
technologies for distributed computing such
as CORBA and Java RMI (Remote Method
Invocation).

Although the definition of WS is broad and
encompasses several types of applications
[see W3C04], we use the concept here to
mean a service similar to an ordinary appli-
cation programming interface, i.e., a set of
callable methods. The service provider will
implement a set of functions and publish
them on a server. These functions may then
be called remotely in software running on
other machines. WS uses the SOAP protocol
[see W3C03] to exchange messages among
computers and the Web Services Description
Language (WSDL) [see W3C01] to describe
the service. SOAP messages are transmitted
on top of a network protocol such as HTTP.

Both SOAP and WSDL are open, XML-
based standards, which ensures that inter-
operability using WS is inherently platform-
and language independent. In the
NVRG/Sarepta system, data processing and
messaging is implemented in C# .NET, but
the Sarepta service may be accessed using

Matlab, Java or in principle any other lan-
guage. In fact, one of the advantages of
standardization is that most of the messag-
ing code can be generated automatically for
the application programmer. As a result
NVRG/Sarepta may be easily incorporated
into programs that need terrain data input.
A concrete example of this is an acoustic
propagation model running at the Norwe-
gian Defense Research Establishment.

In the default mode, the Sarepta service
offers methods for extracting point data, ter-
rain profiles or arrays of gridded data from
single models. Various interpolation schemes
can be applied. Output data may be generat-
ed at a fixed resolution or using the best res-
olution available for an area. Due to the sim-
ple, hierarchical structure of the NVRG, it is
also straightforward to extract a subset of
the database (an area of interest) and run a
copy of the NVRG/Sarepta system on a
stand-alone computer or on a different net-
work.

4 Discussion and Conclusions
The NVRG/Sarepta system is presented and
its design criteria are reviewed. Since the
system is based on matrix representation of
the earth’s surface domain, the design re-
quirement of «a terrain model which is easy
to understand and implement» is met. The
tiling scheme, which is termed the NVRG,
supports infinitely many resolution levels. A
set of request areas is also defined. These
definitions enable search for data inside user
defined windows at specified resolutions.
The fundamental unit in the grid is the cell.
Values assigned to the cells and subcells are
area values such as cell_mean,
cell_maximum, and cell_minimum. Other
kinds of area values can be defined. This rep-
resentation is a suitable basis for various
products. Users with different data quality
requirements can either process true-resolu-
tion models themselves, or provide algo-
rithms that can be implemented as part of
Sarepta. The NVRG/Sarepta system thus
supports several applications from a single
architecture.

NVRG/Sarepta is not implemented as a
relational data base system, but as a file col-
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lection. If future applications of the system
will benefit from a data base implementa-
tion, the partitioning of the data volume im-
posed by the NVRG tiling scheme, supports
such a migration.

By basing the interface on web service
technology, the system can operate on differ-
ent platforms. In addition to the system in-
stalled at the Norwegian Defense Research
Establishment, copies of the NVRG/Sarepta
system that allow users to import their own
models into the system can run on stand-
alone computers or on different networks.
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