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Abstract. This work presents the first results of an ex- over 80% of the Earth landmass surface with an estimated
periment aiming to derive a high resolution Digital Terrain vertical accuracy of 15m and a discretization to the nearest
Model (DTM) by kinematic GPS surveying. The accuracy meter. Outside USA the spatial resolution is reduced to 90 m
of the DTM depends on both the operational GPS precisiorpixels (Farr and Kobrick, 2000). A preliminary distribution
and the density of GPS samples. The operational GPS precbf 1 and 3 arcsec topographic data (SRTM-1 and SRTM-3)
sion, measured in the field, is about 10cm. A Monte Carlohas been made for evaluation purposes (Farr and Kobrick,
analysis is performed to study the dependence of the DTM2000).
error on the sampling procedure. The outcome of this anal- Stereo optical images acquired by IKONOS provides an-
ysis is that the accuracy of the topographic reconstruction issther means to obtain a DEM with planimetric and vertical
less than 1 m even in areas with a density of samples as lowiccuracy of 1 m. The successful processing of these images
as one sample per 10mmand becomes about 30cm in ar- depends on the sun illumination and cloud covering condi-
eas with at least one sample per 18 rithe kinematic GPS  tions (Toutin and Cheng, 2000).
technique gives a means for a fast and accurate mapping of All the above space mapping techniques provide a DEM,
terrain surfaces with an extension of a fewkrExamples of  which does not mean only topography but also tree and build-
application are the investigation of archaeological sites andngs height. However, often users need a high-resolution
the stability analysis of landslide prone areas. Digital Terrain Model (DTM) of a small area of interest.
High resolution DTMs are needed, for example, in landslide
prone areas to be used as updated topographic information
in run-off models, and in the mapping of river beds for hy-
drological risk analysis. Recently, a ground-based radar in-
A representation of terrain morphology is essential to modelt€"férometer has been proposed for the remote topographic
geological processes occurring on the earth surface. ToMapping of small areas, able to produce a DTM with a spatial
pographic data are currently available from land surveying,@nd vertical accuracy of a few meters (Nico etal., 2004; Nico
aerial photogrammetry (Mikhail et al., 2001: Heipke, 1995), €t @l., 2005). The application of GPS techniques to produce
optical (Toutin, 2001) and radiometer images (Hirano et a|_,he|gh't profiles has been recently described in the literature
2003), synthetic aperture radar (SAR) (Farr and Kobrick, (Baldi etal., 2000; Baldi et al., 2002).
2000; Rabus et al., 2003; Toutin and Gray, 2000), and light !N this paper, we study the use of kinematic GPS to gen-
detecting and ranging (LIDAR) technique (Wehr and Lohr, erate the DTM of a whole topographic surface. The first re-
1999). sults of an experiment aiming to produce high resolution, i.e.
The USGS’ National Elevation Dataset furnishes a seamSUb-metric, topographic maps of a small terrain surface are
less raster Digital Elevation Model (DEM) of USA territories déscribed. The measurement campaign has been carried out
with a spatial gridding ranging form 10 to 30 m and elevation &t the archaeological site of Torre di Satriano, close to the
units standardized to decimal meters (Gesch et al., 2002). vHIagg of Satriano, Basilicata Region, Italy. This site is char-
The processing of data acquired in the C band (radar Waveapterlged by the presence of human settlements since the pre-
length.=5 cm) by the SRTM interferometric radar on board historic age. An accurate and updated DTM of an archaeo-

of the Endeavor Shuttle provides a nominal 30m DEM of logical site can provide useful information about the human
settlement structures. The GPS survey technique provides an
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Fig. 1. View of the Torre di Satriano site. Ruines of the ancient Sa-
trianum settlements are visible at the summit of this archaeological e | eterence siations used in the Kinematics surveys

site. The picture shows the fairly irregular site morphology, charac-

terized by a topographic height between 900 and 1000 m a.s.l., anlig. 3. | ocation of GPS samples (yellow line) overlaid to a satellite
an average slope of about 50%. optical image of the Torre di Satriano site. Red spots give the lo-
cation of local reference stations used in the kinematic survey. The
GPS reference station has been installed in pBinGPS rover re-
ceivers have been initialized in poiRt

2 Test-site
L7 N N N ieSeas The archaeological site of Torre di Satriano, close to the vil-
| e Torredisawianonin kL ¥ lage of Satriano, Basilicata Region, Italy, has been chosen
i =) e | AR O Rs for the experiment. The Torre di Satriano site dominates a

vast territory and still nowadays represents a clear landmark
from a long distance (see Fig. 1). The site controls a sys-
tem of crossroads which interconnects the area of Marmo-
Platano with the geographical districts of the river-valleys of
Ofanto, Agri and Vallo di Diano (see map in Fig. 2). The
position as well as the presence of water springs and fertile
Fig. 2. Location of Torre di Satriano site. lands, favoured the development of human settlements since
the Bronze age. The imposing ruines still visible today on
the summit of the Torre di Satriano hill, including the mighty
A Triangulated Irregular Network (TIN) has been used tower, the rests of a cathedral and other small buildings on
to model GPS data. A TIN is able to represent the topo-the slope side are related to the ancient Satrianum settle-
graphic information at a both small and large scale of resonent, dating back to the Middle age. As shown in Fig. 1,
lution. Grid-based DTMs, even if easier to use, suffer thetne terrain morphology of the test site is fairly irregular, with

main disadvantage of representing the terrain surface at g topographic height between 900 and 1000 ma.s.l., and an
constant resolution which in practice means the resolution ofyerage slope of about 50%.

the smallest topographic feature of interest. Further, a grid-
based representation makes difficult the modelling of geolog-
ical processes with a significant horizontal component, such
as stream meandering and landslides (Crosta et al., 2003).

The paper has the following structure. A description of 3 GPSsurvey
the test-site area and of its archaeological relevance in given
in Sect. 2. Section 3 is devoted to a short discussion abouthe GPS campaign consisted of two steps: a static survey
the GPS survey. Terrain interpolation methods based orio establish a local GPS network, and a kinematic survey for
TIN models are discussed in Sect. 4. In Sect. 5 the postthe terrain mapping. All data have been collected using dual-
processing of GPS data is detailed and results presented. Firequency Trimble 4000 SSi GPS receivers, in five different
nally, some conclusions are drawn in Sect. 6. daily campaigns from October 2003 to April 2004.
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Fig. 4. Definition of Delaunay triangulation by means of the “empty
circle criterion”.

3.1 Static survey

The GPS local reference network has been established by

means of four markers. Two of them, have been placed at th€ig. 5. Voronoi diagram and Delaunay triangulation corresponding
top of the hill, while the other two ones have been installed atto the set of nodes of Fig. 4.

the bottom of the hill. The position of each marker has been

surveyed by static GPS in three different daily sessions, of

about 8 h each, from October to November 2003. These datd Terrain representation

have been merged with those collected at the permanent GPS

stations at Matera, Tito and Cagliari sites. These stations beA terrain surface can be represented inyqﬂane by a set
long to the Italian GPS Reference Network, managed by theyf nodes which are the projection on the plane of terrain
Italian Space Agency. The jOint prOCGSSing of data allows thesamp|ed point@(xl Y, Z) A number of methods for triangu_
Torre di Satriano local GPS network to be referenced W|th|n|at|ng a set of irregu|ar|y Spaced nodes have been proposed
a largest network of permanent GPS stations. The two mark¢Kumler, 1994). They are at the basis of Triangular Irregular
ers at the top of the hl", shown in F|g 3, have been UsedNetwork (T|N) models very popu|ar among the Geograph_

during the kinematic survey sessions. ical Information Systems (GIS) currently available on the
market. A TIN represents a topographic surface as a set of
3.2 Kinematic survey non-overlapping contiguous triangular facets of irregular size

and shape (Burrough, 1986). Important information such as

The kinematic survey has been performed in two differentSlope, aspect, contour and visibility maps, can be extracted
daily measurement campaigns in February and April 2004T0m these models. Here, we focus on the commonly used
The reference station has been installed in pdni(see Delaunay triangulation (DT) and its corresponding Voronoi
Fig. 3). At the beginning of each kinematic session, Gpstessellation (VT).

rover receivers have been initialized in poii(see Fig. 3). Given a set of node&={(x;, yi/)€R?};; -, in the plane,
During the survey, this point has been crossed 107 time& DT of N is given by the empty circumcircle criterion (Tsai,
along different paths. The cut-off angle of GPS antenna had993). This criterion, stating that the circumcircle passing
been set to 15 The GPS signal has been sampled at a ratdrough the three vertices of a triangle does not contain any
of 2 samples per second. The minimum number of in-viewother sample point, is used to determine whether a triangle
satellites has been set to five. It is worth noting that obstais Delaunay or not. Figure 4 depicts a set of six points and
cles, such as trees and walls, as well as the need to colle¢he corresponding DT emphasizing the empty circumcircle
data along the flank of the hill, reduce the sky visibility of property of triangles. Every region, except for the external
GPS antenna, so reducing the number of in-view GPS satelones, is a triangle. The DT is unique and it maximizes the
lites and, as a consequence, the loss of GPS signal lock. Iminimum internal angle of each triangle, so making them as
the two kinematic daily surveys, there has been a small numequilateral as possible.

ber of interruptions as the cycle slip, i.e. the loss of GPS sig- The DT of N can also be defined in terms of the VT of the
nal lock, has been very short. Each GPS rover acquired dataetN. The plane is uniquely subdivided into n convex polyg-
for a time interval of about 3 h, with an average number of 2onal regions called Voronoi (or Thiessen) polygons, each as-
re-initializations. sociated with a node. The Voronoi polygep of node (;,
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Fig. 7. Digital Terrain Model of the surveyed surface at the Torre
di Satriano site. It has been derived by processing the GPS data
100 Lo .......................... - Collected in the measurement Campaign_
0 i w w i polynomial functions are applied to both the triangle and its
0 100 200 300 400 500 neighbours in order to get slopes and curvatures smoothly

X m] changing even across triangle edges (Akima, 1978; Lancaster

: . ) o and Salkauskas, 1986).
Fig. 6. Delaunay triangulation of GPS samples. A decimation fac-

tor equal to 100 has been applied to facilitate the interpretation of

picture. 5 Analysis of results
A terrain surface of about 1500° m? has been surveyed dur-
yi) is the set of pointsx(, y) in the plane lying closer taf,  ing the measurement campaign. Figure 3 shows the exten-
¥i) than to any other node oV, i.e. sion of the surveyed area and the location of GPS data, over-
laid to a satellite optical image of the Torre di Satriano hill.
TP = { (xi, yi) € RZ)\/(x —x)?+(y—y)? < A number of 47 000 samples has been collected in an overall

time interval of 12 h. The RMS of continuous kinematic GPS

2 > o solution is below 1 cm.
\/(x —x;)"+ (v =) ]1<,.<nvg =L1...ni#] The operational precision of GPS measurements has been
T tested in the field by computing the dispersion of height val-

The DT is the dual of the VT and is constructed by con- ues of the reference poitmeasured at different times along
necting the nodes whose associated Voronoi polygons sharthe 107 different paths (see Sect. 3.2). The standard deviation
a common edge. The relationship between DT and VT is il-of the height samples is about 8 cm.
lustrated in Fig. 5. Many algorithms for constructing a DT or  Figure 6 displays the location of GPS samples, decimated
a VT have been developed (Guibas and Stolfi, 1985; Knuthby a factor 100 to facilitate the interpretation of picture.
et al, 1992; Lee and Schlachter, 1980). When the sample s&@amples have been connected by a Delaunay triangulation.
is too dense, the triangulation is constructed by selecting &errain surface within each triangular facet has been recon-
subset, the Very Important Points (VIP) that better representstructed by a linear interpolation. The resulting DTM is dis-
the topographic surface (Lee, 1991). played in Fig. 7.

Starting from a DT, an interpolation can be performed tofit Besides the operational GPS precision, the final accuracy
the terrain surface. Each triangle can be described by a locaif the topographic reconstruction depends on the sampling
polynomial surface whose parameters depend on vertices girocedure. To study the impact of spatial distribution of sam-
the given triangle and of those close to it. A simple approachples on the final accuracy of the DTM, a Monte Carlo analy-
is the linear fitting consisting in computing the plane surfacesis has been performed. Synthetic GPS sample patterns have
passing through the three vertices of triangle. This allowsbeen generated within the studied area. For a given spatial
to derive the height of every point inside the triangle. If a density, namely the number of GPS samples p&rthe lo-
smooth fit to the terrain surface is needed over every trianglecation of samples has been obtained by a uniform random
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distribution. The range of density values used in the Monte
Carlo analysis has been estimated directly from the Voronoi
tessellation of GPS samples. Each Voronoi polygon contains
just one sample. Figure 8 depicts the Voronoi diagram corre-
sponding to the experimental dataset, decimated by a factor %[
100. The majority of Voronoi polygons have an area smaller
than 10m. This means the local density of samples, com- 0
puted as the inverse of polygons’ area value, is higher than Xim]
0.1 sample/ra Voronoi polygons with the smallest area val-
ues are located in regions of high sample density. The freFig. 10. Density map (sample/®) of GPS samples.
quency distribution of polygons’ area values is plotted in
Fig. 9. These values have been used to compute the density
map of samples displayed in Fig. 10. Density values highergraphic surface following the procedure explained at the be-
than 1 sample/fhave been saturated to appreciate the lowerginning of this section. Differences between the two surfaces
density values into which we are interested in. depends on the joint effect of operational GPS precision, i.e.
The dependence of the DTM accuracy on the samplingthe noise level, and sample density. The mean and standard
procedure has been studied in the density range (0.001, 0.Heviation of absolute height differences, averaged over dif-
samples/ri. For a given density value, patterns of synthetic ferent realizations of the synthetic pattern of GPS samples,
GPS samples have been generated, having a random lochave been computed for each density value. Figure 11 shows
tion and subject to the constraint of a constant average derthe mean value and standard deviation for sample densities
sity. The height value corresponding to each sample has bedower than 0.1 samples/m In particular, it has been found
computed by interpolation from the reconstructed DTM of that the accuracy of the topographic reconstruction is about
Fig. 7. A gaussian random noise, with standard deviation 0of0.5m and it is less than 1 m even in areas with a sample den-
10 cm has been added to the interpolated height values to asity lower than 0.01 samplesfmThis figure has been esti-
counting for the operational GPS precision. This syntheticmated using the 2 standard deviation around the mean of
GPS dataset has been then used to reconstruct a new topabsolute height differences.
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