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Abstract

The availability of a GPS network of 10-20 km mean size, provides good topographical support for the meas-
urement of ground displacements, even at a local scale such as a landslide. In particular, a series of multitempo-
ral kinematic or rapid-static GPS acquisitions of a landslide allows a good characterization of its displacements
if the measurements are referred to a GPS reference network. Nevertheless, a wider network formed by stations
located at long distances, for example at several tens of kilometers, characterized by large spacing, can lead to
results affected by high noise, degrading the accuracy of final point positions. In order to obtain an adequate GPS
reference network, some virtual reference stations (VRSs) can be introduced, even if a network refinement based
on VRS cannot reach the same accuracy of a real local network. Some experiments, including measurements on
a real landslide, have been performed in order to evaluate the performance of this technique. The results point
out that the standard deviation of the obtained solutions is about two or three times larger than those which can
be reached using a real local network.

monitoring of slow or fast ground surface de-
formations of the Earth’s crust. Information
provided by a GPS network can be used to eval-
uate the regional tectonics (see for example,
Cenni et al. 2008 or the local seismogenic
1. Introduction structures (Hunstad et al., 1999; Pietrantonio
and Riguzzi, 2004; Serpelloni et al., 2001;

The global positioning system (GPS), used Anzidei et al., 2005; Pesci and Teza, 2007). At
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in static and kinematic mode, provides highly the scale of a landslide, GPS data can be used
accurate estimations of measured point coordi- to monitor gravitational macroscopic effects
nates and therefore is widely applied for the due to rock-mass collapses, landslide activa-

tions or other instability effects (Gili et al.,
2000; Moss, 2000; Bonforte et al., 2002; Mora
et al., 2003; Tzenkov and Gospodinov, 2003;
Squarzoni et al., 2005; Pesci et al., 2005; Bal-
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so provide highly accurate trajectories, pro-
duced by a rover station which moves through-
out measurement sessions. This technique can
be useful either to define the correct position of
photogrammetric camera installed on aircraft
platforms (Beutler et al., 1995; Achilli et al.,
1997; Baldi et al., 2000), or to acquire a large
number of points distributed on a physical sur-
face when fast and accurate monitoring is re-
quired. In the latter case a point cloud, i.e. a set
of coordinates of trajectory points, is obtained,
with a nominal accuracy of a few centimeters
(or less) in the horizontal components, while
the error of the vertical component is generally
two or three times greater than the planimetric
one. Some tests are reported in Pesci er al.
(2005), showing the statistical data distribution
of coordinate solutions for kinematic applica-
tions in different surveying modes; crossover
analyses were used to evaluate solution reliabil-
ity when the GPS rover was moving or station-
ary throughout the measurement session. For
continuous kinematic surveys, when the anten-
na is moved on the ground following a planned
trajectory to cover the area with a large and
dense irregular grid, the human error induced in
point positioning by the operator has to be con-
sidered due to the fact that the measured points
are referred to the topographic surface (Pesci et
al., 2004).

The final coordinates of GPS points depend
on many factors during data processing, i.e. net-
work geometry, baseline length, local geometry
and shape of the monitored area and visibility
of the satellite constellation, atmospheric ef-
fects, computation strategy, etc. (Hofman-
Wellenhof et al., 1997).

A common and widely used approach for
GPS surveying and processing requires three or
more reference stations as datum of an external
reference system, a set of fiducial stations inside
and at least two stations (base and rover) working
in the specific investigated area; the number of
these stations is defined on the basis of the char-
acteristics of the studied area (see e.g. Hofmann-
Wellenhof et al., 1998). In particular, the large
network is mainly adopted to register the solution
into a common reference frame, the internal fidu-
cial stations provide a solid geometry for robust
data processing and the latter can also be ac-
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quired in kinematic or fast/static mode, to collect
coordinates of points at the surface or specific
natural or artificial targets. In order to obtain
good data, the mean spacing of the external net-
work should be no more than 10-20 km because
a line-length dependent uncertainty of 0.5-1 ppm
is added to the base positional uncertainty for
each component. Such a line-length dependent
error is caused mostly by errors in the orbital
ephemeris data and atmospheric effects. Never-
theless, despite the fact that the Italian territory is
widely covered by continuously operating per-
manent GPS stations (see e.g. Vespe et al., 2000;
Anzidei et al., 2006), their mean spacing general-
ly ranges from 40 km to 100 km, and several oth-
er stations would be necessary for monitoring
purposes. On the other hand, the increase in the
number of GPS permanent stations to reduce the
network mean spacing, is not always possible and
is very expensive. Some public and private com-
panies, often interested in topographical applica-
tions, work to make the GPS permanent network
denser and regularly distributed on the territory.
Some Italian regions (see for example the Au-
tonomous Region of Friuli Venezia-Giulia:
http://www.crs.inogs.it/frednet/immagini/_notes/
Ghidini.pdf and the Emilia Romagna Region,
where both INGV, ASSOGEO and University
GPS receivers are present) are now covered by a
high number of stations; nevertheless, this good
status is not present in other regions where the
mean spacing between the stations is rarely
smaller than 50 km.

Recently, a new approach has been intro-
duced to solve the problems related to the avail-
ability of the permanent stations. It is based on
the generation of synthetic data at a chosen and
defined coordinate point, called Virtual Refer-
ence Station (VRS, Higgins, 2002; Hakli, 2004;
Hu, 2005). Thanks to VRS introduction, the
mesh of reference stations can be adequately re-
fined, and a step of a few km can be obtained
avoiding the introduction of new real stations.

This article reports the results of some ex-
periments carried out to test the accuracy of the
solutions which can be achieved from VRS da-
ta post-processing, and provide the VRS
methodology for fast kinematic surveys, in ar-
eas subjected to high surface deformations and
terrain instabilities, in particular landslides. The
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work is based on three key points to validate
VRS methodology for monitoring proposal:

i) investigation of possible systematic ef-
fects in the estimation of point coordinates;

ii) test of the solution reliability and internal
accuracy;

iii) definition of a methodology useful in
providing solution correctness during kinemat-
ic continuous surveying for topographic surface
acquisition and modeling.

2. VRS basics

A VRS implies a GPS network formed of at
least three stations, used to generate a synthetic
dual-frequency code and carrier-phase data at a
virtual base located in a defined point of known
or given coordinates. The VRS concept is to
create one or more synthetic GPS stations close
to user’s receivers (rover) and to generate the
corresponding RINEX files (Gurtner, 1994) vir-
tually belonging to the chosen physical points.
In this way, the user can obtain a large amount
of data, related to real and virtual stations, and
can therefore obtain robust solutions (Higgins,
2002; Hakli, 2004; Hu, 2005).

Using this technique, data provided by real
active permanent stations are used as a basis for
the estimation of synthetic code and phase ob-
servables of the GPS signal in a position near
the survey field whereas the standard approach
(RTK surveys) should be based on transmission
of the data related to the nearest permanent sta-
tion to the user, whose distance from the inter-
esting point could be several tens of km.
Thanks to the very short distance between the
virtual station and the GPS receiver used in the
in-field measurements (i.e., the rover), the line-
length dependent error in the data post-process-
ing can be reduced, even if the ppm error in the
case of a VRS is clearly greater than the one re-
lated to a real permanent station.

The VRS solutions can be achieved in near-
real-time (akin to real-time kinematic, RTK) or
in post-processing mode, depending on the
user’s needs. The common RTK approach re-
quires high-bandwidth telecommunications
among the reference stations, the master control
station (where the virtual GPS data are comput-
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ed) and are subsequently transmitted to the user.
This allows the rovers to compare their own
phase measurements with the ones received from
the near virtual base station and to calculate their
relative position with respect to the base. The
distances imposed by conventional RTK applica-
tions are typically of the order of 10-20 km.

The VRS approach does not require a phys-
ical reference station close to the user, but a
multi-reference station (MRS) network sur-
rounding the area of interest, allowing the user
to access data from a virtual GPS reference sta-
tion at any interpolated location within the area
covered by the network (Hu, 2003). A multi-
step approach is commonly used to compute
VRS data, as follows: data transfer from the ref-
erence network to a computing centre; use of
network data in order to model errors related to
ionospheric and tropospheric signal propaga-
tion as well as to satellite orbits; fixing of carri-
er phase ambiguities for the network baselines;
derivation of actual errors (centimeter accura-
cy) on the baselines using the fixed carrier
phase observations; application of error models
(linear or more sophisticated) to predict the er-
rors at the user location and the virtual refer-
ence file creation at the chosen point. Finally,
the virtual data can be transmitted to the user in
standard formats (RTCM) during real time
measurements or can be used in post-process-
ing and stored for specific applications (Vollath
et al., 2000).

The capability to generate synthetic data al-
lows the user to work in post-processing, using
both VRS and rover (real) data, overcoming the
distances imposed by conventional RTK and
nominally reaching an accuracy of a few cen-
timeters (1-3 cm) for point coordinate solu-
tions, depending on the inter-distances between
reference stations that usually do not exceed
50-70 km (Wanninger, 2002).

The GPS industries have developed software
packages able to generate synthetic RINEX
starting from data belonging to at least three GPS
stations. In order to process the GPS data for the
following experimentations, according to the
standard data analysis procedures, Trimble Total
Control (TTC) software has been used. This is a
computationally efficient, powerful, easy-to-use
commercial software package, capable of pro-
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cessing GPS and topographic data. In particular,
TTC provides advanced geodetic control and
GPS processing and analysis tools, including:
automatic internet download of GPS and control
data, GPS and GLONASS (GLObal NAvigation
Satellite System) baseline processing, data pro-
cessing for static, rapid static (or fast-static),
kinematic and continuous surveys, geodetic net-
work adjustment, geodetic transformations,
analysis of residual error distribution and Virtual
Reference Station (VRS) post-processing
(http://www.hydronav.com/images/landsurvey/p
df/TotalControl TN.pdf).

3. The experimental network and
VRS generation

The GPS network used for computations is
formed of four stations (MOO0O1, MOO02, MOOS5,
BOO03) belonging to the ASSOGEO network
(see Trimble Geomatics and Engineering Divi-
sion, http://www.assogeo.net), with baselines
of ~50 km. The stations are equipped with
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Trimble receiver/antenna instruments (Trimble,
1999). Another station (TMP1) with similar in-
struments is added to provide a more correct
network geometry, while the user’s stations
(STA1, STA2) are installed on the roof of the
Department of Physics (Bologna University), at
a distance of about 10 m from each other. The
used network is shown in fig. 1.

The RINEX files of all the available stations
are loaded into the TTC importing box and
arranged for the processing. The IGS accurate
ephemeris (Kouba, 2001) are downloaded and
imported into the current project together with
the ionospheric model provided by CDDIS
archives (Crustal Dynamics Data Information
System, ftp://cddis.gsfc.nasa.gov/pub/gps). Da-
ta processing starts with the definition of phase-
observables forming double differences with
L2 or with a linear combination of L1 and L2
GPS frequencies, for distances longer than 5
km.

The post-processing procedure is iterative.
After a first network processing, the data are
adjusted to improve the solution accuracy. In
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. Trimble 5700
Zephyr Geodetic
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Trimble 5700
MicroCentr L1/L2

e —
Roof for experiment
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Fig. 1. Scheme of the GPS network. Four Assogeo stations (BO03, MOO1, MOO02 and MOO05), a temporary
TMP1 station equipped with Trimble receiver and the two Trimble stations installed on the University roof.
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Table I. Results from processing and network adjustment: station coordinates in UTM and errors at 2 sigma
level. The vertical components refers to elevation (WGS84), no a geoidic model is used.

First network processing and adjustment

Point North (m) G (mm) East (m) G (mm) Up (m) o (mm)
BO03 4944745.713 1.2 711693.753 1.0 52.469 1.5
MOO01 4944799.698 1.2 650660.832 1.0 95.738 1.4
MO02 4911304.665 1.2 646240.539 1.0 740.959 1.5
MOO05 4967530.173 1.2 680663.459 1.0 64.394 1.4
TMP1 4915717.101 1.1 675989.848 0.9 453.998 1.8
STA1 4930119.897 1.1 687409.317 0.9 99.682 1.6
STA2 4930120.395 1.1 687398.746 0.9 99.698 1.3

the first processing, only the BOO3 station is
kept fixed at its known coordinates to constrain
the network, avoiding baselines deformation.
Therefore, the estimates of coordinates for
MOO1, MO02, MOO05, TMP1, STA1 and STA2
stations into the UTM (32N) reference frame
are obtained, together with their error ellipses at
1-c level (fig. 1). The processing of differential
GPS data provides very accurate solutions, and
the baselines are obtained with an error of a few
millimeters (concerning relative solutions), re-
lated to differential data. The final solution was
obtained by means of adjusting procedures,
generally adopted to provide a single coordi-
nate result in a chosen reference frame. In this
case, a first adjustment was performed starting
from the first network solution leading to a ref-
erence coordinate data set. Subsequently, a sec-
ond adjustment was done, fixing all the stations
on their known coordinates, with the exception
of the rovers STA1 and STA2. The solutions, in
terms of point coordinates and errors are listed
in table I. Errors are given at 1-G confidence
level.

The VRS module of TTC allows the gener-
ation of a RINEX file related to a virtual station
with a chosen sampling rate. At the STA1 point
VRS is generated at a 30 s sampling rate. This
virtual station, called VRS_STI, is created im-
posing the previously estimated coordinates,
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that is the data related to the permanent station
of the used GPS network. The GPS data are
then processed using the same procedure de-
scribed above (preliminary network processing
and adjustment), and the related results are list-
ed in table II. Table III shows the residuals, that
is the differences between the solutions com-
puted in the two cases for each station. In this
table, the coordinate differences of STA1 with
respect to the synthetic VRS_ST1 are in bold.

4. Test of internal VRS accuracy and
solution stability

In order to evaluate the internal accuracy
and the solution stability of the VRS-based ap-
proach in kinematic mode, another experiment
was carried out. In this case, data processing
was performed considering both the STA1 and
STA2 stations, where STA1 is used as base sta-
tion and STA2 as a rover. The coordinates of
STALI are fixed on the data previously estimat-
ed, whereas the STA2 data are processed in
kinematic mode using the On-The-Fly (OTF)
algorithm (Landau and Euler, 1992), which is
available in the TTC module, providing a coor-
dinate for each measurement epoch (in this case
30 s). The experiment was divided into two
phases. In the first, the processing of STA2 da-
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Table II. Processing results using the virtual station instead of STA1 and network adjustment at 2-6 confidence
level; station coordinates in UTM and errors at 1-6 level. The vertical components refers to ellipsoidal elevation

(WGS84), no geoid model is used.

Second computation and adjustment

Point North (m) o (mm) East (m) o (mm) Up (m) o (mm)
BO03 4944745.713 1.2 711693.753 1.1 52.473 1.5
MOO01 4944799.698 1.1 650660.831 1.2 95.742 1.5
MO02 4911304.666 1.2 646240.540 1.0 740.962 1.6
MOO05 4967530.176 1.3 680663.460 1.0 64.399 1.6
TMP1 4915717.102 1.2 675989.848 1.0 454.000 1.8
VRS_ST1 4930119.898 1.2 687409.320 1.0 99.689 1.6

Table III. Coordinate residuals obtained by direct coordinate differences, computed in the same reference

frame.
Coordinate residuals

Point ANorth (mm) AEast (mm) AUp (mm)
BOO03 0.0 0.0 -5.0
MOO01 0.0 1.0 -4.0
MO02 2.0 -1.0 -3.0
MOO05 -3.0 2.0 -5.00
TMPI -1.0 1.0 -2.0
ST1-VRS ST1 0.0 2.0 -6.0

ta was performed considering the real STA1
station, whereas VRS_ST1 was considered in
the second. In both cases, the same procedures
and settings were adopted. The experiment was
completed by a comparison between the corre-
sponding solutions.

In both the phases, the obtained kinematic
point cloud describes the trajectory of a rover
station (STA2) staying on the same point
throughout the measurement session. In this
way, the dispersion of the points can be easily
evaluated, as shown in fig. 2a. The results show
that if STA1 is used, the point cloud is charac-
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terized by low noise, with horizontal deviations
of about 0.005 m and a vertical deviation of
about 0.008. If VRS_ST1 is used instead of
ST1, the results are characterized by a higher
noise level for both the horizontal and vertical
components m (see figs. 2a-d), leading to stan-
dard deviations of about 0.011 m and 0.025 m
respectively, as shown in fig. 3. Even if a small
number of outliers exists, the obtained results
are in agreement.

This simple experiment tests the effects on
the internal precision of the GPS solutions us-
ing a virtual station. In particular, the statistical
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Fig. 2a-d. Rover trajectories and coordinate time series obtained using STA1 or VRS_STA1 as base station; a)
the two trajectories are shown with red and black points respectively; b) the Up rover coordinate component time
series computed using real and virtual data for the base station; c), d) the east and north coordinate time series
of rover, computed with respect to both STA1 and VRS_STA1 base stations.
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Fig. 3. Rover solutions analysis: statistical distributions of rover coordinates obtained using both STA1 and
VRS_STAT as base stations.
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Fig. 4. Rocca Pitigliana Landslide cartography and network description. Three reference stations (yellow cir-
cles) are monumented outside the landslide body and one master station (PILL) sits inside the landslide head on

a pillar.

errors related to the solutions increase if a VRS
is considered, but the reached level is still rea-
sonable for a kinematic measurement session.
Moreover, the experiment shows that a VRS
does not introduce major systematic effects on
computed solutions.

5. VRS application on landslide surface
monitoring

We applied the VRS approach to the well
known and adequately monitored landslide of
Rocca Pitigliana (fig. 4) because the perform-
ances of this approach could be more easily
evaluated together with the corresponding ad-
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vantages or problems.

The Rocca Pitigliana landslide, located in
the Reno River Valley (50km SW Bologna,
Italy), is expected to reactivate by means of
retrogressive sliding. The material involved in
the slope failure is formed by the superficial
weathered horizon of stiff and highly fissured
mudshales widely outcropping in the Northern
Apennines of Italy. It belongs to the Palombi-
ni Shale and Varicoloured Shale Formations.
The formations are strongly deformed includ-
ing completely disrupted strata. The assem-
blage of such highly deformed units has been
referred to the literature as «argille scagliose»
whose literal translation is scaly clays (Pini,
1999). The first information about its activity
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Fig. 5. The rover trajectory is shown (black circles) on a DTM of the landslide head defined in 2005. The yel-
low dash line points out the boundary of the model also in the aerial image. Yellow circles are the reference sta-
tions while the red one is the PILL master station used for kinematic analysis.

refers to March 6th 1934, when several build-
ings were destroyed. In April 1994 it partially
reactivated, while its complete reactivation oc-
curred in 1999, when the main road was inter-
rupted. The reactivations started with small ro-
to-translational movements involving the
crown area, subsequently evolving in earth-
flows.

To allow a continuous monitoring of the un-
stable mass, two permanent stations were estab-
lished in past years. The first (MAST) was
placed on a rock outcrop outside the landslide
area, and therefore stable, whereas the second
(PILL) was built on a pillar mounted near the
landslide head and affected by landslide move-
ments (fig. 4). 3-D type geodetic monuments
were used to assure antenna stability. The other
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two stations (PARC and INCB) were built on
outcropping units and the geodetic monuments
were placed in stable areas near the landslide,
and used together with MAST and PILL to pro-
vide a local reference frame during GPS sur-
veys. The landslide and in particular its upper
part was studied using GPS in both static and
kinematic modes. Aerial and ground-based
photogrammetric surveys were also performed
to provide a detailed digital terrain model of the
area (Fabris et al., 2005).

In October 2006 a kinematic GPS survey
was planned and performed in the Rocca Piti-
gliana Landslide. The PILL station was started
at 1 s sampling rate and a rover station was
moved on the head of the landslide for about
40 minutes. From these data, the rover trajec-
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Fig. 6a,b. Real and virtual solution comparison: the two rover coordinate time series are computed with respect
to PILL and VRS_PILL base stations; a) residuals obtained for each one of the three coordinate components by
directly subtracting the real and virtual rover solution; b) statistical distribution of residuals.

tory was computed in post-processing kine-
matic mode using the procedure described in
the previous chapter. In particular, the PILL
coordinates were maintained fixed to the val-
ues provided by the analysis of the reference
network consisting in MAST, INCB and
PARC stations. Results of such computations
are shown in fig. 5, where rover kinematic co-
ordinates are overimposed on a Digital Terrain
Model (DTM) obtained by the integration of
terrestrial laser scanner and GPS measure-
ments, previously carried out (Pesci et al.,
2006).

The kinematic post-processing was repeat-
ed considering the VRS_PILL virtual station.
The RINEX file of this virtual station was gen-
erated from the previously computed PILL co-
ordinates and the data of the reference network
(MAST, INCB and PARC). Also in this case
the rover trajectory is modeled, clearly using
the same observational rover data of the previ-
ous case. The differences of coordinates ob-
tained using PILL and VRS_PILL were com-
puted; the corresponding residuals are shown
in fig. 6. The results agree within the solution
accuracy. In particular, the standard deviation
for the three components of coordinate residu-
als were 0.013 m (North component), 0.010 m
(East component) and 0.023 m (elevation) re-
spectively.
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6. Discussion and conclusions

The Assogeo reference network consists of
several permanent stations homogeneously dis-
tributed in the Emilia-Romagna and surround-
ing regions, allowing the generation of stable
synthetic RINEX files at known and chosen co-
ordinate points. A virtual station is created at a
defined coordinate point using GPS data of sur-
rounding permanent stations; the closer these
stations are, the lower the noise of virtual sta-
tion data obtained from interpolation/extrapola-
tion procedures is.

A GPS network of permanent stations dis-
tributed on an irregular grid with a mean step of
a few tens of kilometers is sufficient in order to
obtain a set of synthetic observables character-
ized by a few centimeters’ noise. By choosing a
suitable grid step, it is possible to create data for
some GPS-based applications to survey and
study surface kinematics at a small scale (e.g.
landslide).

The aim of the described research was to
test the stability and accuracy of solutions ob-
tained from post-processing analysis of GPS
data when a VRS is considered.

The experiment performed on the roof of
the Physics Department (Bologna University) is
conceived to estimate the noise affecting the fi-
nal coordinate time series when a VRS is used
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instead of a real station. In this case, the VRS is
generated from a surrounding network with a
size of about 50 km, and the obtained results are
very significant. The standard deviations of the
solutions are about 0.011 m for the horizontal
and 0.025 m for the vertical component, about
two or three times the values which can be ob-
tained using a real data set. Despite a larger
noise and dispersion in the VRS case, the re-
sulting point coordinates are substantially the
same, since the differences are of a few mil-
limeters. Therefore, the use of a VRL does not
introduce any significant systematic effects.

Another experiment was performed using
data provided by measurement sessions at the
Rocca di Pitigliana landslide, located in the
Bologna Apennines (about 50 km from the city
of Bologna). This site is a particularly suitable
case study because a reference GPS network is
available here, which consists of three GPS sta-
tions located on stable outcrops near the land-
slide body. In this way, the occupations of
points of known coordinates was possible, and
the measurements were carried out on a well
measured physical surface.

This experiment is very similar to the first
one, but in this case the aim was to evaluate the
effect of VRS introduction on the results of the
rover trajectory post-processing. Another dif-
ference between the two experiments is due to
the fact that the VRS is now introduced by the
processing of data related to GPS receivers at
distances shorter than 1 km. The experimental
data were obtained by walking on the disrupted
head of the landslide for about 40 minutes. A
comparison between real and virtual processed
trajectories, operated taking into account the
coordinate differences on the same epochs,
shows that results agree. In particular, the stan-
dard deviations of the differences are about
0.01 m for the horizontal and 0.02 m for the
vertical components, without the detection of
any systematic effects.

Results, obtained in different environments
and different surveys and post-processing
modes (static and kinematic), show that a VRS-
based approach is sufficient to provide high ac-
curacy data for the studied surface. In particu-
lar, our results confirm that the existence of a
permanent network allows the generation of a
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VRS and a fast and rapid post-processing,
avoiding the use of several GPS receivers, sav-
ing time and costs. A traditional kinematic ac-
quisition of a landslide surface requires a GPS
base station and a rover station carried on a
backpack by an operator, walking on the inves-
tigated surface. If a VRS is used, the base sta-
tion (PILL in the described experiment) is not
necessary. Therefore, the measurements can be
performed using only one GPS receiver at low-
er costs. On the other hand, if two receivers are
available, both can be used to track different
trajectories on the landslide surface.

The data provided by a GPS kinematic
measurement session on a landslide surface can
be wused to produce a digital terrain model
(DTM) of the unstable slope surface, with an
accuracy of 0.1-0.2 m and a resolution of 0.5 -
1.0 m. A comparison between two or more mul-
ti-temporal DTM models can detect possible
variations of the observed scene, e.g. differ-
ences of elevations, as well as the computation
of the displacement field. Nevertheless, when a
VRS is used instead of a real master station, the
errors are 2-3 times larger. For this reason, the
computation of some quantities, for example
the strain, requires adequate care. In particular,
the strain computation is generally based on
least square (LS) solution of a series of normal
equations, where a design matrix is considered
(Pesci and Teza, 2007; Teza et al., 2007). This
matrix, which describes the position of the ex-
perimental points with respect to the points
where the strain computation is performed, is
considered to have negligible errors (the uncer-
tainties are related to the pseudo-observable
vector only, which is the vector formed by dis-
placements of the experimental points). If data
are provided by VRS-based measurements, the
design matrix errors could be significant and
the use of a total LS approach could be neces-
sary to obtain reliable results (Golub and Van
Loan, 1980). A development of the method pre-
sented in Pesci and Teza, 2007 and in Teza et
al., 2007, based on incorporation in this method
of the total LS approach, is in progress.

A further development concerns the use of
VRS stations to create a stable and time-inde-
pendent reference network in the surroundings
of the interested area. In particular, a possible
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definition of an optimal network geometry for
an assigned landslide, based on both real and
virtual stations, is considered and will be devel-
oped and tested. These experiments point out a
general validity of an approach to landslide
monitoring based on systematic use of virtual
stations.

Nowadays, the introduction of a VRS is of-
ten used when a GPS network is available but
none of the stations of this network are located
near the area where the measurements are car-
ried out. This is the case of a regional scale net-
work whose mean spacing between stations is
50-60 km, and there is a lack of points within
some tens of kilometers around the surveying
area, or at a landslide scale, spaced by a hun-
dred or a thousand meters, without reference
points in its surroundings. In Italy, some Public
Authorities, in particular some Regions, and al-
so private companies have placed or have
planned to place good networks of permanent
GPS stations; the mean spacing is therefore re-
duced to tens of kilometers. Nevertheless, also
in such a case the use of a VRS could provide
some benefits. Results of these experiments
show that the method used provides reasonable
solutions in all the explored cases. An impor-
tant statement is that the standard deviations are
increased by a factor of 2 or 3 with respect to a
case where a real station is used, without any
valuable systematic effect. In particular, the
performance is significantly improved with re-
spect to the classical approach where the user
processes data related to the nearest permanent
station, and no distortions are introduced.

A very important practical indication arises
from our experiments: in the case of landslide
monitoring, a kinematic survey can be carried
out without a master station and therefore using
only one rover receiver carried by an operator
walking on the slope surface (cost saving case),
or two rovers, both carried on the slope by two
operators (time saving case).

In conclusion, a VRS approach to GPS-
based topographic measurements can lead to
significant benefits in landslide monitoring in
those areas where either a thick network of per-
manent stations is not present, or data with suit-
able sampling rate (e.g. 1 s in the case of a kine-
matic survey) are unavailable.
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