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SUMMARY

The cadastral map represents an essential layanyfspatial data infrastructure, as well

emphasized by the European directive INSPIRE. Is ttontext, each cadastral parcel

assumes a fundamental role, since it constitutesobrthe key elements for carrying out an

interoperable information system. The parcel regrts the link among the legal domain

information, the public restrictions, the privasxes, and further layers. The cadastral map,
therefore, enlarges the required interoperablesliokthe complete available geo information

tools like networks, plans, services and others.

To fulfil this function, the cadastral map mustisigta high level of accuracy, not reachable
at the time of its implementation, often more thame century ago. Furthermore, the
harmonization of a digital cadastral map into atigpanformation system is complicated by
further problems like fragmented reference systemaccurate upgrades, distorted and
discontinuous representations.

Accordingly, the cadastral map updating requiregragriate interventions. Sometimes the
corrective actions prove to be empirical, not rep@ble and of costly maintenance.
Furthermore, the diversity of solutions hinders ttegabase harmonization of the various
administrations.

This paper analyses the problems inherent in thbafht cadastral map, describes the
methodology developed to update the digital map esxbver the original geometric
accuracy. Furthermore, the paper shows the resflte global and qualified set of
interventions carried out by the Friuli Venezia l@uegional administration, in cooperation
with INSIEL Spa and the University of Udine, thatake the cadastral data base fully
harmonized and interoperable within the regionatigpdata infrastructure.
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1. INTRODUCTION

A frequent request to the public administrationd agencies providing territorial services is
to connect their spatial data bases, relating bamplans, transport networks, distribution
networks and so on, to the real estates reporteth@rcadastral maps. The most popular
method to connect the different layers is basedthen geometrical overlapping of the

corresponding digital maps, and on the use of @Eia analyses tools. In order to obtain a
successful result it is necessary to use a streattonrapping, updated, and with a high metrical
quality according to the formal scale of the GIS.

In Italy and in other countries, the use of theasdicl digital mapping in a GIS, with enough
precision and truthfulness, is often a problem tfug less than optimal properties of the
available maps. If, for more than one century, lfadian cadastral map has satisfied its
documental function, today, according to the digitse, it shows many limits due to the
historical origins and to the various procedurepm@servation and transformation adopted
over time. The most common inconveniences are:nmdgeneous and fragmented coordinate
systems, incomplete and inaccurate cartographicadpyy processes, deformation and geo
referencing problems, lack of congruence for thamon sides of contiguous sheets.

For some years, the Italian cadastre administratiamely Agenzia del Territorio (AdT), is
deeply involved in the solution of these problekisfortunately, the dimensions of the digital
archives require too much time, not acceptable & iBanagers that are prompted to search
for independent empirical approaches. This praas$ to patchy solutions that make difficult
the geometrical alignment of the cartographic basisng different GIS implementations.

To satisfactorily solve the problem, the Friuli \é&m Giulia regional administration
developed an univocal solution to facilitate theegration of the cadastral databases within its
own regional GIS. With this aim, in 2005 this rema administration established with the
national Agenzia del Territorio a three years agrex, containing a series of actions with the
purpose of upgrading and aligning the digital ca@dhsarchives. The execution of the
technical activities was committed to Insiel S.p.An house company of the regional
administration, with the scientific support of teiversity of Udine (Italy).

The complex upgrading of the cadastral mapping deagloped according to the following
four action lines:

- the completion of the vectorization of the cadashaps till in raster format;

- the map updating with the most recent acts notegastered,;

- the geometrical strengthening of the networkhef¢adastral fiducial points;

- the realization of a continuous cadastral cadgphgic database, referenced in the national
Gauss-Boaga/Roma Monte Mario 1940 and UTM/ETRS@&®dinate systems.
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This paper describes the main phases of this complperience, deepening on the
methodology adopted for the strengthening of thedial points network, on the analytical

approach used to reference the cadastral mape indtiional cartographic datum, and on the
employed solutions to satisfy the automatic comwesence between the cadastral map,
managed by the Agenzia del Territorio, and theesponding map upgraded in the GIS of the
regional administration.

2. CARTOGRAPHIC PROBLEM

As mentioned before, the diffusion of large scalks G the public administration has
evidenced the inappropriateness of the main patieotadastral digital mapping to represent
the extension and the spatial distribution of esthtes with the necessary metrical precision.
This fact is due to various reasons: the limitthef measurement technology employed for the
cadastral map realization, carried out betweeretiteof nineteen century and the first half of
the last century, and the way the maps have beeedsand preserved, very different from the
current needs. The most common problems regard:

2.1. Reference systems fragmentation

The Italian cadastral mapping mainly uses the
Cassini-Soldner projection system, and only locally
the national Gauss Boaga system is applied.
According to reports from the Agenzia del
Territorio, the entire national territory is subidied

into more than 818 local reference systems, and 32
systems of “wide dimension”. At a local level, a
more fragmented situation can be found,
particularly in the areas once administered by the
former Austro-Hungarian cadastre.

Furthermore, the map digitizing process, carried ou
in the last two decades, has often produced a total
disjunction between the original cartographic
coordinates (Cassini-Soldner or Gauss-Boaga) and
the vector coordinates. For this reason, many map
sheets are referenced into arbitrary independenfyure 1 — Cadastral reference system
systems, with consequent difficulties for theirfragmentation

proper re-projection within the GIS (Figure 1).

2.2. Map distortions

In origin, the Iltalian cadastral maps were drowthvparticular care on heavy paper sheets,
transposing with graphical signs the measuremakenton the terrain. Every map sheet was
independently surveyed, without a strict graphemaitinuity with the other sheets, considered
not necessary at that time. Although the bettevesting techniques employed, the lack of
geometrical constraints with the contiguous shiettthe measurement errors accumulate near
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and along the external perimeter of the maps, ngakirthis way, the common lines of two
contiguous sheets not always congruent. This defext furthermore amplified by the
digitizing process of the cadastral maps, carrigichot for the original sheets (properly stored
against damage) but for the working copies, thg onks to contain the successive updating
reports. In this way, to the small initial erroeglditional deformations were summed up due
to the vectorization procedures and, mainly, du¢he deterioration of the long time used
paper supports. These cartographic defects, lawgelgspread, and of a complex modelling,
make impossible to accurately georeferencing tldastaal mapping in a global way, and
oblige to act sheet by sheet.

2.3 Approximated updating

The cadastral map contains many immaterial geoca¢telements, such as the border lines of
the parcels, that are rarely reported in the fialdoncrete way. The only certain physical
elements represented by the cadastral mappingharéuilding perimeters, without roof
protrusions. These entities are also representethentechnical maps of the regional
administration, and on the photogrammetric imagesl, can furnish referenced geometrical
elements for matching different cartographies. Nalynthe insertion of new buildings in the
cadastral map is done according to good topogrgmiaictice rules, satisfying the prescribed
tolerances, but not always this could happenedtdéohnical reasons or for contingent
necessities. Therefore, there are several casespfupdates carried out in an approximated
way, that do not satisfy the precision of the ov@jimap, and that must be recognised and
treated in a proper way.

3. RESEARCHES ABOUT CADASTRE DIGITAL MAPPING INITALY

It is obvious how the described questions hinder filnctional connection between the
cadastral database and the other GIS layers. Tidepn is not recent nor only Italian, but is
shared by other countries still using an historicatiastral database. Making use of the
experience of other countries is not always sinfipiehe different technical norms adopted
by each country. Although it is easy to modify apmaithout any limit so to satisfy the
graphical congruence, actually, legal, metricabrgetrical and topological constraints of the
map contents strongly reduce this possibility.

In Italy two opposing views are compared: thosé phnapose a total remaking of the cadastral
map, neglecting the high costs and time neededthersé suggesting a progressive upgrading
according to the specific applications. The secemg is the most adopted, and is proposed
by universities, public administrations, and theneaAgenzia del Territorio.

A concise overview of the research lines carrietliodtaly includes the analytical models
and the techniques to geo-referencing, updating fexay the coordinates of the fiducial
points network (Di Filippo et al., 2005; Ferranteaké, 2005; Sossai, 2005; Crespi e Reina,
2004; Beinat et al., 2004b; Conia et al. 1992), doéomatic definition of corresponding
elements on different cartographies (Brovelli e Bam, 2003; 2004; Brovelli et al., 2007;
Beinat et al. 2003; 2004c; 2004d), the requiredordtigms for the general coordinate
transformation from cadastral systems to the nationes (D’Urso et al., 2009; Cina, 2008;
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Bendea et al. 2009; Di Filippo, 1995; 1996; 200&)d the recovery of the cartographic
geometrical deformations (Garnero e Ferrante, 28@8sai, 2006; Beinat e Crosilla, 2002;
2003; Beinat et al. 2005b).

The scientific literature presents a set of profsoghat allow, in different cases, to
appropriately amend the cadastral map, avoidingostponing its costly rebuilding. A sound
opportunity was proposed by the Agenzia del Teiofothanks to the development of a
software tool, called Pregeo, for the updating leé tadastral database, and a series of
supplemental topographic and cartographic normsomgrthese we mention the cooperation
of professional figures for the cartographic upagtithe request of topographic surveys in the
field, the institution of a wide and dense fiducmint network, the formulation and the
telematic delivery of the cadastral updating agtstarged technicians. Since the nineties, by
the Pregeo procedure, the Agenzia del Territoris pathered a considerable archive of
topographical surveys (more than 8 millions) thgpresent, although not continuously in
space, the most precise and updated elements otithent cadastral map. This is a resource
not yet completely exploited, that must be usetesns for new effective solutions.

4THE ACTIVITIESCARRIED OUT BY THE FRIULI VENEZIA GIULIA REGION

In this context, the administration of the FriulieMezia Giulia region started specific
initiatives to upgrade and to adapt the cadastatlhses so to guarantee their correct use and
full interoperability within a GIS, according torte phases of intervention:

1. upgrading and adaptation of the cadastral dzta;b

2. strengthening of the fiducial point network, acdordinate conversion into a unique
reference system,;

3. realization of a continuous digital cadastratagraphic data base.

While in the first case the procedures are largalyerimented, for the two remaining points
the matter is still argument of study and practiesting. For this reason, what described in
the following, represents one of the largest andgtnsmnificant experiments carried out in
Italy.

4.1 Fixing the coor dinates of the fiducial points network

The national network of the fiducial points (FP)saestablished in 1987, to guarantee a stable
point location in the cadastral reference systeasily accessible and very dense, with
vertices located at a mutual distance of some fgsdmeters. Initially, for most of the cases,
the coordinates of the fiducial points were estedain the map, and for this reason they have
a very poor accuracy.

The cadastral norms, relating to the Pregeo praeediblige the professionals to locally
constrain to the fiducial network every updatingdgraphic survey, and to determine, in the
meanwhile, the mutual distances between the indoliicial points (Figure 2). In this way,
with the years passing, the activity of the profasals has permitted to determine with
redundancy the main part of the fiducial vertidespugh the repeated measurement of the
elements of such a network.
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At the beginning the AdT forecasted the use
of these surveys to progressively improve the
coordinate values of the fiducial network and 93
the metrical quality of the cadastral mapping,
as soon as the measurements reached enough
consistency. Today, except some
experimental activities (Conia et al.,, 1992,
Ferrante et al., 2005), the Pregeo surveys ar
only used for updating the existing mapping,
without considering its distortions, while the
measurements between FPs are only
marginally used to improve the fiducial
network. This remains weakly joined to the
cadastral datum, and the main part of its Figure2-PREGEOsurvey of a cadastral
coordinates are heterogeneous, not accurateParcel referred to the Fiducial Point network.
and subjected to changes in time.

In this context, the FVG Region wanted to beneffithe opportunities offered by the largest
amount of topographic observations gathered byAthE, to better fix the position of the FP

located on its territory. A stable fiducial netwpriategrated with the Pregeo surveys,
although allows to reconstruct only a partial areabmented map, is instead well suited to
furnish correspondences and constraints to imptlhgegeometrical precision of the current
cartography (Figure 6 a,b,c).

However this situation is different among the vasdtalian regions, and strictly related to the
cadastral activity carried out by the professionaisthe FVG Region, already in 2004, an
investigation on the data available in the digaaihives of AdT, evidenced that the regional
fiducial network was largely interconnected,
and covered the most significant areas in terms
of management and planning of the regional
territory (Beinat et al., 2004a). There were the
premises to fix the definitive values of the
point coordinates.

To consolidate the geometry of the fiducial
network, it is necessary to constrain the
measurements to a certain number of FP
topographically determined. According to the
shape of the network, the interconnections
among the nodes, and the required precision,
the percentage of the constrained points is of
the order of 10%, as reported by the authors
(Beinat et al., 2002; Sossai, 2005).
For the FVG network, constituted by more o
than 34000 FP, the selection of the 3538 Fi9ure3-— Spatial distribution of the 28355
. . Fiducial Points surveyed or adjusted. The
constrain FP was carried out by a GIS that ,enyork covers the territory of major
handled all the data, the characteristics of the cadastral interest.
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regional PF and all the mutual distances contaiméde AdT archives.

The analyses have permitted to identify 620 FPsnigaa high reliability, connected to the
fiducial network by at least two updating survegsd corresponding to IGM, cadastral
vertices, or stable reference points, of whichahalytical original coordinates were known in
the Cassini — Soldner local system. The remaini8§82FPs, having only provisory
coordinates, were selected among those most widglgt by the professionals, in such a way
to guarantee an homogeneous spatial distributioriess than 1 FP per square kilometre in
the flat areas, and 4 FP per square kilometre mpbex morphological areas. For every
selected FP, an alternative point was identifiethensurroundings.

The topographic surveys were executed with clakssicd satellite techniques. GPS L1+L2
receivers were used in relative rapid static positig, with measurement sessions not less
than 20 minutes, in double base. All this was f@téd by the presence of 23 permanent
stations active in the region, belonging to theethet”, “Marussi” and “ltalPos” GPS
networks, to which additional 55 temporary localsteas were joined. This permitted to
determine 6409 GPS vertices, of which 722 locatedh® selected PF (20%), while the
remaining (80%) constituted off centres for theed®ination of 2816 FPs not directly
occupiable with GPS antennas. Technical reasonsediathility questions have precluded the
use of the NRTK technology.

The field measurements started at the end of 26887asted for more than 15 months. At the
end of the field work, the testing procedures earrout by the AdT over a sample
corresponding to the 5% of the surveyed FPs, fhedidully positive results.

To adjust the fiducial network, a procedure devetbpy the group of Udine University was
adopted. This procedure is conceptually inspirethéophotogrammetric bundle adjustments
by independent models (Beinat e Crosilla, 2002;32@kinat et al., 2002; 2004b; Sossai,
2005).

Unlike the classical topographic adjustment, thatsiders the mutual distances computed
from the FP difference of coordinates of the Pregaoveys, in the adopted solution an
iterative global least squares similarity transfation model of the various Pregeo fiducial
polygons was applied. At each iteration the varifidsgcial polygons are translated, rotated
and eventually scaled in such a way to optimaltyafl the other polygons without any
anisotropic deformation. The running procedure emwsen the variations of the
transformation parameters for all the polygonssfias a minimum condition.

The procedure, derived from the Generalized Proesusnalysis (Beinat and Crosilla, 2003),

allows a robust estimate and the capability to rhquessible systematic effects by an

isotropic scale factor, like in the case of thed@indeformation module variations between the
Cassini Solder and Gauss mapping systems.

The solution equation is given by the well knowlatienship (Beinat and Crosilla, 2003):
-1
S:Ztr(ciAiTi +jt —G AT, _jtk)T DDy, (ZDJ'J (inTi +Hjt —¢A T, _jtk) = min[1]
i<k j=1

where:
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Ai is a generic matrix containing by rows the 2D bBr&ordinates of the FPs that constitute
the survey of the professionals (Figure 4)icthe scale factoff; is the rotation matrixt; is
the translation vector of theth fiducial polygon;D; is the diagonal weight matrix relating to
matrix A;; j is the unit vector of dimensionxrh; and m is the total number of fiducial
polygons to adjust.
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Figure 4 — Matrix representation of the Fiducialf®?polygons surveyed by the professionals

The Procrustes solution, that is the final optim@hfiguration of the fiducial network A*, is
given by:

m 1

A =[zokj 3D, (AT +it,) 2]
k=1 i=1

This activity permitted to compute the adjustedrdowates of 28355 FPs, nearly the 87% of

the whole regional fiducial network, with the exaln of those not joined by a sufficient

number of measurements (Figure 3). For details tati@i topographic field work, and the

adjustment of the fiducial network, see Basso.g28l09a).

4.2 Cadastral map recomposition

The cadastral map recomposition aims to unify tastral reference system, and to restore
the geometric continuity without gaps or overlapgween contiguous sheets. Like other
Italian research groups, the University of Udinevadleped and experimented different

solutions on this topic, all based on a commonydical model. These techniques can be
distinguished according to the smaller map elementwhich they operate:

- recomposition by sheets, both raster and veptnfprmed by geometric transformations of
the entire maps so to fit them in the cadastralmaand adapt each sheet with the others;

- recomposition by parcels, where the map sheftsisexploded in its parcels and buildings,
and then reassembled with further constraints gthtes by means of a new adjustment of
the individual geometric elements. The formathiis tase is vector only.

The second solution yielded excellent results (Beet al 2005a; 2005b) but the costs of
implementation and the reduced availability of thguired data, limited its use.

For the upgrading of the cadastral map in the F\V&gi&h, the adopted approach was by
sheets, because of the reduced timing and favaucast-benefit analysis. The planned goal
was to achieve a level of agreement of the order of2 meters between the cadastral map
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and the technical digital map (RTDM) of the FVG Reg According to the regional laws,
the RTDM is the base map for the realization ofanrland land planning instruments of the
regional authorities and municipalities. RTDM a@my is equivalent to that of a map at a
nominal scale 1:2000. The 1:1000, 1:2000, 1:1440 58880 cadastral maps, despite their
often larger scale, generally reveal a much loweugacy.

Because of the different cadastral systems, anthttkeof reliability of the coordinates frames
of the various cadastral maps, it was considerguogpiate to define the transformation
parameters of the individual sheets through thatifieation of a series of double points of
various kind, like constraints of consistency andtmuity between two sheets. The analytical
model adopted for the upgrading of the map sheatsthe block adjustment by independent
models (Figure 5). The block size corresponds ¢ontimber of sheets covering the total area
of the municipality, and ranges from several tensdveral hundreds units. For each sheet of
the block, specific transformations can be appliggd, conformal or affine.

The implemented procedure is articulated as foll@®asso et al. 2009 b):

- at the computer screen, a hundred correspondaiots between the cadastral map (in a
proprietary format CXF) and the RTDM are interaely identified. The redundancy can

statistically attenuate the problems related todifferent cartographic properties of the two
sheets. Depending on the transformation model adofte operator can progressively verify
the reliability of the correspondence points seddhrough the analysis of the residuals;

- in addition, some constraint points given by tidecial points topographically determined,
and those stabilized with the analytical procediescribed in the previous paragraph, are
introduced;

- finally, the greatest number of perimeter bindindetectable between the contiguous sheets
of the block are automatically joined (Sossai 2006)

A weight empirically defined is then assigned taheaf the three types of points. To the
perimeter points, a weight value twice than theemthwas chosen. This choice provides a
balance between the goal of minimizing the diffeenbetween the correspondence points
and the need for reducing the surface and shapendation of the map sheets.

The kind of transformation allowed to the singleathis fixed by the operator, prior to the
adjustment:

- for sheets with uncertain or insufficiently calagted matches, the program apply a rotation
and translation (3 parameters) or a similaritysfarmation (4 parameters);

- for inner sheets firmly framed to each otherjrothe presence of evident distortions, the
program suggests to apply a general affine tranmsftion (6 parameters).

The least-squares  estimation of the affine transéion parameters
p=[a b ¢ d E N]of the modeAp-I=vfor the generici-th single sheet, is

performed by composing a design matkixvhose generic block elemea; is given by:

xy 0010 T Bl _|W%
siayodlress [ .

k,i y
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Figure 5 - Conceptual scheme of a block for the mosaicihthe cadastral map sheets: red dots
represent constrains (consolidated or surveyedcifidlupoints), double arrows show point
correspondences between sheets.

Where {x yk are the coordinates, in the source reference frafmtek-th correspondence
point of thei-th sheet, {E N}, are the coordinates in the target reference frahtee same
point, and {x W}« are the residuals. In case of tie points, in otdegstimate the unknown
coordinates of the point, appropriate componentstrbe added to the generic elemantof
the linear system, and to the unknown veptor

From the generic element of the affine transforamait is possible to easily determine the
corresponding elements of the rigid transformationof the similarity transformation, by
posingd = a andc = - b, but with a different meaning of the terms of g#odution in the two

cases. For the rigid rotation and translation titation angle is? =tan™(a/b) and the scale
factor isA = 1, while for the similarity transformation, were z9=tan‘1(a/b) again, but
A =a/cosd . The weighting matri¥ is diagonal.

Of course, more complex transformations could educed into the mathematical model.
Those listed, as well as available in any GIS sakweepresent a compromise between the
aim of obtaining an optimal adaptation, but presgyvthe conformity, and the need to
introduce anisotropic deformations.

After the block adjustment, the transformation paeters are associated to the various map
sheets. In this way, it is possible to automatycalbdify their coordinates, from the original
cadastral reference system to that defined foGi& every time a new version of the map is
available by the Agenzia del Territorio, that is thdy institution in charge to provide the
continuous updating.

The upgrading of the cadastral map has been cordpieteall the 219 municipalities of the
region, for a total of 9640 map sheets, on thesbaki403408 correspondence points and
359033 tie points.
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5. FURTHER DEVELOPMENTS

The structured set of actions described so far allthe FVG Region to have updated
cadastral data, and a unique geo-referenced mapmidatignments of the map sheets, that
before the interventions reached even severaldenseters, are generally reduced to below
1-2 meters. Further improvements are still planwath less resources, by acting along two
directions:

- improving the process of geo-referencing of tighvidual sheets, replacing the existing way
of finding correspondences between the cadastdatrentechnical map;

- removing the inconsistencies along the edgeleheets, by a procedure able to distribute
the error over the full sheet, particularly for thajority of parcels near the sheet perimeter.

For both issues, there are projects ongoing, aadrdblults of preliminary experiments are
already available. In the first case, a new sermieg is built from scratch, on a frame formed
by the upgraded fiducial network, geometrically gigse and reliable. This frame is then
progressively filled with the Pregeo surveys mageéhe professionals, whose geometries are
automatically inserted in the map by conformal sfarmation (Figure 6b). The full task is
straightforward since each survey is linked to aimum of three fiducial points, and each
fiducial point has a unique identifier over the \hoountry.

Theoretically, this procedure can generate over antemplete new map, all based on field
surveys; at the present however, the Pregeo rdbefs only a limited part of the map. But,

although partial, the new cadastral map can prowities having exact semantic
correspondence with the present cadastral map r@=ifa). This identify in a direct and

proper way the correspondence points for the coatdi transformation, that can be
performed again by block adjustment (Sossai, 200&) other way (Figure 6c).

The second action is subordinated to the first After the geo referencing of the map sheets,
it is necessary to eliminate the inconsistenciem@lthe perimeter of adjacent sheets,
consisting of empty areas or overlapping edgesy \&ften, this operation is considered

"cosmetic" and carried out manually: it is evidémt this solution is not reproducible nor

rigorous. It is therefore necessary to develop aibje criteria and a procedure that can
automatically perform the task. Along with othepposals (Garnero and Ferrante, 2009), a
prototype is under development that works on géereaced maps. Inside a perimeter buffer
of some tens of meters, the procedure compensatgabmetry of the parcels, by equally

distributing the corrections between the adjacémtets, and propagating the deformations
inside the sheet to an extent inversely proportitméhe square of the distance from the edge.

The removal of the residual discontinuities represehe last phase of the cadastral map
restoration and aims to obtain the continuum mappaguired for the full operation of the
GIS.
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Figure 6 — Map sheets in their actual misaligned referdrexme (a); Pregeo surveys framed into
the adjusted fiducial network (red dots and dadimed) (b); Original map sheets realigned by way
of the corresponding Pregeo surveys (in black) (c)
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