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Abstract

A cadastre requires a definition of the spatial extent of the parcel. There are different approaches to define the extent with different complexity, which translates into different educational prerequisites for the persons involved in the cadastral processes. This complexity can range from a pair of coordinates and a parcel size to an elaborate mathematical definition. Increasing complexity of the definition leads to additional costs for the data collection and maintenance. This is only economically acceptable if additional benefits justify the expenses. In this paper I show the connection between complexity of the definition and social benefits. I start from the simplest form of definition and gradually increase the complexity. For each step I show the added benefits and specify the beneficiaries.
1. Introduction
Land administration is an important aspect of public administration and private business (Dale and McLaughlin 1988: 1). Sensible use of land is necessary since its amount cannot be increased. This makes land a good candidate for investments because it cannot be destroyed and in general prices increase with time. Both, public administration and privates need data on land and systems to keep the available data up-to-date. The basic building block for this is the land parcel as identified in the cadastre (Enemark et. al. 2005). European systems typically show the parcels on maps and thus not only the size of the parcel is known but also the shape, the position in relation to other parcels, and where it is located within the country. These maps were originally created as paper maps but many countries moved to digital versions in the last decades. This process of digitization includes the creation of coordinates with a specified precision which are then managed by the information system used to run the cadastre.

The coordinates add a new dimension to the parcel description. The graphical representation is typically only interpreted locally and the scale of the representation stipulates its precision. Coordinates, however, are frequently interpreted in a global way and the orientation and the exact location within the reference frame seem to be defined. The next step—already discussed in several countries—is the 3D-cadastre where parcels are not represented by 2D-areas but by 3D volumes (Stoter and van Oosterom 2006). This allows nesting volumes with different ownership, e.g., different constructions.

Each development step leads to new utilizations of the cadastral data. The costs for the development must be in accordance with the benefits from the added utilizations. The problem when designing a cadastral system for an arbitrary country is searching the system with the best setup given the current economic and social situation of this country. This is only possible if the relation between extensions to the system and additional types of utilization are clear. In the paper I discuss this relation with a focus on complexity of the boundary definition.
2. Cadastral Systems
Land owners have limited power over their property because they can neither move nor destroy their land. Land is not a physical object like a book or a car where the possession is easy to prove. The proof is more difficult for possession and (as an extension) ownership of land against third party (Bogaerts and Zevenbergen 2001). Cadastral systems solve this dilemma. They create a connection between land and persons (Twaroch and Muggenhuber 1997, van Oosterom et. al. 2006). In particular a cadastre is a

methodically arranged public inventory of data concerning properties within a certain country or district, based on a survey of their boundaries. … The outlines or boundaries of the property and the parcel identifier are normally shown on large-scale maps which, together with registers, may show for each separate property the nature, size, value and legal rights associated with the parcel. It gives an answer to the questions “where” and “how much”. (Henssen and Williamson 1990)

The cadastre consists of several elements (compare, for example, Jeyanandan and Williamson 1990):

· a piece of land (a parcel) in the real world,

· an unambiguous identifier for each parcel,

· a description of the spatial extent of the parcel (i.e., the boundary), and

· attributes for the parcels.

The seemingly most important of the elements is the piece of land. However, there may be cases where ‘virtual’ pieces of land are introduced to model specific situations. Parcels must fulfill (at least) one condition: They must not overlap. Otherwise a piece of land may have different identifiers and this could lead to ambiguous ownership situations. If the system is managed in 2D only it is not possible to model situations where ownership is divided horizontally (like basement, ground floor, and first floor of a building have different owners). Such a situation could be modeled by parcels attached to point or lines—they have then no area and are thus no ‘pieces’ of land.

The identifier is necessary to address a specific parcel. The identifier must be unique to avoid ambiguities in the spatial reference. Data is connected to parcels by specifying the identifier of the parcel. This connection is only unique if the identifier itself is unique. Ambiguous identifiers would lead to situations where parcels (and their data) cannot be separated from each other. The additional data describe specific aspects of the parcel. Some attributes are connected to the geometry of the parcel, for example size or perimeter of the parcel. Other attributes—like the land use—are connected to activities based on the parcel or the legal status, e.g., the ownership situation.

Attributes are typically the result of a process. This may be either an observation process if a physical property or a social process resulting in a stipulation. Observations may be registered directly (e.g., the land use is determined by observation and the result then recorded) or indirectly (e.g., coordinates are measured with GPS-receivers and then the area of the parcel is computed from the coordinates). In both cases gross errors and random deviations are possible. This is discussed in the spatial data community (e.g., Guptill and Morrison 1995, Devillers and Jeansoulin 2006). Social processes result in social facts. They are attributes describing the social reality (Searle 1995). Social facts do not contain random deviations and are typically designed to prevent fraud (compare, for example, Navratil  et. al. 2005b). An area of ground water protection, for example, may have an uncertain outline but the fact itself may still be unquestionable. Thus some attributes have a higher reliability than others.

Errors in attributes from social processes can only arise in case of human error during processing of the result. The processing is frequently done by governmental agencies. Governments typically take full responsibility for mistakes by their employees. The government can then absorb the risk of erroneous values for these kinds of attributes (Bédard 1987). The data can then be assumed correct by the citizens although the data may be incorrect. Any harm resulting from incorrect data will be compensated by the government. A typical case is the protection of good faith in a parcel purchase: The name of the owner in the land register may be misspelled and somebody who is not the owner but has the correct name sells the parcel. The buyer is in good faith and shall be protected. On the other hand the rights of the rightful owner also have to be protected. The government can solve this situation by granting the right of ownership to one person and providing financial compensation to the other person.

Some attributes in a cadastral system have characteristics of both types of processes. Boundaries emerge from definition processes because the land owners define where the boundary is. The documentation of the boundary, on the other hand, and the reestablishment from documents is based on observations. The boundary between two parcels may, for example, be in the middle of a river. The definition is clear but the position in the real world must be determined by observations and may even change with time.

A frequent question in land administration is “who owns this parcel”. There are two different approaches to answer this question: In a title registration system the answer is “the person registered as the owner.” In a deed registration system the legality of the documents must be checked and a title search is necessary (Onsrud 1989). Since in both systems the documents have to be checked for correctness and the major difference is the time when this is done (Frank 1996). Thus in the following this difference is ignored.
3. Defining the Spatial Component

The spatial component of the parcel consists of the location and the spatial extent. The location determines where the parcel is situated. This is usually based on a national reference frame. The spatial extent describes the shape and size of the parcel. This may be done by a precise boundary survey but other methods can be used as well (van der Molen 2001). The description should include neighborhood relations or allow extracting them. Starting point is the simplest possible description of the spatial extent and stepwise the description is precisiated. The description becomes more complex with each step, i.e., the personnel needs more training than in the previous description. A list of the possible use of the precisiated data shows the added benefit.
3.1 The Simplest Type of Spatial Definition
The specification of location requires a single point only. Nowadays GPS provides an easy-to-use technical means to determine a set of coordinates and thus the location of such a point. The benefits of these coordinates are limited. They provide a point where other data can be attached. However, since there are no data on the extent of the parcel, relating the dataset to other geographic knowledge is difficult or impossible. It is, for example, not possible to definitely answer questions like the following:

· Has the parcel access to the river?

· Do two parcels share a common piece of boundary?

Statistical estimates for the parcel size can be determined if each parcel is registered as a point. An estimate for the parcel size can be derived from the point density within a specified area.

Even this primitive spatial definition can be used for land administration. Each parcel has a spatial reference, which can be used for identification of land objects. This allows registration of attributes, e.g., land rights. The missing spatial extent prevents the computation of land taxes and market value. Thus a single set of coordinates is not sufficient for mortgaging.

An obvious extension is adding the size of the parcel. The size can be determined in different ways but always requires a boundary. Even a rough estimate of the parcel size can only be obtained if there is at least an approximate definition of the boundary. The determination of the size can then be based on measurements, coordinates, or a scaled graphical representation (see, for example, Navratil and Feucht 2009).

The size of the parcel can be stored as an attribute to the coordinates. This allows for simple checks on data integrity. Let us assume that the size of a specific administrative area is known and parcels form this unit, i.e., each parcel is either completely within or outside the extent of the administrative area. Then the sum of the parcel sizes should—within the limits of uncertainty propagation—match the size of the administrative unit. A mismatch can have different reasons:

· Missing areas: Some areas may not be covered by parcels because they were either not registered or the registration is not necessary (e.g., for land owned by the community). In this case the sum will be smaller than the size of the administrative unit.

· Overlapping areas: It may happen that owners of neighboring parcels have contradicting opinions about the position of the boundary. This leads to overlapping parcels and over-estimation of the parcel area.

· Systematic falsification of the area values: Some land owners might find it suitable to falsify the size of their parcels. Smaller parcels may lead to lower land tax and bigger parcels to a higher governmental aid or an increased price in case of a sale.

Apart from this integrity check, the parcel size is useful to compute other numbers:

· Land tax: A major source of income for government is tax revenue, which includes land tax. Land tax may be based on different parameters like productivity or intended use but knowing the size of the parcel is inevitable because owners of bigger parcels should pay more land tax. Thus the tax authority is a typical user of the parcel size. 

· Parcel value: The value of a parcel is based on a variety of factors including the geographical position, existing improvements like buildings, and the shape of the parcel. These factors determine the value of a square meter of land and the parcel size then acts as a multiplier. The value of a parcel is important in a variety of cases:

· Sale: The price is usually based on the market value of the parcel. Although there may be reductions or surcharges, the market value is typically the starting point for determining the price.

· Inheritance: In many jurisdictions, taxes have to be paid for inherited property. The taxes are typically based on the value of the heritage.

· Mortgage: Credit institutes loaning money need an alternative way to get the money back in case the debtor cannot pay back. In this case the creditor auctions the parcel off and the revenues are used to fulfill the obligations. Therefore, when loaning the money the credit institute needs an estimate of the market value of the parcel to determine a credit limit.
3.2 Textual Description of the Boundary
Up to this point the boundary is not defined. Although a boundary is necessary to assess the parcel size, the boundary is not documented. Thus when assessing the size of the neighboring parcels, different boundary definitions might be used and this may go unnoticed. The obvious extension is thus to document the boundaries. The following text is a short extract from the definition of the municipality ‘Bad Gleichenberg’ (a spa, then called ‘Curort Gleichenberg’) in Austria as written down in the 19th century:

The boundary of the municipality Curort Gleichenberg starts at the northern side of the road leading to Bairisch Kölldorf where the road enters the municipality Bairisch Kölldorf. The exact starting point of the boundary is a boundary stone 8.5 m east of the south-eastern end of the inn of the wine-grower Anton Hölzel sen., which represents the intersection point between the municipalities Bairisch Kölldorf, Gleichenberg and Curort Gleichenberg.

Starting from this point the northern side of the road forms the boundary with the municipality Gleichenberg to the point where the roads intersects with the ‘Eichenwaldweg’ … (Zabel  et. al. 1876: 1–2)
Although this example is rather old, similar systems are still in use, e.g., in Brazil (Mueller 2008).

The text usually refers to landmarks, which are in this context objects that mark a site or location and are used as a point of reference (Nichols 2001). Landmarks are often used to describe routes and these landmarks must have salient features to be easily recognized (Raubal and Winter 2002). This recognition must be possible even after years when using landmarks for boundary descriptions. Typical examples for such landmarks are buildings, roads and road intersections, rivers, and sometimes even prominent trees. However, even the best landmarks may disappear after some time. The ‘inn of the wine-grower’ in above example may still exist as a building but it is possible that it is not an inn any more and it is a certainty that the owner changed since the creation of the description.

The advantage of textual boundary description is that lay people can create und check them. Finding landmarks in a familiar surrounding is usually not a problem as is the comparison of the description with the own belief about the position of the boundary. In addition it can be easily used by courts because the description can be treated like any other text document.

The textual description also allows checking for overlaps or gaps between neighboring parcels. Above description specifies that the boundary is formed by “the northern side of the road”. The description of the neighboring area—in this case the municipality Gleichenberg—must use the same description. If the other description uses a different definition, e.g., the southern side of the road, then the road is either part of both communities or of none.

Adaptation of the description quality to the actual requirements is possible. The more precise the boundary needs to be defined the more detailed the description. Adding dimensions for segments or offsets from landmarks can provide information that can be checked and restored. These descriptions can then be used to create at least sketch maps from the boundary descriptions (Mueller 2008).

The improved boundary definition can be used to settle boundary disputes. An unambiguous boundary description can be used to reconstruct the original boundary as long as the landmarks used in the description exist and have not been relocated. Such relocation can be either willful by one of the land owners or part of the changing topology of the earth. The first case is usually handled in courts because the relocation must be detected, an eventual loss of land compensated, the description updated, and—in case of an unlawful relocation—the originator punished. There may also be lawful relocations, e.g., in above case an annex to the inn could be lawful and still cause a problem for the description if it affects the south-eastern end of the building. The case of changing topology includes problems like moving soil or changing river beds. Soil may move if the inclination of the topology is large enough and the soil layers only have a weak vertical connection. The movement may be slow but even a few centimeters per year add to significant amounts during the time frame given by land administration. The movement usually affects landmarks, too, and thus changes the absolute position of the described boundary. Moving soil usually affects larger areas and not single landmarks. Thus either whole parcels will move or at least larger parts of their boundary and the boundary description will often still be applicable even in case of dispute. This usability makes boundary descriptions a valuable tool for both, land owners and courts.

Boundary descriptions are not only used in case of dispute. They also serve as a confirmation for undisputed boundaries. Even if there are no disputes about the boundary, the exact position of the boundary may be unknown. This knowledge is necessary when creating a fence or placing a building at the boundary. Especially the boundaries of inherited land are often not precisely known. In such cases a textual description may inspire trust and may even prevent possible boundary disputes.
3.3 Graphical Representation of the Boundary
The next step is to collect graphical representations of the boundary. The result is either a scaled image of each parcel or a map showing all parcels within a specific area (e.g., a whole country). The second type is more complicated because it needs an appropriate map projection even for small countries like Austria. The discussion starts with graphical representations of single parcels.

Unlike the textual description, the graphical representation cannot be easily produced by lay people. Deliberate measurements are necessary to allow the reproduction of the parcel geometry. This requires two kinds of knowledge:

· knowledge about measuring and

· knowledge about geometric reconstruction.

Taking measurements is simple in regular environments, e.g., within buildings. A distance can simply be taken using a tape measure. The problems in the field are manifold but the major issues are that distances are much longer and the terrain is usually not flat. Larger distances require either better equipment than just tape measures or sophisticated methods to avoid sources of error like the fact that the tape measure sags in the middle. Better equipment may not be at hand and may require some training. The same is true for more sophisticated measurement methods. The problem with the terrain is that usually horizontal distance measurements are necessary to reconstruct the boundary. This is possible for lay people in flat terrain but slopes may lead to deviations from the correct distance of up to 3% of the observed distance (Navratil and Hackl 2008). Thus at least basic training is necessary to make the measurements with appropriate accuracy independent of terrain and vegetation.

Land owners benefit from a graphical representation of their parcels. The graphical representation can be used as a basis for mapping the contents of the parcel. It simplifies the planning of the land use for the land owner because the graphical representation provides a starting point for the planning procedure. This is especially true if dimensions like the width of a parcel are documented in the representation as it was done traditionally in Israel (Fradkin and Doytsher 2002).

The public administration will only benefit if the graphical representations of all parcels are collected and integrated in a set of maps. These maps can then serve as a basis for spatial planning for the country or parts of it. In order to avoid unnecessary distortion, a suitable map projection must be selected. This is, in general, not necessary for single parcels because they are too small to cause significant (i.e., perceptible when using the map) distortions. The distortions for larger areas like countries, however, will grow too much. Examples for suitable systems are universal transversal Mercator (UTM), Gauss-Krüger, or even an arrangement of plane coordinate systems. The map projection is then used to collect the graphical representations of the parcels.

Simple tests can be performed if every piece of land within the country must be covered by parcels. The parcels then must not overlap or have gaps between them. This is easy to check while creating the maps. Only in the transition areas between different coordinate systems (e.g., at the boundary between two stripes of a UTM-projection) the check is more difficult because the testing of neighboring parcels in different systems require a re-projection of one of them. This re-projection is influenced by observation errors and is thus imprecise. This may lead to identity problems. Therefore, the number of coordinate systems should be minimized.

The benefits of such a set of maps are manifold. The resulting maps will cover the whole country and provide large-scale maps that may otherwise not exist. Regional planning, for example, can use the maps for strategic planning of transportation and nature preservation. The maps will also show if land consolidation efforts are necessary. However, the maps are only beneficial for processes that require overview over large areas. The benefits of such a mapping effort for finding the boundary between two parcels are small because the mapping only guarantees that the graphical representations of the two parcels coincide.

The maps may also be available in digital form, either as raster datasets or in vector format. The advantage of the raster format is that it implicitly contains scale information. Graphical boundary representations are produced in a specific scale by using adequate observations. This determines the quality of the result (Frank 2009). A mapping scale of 1:1000, for example, results in definition accuracy of at best 10cm. A scan of the map produces a raster dataset where the color of the pixels depends on the color of the map. The boundary lines will cause such a coloring and the width of the line and the scanning resolution determine the number of pixels necessary to represent the line. Scanning with a higher resolution results in a dataset where the line is represented by more pixels. This directly connects the digital data set to the quality of the original source. Vector datasets tend to lose this connection because the lines in CAD systems are infinitesimally thin and zooming creates the illusion of arbitrarily high quality.

Digitally available vector datasets can be beneficial because it simplifies the use of the data, e.g., via the Internet. The data can then be included in various systems and used as a base map or as a spatial reference (compare Navratil et. al. 2005a). Planning of future development, for example, requires such a basic dataset (Navratil 2006).
3.4 Representation of the Boundary by Coordinates
In the last section the boundary is defined by drawing a line on a map, now the definition will be based on coordinates. This allows a mathematical description of the boundary, e.g., neighboring points of the boundary are connected by straight line segments and the resulting figure constitutes the boundary of the parcel. Such a definition has an impact on the possible quality of the boundary definition. Whereas in the case of a graphical representation and quality was determined by the obtainable mapping precision and thus determined by the mapping scale, the required coordinate accuracy can be stipulated arbitrarily and is only limited by the technical ability to determine stable coordinates.

This may not be mixed with digital versions of graphical representations. The digital version of graphical representations defines boundaries graphically and just provides a digital version of it. In the coordinate-based approach the boundaries are defined mathematically and these results are then stored in digital form. However, this is only an improvement if the added quality is used in the administrative and legal procedures. A coordinate-based approach is useless if the only legally valid evidence for parcel boundaries is the evidence found in the real world (e.g., boundary stones, fences, walls, etc.). In this case, the determination of coordinates would be useless.

The investments for creating a coordinate-based representation of boundaries are much higher than that for a graphical representation. Whereas in the case of graphical representation parcels can be combined for small areas and these areas are later merged, the mathematical representation requires a stable implementation of the reference system to define the boundary points within this system. Using NavStar GPS as a reference system may be tempting but

1. effects of plate tectonics must be considered and

2. what should be done if selective availability or a similar measure of quality reduction is turned on?

It is also necessary to use better equipment in the measurement process. GPS does not work everywhere because it needs at least four visible satellites. In all places where this condition is not met, terrestrial surveying equipment like tachymeters must be used. The operation of such equipment again requires training increasing the costs of data capture. The same is valid for the analysis of the observations where consistency checks have to be performed to guarantee the quality of the result.

The added benefit of a coordinate-based boundary definition is the possibility to increase the accuracy. The actual accuracy depends on the processes and equipment used but it can be much higher than the accuracy of the graphical representation. This can be used to secure the rights of land owners. However, the legal relevance of these coordinates must be defined. There are two possibilities:

1. The coordinates, though having higher precision, are treated like verbal or graphical descriptions. The court can use this document like any other document within the judgment process, i.e., the court may ignore it if it contradicts all other sources of information or if the real world significantly changed.

2. The coordinates are defined as fixed. The boundary described by fixed coordinates is undisputable and any desired change requires a change in the coordinate description.

The first system is easier to implement because errors in the definition process can be easily corrected (not necessarily by a court). The second system has an advantage in case of a boundary dispute because there is little room for arguments (only within the measurement precision) but a more thorough definition process is necessary. The new Austrian cadastral system, for example, is based on the second system. The points defining the boundary can always be reconstructed. The boundary is represented by these points and the problem of gradual shift of boundaries discussed in the last section is solved. Whereas the graphical representation adapts to the new situation the fixed coordinates protect the parcels shape and position. Fixed coordinates also simplify the task of courts in case of land disputes. Spatial planning also benefits from the added quality of the data because planners have reliable data available in digital form.
3.5 3D Object Registration
In the last decade several publications addressed the problem of 3-dimensional cadastral registration (e.g., Lemmen and Oosterom 2003, Stoter and van Oosterom 2006). Scarcely available space for new constructions in modern city centers led to overlapping and interlocked constructions. The goal was an increased efficiency of the utilization of land. Registration of such interlocked rights in traditional 2-dimensional cadastral systems poses a new problem: the construction of 3D objects (Stoter and Salzmann 2003, Stoter and van Oosterom 2006: 3, Navratil and Hackl 2007, Aydin 2008).

3-dimensional cadastral systems raise a number of new questions. The topics include conceptual discussion (Stoter et. al. 2004), geometric modeling issues (Coors 2003, Tse and Gold 2003), topologic considerations (Billen and Zlatanova 2003), legal issues (Onsrud 2003), and implementation issues (Benhamu and Doytsher 2003, Aydin et. al. 2004, Hassan et. al. 2008). There are several prototypical systems for 3D cadastral systems. Several countries including the Turkey have stated that they strive for the introduction of a 3D system. These systems shall solve the unclear registration issues within the cities.

Apart from the possibility to model otherwise ambiguous situations, 3D cadastral models have no obvious benefits yet. City planners may use the additional 3D information and integrate them in their planning. Architects may be encouraged to use space in a new and innovative way by including free space in their design. However, these benefits are not granted since the existing 3D city models may be sufficient for their needs. The significant additional costs for acquiring all necessary data, however, can be taken for granted.
4. Discussion and Conclusions
We have seen that the complexity of a boundary definition can be increased in several steps. Each of these steps demands more knowledge from the persons providing the boundary definitions and requires more and more expensive equipment. On the other hand, the definitions also become more useful because they can serve additional purposes. More and more users can exploit the data if the complexity increases. Table 1 summarizes this relation. It is evident that a coordinate point alone is not useful. Just adding the area of the parcel as an attribute is already useful for land owners and the tax authority. Land owners benefit even more from boundary definitions in textual, graphical, or mathematical form. The different level of trust between these solutions is ignored in the table. The tax authority, on the other hand only needs a value for the parcel size and some attributes not related to the boundary. Courts must settle boundary disputes and need a boundary definition to do this. A coordinate-based solution may simplify the task for the courts if the coordinates are defined as indisputable evidence. Finally, spatial planning is based on maps and thus at least graphical boundary representations are necessary.
	
	land owner
	tax authority
	courts
	spatial planning

	coordinate point
	?
	–
	–
	–

	coordinate point + size
	+
	+
	–
	–

	textual boundary description
	++
	+
	+
	–

	graphical boundary representation
	++
	+
	+
	+

	coordinate-based definition of the boundary
	++
	+
	++
	+


Table 1: Complexity of the boundary definition and suitability for different user groups

The relation between complexity of the definition and benefits for different user groups can help developing cadastral systems. A cadastral system shall provide support for space-related tasks. However, these tasks may change over time because cadastral systems are evolving concepts (Ting and Williamson 1999). Different countries have different priorities concerning public administration. Some countries may struggle with fair taxation and concentrate on solving this problem and others may be implementing spatial planning. It is thus not suitable to select a cadastral solution from one country and implement it in another one. The costs of creating and maintaining the system must match the benefits of the society. Thus implementing a coordinate-based solution is not suitable if the problem is fair taxation of land. Table 1 can provide a first impression, which type of boundary definition is suitable is a specific situation. Similar tables for other aspects of land administration systems would help decision makers to develop the land administration system the best fits the situation in their country.
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