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Abstract 
It is widely recognized that most Spatial Databases should be continuously updated, and that 
this goal can be reached only through the integration with the information systems that they 
serve, since most of the information required to perform the updates should be obtained from 
the administrative processes of the institutions which control the territory. However, since the 
different update processes collect spatial data with different accuracy, one of the main 
problems in dealing with continuous update is the requirement of managing data having 
different levels of accuracy also at instance level. Moreover, in this scenario a correct update 
process should address the two following goals: i) to use the updates having a high level of 
accuracy in order to increase the overall accuracy level of the spatial database; ii) to maintain 
the correct representation of all the qualitative spatial properties of the information (i.e. 
topological properties, like containment, adjacency, etc, but also other geometric properties, 
like parallelism, shape types, etc…). It can be shown that sometimes there is a conflict between 
the above two goals which is difficult to overcome. The main contribution of the paper is to 
propose an approach to perform an update that overcomes the above conflict and achieves 
both the goals stated above. In particular, one of the possible techniques in data handling that 
could reasonably cope with such an endeavour is to use a Bayesian approach to the updating 
concept. Some elementary examples will clarify the benefits of this approach. 
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1 Introduction 
In recent years geographic applications are moving toward an increasing integration with the 
information systems that they serve. This implies that the spatial data, they deal with, cannot 
remain static data without update; moreover, the information systems themselves tend to 
provide an increasing amount of information that could be used for updating data also in their 
spatial component (for example, new measurements coming from GPS tools or new spatial 
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properties coming from direct observations, or indirectly from other properties, like 
connectivity or adjacency among database objects).  

In the traditional approach to spatial databases only the absolute positions of vertices 
describing objects , consisting of a list of coordinates in a 2D or 3D space, are stored, while all 
the other observations are not stored explicitly, but derived from the coordinates by applying 
geometric computations; usually, the accuracy of all coordinates is considered to be the same. 
This leads to consider the coordinates as the master data that has to be maintained up to date, 
since the others can be derived from them. As a consequence only new observations of 
absolute positions are used to update the spatial databases; relative measurements are first 
transformed into absolute positions (this often leads to a loss of accuracy, since the accuracy of 
relative measurements is usually greater than the accuracy of absolute coordinates).  

This approach is not adequate for dealing with the problem of continuous update; a different 
approach is needed which takes care of the following issues: 

• 1) Since the different update processes collect spatial data in different ways and with 
different accuracy, it is necessary to manage instance level accuracy information, i.e. 
information about the accuracy of each spatial object. Moreover, all database 
operations must be revised taking into account the accuracy of the manipulated 
objects: not only updates but also query processing, data visualization and data 
analysis. 

• 2) Continuous update can be based on different kinds of observations: not only 
absolute coordinates, but also relative measurements and logical properties of 
updated or new objects are observed. In some cases the different nature of the 
observations can lead to an observation conflict, as we will show on hand of an 
example. 

• 3) Since continuous update produces new observations, these new observations 
should be used for continuously enhancing the quality of the database; in particular, 
the resolution of an observation conflict should lead to a database state characterized 
by a better accuracy than the previous state. 

The existence of these problems has been already recognized by several authors and solutions 
to specific aspects have been proposed: several works on Positional Accuracy Improvement 
(PAI) (Gielsdorf et al., 2004; Ramirez, 1998; Hesse et al., 1993) deal also with the necessity to 
take care of logical or shape observations; (Lemon et al., 1997) emphasizes the importance of 
representing Relative Measurements; the necessity of instance level quality information is 
considered by the ISO standards (ISO, 2003)  

This paper describes the first steps of a research which aims to understand the relationship 
between these different aspects, thus developing a common framework for dealing with them. 
In particular, in section 2 we present a classification of the kinds of observations that can be 
used in order to update a spatial database; in section 3 we present a simple example in order to 
show how different kinds of observations can generate a conflict; section 4 presents a Bayesian 
method for dealing with continuous updates. In section 5 we define an abstract database model 
which allows to deal with some of the different kinds of observations; and finally section 6 
outlines conclusions and future work. 
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2 Classification of observations 
The proposed classification of observations is shown in Figure 1. At the highest level 
observations are divided into metric and logic observations. Metric observations are 
measurements of the quantitative spatial properties of objects, which concern mainly the 
location and extension of objects in the reference space; logic observations define logic spatial 
properties of objects, which concern mainly the spatial relations among objects and their 
shape. 

 

 

 

 

 

 

 

Figure 1 Classification of observations. 

Metric observations are further divided into Absolute position measurements, which represent 
the location on the earth surface of the spatial database objects and Relative position 
measurements, which depend on vectors connecting two points on the earth surface. 

Logic observations can be Spatial relations or Shape properties. Spatial relations represent 
qualitative relations among the database objects, for example topological relations like 
Disjoint, Touch, In, Equal, Contains, Cross, Overlap (Clementini et al., 1993) or the cardinal 
direction relations like North, South, East and West. Shape properties represent properties of 
the object shape which are assumed to be true, like, for example, orthogonality, colinearity or 
parallelism, but for a contrary strong evidence. 

Metric observations should be modelled as uncertain data requiring a statistical approach, 
while logical observations should be modelled as certain data, which can be known or 
unknown but not uncertain. Shape properties are somehow in the middle, since they can be 
claimed also without taking any measurement, but some of them are also subject to a metric 
tolerance (for example a right angle can be considered with an error of ±2°) while others are 
logically defined by the semantics of the objects (for example, an electrical line is known to be 
straight between 2 pylons). In this paper we deal only with the logic observations of 
topological relations, since the treatment of shape properties and of similar semantic 
constraints goes beyond the current state of the research. 

3 Reference example 
Consider the spatial database of Venice town, where channel features are stored together with 
the sidewalks as shown in Figure 2 and suppose that a surveyor takes a new measurement D0 
on the sidewalk S in order to locate a new object M having a point geometry (for instance a 
manhole). Two new observations are in fact collected, according to the proposed taxonomy: i) 
a metric observation that consists of the measurement of the orthogonal relative distance 
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between the building B and the object M; ii) the topological observation that the object M is on 
the sidewalk S, which can be represented as a topological relation (M In S). 
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Figure 2 Reference example: insertion of a manhole M on the sidewalk S of width w, where the 

measurement D0 has been taken by the surveyor and the objects S, B and C are those contained in the 
database. 

However, there is a conflict between the two new observations and the database state, since, as 
shown in Figure 2, the measured relative distance D0 is larger than the width w of the sidewalk, 
thus contradicting the topological observation. 

A solution of this conflict can be based on the probabilistic approach defined in the next 
section and in an integrated framework, in Section 5. 

4 The probabilistic set up of metric information and of its updating 
The “geometric state” of a spatial database can be quantitatively expressed in terms of 
coordinates of relevant points; if we have N points P1 .. PN and their coordinates xi = (xi,yi) 
(i=1,…,N) the geometric state is a vector x = (x1,…,xN). For the moment we do not consider 
the “relations” between points that give rise to “objects” in the plane, but we shall return on 
that in the next paragraph. Such coordinates have been determined originally by a certain 
vector of observations ∆0 related to x through a suitable mathematical model and a suitable 
choice of the reference system.1 

The standard procedure used to transform ∆0 into an estimate of the vector x, namely x̂ , 

exploits the statistical model of ∆0 together with suitable statistical principles, typically least 
squares; the output of such a procedure is a first estimate of x̂ , let us call it 0x̂  together with 

some information about its distribution )x(f
0x . A common case would be that at least a 

covariance matrix 
0xC  of 0x̂  is given as the main dispersion index of its distribution, though, 

as we shall soon see by an example, this is not always particularly descriptive of the actual 
situation. At this point a new piece of information (an update) is introduced by a new vector of 
observations ∆u related to x by a linearized model 
                                                                 
1 Note: it is worth noting that the recent introduction of GPS measurements has provided a powerful tool 
to obtain absolute coordinates, i.e. coordinates in a global reference frame, with centimetric accuracy, in 
a very short time, specially when supported by regional positioning services. 
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u0uuu v)x̂x(A~
+−=∆−∆  (1) 

where u
~
∆  is the vector of new observations as calculated from the prior values of x, i.e. from 

0x̂ , and Au is the Jacobian of the generally non linear relations between ∆u and x; the vector vu 

describes the stochastic errors contained in ∆u. 

A natural statistical approach to include information (1) into the estimate of x in order to 
obtain an updated estimator xu, can be the Bayesian principle stating that if )x(f)x(p

0x=  is 

the prior information on x and if 

)]x̂x(A~[ff 0uuuuvx|u
−−∆−∆=∆  (2) 

then the posterior distribution of x, characterizing the updated estimate ux̂ , is given by  

)x(f)]x̂x(A~[f)x(f
0x0uuuuvux −−∆−∆÷ ; (3) 

relation (3) has indeed to be normalized in such a way that it represents a distribution in x. 

When both p(x) and 
uvf are Gaussian, namely 
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Formulas (5) can be independently justified on the basis of BLUE (best linear unbiased 
estimator) theory. Although (3) is much more general, quite often in statistics one has to be 
satisfied with (5). Here however is an example where the importance of knowing the full 
posterior is highlighted. 

Application to the reference example: the conflict of the example situation of Figure 2 can be 
obviously represented in a 1D space; in order to deal with it we need to know the accuracy of 
the involved metric observations w and D0. Let us assume that the accuracy of w is extremely 
high compared with the rough accuracy of D0; p(x), where x is the coordinate of the point M, is 
then assumed to be uniform on the interval [0,w]. An update then comes in the form of the 

distance measurement D0 from the origin so that ],0[Nv,vxD 2
v0 σ≈+= . Three situations are 

shown in Figure 3 and it is immediately seen that depending from D0 and 2
vσ  there are 

different choices for the posterior estimate of x, which make more sense than the simple 
weighted average of the two values w/2 and D0, as indicated by (5). For example, a MAP 
estimate (maximum a posterior) which agrees with D0 when 0 < D0 < w seems to be more 
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sensible than the average. In particular we have to underline that the a-critical application of 
recipe (5) becomes meaningless for the case δ). In this case the new database representation of 
P should have a coordinate x < w of the minimum threshold admitted by the internal precision 
of the database real number representation. 
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Figure 3 Graphic representation of the reference example (α) and its probability distribution in different 

cases: β) and γ) with 0 < D0< w and two different values of 2
vσ ; δ) with D0>w. 

Concluding the paragraph we could say that Bayesian theory is ideally suited on a 
logical/theoretical ground to represent an updating process; however often we do not press a 
sufficient information to describe in a meaningful way all implied distributions, so that, when 
applicable, we can use an algorithm, like that of formula (5), to propagate new estimates and 
new covariances through all the updating process. Unfortunately many times the number of 
points to be considered altogether is so height, e.g. 106-107 that even the full covariance matrix 
is too heavy an index to be handled. So the problem rises of how to propagate, at least in an 
approximate form, the updated information from points involved into the new measurements to 
the neighbouring points. In fact assume we have a new very accurate absolute determination of 
the position of a point P; this will cause a change in its coordinates. However if we do not 
change the other points close to P because we don’t have the prior information on the 
correlation between all these points, we might have strong inconstancies in the new map. A 
first solution to this problem is proposed in the next paragraph. 

4.1 Updating with synthetic covariance information 
As it has been underlined, typically the full covariance 

0xC is not known because it might be 

too large (4 N2 entries) and also because many times there are steps of the previous production 
of the map that do not allow us for a rigorous covariance propagation. However some 
meaningful correlation between points has to be introduced into the updating procedure. One 
possibility in this direction is that we decide to keep as basic information the small 2x2 
covariances of each point coordinates as well as the 2x2 matrices expressing the cross 
covariance 

jxixC  between a point Pi and the other point Pj which is the most correlated with 

Pi. After reordering the numeration of the points we could say that of the full covariance 
j,i,C

jxix ∀ , we keep in memory only the main block-diagonal 
ixixC  as well as the first 

diagonal 
1ixixC

+
. This will automatically create a simple path from P1 to PN where every pair 
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of consecutive points is highly correlated; through this correlation we expect that these points 
move collectively in a more consistent way when introducing updates involving one part of 
them only. However we need to construct a symmetric and positive matrix xC  if we want to 

produce useful updates; in other words we have to find a symmetric positive matrix such that 
the main block-diagonal and the first block over-diagonal are the given i iC , 1i iC + matrices. 
This is indeed not the true original covariance but only a synthetic covariance consistent with 
the information we have. 

One idea to obtain that is to construct a vector Markov process along the path P1…PN , with 
the rule 

{ }iii xExx −=δ                                       
⎪⎩

⎪
⎨
⎧

=ξ=δ−δ

ξ=δ

++ 1-N..., 1,2,i       xAx

x

1iii1i

11
 (6) 

where  
i

ξ  are independent vectors with zero mean and covariances 

+
+++ξ+ξ −= i i i i1i  1i1i 1i

ACACC . (7) 

With the choice 

1
i ii  1i1i CCA −

++ = , (8) 

it is easy to see that ixδ  have the required block diagonal i iC  and over diagonal 1i iC + . The 

full covariance of )x,...,x(x N1 δδ=δ is then obtained from covariance propagation by 

inverting the relation (6) between δx and ξ.  

A few elementary worked out examples do confirm a reasonable behaviour of the points on the 
map under this approximate updating procedure. Along this line more work is under 
development. 

5 An abstract model of a multi-accuracy spatial database 
MACS-2 (Multi-ACcuracy Spatial database in 2D space) is an abstract model, which defines 
the basic principles for organizing a multi-accuracy spatial database. The model is abstract 
since different implementations of its basic concepts can be defined, thus allowing to 
investigate in a common framework different approaches to problems like the representation of 
metric and logical observations. 

In this paper we present only those aspects of MACS-2 which deal with the consistent 
representation of absolute measurements and topological observations, therefore we do not 
deal with relative measurements, object classes and spatial integrity constraints. 

The basic elements of a MACS-2 database are objects (also called features or feature instances, 
like a particular road or a particular building), and geometries, which describe the geometric 
aspect of each feature. Geometries are built of geometric primitives, which are themselves 
built of sets of coordinates. The coordinates are absolute metric parameters.  

A MACS-2 database can be formally described as follows: 
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( )πα ,,,2 ΦΩ=−MACSDB  (9) 

where:  
α is the set of objects 
Ω is the set of geometries, including their absolute metric observations 
Φ is the set of logical observations 
π is a probability value used for computing the support of all metric observations 

5.1 Representing the geometries in a MACS-2 database 
In a MACS-2 database the representation of the geometry of an object O∈α is based on two 
elements: i) the representative geometry of O, GREP(O)∈Ω, which is obtained by choosing a 
particular value, like the average, of the probability distribution of the absolute coordinate 
observations (notice that the model allows to experiment also with representative values which 
are different from the average), and ii) the support of O, Supp(O), which is the region of the 
reference space where we have π probability to find O. If O is a polygon Supp(O) is the region 
where we have π probability to find the boundary of O. 

5.2 Representing logic observations in a MACS-2 database 
In order to show how topological relations can be stored in MACS-2, first a complete 
representation is defined, which is practically unfeasible, and then an optimization is shown. 

Complete representation. Chosen a reference set of topological relations RELtopo, such that 
the relations are mutually exclusive and complete (i.e. there is always a relation between any 
two objects), a topological relation instance between two objects f,g ∈α is a triple: <f,g,T>∈Φ, 
where T is a subset of RELtopo, which represents the set of topological relations that can exist 
between f and g. Usually T contains only one relation, for example, T={IN}. 

A MACS-2 database DBMACS-2 = (α,Ω,Φ,π) is said to be topologically complete if: 

Φ>∈<∃×>∈<∀ Tgfgf ,,:, αα  (10) 

Notice that if the topological relation between two objects f and g is completely unknown, then 
it can be represented by the tuple <f, g, R>, where R is the universal relation (set containing all 
relations of RELtopo); if the topological relation is partially unknown, then T has cardinality 
greater than one. 

However, a direct implementation of a topologically complete MACS-2 database is not 
feasible, because of the combinatorial nature of the set Φ, and therefore we need an optimized 
representation. 

Optimized representation of topological observations 

In traditional spatial databases topological relations between objects are derived from their 
geometries. We have shown that this naive derivation is not always correct, since the 
uncertainty of metric observations can lead to the derivation of wrong topological relations, 
hence the need to explicitly represent topological observations. However, if we represent 
explicitly topological observations, a consistency problem between metric and topological 
observations may arise. These aspect are dealt with in MACS-2 in the following way. 



7th International Symposium on Spatial Accuracy Assessment in Natural Resources and Environmental Sciences. 
Edited by M. Caetano and M. Painho. 

 211

Definition of DeriveTP. Given two objects f and g, DeriveTP (f, g)  r∈ RELtopo is a function 
that computes the topological relation existing between GREP(f) and GREP(g).  
Since the derivation of topological relations from the geometries of 2 objects can be wrong 
only if their supports have intersections, we can state the first optimization: 

∀<f,g>∈α×α, if (Supp(f) ∩ Supp(g) = ∅) then the topological relation 
<f, g, DeriveTP (f, g)> can be computed and needs not to be stored. 

(11) 

Let’s now consider those object pairs f and g such that Supp(f) ∩ Supp(g) ≠ ∅ . Since for these 
objects the topological relation which is computed from the geometries can be wrong, their 
treatment is more complex. 

A fundamental assumption for a MACS-2 database is that no conflicts can exist between the 
topological observations which are explicitly stored and those which can be derived from the 
geometries; this property is called LogicToMetricConsistency: 

DB = (α,Ω,Φ,π) is LogicToMetricConsistent ⇒  
∀<f, g, T>∈ Φ: DeriveTP(f, g)∈ T 

(12) 

Therefore, if we know that the topological relation has been observed and the possible conflict 
has been resolved, then we can also derive it. Hence we need only to explicitly store the 
information about those topological relations that have not been observed. 

Therefore, in an optimized MACS-2 database DBMACS-2 the following properties hold: 
• 1) ∀<f, g>∈ Ω × Ω: (Supp(f) ∩ Supp(g) ≠ ∅ ∧ ¬∃<f, g, T>∈Φ ⇒ the topological 

relation between f and g can be obtained from DeriveTP(f, g); 

• 2) ¬∃<x,y,T>∈Φ : |T| = 1 

5.3 The update algorithm in the MACS database – reference example revisited 
When a set of new observations is added to a (optimized) MACS database it is necessary to 
follow a set of rules in order to perform a correct update, i.e. an update that satisfies the 
properties defined above. These rules are now presented referring to the example of the 
previous section. The example is rather simple, since it refers to the insertion of a new point 
object into a one-dimensional space, but it is sufficient to illustrate the overall approach to the 
update problem. In Figure 4 the example is shown, with the intervals representing the 
measurements support as thick lines (recall that w is much more accurate than D0). 

Initial state: Assume the existence of a database which already contains the objects B and S 
together with their geometric representations GREP(B) and GREP(S) and that this is a correct 
MACS database. Therefore, the width w and the support Supp(w) are known.  

New Observations: The insertion of the new point object M introduces a new relative 
measurement D0 together with its support Supp(D0) and a new topological observation (M In 
S). 
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w Supp(D0)
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Figure 4 Reference example in one dimensional space with the graphic representation of the supports 
(thick lines) of the object S of the database and of the new measurement D0. 
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In Figure 5 the rules that must be applied to perform an update of this kind are shown; these 
four rules are mutually exclusive, depending on whether the supports of the involved objects 
intersect and whether the topological relationship between these objects has been observed; of 
course, the rule which would be applied in our example is rule 4, which deals with the most 
complicated case. 

 

 

 

 

 

 

 

 

 

 

Figure 5 Rules for performing an update. 

6 Conclusions and future work 
This paper presents a framework for the integrated representation of logic and metric 
observations regarding spatial data by combining the statistical approaches for the uncertainty 
management of the metric measurements and the logic approaches for dealing with the 
qualitative spatial properties, like topological relations or shape properties. The work is at a 
initial stage and several research directions are open at the moment. Among them, we are 
investigating in particular, the propagation of updates among the database objects, the 
representation of the shape properties, the graphical visualization of the accuracy of database 
objects and the integration of accuracy in the query processing. 
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1) If (Supp(D0) ∩ Supp(w) = ∅) then insert the new object M at distance D0 and insert 
Supp(D0) in the quality information of M. 

2) If (Supp(D0) ∩ Supp(w) ≠ ∅) ∧ (no observations regarding the topological 
relationship between M and S are available) then insert M like in case 1 together with 
the “unknown relationship” marker. 

3) If (Supp(D0) ∩ Supp(w) ≠ ∅) ∧ (the topological observation (M In S) is available) ∧
(there is no conflict between the metric observations w, D0 and the new topological 
observation) then insert M like in case 1. 

4) If (Supp(D0) ∩ Supp(w) ≠ ∅) ∧ (the topological observation (M In S) is available) ∧
(there is no conflict between the metric observations w, D0 and the new topological 
observation) then determine 2 new values w’ and D0’ following the discussion of the 
previous section and insert M and modify S accordingly. 




