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

 675

Improving positional accuracy and preserving topology through 
spatial data fusion 

Sue Hope, Allison Kealy and Gary Hunter 
Cooperative Research Centre for Spatial Information 
Department of Geomatics, The University of Melbourne, VIC 3010, Australia 
Tel.: + 61 3 8344 3176; Fax: + 61 3 9349 5185 
s.hope3@pgrad.unimelb.edu.au 

Abstract 
The spatial information industry is currently moving from an era of digital dataset production 
to one of dataset maintenance. This is being facilitated by the widespread availability of 
technologies such as Global Navigation Satellite Systems (GNSS) and high resolution imagery, 
which enable the rapid collection of large amounts of data with high positional accuracy. 
Typically, these new data are being integrated with existing datasets that possess different 
quality characteristics. As this trend continues, new spatial data quality concerns are 
emerging, in particular regarding the spatial variability of quality. Rigorous software 
solutions are needed that can handle the integration of data of different accuracies. This is 
already occurring for land parcel mapping, where least squares adjustment techniques have 
been developed to integrate high accuracy subdivision data with the existing cadastral 
database and its inherent geometry. A best fit between the two datasets is determined, together 
with well-defined local positional accuracy parameters, resulting in incremental improvement 
to the overall positional accuracy of the cadastral database. This research aims to extend such 
integration methodology to the fusion of more complex features within vertical vector datasets, 
whilst maintaining the relevant topological relationships between them. Vertical datasets 
cover the same regional extent and often include duplicate representations of the same 
features. There may also be rules governing the spatial relationships between features. It is 
proposed that the development of rigorous integration algorithms that allow for the inclusion 
of geometric and topological constraints will enable the successful fusion of vertical spatial 
datasets. Features will be optimally positioned and well-defined positional accuracy 
parameters will be generated that, in turn, may be reported as spatial variation in the quality 
of the resultant dataset. This will ultimately result in methods that can be used to improve 
existing spatial datasets, hence reducing the observed discrepancies as new, higher accuracy 
data are introduced. 
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1 Background and description of research problem  
Over the last thirty years, the emergence of Geographic Information Systems (GIS) as the pre-
eminent tools for land management and spatial analysis has led to an unprecedented need for 
digital spatial datasets. These have been produced at an impressive rate, with vast resources 
being put into collecting digital data and manually digitising existing hardcopy maps. Now, the 
focus of the spatial information industry is moving from data production to data maintenance. 
Technologies such as GNSS and high resolution aerial imagery are providing spatial data of 
relatively high positional accuracy. However, discrepancies between these new data and the 
digital databases produced over the last few decades may be considerable and can lessen the 
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perceived value of a digital database (see Figure 1). Maintenance of existing digital datasets is 
necessary to improve their positional accuracy and hence minimise such discrepancies. 

 

 
Figure 1 Road network database (black lines) overlaid on a geographically-referenced orthophoto. Note 
the striking discrepancy (circled) between the road database and the image where the road crosses the 

river. Source: Ramm, Department of Sustainability and Environment (DSE), 2005. 

This maintenance includes the incorporation of new or updated data into the existing database. 
For example, in Victoria, Australia, the land parcel database has been produced over the last 
twenty years, primarily through digitization of a range of hardcopy maps. Its positional 
accuracy is directly dependent upon the scale of those source maps and is stated by the 
custodians (DSE, 2003) to range from 90% of well-defined points being within 0.5m of their 
true position in metropolitan areas to 90% being within 25m of their true position in rural 
areas. However, new data from digital subdivisions are accurate to within approximately 5cm 
and may not easily fit into the existing cadastre. These higher quality data could be used to 
improve the cadastral dataset. However, the use of localised data of higher quality to improve 
the positional accuracy of a dataset will lead to even greater spatial variation in positional 
accuracy. Geographic information standards such as the recent ISO 19113, mandate that the 
spatial variation in data quality be reported (AS/NZS, 2004). Any method to improve 
positional accuracy through the integration of higher qulaity data must therefore provide 
detailed quality measures at the local level. 

As well as potentially increasing the spatial variation of a dataset, positional accuracy 
improvement through the integration of higher quality data can lead to consistency violations 
in spatial information products. For example, the use of GPS survey data to adjust a road 
network may cause a highway to apparently cross into a nearby lake polygon. If the road 
network and lake polygon are in the same local coordinate system (map), this problem can be 
avoided using rubber-sheeting techniques that maintain intra-dataset topological relations by 
transforming the lake polygon relative to the road network transformation. Nonetheless, the 
situation can become more complicated if positional accuracy is to be improved across vertical 
datasets. Since these cover the same regional extent, they will often contain duplicate 
representations of the same features. It is proposed that intelligent data fusion based on these 
duplicate representations can be used to improve positional accuracy. However, if the second 
dataset has its own topological relations, rubber-sheeting techniques applied within each 
dataset may not ensure that logical consistency is maintained vertically, see Figure 2. In 
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addition to rubber-sheeting techniques, methods need to be developed to ensure that inter-
dataset topology is preserved as datasets are integrated. 

 

 
Figure 2 Initial road network with lake polygon are shown in A. B depicts higher accuracy road network 

and an adjacent power pole. C illustrates the ‘disjoint’ topological relationship known to exist between the 
lake and pole. (1) illustrates simple overlay of datasets A and B. (2) shows the result of adjustment with 
rubber-sheeting transformation. (3) shows the ideal result when topological relationships are considered. 

In summary, many existing spatial datasets are of relatively poor positional accuracy compared 
to new data that are being generated for integration into these databases. It would be desirable 
for maintenance procedures to use the new data to improve the positional accuracy of the 
existing datasets, although this may lead to increased spatial variation across the dataset. 
Accordingly, techniques that are developed to improve positional accuracy through data 
integration must be able to report any local variation in the resulting data quality. In addition, 
data integration can also lead to inter-dataset topology violations. Current methods to detect 
and eliminate these use ad hoc techniques that typically ignore other aspects of spatial data 
quality. This research aims to develop methods to improve the positional accuracy of datasets 
and report local variation in the resultant accuracy parameters, whilst simultaneously 
preserving topological relationships. 

2 Related research 
Some of the earliest research into integrating spatial datasets was conducted by the United 
States Geological Survey (USGS) and the Bureau of the Census (Saalfeld, 1988). The two 
organisations were looking to consolidate their separate digital vector maps and developed a 
framework that, in essence, was comprised of two steps. The first step was to identify 
corresponding features, or control points, in the data sources. The second step was to bring the 
datasets into alignment using rubber-sheeting transformations based upon these matching 
control points. The two-step process was repeated iteratively, with further control points being 
identified as the data sources were brought into closer alignment.  

Subsequent work has used similar rubber-sheeting transformations. However, these typically 
align the dataset of lower accuracy to the other ‘target’ dataset. The positional information 
relating to control points within the less accurate dataset is ignored, effectively assuming that 
the target dataset is correct. This may attain the goal of aligning the datasets but does so in a 
sub-optimal manner. In addition, most techniques are node-based, using perhaps road 
intersections as control points. Sections of linear or polygon features, such as the road 
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segments between these nodes, may not perfectly coincide after the transformation (Doytsher 
et al., 2001). It would be desirable to integrate datasets in such a way that corresponding 
features are unified into a single optimal representation using all of the available positional 
information. 

The problem of how the positional accuracy of legacy datasets can be improved through 
integrating new, higher accuracy data has been addressed with regards to land parcel databases 
(Merrit and Masters, 1999; Tamim and Schaffrin, 1995). The approach has been to use 
techniques based on least squares adjustment to obtain the optimal fit between the new data 
and the existing dataset. The advantage of such an approach is that positions are optimised 
taking into account all of the available information, including the quality of the data points. In 
addition, updated positional accuracy parameters are generated for each point, enabling 
reporting of local quality measures. 

A further benefit of using a least squares based approach is that additional information can be 
incorporated into the adjustment. For example, it is possible to include constraints based on 
geometric properties of the dataset, such as parallel lines, right angles or known areas (Hesse et 
al., 1990; Tong et al., 2005). These geometric constraints provide additional information to the 
adjustment process, resulting in better feature positioning. Accordingly, software has been 
developed for positional accuracy improvement of well-defined feature sets, such as the land 
parcel database, using techniques based on the method of least squares. In addition to 
improving positional accuracy, this software also provides updated local positional accuracy 
parameters.  

However, the least squares based method is currently limited in application to the adjustment 
of well-defined objects. Land parcel boundaries, for example, are defined by a set of easily 
identified points, enabling straightforward identification of corresponding vertices. In contrast, 
many datasets, particularly those relating to natural features, contain entities that are not so 
well-defined. It will be necessary to develop methods that detect corresponding points within 
these duplicate feature representations if the least squares based adjustment technique is to be 
extended to such datasets.  

Furthermore, there is a need to preserve the spatial relationships between datasets as they are 
adjusted. Considering objects as point sets, an exhaustive definition of the relationships that 
can exist between features has been provided, in the 4-intersection model (Egenhofer and 
Franzosa, 1991) or the more detailed 9-intersection model (Egenhofer et al., 1993). 
Researchers have used these models as a basis for developing automated logical consistency 
checks (Servigne et al., 2000). Although such methods are important for improving logical 
consistency among data layers, they do so in an ad hoc fashion by shifting or truncating 
features to remove discrepancies. Instead, logical consistency rules should be viewed as further 
information pertaining to the relative positions of the features. In this sense, they can be used 
to constrain locations during the process of data integration. Just as it has been possible to 
model geometric relationships as constraints in the least squares process, it may also be 
possible to model topological relationships. This would ensure that topology is preserved 
within the adjustment process, removing the need to fix violations after the event.  

3 Research focus 
At present, the least squares based techniques designed to improve positional accuracy of 
spatial datasets as higher quality data are integrated are limited in application to well-defined 
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features. Extending them to features that are not well-defined will require the development of 
methods to match points across the feature representations. If done successfully, this will 
enable positional accuracy improvement of existing datasets, as well as the generation of 
measures reporting local variation in accuracy. In addition, it is proposed that some topological 
relations may be modelled as constraints in the adjustment process, resulting in the 
preservation of topology as datasets are adjusted. The left hand side of Figure 3 illustrates the 
current state of affairs with regards to positional accuracy improvement as applied to features 
that are well-defined points. The right hand side portrays the focus of the current research, in 
extending this methodology to datasets that are not necessarily well-defined points. Note that 
the current research assumes that corresponding features in the two datasets have already been 
identified. The tasks that are the focus of this research are firstly, to match points within these 
corresponding features and secondly, to develop constraints from topological relationships 
between features.  
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Figure 3 The left hand side illustrates current method for improving positional accuracy of point datasets. 
The right hand side portrays the current research focus to extend this method to less well-defined features. 

3.1 Point matching across feature representations 
The problem of how to best match corresponding points in one or two dimensional features has 
been considered in several research areas, including data quality description of such features 
(e.g. Veregin, 2000) and linear-based conflation methods (Filin and Doytsher, 1999). One 
suggested method is to match each vertex to its nearest point in the other feature or to use 
perpendicular offsets to match one line to the other. Alternatively, vertices may be matched to 
a point at the same proportional distance along the feature. However, there are problems with 
these methods, as illustrated in Figure 4 where vertices along line P are matched to line Q. The 
former method does not take into account the course of the feature and is therefore prone to 
back-tracking errors. The latter does not account for the presence of detail or an outlier in one 
representation that does not occur in the other. An example of an outlier may be the inclusion 
of a bay in one representation of a coastline that is missing in the corresponding feature.  
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Figure 4 Backtracking errors in point matching are shown in A, where vertex P3 is matched to an earlier 

point on line Q than the preceding vertex P2. B illustrates errors in identifying corresponding points when 
point matching is by proportional distance along the line, due to part of line Q not being represented in P. 

The current research aims to develop a method to match points across features in a manner that 
is not subject to such problems. Devogele (2002) proposes a method based on the discrete 
Frechet distance. However, he only considers matching of vertices to vertices, which will not 
necessarily result in optimal point-matching between features that do not show one-to-one 
vertex correspondence. A method proposed in this research is to construct a surface depicting 
the separation distance between all possible point pairings, see Figure 5. The x and y axes 
represent progression from the start to the end point of each feature, whilst the z axis represents 
the separation distance between each point pairing. A least cost path that minimises the sum of 
the squared separation distances can then be computed. Constraining the least cost path to a 
monotonic function across the surface ensures that back-tracking errors are avoided. Moreover, 
the freedom to progress more quickly along one or other feature at different regions of the 
surface, resulting in gradient changes along the least cost path, enables the modelling of 
different levels of detail in the representations. 

 

 
Figure 5 Separation surface with least cost path for lines L1 and L2. Dark cells represent higher separation 

values. Progression along L1 is modeled as movement to the right, that along L2 as movement down. 

The least cost path therefore matches points across the corresponding features in an optimal 
manner by minimising the sum of the squared separation distances. The montonicity constraint 
ensures that the course of the features is taken into account. Furthermore, differing levels of 
detail in the two features are accommodated. Indeed, the presence of an outlier in one feature 
that is missing in the other can be detected through the presence of extended vertical or 
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horizontal regions in the least cost path. Such automated detection could be used to alert the 
user to the presence of outliers, enabling a decision to be made how best to handle these. 

Nonetheless, the separation distance between points in the two representations is datum 
dependent. Figure 6 illustrates different results in point matching between two identical lines 
that have been subject to different translations. This method cannot be used to match 
corresponding points until the representations have been transformed to the same datum. One 
way to do this would be to identify obviously matching vertices, termed breakpoints (Doytsher 
et al., 2001), in the two representations and use these to determine initial transformation 
parameters. Breakpoints could be identified through comparison of the ‘curvature’ at vertices 
that are similar proportional distances along the features. ‘Curvature’ at a vertex is here 
defined as the reciprocal of the radius of a circle through the vertex and its immediate 
neighbour to each side. An additional advantage would be that the breakpoints delineate the 
feature into smaller segments, which would reduce the computational cost of calculating the 
least cost path across the separation surface. 
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Figure 6 Datum dependence of point matches identified using a least cost path across a separation surface. 
Correspondences in (a) between L1 and L2 are different to (b) L1 and L3, when L3 is a translation of L2.  

Alternatively, it may be possible to determine corresponding points across the feature 
representations by determining an optimum path across a datum independent surface. Rather 
than comparing position, as is done in calculating the separation surface, the curvature at all 
possible point pairings could be used to create the surface. Many natural features are not linear 
between vertices but are curved. By fitting a cubic spline to the vertices of a feature, a function 
is defined that displays continuity in the first and second derivatives. Curvature values can be 
calculated along the spline and these values compared for all point pairings across the two 
representations. The curvature at a given point on the spline is defined as the rate of change of 
the tangential angle with respect to arc length (Yates, 1974). Hence curvature approaches zero 
in regions of the spline that approximate straight lines but increases markedly at regions of 
sharp turn in the curve. 

Initial results indicate that a surface generated from pairwise comparisons of curvature may 
enable the identification of corresponding points across feature representations in a datum 
independent manner. Figure 7 depicts a surface showing the absolute difference in measures of 
curvature for two features. However, a least cost path that minimises the sum of these squared 
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values may not always be suitable as a means of optimising point correspondence. The 
curvature values can be extremely high at points of sharp turn in the curve. A natural cubic 
spline can be prone to sharp turns, or even loops, that will have a great effect on such a path. 
Deciding the best type of spline to approximate polyline features and determination of the path 
function across the surface that optimises point correspondence remain topics of the current 
research. 

 

0

5

10

15

20

25

0 20 40 60

L1

L2

S1

S2

0

5

10

15

20

25

0 20 40 60

L1

L2

S1

S2

 
Figure 7 Natural cubic splines fitted to lines L1 and L2. The generated surface shows absolute curvature 
difference, higher values being darker. A potential path (light values) runs from top left to bottom right. 

3.2 Preserving topology 
Spatial relationships among features in different datasets may provide further information to 
aid the positioning of features. This requires that the relationships can be modelled as a set of 
constraints to be fed into the least squares adjustment. The current research aims to develop a 
family of such constraints from the possible spatial relationships that exist among features, 
based upon the binary topological intersection models (Egenhofer et al., 1993). Integration of 
these constraints into a least squares adjustment would preserve topology between datasets 
whilst simultaneously providing additional information to optimise positioning. 

It is expected that some relationships will be more easily modelled as topological constraints 
than others. For example, considering two linear features in 2-dimensional space, the 
relationship that Line A touches Line B can be modelled using a collinearity constraint. The 
cross product of the vectors joining the end-point of Line A to two consecutive vertices within 
Line B must be zero. The idea is similar in principle to ‘snapping’ the vertex to the appropriate 
line segment. However, the ‘snapping’ is achieved through moving all three vertices in an 
optimal manner, rather than simply moving the end-point of Line A.  

In contrast, it may be more difficult to model relationships such as Lines A and B are disjoint. 
In this case, it is difficult to establish an equality constraint that can be used in the adjustment. 
Spatial relationships that specify an intersection cannot occur lend themselves to inequalities 
rather than equalities. It may still be possible to model some of these relationships by 
establishing a function for the residual that is large whenever the inequality is not satisfied but 
remains small for all values that do satisfy the inequality. For example, the relationship a < b 
may be modelled with a residual function of the form: 

)( bacev −=  (1) 
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where: 
v – stands for the residual, 
c – is a suitably large constant to ensure small residual values if the constraint is met, 

large residual values otherwise. 

Nonetheless, incorporating such topological constraints into an adjustment process will require 
more than specifying spatial relationships and modelling them as topological constraints. 
Vertices that are relevant to each relationship will have to be identified. For example, in the 
case of Line A touching Line B, the segment of Line B to which the end-point of Line A is to 
be matched must be identified. This will require neighbourhood search methods and perhaps 
use of some of the techniques currently developed to detect for topological consistency 
violations. The preservation of inter-dataset topology through an adjustment process will 
necessarily be a complex process, although the potential rewards will be great. 

4 Summary of current work and future directions 
At present, two methods to facilitate point matching between corresponding features have been 
identified. The first requires determination of matching vertices in the feature representations. 
These breakpoints are used to delineate the features into corresponding segments and also to 
determine transformation parameters to align the segments. A least cost path can then be 
computed across the separation surface for each segment. The second method does not require 
the initial step of aligning the features as it is datum independent. A spline is fitted to each 
feature and a curvature difference surface for the two representations is determined. A path 
across this surface can be used to match points across the two representations.  

For the first method, an algorithm for determining matching vertices in the representations 
remains to be finalised, although it is proposed that this may be based upon a comparison of 
‘curvature’ of vertices at similar proportional distances along the feature. For the second 
method, determination of the best type of spline, as well as definition of the optimal path 
across the separation surface, remain areas of research. It is also intended that the two methods 
will be compared in their ability to match points across corresponding features in test datasets. 
This will determine which method will be used in the development of a module that can be 
embedded into current least squares adjustment software. 

With regards to preserving topology between datasets, initial research has focussed on 
determining mathematical functions that may enable spatial relationships to be modelled as 
topological constraints. This work has been based on the research of Egenhofer and colleagues 
that defines spatial relationships among point sets. Some relationships have been found to be 
more easily modelled than others and it remains to be seen if all relationships can be 
reproduced as constraints to feed into a least squares adjustment. Future work will include the 
further development of these constraints, testing of the proposed models within a least squares 
process and the determination of a framework that enables their integration into an actual least 
squares adjustment.  

5 Conclusion  
Legacy datasets are often of low positional accuracy relative to new data that are to be 
integrated during maintenance procedures. Although software exists to enable positional 
accuracy improvement of existing datasets as higher accuracy data are integrated, this is 
currently limited in application to well-defined features. This research aims to extend the 
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application of least squares based methods to a greater range of features. It has the benefit of 
optimising positioning by making use of all available positional data (including accuracy 
measures), the potential to incorporate topological constraints, thereby preserving spatial 
relationships, and the ability to report updated positional accuracy parameters at the local level, 
hence meeting the requirement to report spatial variation in data quality. 
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