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1
Introduction
The widespread GIS applications require an intensified study of geo-information from different sources covering the same geographic space.  Data matching is one of the fundamental techniques that help to make different datasets interoperable. In the past decade a lot of algorithms focusing on how this matching can be done have been developed for various purposes, such as (1) increasing the applicability of the existing data by transferring attributes or object classes from one data set to another (Devogele et al. 1998; Mantel & Lipeck 2004; Xiong & Sperling 2004; Zhang et and Meng. 2006), (2) evaluating and improving the data quality by comparison of different datasets (Walter 1997), (3) maintaining or updating datasets in Multiple Representation Database (Anders & Bobrich 2004; Badard 1999; Gösseln & Sester 2003; Volz 2006), and (4) providing navigation solutions for Location Based Service (Quddus et al. 2006; Stigmar 2005). A majority of these matching algorithms have revealed satisfied matching performance on certain data types in selected test areas. However, the problem of uncertain matching remains either in areas where the context conditions are too complicated (like around highways) or when one of the datasets contains little or no meaningful semantic information at all. In order to overcome this drawback, the authors present a structure-oriented matching approach for the integration of different road networks.

2
Structure-oriented matching strategy

In some sense a street network can be regarded as one unit constituted by various road structures, such as dual-carriageways (parallel lines), roundabouts, narrow passages, navigation stubbles, slip roads around cloverleaf junctions and normal single carriageways (see examples in figure 1). Since the various road structures take on quite different geometrical or topological characteristics from each other, it is hardly possible to match all of them efficiently by using the same criteria or methods. Keeping in mind these unfavourable conditions, we proposed a structure-oriented approach for the matching between different street networks, which can be characterized by three consecutive processes: (a) structure recognition, (b) process modeling, and (c) process execution. Structure recognition aims at identifying the road structures based on their spatial and/or semantic characteristics. During the process modeling, different structure categories resulted from the recognition trigger different matching algorithms as well as the necessary criteria. Process execution as the final step takes place to operate the matching approach. With regard to the general problem of searching scope and matching performance, the authors put forward a reasonable execution sequence for various structure categories.
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Fig.1
Dual-carriageways: e.g. parallel lines A→C→E & B→D→F in (a);   narrow passages: e.g. road A→B in (a);   navigation stubbles: e.g. road H→I in (a);   roundabouts: see example in (b);   slip roads around cloverleaf junctions, see red lines in (c)
2.1 Structure recognition
Figure 2 depicts the key component of the process “structure recognition”, which can be regarded as an activity to describe, classify and identify typical object clusters, i.e. road structures based on their spatial and/or semantic characteristics. Different structure categories necessitate different matching methods. 

[image: image4.png]Polygons

Poygors

Roundabos

Purilel polylines
e e

Dual carrageways

Palylincs' Storond
A
e
Sl T
oo o
Ghject e o
ciusters | > ")





Fig.2
Key components of the Structure recognition
2.1.1
Recognition of roundabouts
The roundabouts can be detected by comparing the coordinate pairs of one polyline: At first a sequence of line objects sharing certain characteristics is chained to form a polyline. If two points along the chain claim the same geometrical position, they indicated the existence of a roundabout (Zhang et al 2006). 
2.1.2
Recognition of the dual-carriageways (parallel lines)

The recognition of parallel roads is more perplexed, which needs an exploring procedure in the datasets to be matched. If two closely located polylines reveal similar geometrical properties, incl. angular, length, maximal chord, etc., and do not intersect, they will be associated to parallel roads (Zhang et al 2006). To emphasize that if the recognition process of parallel roads takes place on all of the road objects, it will consume lots of precious computing time since (a) the recognition of parallel roads is perplexed and (b) most of the matching references don’t belong to the special cases of parallel roads but to common street data, i.e. the recognition process should take place under some guidance of rules. After some analysis we found that such guidance could be the short polylines (e.g. length < 30m) which have their ending nodes with three or four branches, e.g. the narrow passage roads A→B, C→D, E→F, C→E,  and D→F in figure 1-a. 
2.1.3
Recognition of the slip roads around cloverleaf junctions

Recognition of the slip roads is one of the most complex tasks in our proposed matching approach. It takes place after the recognition of the dual-carriageways and can be characterized by two steps: (1) Detection of the cloverleaf junctions: a sequence of adjacent intersections crossed by dual carriageways can be regarded as cloverleaf junctions  and (2) Identification of the slip roads: a single carriageway, which is near to the cloverleaf as well as connected to dual-carriageways, will be recognized as slip road. It has to be noted that only depending on the geometrical characteristics, the recognition of the slip roads could be very hard in some cases. To enhance the computing efficiency, the semantic information should be researched above all. 
2.1.4
Recognition of the narrow passages and navigation stubbles

The narrow passages and navigation stubbles can be rather easily identified by the lengths and the topological characteristic of the ending-nodes: A narrow passage is one short road (e.g. < 100 meter) which has their both ending-nodes of intersections; whereas the short road line delimited by an intersection and an end-extremity is regarded as navigation stubble.

2.1.5
Normal single carriageways
The remained line objects after the sections 2.1.1 ~ 2.1.4 will be classified to one category and treated as normal single carriageways in the further matching processes. 
2.2 Process modeling

Structure recognition is followed by process modeling, which assigns different matching algorithms as well as the necessary criteria to differentiate structure categories. Buffer Growing (BG) along with the necessary parameters is an efficient algorithm for the general task of line matching. Hereby it is employed to as the basic matching algorithm in our proposed matching approach (Walter 1997; Mantel & Lipeck 2004; Zhang et al 2005). 
2.2.1
Matching of single carriageways (incl. slip roads, narrow passages, navigation stubbles and normal single carriageways)
The matching processes for slip roads, narrow passages, navigation stubbles and the normal single carriageways are almost the same, accordingly which are illustrated together in this section.

Step1:
Instantiation of the reference polyline

Following the principle of “good continuity” in “Gestalt psychology”, a sequence of recognized structures in the same structure-category from the reference dataset are chained together and acts as the matching reference. In this way the matching reference can be constituted by line objects with the same type of structure-category (e.g. slip roads, narrow passages, navigation stubbles or normal single carriageways), i.e. the reference polyline constructed by slip road(s) and normal single carriageway(s) is not expected. 
Step 2:
Identification of possible matching candidates

A buffer is built around each segment of the matching reference (see figure 3-a). Then all of the road objects with the same structure-category to the matching reference are selected. These road objects can also be chained according to certain rules to generate one or more polylines, which are regarded as possible matching candidates.
Step 3:
Exclusion of incorrect candidates

The set of possible matching candidates contains not only correct match, but some wrong suggestions. By comparing the angle, length, chord and location between the matching candidate and reference (Zhang & Meng 2006), some wrong matching suggestions could be excluded. To declare that the exclusion criteria for the matched pairs derived from the line objects belong to the structure category of slip roads, narrow passages or navigation stubbles should be looser than the criteria for the normal single carriageways. The reason is that the category of slip roads, narrow passages or navigation stubbles can hold some geometrical specialties by itself.
Step 4:
Exactness inspection of the matching candidates

In some cases more than one candidate could pass the exclusion criteria in Step 4 and each candidate is likely represented by a polyline that is longer than the reference, as the buffer around each line segment is always longer than the segment itself. E.g. the polyline P1→PN in figure 3-(a) is confirmed as one of the promising matching candidates for the reference polyline A→B after the BG-process. However from the geometrical and topological point of view, the polyline P2→PN-1 is the exact match and P1→PN is a bit longer. In order to get the exact matching result, the variable Similarity is defined in expression [1] to value the certainty of the matched pair.
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In this expression, 
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 represent the topological similarity of the starting and terminating points between the matched pair; and
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 are two experimental coefficients. Similarity can be scaled to a number between 0 and 1, with 0 indicating an entirely wrong match, and 1 a perfect match.  With Similarity, it is possible to inspect the exactness of the matching candidates, which can be illustrated by the example shown in figure 3.
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Fig.3
The exactness inspection of the promising matching candidate

As shown in figure 3, polyline P1→PN is one of the promising matching candidates, which is longer than the matching reference A→B and therefore needs a further treatment. In our approach, the process to determine the matching exactness begins with the initialization of the polyline P1→PN as the current exact matching result indicated by the variable “actual match”. This actual polyline will be shortened by progressively removing a point from one end. The “actual match” will be replaced by the shortened polyline if the latter reveals a larger Similarity to the reference polyline. Otherwise, it remains unchanged. Symmetrically, the shortening procedure will be conducted by progressively removing a point from another end and followed by a similarity comparison. The shortening process stops when the maximum similarity has been reached. 
Step 5:
Selection of the best candidate

In some cases more than one equivalent matching candidate could passes the exclusion criteria in step 3 and then be shortened to more precise matching candidates respectively in step 4. To solve the conflict of multiple candidates, we chose the one with the largest Similarity as the final matching result, whilst the others are discarded (Zhang et al. 2005). 

2.2.2 Matching of the roundabouts
The roundabouts reveal quite similar matching process to that of the single carriageways illustrated in section 2.2.1. The unique major difference occurs on the definition of the criteria for the purpose of excluding the incorrect matching suggestions as well as selecting the best matching candidate. In the process of matching corresponding roundabouts between different datasets, the criteria are related to three geometrical characteristics: area, location and form of the dealt roundabouts (Zhang et al. 2006).
2.2.3 Matching of the dual carriageways 
Step 1:  Instantiation of the reference parallel lines

Each of the recognized dual carriageways pairs in section 2.1.2 can act as matching reference in this process, e.g. the polyline A→B and C→D in figure 4.
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Fig.4 
Matching candidates of parallel roads 

Step 2: Line matching of each road of the matching reference

Build a buffer around each line segment of the reference parallel lines (incl. the polyline A→B and C→D). Then all the polylines from the target dataset, which were assigned to the structure-category of dual carriageways in the section 2.1.2 and entirely fall inside these buffers, will be regarded as possible matching candidates for either polyline A→B or C→D. With the matching process depicted by section 2.2.1, it is possible to get the improved promising matching candidates of each polyline of the matching reference. In the matching example illustrated in figure 4, the polyline A→B and C→D reached same improved promising matching candidates, which are J→K and M→N. 

Step 3: Selection of the optimal combination

The improved promising matching candidates of the reference parallel lines can lead to various combinations, one of which may be confirmed as the correct matching result. In the current matching instance (c.f. figure 4), the matching candidates lead to four different polyline combinations: (a) J→K and J→K, (b) M→N and M→N, (c) M→N and J→K and (d) J→K and M→N. The polyline combination (a) and (b) are overlapped, so these two combinations have to be discarded. The combination (c) is also rejected since the polygon enclosed by polyline M→N and J→K (viz. polygon M→N→K→J→M) is in counter-clockwise order, whereas the polygon enclosed by polyline A→B and C→D (viz. polygon A→B→D→C→A) is clockwise. The combination (d) is confirmed as the correct matching result of the reference parallel roads in respects that: (1) J→K and M→N neither overlap nor intersect; (2) The polygon J→K→N→M→J and polygon A→B→D→C→A reveal consistent orientation (both are clockwise) and have similar values of size, location and form, where polygon J→K→N→M→J is enclosed by the matching candidates and that polygon A→B→D→C→A is enclosed by the reference parallel lines. 
The optimal combination will result in two matched pairs. In the current matching instance, one of the matched pairs is constituted by polyline A→B and J→K; the other is by C→D and M→N. 
In some cases, more than one combination may fit for the three criteria above. Then the combination with the largest summation of the Similarity (see expression [1]) of each matched pairs will be confirmed as the best matching result (Zhang et al. 2006).

2.3 Process execution

Process execution as the final step takes place to operate the matching approach. As known, different structures categories have different matching processes. In order to get desirable results these matching processes have to be integrated together. Considering that the structures of dual carriageways, roundabouts, narrow passages, navigation stubbles and slip roads are holding several particular characteristics, their matching processes will be triggered ahead of the normal single carriageways in the integrated matching approach. To declare that if one structure of dual carriageways, narrow passages, navigation stubbles or slip roads from the reference dataset can not find its corresponding structure from the target dataset, it will be treated as normal single carriageways hereafter and then execute the matching once again.
3
Case study

3.1
Test data

Two datasets are involved in our case study: (a) road layer of Basic Digital Landscape Model (Basis DLM) from German mapping agencies and (b) road objects from TeleAtlas Corp.. The road layer of Basis DLM is composed of geometries and general-purposed attributes of road lines (middle axes) which were captured through map digitization in combination of semiautomatic object extraction from imagery data. Tele Atlas MultiNet is one of the most important data suppliers for car navigation systems. This dataset contains geometries and navigation-oriented attributes of road lines (middle axes) which were captured through map digitization, GPS-supported field measurement and dynamic supervision of traffic information. The project “Development of a method for the construction of a routing-capable street database in medium-scale range”, which is a co-operation between the Department of Cartography in Technical University of Munich and German Federal Agency for Cartography and Geodesy, aims at enriching Basis DLM with the routing-relevant information from Tele Atlas, that is, the matching between datasets (a) and (b).
3.2
Matching performance
The developed structure-oriented matching approach has been implemented to match the geo data from some test areas from Hessian and Bavaria in Germany. Inside these test areas, the average matching rate reaches 93%; among the matched pairs about 99% are correct. In order to further assess the matching performance of our proposed approach, a few detailed matching cases will be discussed below. 
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Blue lines: Basis DLM    Red lines: TeleAtlas    Green Arrows: links
Fig.5
Some efficient matching cases

Figure 5 shows some efficient cases for the street matching. In these cases, not only the lines (incl. normal single carriageways and roundabouts) but also the nodes are accurately matched through the comparison of the topological connections between nodes and line.

Figure 6 illustrates one of the complex matching cases around cloverleaf junctions (Zhang et al. 2006). In this case, the corresponding dual carriageways together with the slip roads between Basis DLM and Tele Atlas are accurately matched together. As the parallel roads are treated as one item, the proposed approach does not match the Tele Atlas road H→I to its closest DLM road K→J but to the farther one - road M→L. Moreover, with help of topological information and holistic sequence of the nodes, the nodes matching is quite efficient on the center of figure 6-(a), such as node C to D and E to F in figure 6-(c), where the topological connections are quite complex. However the matching results are not always so efficient. The proposed approach may have mistakes in some cases. For example, the node A on the top-left of figure 6-(a) should be matched to the node B on the topological point of view. Unfortunately our current matching approach can not correctly match these two corresponding nodes together because they have been placed too far away (about 100 meters). 
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Blue lines: Basis DLM    Red lines: TeleAtlas    Green Arrows: links
Fig.6
Complex matching case around highways (Zhang et al. 2006)

3.3
Transferring of the routing relevant information

According to the relationship to the road network, the routing relevant information can be classified into three groups: 
(1) The routing attributes of the road lines, e.g. street width, direction restriction and speed limitation. Such attributes can be quite easily transferred from Tele Atlas to Basis DLM when the corresponding road objects between these two datasets are successfully matched together.
(2) The routing information at the road intersections, e.g. turning restrictions and signpost information. Since our proposed matching approach can not only accurately match the road objects, but also the nodes along them, i.e. road crossings, it becomes possible to transfer the information at the road intersections from one dataset to another.
(3) Points of interests (POIs), also called “Service”, are a series of point representations bound to the road lines, such as hotel, gas station, restaurant, showplace, beauty spot etc. In order to transfer the POIs between different datasets, it is necessary to establish the point links between the matched pairs; with the availability of these links, the POIs can be automatically transferred from Tele Atlas to Basis-DLM by means of Rubber Sheet principle (Zhang et al. 2005). This process can be illustrated by figure 7.
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Black lines: Basis DLM;   Brown lines: TeleAtlas 

Yellow points: point representations bound to streets;   Arrows: links 

Fig.7
Transfer of the point representations: superimposition of three datasets (left), road linkage between TeleAtlas and BasisDLM (middle), transfer based on the rubber sheet principle (right)
4
Conclusion

This paper proposed a structure-oriented matching approach, which can be applied for the matching of different road networks and the transfer of the information (e.g. the routing relevant information) bound to one of the datasets to another. Taking into account the classification and recognition of the road structures, the proposed approach shows us a quite positive matching performance, which touches upon not only the normal single carriages but also the challenge cases of the slip roads, roundabouts, dual carriageways (parallel lines) etc. It has to be announced that even if the proposed approach has revealed high matching rate and accuracy, some uncertain matching problems remain in areas where topological conditions are inconsistent or extraordinary complex. We believe that holistically perfect matching approaches are possible only if the context information can be adequately considered. 
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