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Introduction

This paper describes a new rule-based object-oriented approach for describing public trans​port systems. The implementation of this approach – the Transport Object Platform (TOP) – utilises the new object-oriented possibilities now available in GIS to handle topologic com​plexities beyond the possibilities of earlier, non-object oriented GIS.

1.1 Background

The operation of public transport systems is inherently a rather complex matter. Not only does a public transport system rely on a given infrastructure; it is also dependent on the available rolling stock and the possible timetable. 

Despite the interdependence between different data, public transport companies often structure their data in a non-holistic way; e.g. by making separate departments responsible for infrastructure, timetable and rolling stock data, respectively. This tendency is strength​ened by the deregulation of the public transport sector in many countries making different companies responsible for data of the same transport system.

For this reason, data are often placed on different software platforms; Timetable and rol​ling stock data in different relational databases, infrastructure data are often divided in tabular data stored in a relational database, and geographical data stored in either CAD or GIS (Nielsen et al., 1998a). Some data are even stored in closed proprietary formats inside transport modelling software packages.

The distribution of data across multiple platforms makes it difficult for planners to con​struct models that fully utilise the available data because of inconsistencies between the different data platforms and conceptual models. This encourages ad hoc approaches to the tasks of translating and loading data into the models. 

Furthermore, most data models are non-intelligent, in the sense that they do not prevent the existence of inconsistent data. The lack of proper visualisation and editing tools also con​tributes to the data inconsistency, since complex features - e.g. transfer links at terminals - are not treated explicitly as unique objects. 

1.2 Proposed Solution

With the introduction of object-oriented GIS based on standard relational databases, an elegant solution to these problems is now possible. The answer is to create an intelligent, rule-based, open and extensible object-oriented data model.

Making a data model intelligent and rule-based involves building functions (methods) into the data model itself, rather than into the client of the data model, e.g. into a transport modelling package. Based on defined rules, these functions can ensure data integrity at all times. More advanced functions can be programmed to modify the underlying data so that otherwise illegal edits can be made without compromising data integrity. 

Making the data model open (and non-proprietary) makes it generally accessible. Estab​lishing a general data model independent of existing transport model software can make the data model serve as the intermediate step between raw data and data in the transport model. As development progresses, the data platform itself can serve as the data platform of the transport model.

Making the data model object-oriented makes it easy to implement rules and intelligence, and easy to program ancillary applications for transport planning and analysis. Conceiving the data model as extensible from the beginning makes it easier to extend the model itself to meet future demands for modelling and analysis.

Building the data model based on object-oriented GIS and standard relational database technology makes it possible to use state-of-the-art of-the-shelf tools for editing, analysis and visualisation, including visualisation of non-physical – but geographical linked - objects, such as turns, trans​fers at public transport terminals and timetable data. 

Using a GIS that can operate on different standard relational databases makes the data model platform independent and makes the model easier to fit into existing databases.

Overall, this new data modelling approach makes the highly time consuming data related steps in transport modelling easier and thus more cost efficient. In addition, consistency is enforced by the built-in functions in the objects. This greatly improves data quality and eases quality control.

1.3 Objectives

The objectives with the work presented in the paper were twofold; 

1) To develop a functional GIS-based model for public transport. This included a concep​tual topological model, development of a corresponding data model with objects for each type of topologic element, and finally implemented methods related to the objects to make the data model functional, e.g. editing and updating methods, visualisation routines, query functions, and user interface. 

2) Hereby to demonstrate that GIS-based object-oriented approaches are feasible today to model complex transport systems. This may launch new initiatives concerning other domains, e.g. rail infrastructure models, freight networks and terminals, and air sys​tems. Or TOP could be extended to these domains by adding objects.

As such TOP is a platform to be used for transport planning and modelling, including all the necessary data editing methods. At the present stage TOP is used to maintain the Copen​hagen Ringsted model’s data foundation (Nielsen et al, 2000). However, ongoing work extent TOP with some transport related methods, e.g. path finding algorithms and assignment models. Being a practical tool – although a very general one – TOP is more than a data exchange format or data model
, since methods are built into the objects in TOP.

1.4 About the Paper

The paper suggests a general object-oriented framework for public transport models, continuing  ideas from Nielsen et al. (1998b) and Thorlacius (1998). 
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Figure 1 Common workarounds used to handle public net​works in GIS

Section 2 describes earlier work concerning data models for public transport networks. This is followed in section 3 by an introduction to object oriented approaches illustrated with some transport-related examples. Section 4 describes the GIS-technology behind TOP, and section 5 the conceptual model of TOP. This is followed in section 6 with a short description of implementation issues and practical experiences, followed by conclusions and perspectives for further work in section 7.

2. Earlier work

In the following a short overview of previous developments in GIS and transport models is presented with regards to multi-modal transport networks.

2.1 Experiences from the Use of GIS in Transport Modelling

The first use of GIS in connection with transport models utilised simple edge-node topolo​gies to describe transport networks. All subsections of routes were described by links and nodes similar to mathematical graphs, although they might share the same road in the physical network. The data describing the edges contained information on the from-node and to-node, while data describing the associated edges was not main​tained equally for the nodes. This made it difficult to implement efficient network algo​rithms that ran directly on top of the GIS data, as the whole calculation graph had to be rebuilt whenever it was needed.

Using the same approach, primitive modelling of public transport networks was attempted by building the networks using the node-edge topology. However, this approach made editing and verification of the data difficult and introduced data redundancy, as route net​works had to be digitised "on top of each other", i.e. they had duplicate geometry where several edges in the model represented the same physical edge (figure 1a).

Later, turntables were introduced in GIS. Turntables made it possible to describe turns and turn restrictions at intersections modelled as nodes. Turntables can also be used to rep​re​sent changes between routes at stops in public transport systems (figure 1b). However, the problem of redundant data at the edge level still prevails using this approach. Further​more, it is necessary to imple​ment various editing tools to ensure the consis​tency of the data.

Later dynamic segmentation was introduced. Dynamic segmentation is the repre​sentation of points and lines (events) along a sequence of existing edges, potentially useful when describing pub​lic transport networks (Niel​sen et al., 1998b). The method was used in the projects ALTRANS (Thor​lacius, 1998), BRIDGES (Nielsen et al., 1998a) and the Copenhagen Ringsted Model (Nielsen et al., 2000). Refer to figure 1c.

The experiences recounted above lead to the conclusion, that so far, it has been diffi​cult to establish and maintain models of multi-modal trans​port networks in GIS. It has also proven difficult to de​velop even quite simple topological models with the necessary degree of general​ity. An aspect of this problem is that data models of multi-modal networks often are im​possible to describe using existing GIS elements exclu​sively. Therefore, topological elements often have to be de​scribed outside of the GIS. The GIS functionalities to ensure coherence of stored data thereby only cover some of the network connectivity. Overall such data models can be described as 'non-intelli​gent', since they cannot pre​vent the exis​tence of incon​sistent data.

2.2 Experiences from the Use of Transport Modelling Packages

In parallel with the development of topological models in GIS, transport-modelling pack​ages have been added GIS-like functionalities in order to ease the management of geo​graphic data
.

However, such software often use proprietary data formats, meaning that it is difficult to use them together with other data formats and external calculation models. This makes it difficult for users to add functionality to the packages, e.g. to add new algorithms or to adjust existing ones. Finally, there is no easy method to synchronise data between applica​tions that handle different aspects of a modelling project (e.g. traffic assignment models and rail simulation models).

Unlike GIS, transport-modelling packages have sought to add the topological models neces​sary to handle the network data, but not in a general form. Often the models are tightly tied to the algorithms in the package. In addition, tools for editing and visualising data are often inferior to those of a GIS. In some packages, however, the data model may be de​scribed as being 'intelligent', as the software has a fair amount of support for ensuring consistency of the data, e.g. the handling of public transport routes in TransCAD.

2.3 Bridging the Gap between GIS and Transport Modelling Packages

Attempts have been made to bridge the gap between GIS and transport modelling pack​ages. The EU project BRIDGES
 developed a conceptual data model describing public trans​port networks – among other things. This model formed the basis for a formal exchange format, Generalised Transport Format (GTF) to facilitate transfer of data between applications. The work is continued in the research project SPOTLIGHT  – also funded by EU (Nielsen et al., 2001a).

In the ALTRANS project (Thorlacius, 1998) a GIS-based model for public transport net​works was implemented. The model included the ability to import timetable data from the different formats used by Danish public transport operators. This reduced the workload establishing the data. However, ALTRANS as a model does have some drawbacks: The calculation algorithms are quite slow as they are based on the network algorithms imple​mented in the underlying GIS – in this case ArcInfo 7. Also, because of its focus, the ALTRANS data model was not designed to ease editing and maintenance of the data.
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Figure 2 The exchange format used in conjunction with the topological model for Public Transportation Networks in the Copenhagen Ringsted Model (Nielsen et al., 2000).

Because of the ease with which public network data could be established, ALTRANS was chosen as the data model foundation of the Copenhagen Ringsted Model (Nielsen et al., 2000). The model was adjusted to take account of rail-specific details. Calculations were handled by external applications to optimise speed. Data were exported from the GIS-based model to the calculation programs through an exchange format implemented in a data​base (Figure 2). As can be seen, this model is more extensive than the basic edge-node top​ology. 

3. Object Oriented Approaches 

The term object-oriented originates from the software development world and is usually used to describe programming languages or design methods. However, object-oriented can be generalised to describe data models as well. Examples are Oracle and the ArcInfo 8 GIS.

This section introduces object-oriented concepts. To exemplify the theory, examples are given from ArcInfo 8 and TOP, although the full topological model in TOP is first de​scribed in section 5. 

In abstract terms, an object encapsulates:

· Properties; e.g. the shape and the maximum allowed speed describing a road edge.

· Functionality; e.g. methods to edit a road edge.

· Events (functions that are executed when certain events happen); e.g. methods to up​date the database if a link is deleted.
An object class is a group of objects that have the same type, e.g. TransportEdges, but vary in the actual data being described, e.g. a specific road network link versus another.

3.1 Object Class Inheritance

The object-oriented approach involves the possibility to build a hierarchy of object classes, in the sense that the one object class inherits the properties and functionalities of the object classes above it in the hierarchy.

An example is the ArcInfo generic object SimpleEdge, which describes a simple form of an edge. It contains various functions for handling, editing and visualising edges.

The TOP object class TransportEdge is placed below the ArcInfo object class SimpleEdge in the hierarchy and therefore inherits all the functionality of the SimpleEdge object class. However, the TransportEdge has been added additional properties and functionality in or​der to describe transport networks. 

The TransportEdge in TOP is used as the basis for various infrastructure specific sub types, for instance Road-, Rail-, Walk- and BikeEdges. These types can, if necessary, contain further additions of specialised functionality, and an adjusted set of rules for their behav​iour. 

3.2 Grouping of Objects

A useful possibility is the ability to create groups of specific objects, using relationships as described below. Several bus Stops may belong to the same StopGroup, or several platforms as a group de​scribe a train station. This makes it possible to handle detailed data in an aggregated man​ner. For instance, detailed knowledge of the positioning of stops is necessary for visualisa​tion, or the generation of calculation graphs. But for the editing of timetables, it is only nec​essary to treat the various groups of stops as single elements and let the system handle the details. In addition, object groups themselves can also be part of higher-level grouping, e.g. stop groups as a part of a transit terminal. 

3.3 Relationships Between Objects

Another important feature made possible by the object-oriented approach in ArcInfo 8 is the possibility of defining relationships and connectivity rules between objects. 

The ability to define relationships between objects allows the description of inter-depend​encies between real-world objects. This is an essential feature when trying to describe multi-modal networks. For instance the fact that “a bus route uses road edges”, is reflected as a relationship between a bus Route object and the RoadEdges it follows. 

Programmatically, relationships are also very useful. They make it possible to embed pro​grammed functionality in objects, so that they can react to events happening to related objects. For instance, a bus route that has relationships to the road edges it uses can be alerted if one of the related roads edges gets changed or deleted.  

Relationships are basically implemented in the same way as in relational databases, by storing the relevant IDs. The functionality of firing event code is then provided by the GeoDatabase framework.

Connectivity rules is the ability of being able to enforce rules concerning which elements may connect to each other. Such rules have obvious uses: It should not be possible to con​nect a highway to a rail edge; bike paths should not connect through a junction for walking paths etc. By the simple step of embedding “common sense” rules, a huge amount of po​tential problems are eliminated. TOP makes extensive use of this feature. 

3.4 An example

Figure 3 shows an example of how relationships are used. The example is part of the object diagram (UML
) that describes the TOP objects.
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Figure 3 A sample from the TOP UML diagram, describing some relationships
The diagram shows how a RouteSegment has relationships to a from-StopJunction and a to –StopJunction. This means that if the related StopJunctions are changed/deleted/moved, the RouteSegment is notified and can react accordingly.

Another kind of relationship, an attributed relationship, is used to describe what Transport​Edges and parts of TransportEdges, the RouteSegment consist of. An attributed relationship means that each relationship being described also can contain attributes or in​formation.

Finally, the relationship between the StopJunction and TransportEdge shows how Stop​Junctions are “connected” to TransportEdges, although the two objects are not part of the same network. The relationship does not contain any attributes describing the position of the StopJunction on the TransportEdge, as this position is calculated based on the position of the Stop that the StopJunction represents.

4. GIS-technology behind TOP

The introduction of object-oriented GIS represents a technological breakthrough in the field of GIS. It is now possible to develop more complex topological models for transpor​tation analyses in GIS.  In the following, a brief introduction to the technology is given. 

4.1 The Technology of TOP

TOP is built using relational databases, GIS and methodology from object-oriented soft​ware design, as united within the framework of ArcInfo. The central idea is to describe all the relevant planning data necessary for a project in the same database.

As facilitated by ArcInfo 8, every entry in the database can have associated geographic properties, network properties and associated rules, and behaviour. 

The rules ensure consistency and connectivity between objects (e.g. that a rail edge cannot be connected to a highway), logic (e.g. what objects should be notified if an edge is changed and what should be done) and functions (to manipulate the object).

The objects have associated editing and visualisation tools. Some of these are standard ArcInfo tools that the specific object – e.g. a motorway – inherits from the standard GIS object – e.g. a TransportEdge. And some of the tools are implemented as part of TOP, e.g. to show a certain bus route on the map, or its timetable in a space-time diagram.

Finally, the objects can have functions to be used for applications; e.g. to ease the imple​mentation of route choice and assignment models in complex multi-modal transport net​works.

4.2 Visions and technological delimitations

Basically TOP is envisioned as a platform to handle data and the development of applica​tions for trans​port planning, with emphasis on multi-modal networks and associated time​table data. 

It was an important priority, that TOP should be is a suitable platform for efficient calcula​tion models. Accordingly, the object oriented data model must be general, open and exten​sible. Hereby, it is possible for other (persons, organisations) to use elements of TOP within their own models or application, or simply use TOP with their own extensions (e.g. with a public transport mode not presently implemented, such as trams).

Due to the general nature of TOP, it is a somewhat abstract model that will need additions in order to fully describe very specific data. In the same way, the topological objects in TOP are extensions to the general object model available in the GIS Arc​Info 8. 

This may also be considered as a limitation. As TOP utilise the object model (and other functionalities) in ArcInfo 8, the use of TOP require an ArcInfo licence. A similar model could have been implemented using other object oriented GIS (e.g. SmallWorld
). But a platform independent approach (e.g. Java) would have necessitated the implementation of a new GIS – an unrealistic task. However, the data – and object model – itself is general in the way, that other applications can read it without using ArcInfo (e.g. a C++ program or an Oracle database). In fact, although data is formally stored in the object-oriented GeoDatabase, the GeoDatabase itself always runs on top of a standard relational database, for instance SQL Server, Oracle 8i, Access etc.

On the other hand, the use of a tested and comprehensive start-point – such as ArcInfo – ensure a high degree of reusability and consistency between the various applications of TOP, just as the generality makes it possible to describe multi-modal transport networks and hereby analyse data across several modes of transportation. The generality also ensures that TOP can be used on various levels of aggregation, e.g. from local bus planning to worldwide container shipping.

An important feature of TOP is that intelligent relationships exist between related topo​logical elements, e.g. when a road is changed, related objects (such as bus routes on the road) are updated automatically as well. 

In the case that an automatic update is not possible, the now invalid object will be pin​pointed and the users will be offered assistance and suggestions on how to make them valid again. E.g. in the event of a road being closed it will in most cases not be possible to make the correct update of e.g. a bus route along the road unambiguous, e.g. because the bus can be rerouted along different paths of equal length.

The object-oriented approach ensures that all additions to TOP and applications using TOP are able to use and extend the functionality of TOP, in exactly the same manner that TOP is using and extending the functionality available in the object-oriented GIS.

5. The Conceptual Model of TOP

In the following, the conceptual model behind TOP is described (figure 4). The conceptual model reflects the preliminary design process and is the basis of the so-called UML dia​grams used to describe the actual software objects in TOP. These consist of separate diagrams describing inheritance, relationships, connection rules and object functions. In figure 5, a simplified and combined version of the inheritance and relationship diagrams is showed. The con​ceptual model provides a good overview of the TOP data model. 
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Figure 4 Conceptual overview of the TOP object model
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Figure 5 Object hierarchy for the main objects in TOP

In the following, object class names are written in Italics concatenated with capital letters starting the individual words, e.g. TransportEdge.

Overall, the TOP data model, can be described as consisting of 4 main parts:

· The Physical Network consisting of edges, junctions and turns. Turns are mainly used in conjunction with the road network. But they can also describe restrictions in e.g. rail switches.

· The Route Network describes scheduled routes on top of the underlying physical edges. A Route connects a series of Stops. A StopPattern shows which of the Stops along the route that are actually stopped at. While the TimePattern describes the travel time from Stop to Stop. The run describes one specific departure. Routes can be grouped in order to describe a single public service with variations in the Route, Stop​Pattern and Timetables. In the implementation, TimePattern and StopPattern was combined into a single table, TimePattern. 

· Transit Terminals describe junctions in the public route network, and the possibilities of movement (Transfers) between stops within the terminal. StopGroups are aggrega​tions (unions) of Stops, and Terminals unions of Stops and StopGroups.
· The Demand group of objects describe data elements commonly used in transport model​ling. CatchmentAreas (e.g. zones) are used to divide a model area into a collec​tion of aggregated elements. A Terminator is the network representation of the Catchment​Area in the form of a node. This is connected to the relevant Transport​Nodes and  Stops using Connectors. Matrices are used to store relevant information de​scribed on a Catchment-to-Catchment level, for instance number of travellers, travel time etc.
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Figure 6 The complete conceptual model for TOP
As part of the process developing the conceptual model of TOP, a review was made of the most widely used model applications on the market. This led to the addition of some spe​cialised objects to describe Terminals and Demand, as shown in figure 6 and explained more thoroughly in the following sections.

5.1 Physical networks

As mentioned above, the physical network consists of TransportEdge, TransportJunction and Turn objects (figure 7).

The TransportEdge and Transport​Junction describe physical infrastruc​ture objects, while the Turn objects are used to describe movements al​lowed at the TransportJunctions. 

Data concerning road signs, pavement management etc., can be described by linear refe​rencing (similar to dynamic segmentation) on top of the Trans​portEdges.


[image: image4.wmf]Connector

(Link)

TransportJunction 

(point)

TransportEdge

 (line with shape points)

Diretional Data

Turn

(table)

RouteSegment

(path)

Connects a to-edge 

with a from-edge

Belongs to

Connector 

ends at

1:1

ReferencePoints may

2. Relate to junction

3. Relate to edge by milepost (and 

ServiceEdge)

4. Relate to edge by fixpoint (and 

ServiceEdge) 

The edge connects

a from and to junction

Edges leaves the junction

Sequence of

DEMAND

TRANSIT TERMINALS

ROUTES

ComplexJunction

(links and nodes)

Aggregates

to

LinearReference

(table)

Aggregates

to

ReferencePoint(s)

(netflag)

FareZone

(polygon)

Can cross

Aggregates to

PHYSICAL 

NETWORK

 Figure 7 The conceptual model for physical networks.
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ComplexJunctions describe junc​tions that are too complex to de​scribe by a simple turntable. This data type is sometimes referred to as sub networks, e.g. in the GTF for​mat (Nielsen et al., 2001a). An exam​ple is given in figure 8.

Most elements in the physical net​work have connectivity rules, to prevent the connection of e.g. road intersections with a rail edge. Also a number of rules can define which modes, vehicles, units and com​pany/departments that are allowed to use the objects, e.g. that high trucks are not allowed to use a cer​tain link under a low bridge.

5.2 Terminals
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Figure 9 The conceptual model for terminals

Terminals are the most complex group of objects in TOP (figure 9). This is partly because of the versatility needed to describe terminals for a wide range of public transport modes, and partly caused by the wide range of conceptual models used by various public transport operators, companies, departments of transport and planning software.

The Stop is the basic building block used to describe a Terminal. A Stop has always a geo​graphic location described by co-ordinates given by the ServicePoint. In some cases this location might be coincident with a TransportJunction (as the case in some older transport modelling packages). This is the most simplified geographic definition of the stop. In other cases, the stop will have co-ordinates different from junctions in the physical network; i.e. rail platforms versus rail tracks, actual bus stop poles versus road centrelines.

The connection of a Stop to the relevant nearby TransportEdges is shown by placing a Reference​Point on the edge (figure 10). This represents the ability of passing public routes to use the stop. A ServiceEdge connects the ReferencePoint to the Stop (ServicePoint). 
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Figure 10 Different approaches to define a stop
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The ServicePoint of the Stop can be defined simply by its co-ordinates. However, it can also be defined by a milepost along the TransportEdge (linear referencing) and an offset (figure 10). Finally, the Stop can be defined by a fix-point and a ServiceEdge (alternatively by milepost and angle, as shown in figure 11). 

A certain Stop can be connected to several physical networks by multiple ReferencePoints, e.g. a bus stop connected to the road where the bus runs, as well as the pedestrian network leading to the stop.

A Stop can also be connected to other Stops nearby, through TransferEdges. One example is when Stops are grouped together in a StopGroup, where the TransferEdges describe the connection between the StopGroups' ServicePoints and Stops. Note that a ServicePoint for a StopGroup is described similar in the data model as a ServicePoint for a Stop, but that it has a more aggregated interpretation: It can relate to a more aggregated physical network, making it possible to 'zoom out' from the very detailed representation of the network using Stops. 

The StopGroup can be used to ease the aggregation of a public transport network, e.g. for the use in the timetable presented to the public. For instance, main timetables for rail sel​dom describe from which platform (Stop), the train departs from, this information is only displayed at the station or used at the control centre.

TransferEdges between the ServicePoint and the Stops can be generated automatically, while one may need to define more TransferEdges, e.g. in the case where the path between two Stops in a StopGroup would be unnecessarily long, using auto-gener​ated Transfer​Edges (as in figure 12). 
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Figure 12 Relationships between objects in a terminal

StopGroups can be grouped together into Terminals. The ServicePoints within a Terminal can then be connected with auto-generated TransferEdges, and manually defined Transfer​Edges can connect Stops, StopGroups' ServicePoints and Terminals' ServicePoints as needed.

A ChangeEdge is an auto-generated edge that is not stored permanently in the model, but used to display all possible links between Stops, or to show all possible transfers within a transit terminal. ChangeEdges are accordingly closely related to tools and procedures built on TOP.

TransferEdges describe the possibility of changing (walking) from one stop to another. As such, it is an aggregated representation of the underlying walk paths. This relation to a more detailed network can be described by using RouteSegments – similar as for public transport routes (see chapter 5.3) - or by using linear referencing.

Another possibility is to build a sub network within the Terminal of TransferEdges and TransferNodes. However, the same can be obtained by building a physical network of TransportEdges and TransportNodes restricted to walk as mode.

Finally, a TimingPoint can be used to denote a ServicePoint of special interest. As an ex​ample important checkpoints for a schedule, a bypass section at a rail line, or the passage between two FareZones.

Also the Terminals can contain connectivity rules, so that certain Stops can only be con​nected within certain TransportEdges (e.g. a rail line cannot stop in a ferry berth). Also a number of rules can define which modes, vehicles, units and companies and departments that are allowed to use the specific Stops, e.g. that a platform is too short for certain trains or that a TransferLink is not allowed to be used for containers containing dangerous goods.

5.3 Route Networks

The public routes are described on top of the physical infrastructure network (figure 13). This is made possible by the RouteSegment object. 
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Figure 13 The conceptual model for the Route Network
The RouteSegment is the defini​tion of a connection between two Stops. It describes the path between the two stops through the network, i.e. through a se​quence of TransportEdges (and parts of TransportEdges) along the path (figure 14). Thereby, RouteSegments are described unambiguously; which would not be the case if the path was described by a sequence of nodes, as in some ex​change formats (e.g. that other paths could connect the two Service​Points in figure 14). 

A Route describes the route of a public transportation service as a sequence of RouteSegments. This means that a Route is basi​cally a series of stops connected by a path.

Detailed information is added to the Route, by using a Time​Pattern and a StopPattern. The TimePattern is a table that cor​responds to the sequence of RouteSegments in the Route. It describes the relative time needed to travel from stop to stop. The StopPattern describes which of the Stops in the se​quence that the Route actually stops at. An example is an express train only stopping at certain stations (Stops) along the route, while the slow train has more stops.
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Figure 14 Example of RouteSegment

The users are not restricted to define one TimePattern or one StopPattern in conjunction with a Route. A series of Runs are then specified for the route, and for each Run a Time​Pattern, a StopPattern and a time of departure from the first stop is specified.

For a highly non-regular timetable (typically long distance services), each run has its own TimePatterns and StopPatterns. While regular services may only have one TimePattern and StopPattern, e.g. a metro line running each 3 minutes along the same path and stop​ping at the same stops throughout the day.

It is noted that several Routes can use the same RouteSegment, e.g. in the case of a bottle​neck in a rail network, or bus lines between two islands using the same ferry.

Finally, the RouteGroup object is used to group together a collection of Routes and their Runs. This makes it possible to describe public transport lines whose timetable or path varies with time, as a whole. 

As illustrated in figure 15 the representation of a timetable based public transport service in TOP, is performed using 3 layers of data:

· A physical network, describing roads, railroads, bike and balk paths etc. These ele​ments describe physical objects, and are easily modelled as simple network features.

· On top of the physical network part of the public transportation network is described. The data described in this layer is basically Stops, Terminals, Transfers and Route​Segments. RouteSegments are the necessary as building blocks for a detailed descrip​tion of public routes. None of the elements contain any time dependencies.

The RouteSegments are defined using a table of linear references to the underlying infra​structure edges. That basically means a table, which describes what Transport​Edges and parts of TransportEdges, a given RouteSegment consists of.

· Finally, as the topmost network layer, a combination of features and tabular data pro​vides a detailed, time dependent description of the public routes
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Figure 15 The representation of a timetable based public transport service: Interaction between objects in the physical network, route network and terminals.
TOP contains functionality to ensure the consistency of the relationship between Routes and the physical network, e.g. so that describe that rail routes can only run on rail tracks. In addition, a number of rules can define modes, vehicles, units and company/departments that are allowed to use the specific Routes.

5.4 Demand
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Figure 16 Conceptual model for Demand

The Demand group of objects is used to describe the need for trans​portation (figure 16). 

The Terminator - a generalisation of the zone centroide commonly used in transport models - repre​sents an entry/exit point as a Junc​tion. The Terminator can be con​nected to all kind of objects that are aggregated representations of real-life objects that generates or at​tracts traffic, e.g. zones, junctions, shopping centres, or roads in a residential area. These are grouped together as the CatchmentArea.

The Matrix describes data on a Terminator-to-Terminator basis. Data being described is typically traffic (persons, goods, cars) or travelling times, travel distances or other calculated results. 

The Connector object connects a Terminator to the transport net​work at a TransportJunction or at a ServicePoint. The latter can repre​sent a Stop, a StopGroup or a Ter​minal. A Terminator can be con​nected to a network by several Con​nectors. Note that route choice appli​cation may need rules to pre​vent paths using a sequence of Connectors, i.e. Connectors may only be used from the 'from-Termi​nator' and for the 'to-Terminator' along the path.

Compared to a traditional traffic model, the CatchmentArea is a generalisation of zones, the Terminator of zone centroids, and the Connector of fictive links.

In a future version of TOP, a ComplexDemand object will probably be introduced. Its pur​pose is to generalise the Terminator-to​-Terminator description of traffic flow, extending it to a travel chain, with a number of mandatory destinations or transportation modes be​tween the Terminators, at intermediate nodes. Accordingly, a Journey can describe a se​quence of traditional 'trips' in transport models. This may be used in activity based traffic models, which describe the daily activities and trip chains derived from this. Or the Journey can describe the distribution of goods by the use of e.g. travelling salesman algorithms. 

5.5 From the conceptual model to calculation graphs

The conceptual model described above is intended as a complete description of public transport planning purposes. This can been extracted to model networks at different conceptual levels;

The Geographical network basically includes all objects that have a geographic dimen​sion, i.e. co-ordinates. This is both the physical network, and the physical objects con​cerning Terminals (e.g. Stops and TransferEdges defined by shape points). A number of objects can be illustrated geographically, e.g. a route, although their geography are not defined by themselves, but by relationships to other objects, i.e. objects in the Geo​graphical network.

A number of calculation graphs can be extracted from the geographic network, e.g. for car traffic and pedestrians respectively. However, some of the flows on the network may not need to be calculated, e.g. the bus traffic which is defined by the routes and timetables. Accordingly, the total flow on e.g. a TransportEdge in the network can be summed from different calculation graphs and public transport routes.

The organisational network describes the network as experienced by e.g. a public trans​port user, or by a freight container.
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Figure 17 Example of the extraction of a calculation graph from TOP
For calculation purposes, the graph of the organisational network can be extracted for e.g. assignment procedures. An example is shown in figure 17. The calculation graph contain a number of 'synthetic' links, e.g. to describe waiting time for a certain run. On the other hand, the graph does not contain all the elements needed for graphic display of the physical network, e.g. ServiceEdges and shape points along each edge.

One of the main benefits of TOP is to maintain a more complete description of the transport system than earlier – not only a specific sub network for one industry/domain or application. Examples of the bene​fits of this – but with a less elegant solution than TOP – are given in the East Denmark model (Nielsen et al., 2000). Pre-load of busses along bus routes were included in road assign​ment models, making it possible to implement a more precise model of delays for the road traffic. And a detailed rail simulation model was used to model the delay distribu​tion of trains. This included the interaction between all runs with all routes at the Transport​Edges (rail tracks). 

For planning of larger investments and changes of the transport system, where it is not suf​ficient only to consider one mode, an integrated data model such as TOP is very useful. This is especially the case in systems with capacity prob​lems. But TOP is also profitable for the basic maintenance and management of data, since data from different organisations and sectors can be combined and integrated.

6. Implementation and tests

The first step in implementing TOP was to design and agree upon the conceptual model. This was then transferred to an UML-diagram, used as the focus point in the following work. The interaction (inheritance, relationships and connectivity rules) to existing ArcInfo objects was then designed. Finally, the new objects were implemented within the COM framework, using Visual C++.
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Figure 18 Example of creating a route between stops (that are located along road centrelines with an offset – not at the links or junctions) at a small prototypical case 

The model was first tested on small archetypical network cases (with the data mostly stored in Access). Figure 18 shows one example. The full Copenhagen – Ringsted topo​logical model and data (Nielsen et. al., 2000) was then imported into the data model and tested in various ways (data stored in Oracle). An example is shown in figure 19 and 20.
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Figure 19 Import of the Copenhagen-Ringsted model into TOP. Query of two bus-routes. Terminals are shown as big ‘dots 

Nielsen et al (2001b) describes in further technical details how TOP was implemented.

Practical experiences so far show, that using TOP ease the work updating and editing the complex public transport network significantly. Furthermore, it is easier to query, analyse and illustrate data. However, at the present stage of the work, TOP includes no calculation routines – e.g. route choice models – and external models have not been integrated with TOP (except by simple import/export of data). The next phase of the work will – among other thing – focus on utilising TOP for transport modelling algorithms (Nielsen & Frederiksen, 2001c) 
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Figure 20 The routes shown in figure 19, shown with a 3D-visualisation, Z being the time axis. The separate runs of the routes, are clearly shown

7. Conclusions and perspectives

The paper described the intentions behind the Transportation Object Platform (TOP) de​veloped as an extension to the GIS ArcInfo 8.  

By utilising the object-oriented approach in ArcInfo, it was possible to build far more com​plex topological models for transportation network than what has been possible previous. This makes it possible to eliminate the many proprietary solutions for data and models in today's practice of transport modelling and management. A practical example is the trans​fer of the Copenhagen-Ringsted Model (Nielsen et al, 2000) to TOP. The first step inte​grated the many data models and sources already embedded in KRM. The next allows for integrating stops within stop groups into the model. TOP can accordingly increase the con​sistency of data models, and provide a platform for building more advanced tools for the editing, visualising and analyses of transport data as demonstrated by the examples in sec​tion 6. 

The suggested and implemented object hierarchy includes object classes to handle the loading of data from different existing non-object-oriented transport models as studied in Nielsen et al. (1998a). The framework is consistent with the work being carried out in the EU project SPOTLIGHT (Nielsen et al., 2001a) and co-ordinated with the vendor of ArcInfo (ESRI) and the efforts to create a US norm for object oriented transport network data models (UNETRANS, http://www.ncgia.ucsb.edu/vital/unetrans). 

In practice, TOP can ease and support the work in public transport companies, operators of public transport, freight companies, infrastructure owners, planning authorities, and other organisations, that works with infrastructure and transport modelling. In some cases as is, in other by extending TOP's domain by new objects.

Furthermore, TOP is a software tool for implementing new and more efficient multi-modal transport models. This is both due to the built-in routines for data management, and due to the facilities to generate the needed sub graph of the network, as well as to import calcula​tion results from these. This is both of interest for research institutions and software devel​opers. Several Danish Research projects are utilising this for both passenger and freight transport modelling. 

More generally, the paper demonstrated the potential benefits of using object-oriented approaches for transport modelling and GIS-based databases. Such approaches are in their beginning due to the late advent of suitable, open and object-oriented GIS.
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Figure 11 Relationship between a stop and a TransportEdge
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Figure 8 Link-node network (upper left) and ComplexJunction (lower right)
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� E.g. such as the European GDF-format mainly for road traffic � HYPERLINK "http://www.ertico.com/links/gdf/gdf.htm" ��http://www.ertico.com/links/gdf/gdf.htm�, the TRANSMODEL for public transport (CEN-norm prENV 00278021), the UNETRANS transport data model � HYPERLINK "http://www.ncgia.ucsb.edu/vital/unetrans/" ��http://www.ncgia.ucsb.edu/vital/unetrans/�, and the EU-research proposed Generalised Transport Format (GTF), http://gtf.mkm.de/ being developed under the SPOTLIGHT-project, http://www.mcrit.com/SPOTLIGHTS/index.htm.


� One of the prime examples is the TransCAD package, � HYPERLINK "http://www.caliper.com/tcovu.htm" ��http://www.caliper.com/tcovu.htm�. Other examples are VIPS, � HYPERLINK "http://www.vips.se" ��http://www.vips.se�, VISUM, http://www.english.ptv.de/cgi-bin/produkte/visum.pl, and to some extent TRIPS, http://www.trips.co.uk/home.htm.


� Refer to � HYPERLINK "http://www.mcrit.com/BRIDGES/index.htm" ��http://www.mcrit.com/BRIDGES/index.htm� and http//www.mcrit.com/SPOTLIGHTS/index.htm.


� ESRI uses a variant of the UML-notation, to describe data models


� The homepage of GE SmallWorld also contain a number of useful papers on object oriented GIS (http://www.smallworld.co.uk/english/products/whitepapers/index.asp).


� To be published in Travel behaviour Research: The Leading Edge. Book edited by David Hensher. Pergamon press. Chapter 36, pp 597-616. 2002.
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