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Abstract

Transportation policy, planning, and management studies require reliable estimates of travel activity. In estimating intra-zonal travel in particular, it is common practice to accept coarse estimates due to the macroscopic nature of the conventional planning methodology which does not support detailed network analysis. This paper discusses the role of geographic information systems (GIS) in estimating urban travel factors.  A case study is presented for Canada’s National Capital Region which illustrates the use of EMME/2 and GIS applications to improve data reliability. The results show that the coarse factor approach commonly used to estimate intra-zonal travel consistently tends to underestimate trip lengths compared to the full GIS approach.   
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1. Introduction

To examine the effects of policy measures on urban travel demand, fuel consumption, and emissions, reliable estimates of trips and trip lengths are necessary. Although major advances have been made in travel demand forecasting methodologies and a number of software packages have become available, research and development of new approaches to enhance the reliability of travel estimates has been relatively scarce.

A number of reasons can be cited for the lack of innovation in improving the reliability of the travel demand estimation process. First, for long range planning aimed mainly at infrastructure issues, reliance was placed on coarse land use and socio-economic projections. Consequently, there has been little incentive to refine other key inputs as required for more detailed analysis. Second, although it was common knowledge that transportation policy and planning studies should have a logical link to spatial analysis, due to institutional, financial and data constraints, progress has been slow. Third, there has been a general lack of literature that could be readily accessed by interested researchers and professionals in the field. In order to encourage the use of Geographic Information Systems (GIS) in transportation policy and planning studies, the New Millennium Paper of the Transportation Research Board’s Committee on Passenger Travel Demand Forecasting identified the application of GIS for urban travel demand modelling as an important area for future research (Bhat and Lawton, 2000).

The objectives of this paper are to: (1) describe existing and forthcoming advances in GIS as these relate to transportation, (2) discuss selected applications of GIS in the urban travel forecasting process while highlighting the flexibility and reliability attributes of GIS, and (3) present a case study involving the estimation of intra-zonal travel activity which illustrates the advantages of using GIS for travel analysis.

2. Advances in Geographic Information Systems

As applied to transportation, geographic information systems can be defined as an interconnected system of hardware, software, data, people, organizations, and institutional arrangements brought together for the purpose of acquiring, storing, analyzing, and disseminating information about the transportation system and its socio-economic environment  (Fletcher, 2000; Caliper Corporation, 1996).  In the context of this paper, GIS enables the representation, storage, and manipulation of spatial information in a manner that is useful for travel analysis purposes. The main components of a GIS system intended for application in urban transportation policy and planning analyses include: technology (hardware, software), data capture and integration, users and their requirements, and institutions (refer to Figure 1). 

Progress towards achieving the full potential of GIS for solving complex urban transportation policy and planning problems has been rather slow, in part due to the number of hurdles that must be overcome before GIS can be adopted by organizations and used effectively. The concluding resolutions of the 1995 United Nations-sponsored International Seminar on Geographic Information Systems, City Sustainability and Environment, held in Cairo (Egypt), emphasized that increased use of GIS by cities depends on a number of factors. Such factors include: the knowledge base of City employees and consultants regarding the capabilities of GIS, technological advances encompassing both hardware and software, the cost of hardware, software, and operations, and organizational factors (Khan, 1995; United Nations, 1995). Figure 2 presents the linkages between these factors and the associated requirements governing the use of GIS in urban transportation.

Since the early use of computers for mapping and spatial analysis over four decades ago, there has been much progress both in the technology, and the diversity of applications in which GIS is used. In combination with other factors, continuing improvements in technology are likely to lead to increased use of GIS in urban transportation policy, planning and management studies.

Recent technological developments in GIS and related systems/services, with relevance to transportation, are presented in Figure 3. These are organized into hardware, software, web technology, and specialized combinations. Detailed information on these developments can be found in Khan, Taylor, and Armstrong (2004) and Khan and Armstrong (2005).

3. Policy Analysis and Planning in a GIS Environment

GIS can enhance both the flexibility and reliability of urban transportation policy and planning studies. The "flexibility" attribute of GIS refers to the ability to develop customized applications that are uniquely tailored to solving specialized transportation problems, often through integration with other analysis tools. GIS supports a wide range of applications; activities that cannot be done at the level of sophistication desired with transportation software alone can be carried out if GIS tools are employed. The "reliability" attribute refers to the accuracy of the data used in the analysis, and the ability to represent real-world transportation phenomena in a realistic manner. Through the use of GIS, data accuracy is enhanced, which in turn results in more reliable analysis results than would be the case if GIS tools were not employed. The case study presented in Section 4 of this paper provides an example of how GIS techniques can improve flexibility and reliability in the study of travel activity.  

Examples of tasks that can benefit from the flexibility and reliability attributes of GIS include: executive information systems, policy scenario analysis, multimodal transportation planning (e.g., travel demand forecasting), transportation system management, assessment of environmental impacts, corridor/right-of-way preservation, construction management, hazardous cargo routing, overweight/oversize vehicle permit routing, accident analysis, and infrastructure (e.g., pavement, bridges) management systems (Khan, Taylor, and Armstrong, 2004).

3.1 Spatial accuracy of networks and enrichment of data sources 

GIS improves the spatial accuracy of networks and enriches data sources (Shinbein, 1999). It offers significant advantages in network analysis as well as related data preparation tasks. Compared to conventional software, GIS-based tools greatly reduce the time and effort associated with network development, and also reduce coding errors through visualization of network elements and attributes. 

Spatial data is of critical importance in the assessment and evaluation of multi-modal transportation systems - data that can be collected, stored, analyzed, and shared within a GIS environment. It is therefore not surprising that GIS is increasingly being used in the analysis of transportation networks and related travel activity. Information on existing as well as proposed transportation systems can be organized within a GIS framework. Trip generation models can be calibrated and applied at any spatial scale, even at the level of a parcel of land. However, such information can also be aggregated to the zonal or district level. In addition, travel survey data and forecasted origin-destination trip tables can be geocoded and supported within a GIS environment. 

In the development of land use information systems which support travel demand modelling, traffic analysis zones and districts can be created and geocoded together with the relevant attribute information (zoning data, population, employment, dwelling units, commercial buildings, etc.). In addition to existing land use data, future projections of land use can also be included in the database.

In the analysis of land use, variables such as "type" and "density" do not adequately capture actual development patterns on the ground. As a result, a potentially strong relationship between land use and travel behaviour is obscured. In order to overcome these deficiencies in planning, Hess, Moudon, and Logsdon (2001) used parcel-level data and GIS software to identify and measure attributes of land use. The data captured are at a level of resolution that closely corresponds to the actual spatial distribution of development patterns. 

From the discussion above, it is clear that GIS has the potential to improve the quality of transportation analyses so that better, more reliable, information is provided to decision-makers. However, to realize the benefits of GIS, procedures must be in place to ensure effective storage, management, and sharing of information. Many initiatives in this regard are taking shape in the transportation field. For example, at the North Carolina Department of Transportation (NCDOT), a highly significant GIS initiative was undertaken involving the study of various linear referencing systems (LRS). This study lead to the consensus that a base LRS should be adopted throughout the NCDOT to facilitate data collection, storage, and use (Rasdorf et. al, 2001). In another example, a clearinghouse approach to sharing transportation GIS data was reported by Dueker, Butler, Bender, and Zhang (2001).

In order to make effective use of GIS software, digital data products need to be structured according to accepted standards. By using standards, cost-effective sharing of information is possible. A common set of standards has been developed by the Transportation Association of Canada (1995) to support the capture and exchange of both geographic and attribute digital data related to transportation systems. The standards are also intended to address the requirements of storing and accessing temporal data.   

3.2 Software innovations

Of all the technological developments related to GIS, software innovations are of particular interest. GIS software is now available that combines tools for travel demand modelling with the capabilities for digital mapping, geographic database management, presentation of graphics, and application of sophisticated transportation, operations research, and statistical models (Caliper Corporation, 1996 and 2006). These GIS-assisted planning and management tools enable a graphic, interactive approach to transportation modelling. Specific aspects of the modelling process which are improved include: network analysis, shortest path routines, network settings, location and attribute queries, matrix manipulation, and routing of vehicles. Other improvements include partitioning and clustering, as well as facility location modelling.

Available and emerging GIS software has the capability to achieve the required integration of planning and GIS data structures, thus facilitating the use of GIS technology and data in transportation policy, planning, and management activities. Owing to the nature and capabilities of the GIS platform (and its various extensions), a more effective basis for maintaining and using transportation planning and management data is available compared to conventional approaches.

GIS-assisted tools improve the search for solutions through better algorithms, more advanced software technology, greater user convenience, and improved flexibility in modelling choices and possibilities. New generation GIS software extends the traditional GIS data model by including transportation data objects such as: transportation networks, matrices, routes and route systems, and linear-referenced data.

Advances in software development can be appreciated from the following example. By combining EMME/2 (a transportation planning software), TransCAD (a GIS software) and an emissions model developed by Armstrong (2000), it was possible to estimate emissions in Canada’s National Capital Region for a number of scenarios – an endeavour that would not have been possible using any one software package alone. The AIDAIR-GENEVA Project (2004) is another example of the link between EMME/2, GIS and air pollution modules.

Visualization of transportation-related data patterns and trends is another key feature of GIS software – a feature which has the capability to enhance the public and political acceptability of projects (Armstrong, 2000; Jha and McCall, 2001). An example of a visual presentation of NOx emissions in the National Capital Region of Canada is shown in Figure 4. In this case, the visualization capability is a part of the EMME/2 software (Inro Consultants Inc., 1999). 

3.3 Effective modelling and analysis 

Geographic information systems with their unique spatial data capabilities and powerful analytical procedures can be used for effective transportation system modelling and analysis. The use of GIS can enhance transportation planning by supporting travel demand models, illustrating demand-supply interactions, and facilitating the evaluation of multi-modal networks. 

The level of detail of analysis made possible by GIS is impressive. Using GIS, logical, comprehensive, reliable estimates of travel factors can be developed, supporting policy and planning decisions. For instance, Lin (2006) presented a demonstrative study of the potential impact of transit service improvements on automobile travel and vehicle emissions based on predictions developed using GIS. Zhang (2006) reported a GIS-based procedure for estimating a congestion index at the highway link level. Such results are useful for supporting infrastructure improvement and other decisions.

Miller and Storm (2003) reported a prototype GIS design in support of network equilibrium-based travel demand models. The authors observed that the generic design can be helpful in supporting a wide range of specifications within the network equilibrium modelling class and that the design also enhances the data management and user accessibility features of GIS for travel demand modelling. Velasquez et. al (2002) reported on the integration of GIS and Regional Transportation Model Development. The use of the GIS-based model development process has resulted in more accurate traffic analysis zone loadings, more reliable socio-economic data, and enhanced flexibility. In turn, these improvements have lead to more reliable travel demand forecasts (Velasquez et. al, 2002). 

Within a GIS environment, trip distribution and mode share models can be developed and used efficiently. Trip assignment and capacity analysis procedures are also available for forecasting travel demand and assessing associated operational impacts on the transportation network. If required, traffic and capacity analyses can be linked to traffic engineering and intersection models for improved accuracy.

In addition to capacity and level of service information, economic, energy, air quality, and other environmental factors can be studied in an integrated fashion using the capabilities of GIS software, thus facilitating the evaluation of transportation system alternatives.  Given the severe problems of traffic congestion, inefficient use of petroleum fuels, and high levels of air pollution in many cities, GIS has the potential to play an important role in defining and implementing solutions (Khan, 1999). 

By bringing together disparate data sources, GIS can be used to perform a broad range of transportation planning and management tasks in a cost-effective manner. In the context of urban and regional transportation, GIS supports the analysis of a variety of transportation systems and multi-modal networks (Caliper Corporation, 1996 and 2006). GIS tools are also well suited for the assessment of environmental impacts associated with highway plans and preliminary designs. The process commonly followed involves an examination of numerous alternative alignments in a transportation corridor, an evaluation of these alignments, and the selection of a preferred alternative. The recommended option is generally determined on the basis of topography, geotechnical considerations, and planning needs such that sensitive environmental areas are avoided. GIS techniques can be used for producing information that forms part of the evaluation process. 

GIS also provides a tool for dealing with and reducing uncertainty. As noted in Section 3.1, GIS is well-suited for developing and analyzing spatial networks related to transportation. However, not only does GIS make it easier to work with network data, it also supports improved data collection techniques to enhance the quality of the information available to analysts. In one study, trip purposes were derived using GPS travel data combined with a spatially-accurate and comprehensive GIS, thus avoiding the use of travel diaries which may be incomplete or inaccurate (Wolf, Guensler, and Bachman, 2001). In another example, a GIS-based approach for travel analysis was used to model travel activity in Jerusalem and the surrounding area, where travel data were incomplete or subject to a high degree of uncertainty. The approach was based on conventional and simplified modelling techniques. The results show that GIS can be a powerful tool in dealing with uncertainty in transportation planning (Hamideh et. al, 2001). 

4. Case Study of Reliability Improvements in Estimating Travel Factors

As part of the development of vehicle emissions forecasts for Canada’s National Capital Region, a methodology was developed to improve the accuracy of travel forecasts using a GIS approach [for a full discussion of the emissions project, see Armstrong (2000), from which the following discussion was adapted]. Such improvements were considered necessary given the strong relationship that exists between travel activity and emission levels. Particular attention was given to the estimation of intra-zonal trip lengths. Based on a review of the available options, a decision was made to analyze intra-zonal trips within a GIS environment in order to take advantage of key GIS features, including the ability to bring together different data sources, powerful network analysis capabilities, the ability to accurately represent real-world transportation systems, and built-in customization tools for algorithm development & implementation. Ease of integration with other software packages was also a key consideration.

As discussed in Section 3, GIS offers considerable flexibility in analyzing transportation systems. By combining the use of travel demand forecasting software with GIS, the accuracy of travel statistics can be improved. Unlike typical demand models which rely on a simplification of the road network, networks coded in GIS can be as complex as desired, with a full representation of all roads and interchanges. Moreover, the efficiency of the modelling process is enhanced due to the ease of data preparation and manipulation, while visualization features can be used to reduce the chance of errors (Caliper Corporation, 2006). 

In travel demand models such as EMME/2, trips are analyzed on a zonal basis. Each zone produces and attracts trips, with the zone centroid representing the centre of activity. Trips with an origin in one zone and a destination in another zone are loaded onto the transportation network using centroid connectors. These links provide a connection between the zone centroid where the trip begins or ends and the network of arterial and collector roads represented in the model. 

Intra-zonal trips are trips that occur entirely within the same zone, often on local and collector roads. Such trips are generally excluded from the assignment process due to limitations associated with the use of centroid connectors. Since centroid connectors essentially replace the network of local roads within a given zone, intra-zonal trips cannot be assigned to the transportation network in any meaningful way. It has been estimated that 15% of all urban travel occurs on local roads, at least some of which is associated with intra-zonal trips. If such travel is over- or under-predicted, estimates of the overall amount of travel in an urban area will likewise be subject to error, along with any associated estimates of fuel consumption or vehicle emissions. Fortunately, it is possible to determine the amount of travel from intra-zonal trips using various techniques. 

In previous work, a “coarse factor” approach was developed to estimate the length of intra-zonal trips in the National Capital Region. This approach used GIS technology in a limited manner to develop a relationship between the actual travel distance over the transportation network and the straight line distance between the trip origin and destination. The relationship was developed using inter-zonal trip data that could be analyzed in the travel demand model, EMME/2, supplemented with information derived from the AutoCAD software, Intergraph. The methodology used to develop the coarse factors can be summarized as follows.

For each inter-zonal trip captured in the 1995 National Capital Region Origin-Destination Survey, the straight line distance between the trip origin and destination was computed using the coordinate information stored in the database. These trips were then analyzed in the travel demand model, EMME/2, to find the actual travel distance over the road network. 

Trips were then divided into distance categories. For each category, the average trip distance over the transportation network as determined from the EMME/2 analysis was compared with the average straight line distance. By dividing the two distance values, factors were developed  that could be applied to any trip with known origin and destination co-ordinates to estimate the on-road travel distance.

For trips shorter than 2 km, and trips occurring entirely within the same zone, the EMME/2 model could not provide a meaningful estimate of travel distance. As a result, a small sample of 30 trips was analyzed using the AutoCAD system, Intergraph, to develop appropriate factors for short-distance trips. 

After plotting the factors for each distance category, an equation was developed using regression techniques indicating the appropriate factor to apply for each distance category. These coarse factors were then applied to the entire trip database to estimate the length of intra-zonal trips. Using coordinate information stored in the database, the straight line distance between trip origins and destinations was mathematically calculated and adjusted to reflect the actual travel distance over the road network using the applicable factor. 

To improve the accuracy of the travel data, a new approach to estimating intra-zonal trip lengths was developed placing much greater emphasis on the use of GIS. The “full-GIS approach” eliminates the use of coarse factors entirely. Instead, an algorithm was developed in which each intra-zonal trip in the database was analyzed using the shortest path routine in the GIS software to determine the actual travel distance over the road network. The resulting information was then stored in a table that could be imported back into the original database. The analysis was carried out using the software TransCAD. An overview of the methodology is presented in Figure 5, while Figure 6 illustrates the spatial elements used to estimate the travel distance between the trip origin and destination. The new approach substantially improves on the previous approach for a number of reasons as outlined below.

First, the error introduced by applying an average factor to all intra-zonal trips in a given distance range is eliminated. Second, the GIS approach is completely independent of the location of the trip and the density of the surrounding road network. For this reason, the GIS approach could be easily applied to all intra-zonal trips in the National Capital Region, regardless of location. In contrast, changes in the density of the road network within a given area can significantly impact the ratio of the straight line distance between a trip origin and destination and the actual travel distance over the road network. 

The coarse factors that were developed for the National Capital Region were based on trips within the urban area. However, while the original investigation may have been limited to urban trips, ultimately, the factors were applied to all trips in the database. Although different factors were developed for sections of the National Capital Region falling within the Provinces of Ontario and Quebec, no effort was made to account for inherent differences in the density of the transportation network in rural, suburban, urban, and downtown locations, let alone differences between individual communities. Such differences can have a substantial impact on the accuracy of the results, depending on the location of the trips used to develop the factors and the network characteristics where a specific trip occurs. Indeed, factors that are appropriate for urban areas are unlikely to apply to rural or suburban zones. Clearly, the use of one set of factors for the entire region is questionable. The GIS approach eliminates the need to compute different factors for different areas of the city, and is thus more flexible to apply.

Third, the effect of one-way streets and turn restrictions cannot be explicitly considered using coarse factors. Fourth, unlike the factor approach, the full-GIS approach can be easily applied to other datasets, and is not specially-tailored to a specific application. For example, the GIS tools that were developed could be readily used to analyze walking trips if the road network was updated to include off-road paths. The GIS approach can also be applied to future travel surveys with no modifications to the underlying tools. In contrast, as the city grows and expands and travel patterns change, factors that were once valid for a given area of the city may no longer be appropriate, implying a need to continually update and refine factors for each new application. 

Fifth, by their very nature, intra-zonal trips tend to occur over relatively short distances, particularly in zones near the downtown which tend to be quite small. Given the limitations of the factor approach, the factors that were developed for such short-distance trips may not be reliable. To generate the factors, EMME/2 was used to estimate the on-road travel distance using data for inter-zonal trips. However, the use of centroid connectors in models such as EMME/2 leads to less accurate distance estimates as the trip length decreases. To address this deficiency, Intergraph was used to analyze trips shorter than 2 km. However, the results are somewhat questionable due to the small sample size involved. While the sample size could be increased, it is far easier (and more reliable) to simply apply the GIS analysis tools and analyze each trip independently. 

Sixth, the coarse factors that were applied to intra-zonal trips were developed based on the distance characteristics of all trips in the survey database. However, inter-zonal trips are more likely to be influenced by congestion than intra-zonal trips which occur primarily on local and collector roads. The EMME/2 model takes congestion into account when assigning inter-zonal trips to the transportation network, leading to distance values that reflect congested conditions. As a result, factors developed using inter-zonal trips may not be applicable for intra-zonal trips, particularly during periods of high travel demand.  

It was found that the factor approach consistently tends to underestimate trip lengths compared to the full GIS approach. In general, the largest difference between the two approaches occurs in rural zones, where trip lengths tend to be greatest. This finding may reflect the fact that trips in rural zones are not well-suited to the factor approach, since roads are generally more dispersed. In terms of travel activity, the GIS approach predicts 376,000 vehicle-kilometres of travel in the National Capital Region associated with intra-zonal trips. In contrast, the coarse factor approach predicts 340,000 vehicle-kilometres of travel, a difference of 10.6%.

Given the current capabilities of today’s geographic information systems, there seems to be little merit in pursuing the coarse factor approach further. Using GIS, it is possible to analyze several thousand trips at once, eliminating the uncertainty associated with the factor approach and reducing the time required to compute distance values.

5. Conclusions

Geographic information systems provide an effective tool for storing and manipulating spatial data, and are thus of particular relevance to the analysis of transportation systems. This paper has explored the various capabilities of GIS as related to transportation, with emphasis on real-world applications. In addition, a case study was presented which demonstrates the potential benefits of GIS for improved planning and decision-making. 

From the information presented in this paper, the following conclusions can be drawn:

1. Geographic information systems can assist in urban transportation policy, planning, and management studies, improving the flexibility of analytical procedures and the reliability of results. 

2. The intra-zonal travel case study confirms that the coarse factor approach based on limited use of GIS is not as reliable as the full GIS approach for the estimation of travel factors (i.e., vehicle–kilometres of travel). For policy studies that require the estimation of fuel consumption or emissions, it is essential to take advantage of the full capabilities of GIS, rather than relying on simplified, out-dated approaches for estimating travel activity.    
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co-ordinate information







Locate corresponding origin and destination nodes







in TransCAD road layer
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Prepare transportation network for use in TransCAD







GIS (identify one-way streets, ensure all links are







properly connected, etc.)
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separate point layers







Modify original trip table (add latitude and longitude







information, add field to store distance results, etc.)







Connect origin and destination points to Ottawa road







network using TransCAD tools (origin/destination







points become part of road network's node layer)
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