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Abstract. The city of Porto is currently building an extensive light rail network. In order to reduce costs and improve integration with the new mode, the local bus company is completely re-designing its network. This paper presents an evaluation of different public transport networks, from the point of view of accessibility and efficiency. Our results clearly show that it is possible to improve global accessibility across the system while reducing resource requirements. This is achieved partly by improving bus services to LRT stations and by improving service frequency on the main corridors not served by the LRT. 

1. Introduction 
The city of Porto is currently witnessing a major restructuring of its public transport system, prompted by the construction of the 1st stage of its light rail (LRT) network. Until now, its public transport system consisted of an extensive bus network and three suburban railway lines, one of which has been converted to a light rail corridor. The bus network is operated by one large public company (STCP), within the Porto Metropolitan Area, and several small and medium sized private operators serving only the surrounding municipalities of Porto, and providing express services into the city centre. The LRT project has been used to develop a consensus over the need for better modal integration. Fare integration has come in the form of Andante, a single ticket system which will eventually be accepted across the whole metropolitan area by all public transport operators. With regard to physical integration, STCP has been re-designing its network so as to: optimize integration with the new mode, eliminate redundant routes, and improve the remaining bus services. In this paper, we provide an evaluation of different public transport network, from the point of view of accessibility and efficiency.  
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2. Re-designing Porto Bus System 
The current STCP network is composed of 81 different lines, 27 of which operate exclusively within the municipality of Porto. Service headway varies widely even during the peaks, from 6 minutes up to 30 minutes. STCP management expect the completion of the 1st stage of the LRT network in September 2005 to drastically reduce bus demand along certain corridors. Therefore they wish to cut back the total number of lines to no more than 50. Further to this constraint, the re-design of the bus network was based on the following principles: 

• Lengthier lines should be shortened where possible to increase reliability and simplify operational management 
• The new bus network should complement rather than compete with the new mode 
• Service frequency should be increased and homogenized across the network  The “Strategic Network”, is based on 49 lines, 15 of which operate exclusively within the municipality of Porto. Peak-time headway should be 10 minutes across the network. This network implies a 17% reduction in total vehicle-kms. The emphasis in this proposal is to eliminate competing services with the LRT, increase and improve interchange opportunities across the network, develop four large bus-LRT/rail interchanges, and maintain the terminal for most services in Porto city centre (for a comprehensive insight into bus network analysis please see [1] and [5]). 

3. Network Appraisal Methodology 

3.1. Public Transport Modeling Approach 
Transport modeling software EMME2 was used to build different public transport network scenarios and then to assign a fixed demand matrix to each one. A relatively detailed zoning system (350 zones covering an area with a population of about 1 million inhabitants) was developed based on existing statistical units. A public transport demand matrix was built for the morning peak period (7h to 9h) based on a 2000 household survey and the 2001 Census, using a gravity-type model. Average vehicle speeds are based on operational data, average walking distances were calculated using GIS and field visits, and walk, wait and in-vehicle time weights were taken from the literature. It was assumed that OD travel cost (out-of-pocket cost) is constant regardless of the transport modes used (for an introduction to public transport modeling using EMME/2 see [3], [4] and [7]). 

3.2. Public Transport Network Appraisal 
Public transport networks can be evaluated using a wide range of criteria ( [2], [5] and [8]). From the point of view of the operator, these can include operating costs, reliability, operational efficiency, revenue, patronage, modal share or financial sustainability. From the point of view of the passengers appraisal can be based, for example, on spatial coverage, 
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travel time, overall accessibility, modal integration, average number of interchanges or service frequency. In this project we were mainly concerned with public acceptability of the new network, so we focused our analysis on overall changes in travel time. Having produced demand assignments for each of the network scenarios, we built GIS plots of average zonal accessibility (based on generalized travel time). These were used to compare different networks and identify areas where significant losses of accessibility occurred following the introduction of the new networks. This information was then used to make small iterative adjustments to the network proposals. We were able to plot passenger flows for each scenario, which we used to understand the kind of travel behaviour changes they induced. This information was also used to make iterative adjustments to the network proposals. A number of aggregate indicators were used to compare scenarios, including: average travel time, average walk access time, average waiting time, average number of interchanges, average occupancy rate by mode, passenger per line, total required number of buses, operating costs. 

3.3. Network Scenarios 
We defined the following three scenarios for appraisal purposes: 

• Scenario 10 (Reference Case) – Current STCP Network + Suburban Railways  
• Scenario 20 – Reference Case + LRT Network 
• Scenario 30 – STCP Strategic Network + Suburban Railways + LRT Network  A number of comparisons were carried out between these scenarios, for example: 
• Scenario 20 vs Scenario 10 – gives us the expected impact of the LRT network  
• Scenario 30 vs Scenario 20 – allows us to evaluate the Strategic Network 
• Scenario 30 vs Scenario 10 – gives us the expected impact of the new public transport system (SN and LRT) 

4. Scenario Appraisal Results  

4.1. Impact of the LRT network (20 vs. 10) 
Figure 1 shows the change in average generalized time by destine zone, due to the introduction of the LRT network. Green represents a travel time reduction and red represents an increase. We can see that zones served directly by the LRT network benefit from the greatest gains (up to 12 minutes reduction in average generalized time). Moreover, the results show there to be large gains up to a significant distance from the LRT lines. This could be explained by the fact that, because bus speeds are very low within Porto, it would be quicker for somebody to travel by bus to a nearby station and then onwards by LRT than to catch a direct bus service. 



262 Á. Costa et al.  

dTTpc_53
-30 - -12
-12 - -6
-6 - -3
-3 - -1
-1 - 1
1 - 3
3 - 6
6 - 12
12 - 30

Linhas metro.shp
Amp_conc.shp

 Figure 1. Change in generalized time - Scenario 20 vs scenario 10 (green=decrease)  

 Figure 2. Change in bus pax flows – 20 vs 10 (green=increase)   This hypothesis is supported by figure 2, which shows the change in bus passenger flows between the two scenarios.  

4.2. Impact of the “Strategic Network” (30 vs. 20) 
The introduction of the Strategic Network causes generalized time increases of up to 8 minutes in certain zones. This is possibly because of greater walk access distances to bus stops and an increase in the number of interchanges. In zones served directly by the LRT the effect of the new network is negligible because LRT is forecast to absorb the majority of trips. There are, however, zones where the SN actually induces a gain in travel time. This could be explained by the increase in frequency and much improved access to LRT stations brought about by the new network. 
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In a number of areas, orbital flows to LRT stations increase significantly. This shows that the SN is indeed effective in complementing the LRT network. Of course this result implies an increase in the number of interchanges and could arguably be caused by the extinction of existing bus services. Our results show there to be a trade-off between local and global accessibility. The introduction of the SN network does bring about a slight reduction in average travel time across the network. However, if one looks only at trips made within a particular municipality average travel time increases. The increase in global accessibility thus seems to be due to the longer trips, which can take advantage of LRT. 

5. Discussion of Results 

5.1. The Impact of a New Transport Mode: Metro/LRT 
Our results clearly show that the introduction of an LRT network brings about significant accessibility improvements to the transport system. This is due to the much higher average speed of LRT with respect to bus, especially in the city centre and along very congested corridors. Moreover, improvements spread out from LRT corridors to nearly the whole metropolitan area. This shows the importance of modal integration in taking full advantage of a fast transport mode.  However, increased inter-modality also implies an increase in the average number of interchanges. Thus, the design of interchanges to maximize comfort and safety and to reduce walking distances (for example, by redesigning bus networks) can contribute significantly to the success of the new mode. From a methodological point of view, this emphasizes the importance of modeling interchanges accurately (using interchange penalties calibrated from surveys; carrying out site visits to accurately assess walk times and distances; modeling pedestrian flows) if we are to obtain reliable results.  

5.2. Are There Synergies To Be Exploited Between Bus and LRT? 
Our results show that, even though the “Strategic Network” does produce generalized travel time increases in certain zones, these are small in comparison with the gains produced by the LRT network, and certainly in comparison with the cost savings it generates. In addition, we were able to show that the SN leads to an increase in the number of LRT and train passengers, promoting a major inter-modality system, if there is an integrated fare system shared by all the operators. 
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