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Abstract: In this paper, we propose a method of improving level of service in congested urban railways by means of triple-track line operation for a highly dense urban area with special travel demand characteristics. Where the future travel demand forecasts show sluggish growth or no growth at all, there is little to no incentives for heavy railway investments like quadruple-track extension and construction of new railway routes to alleviate current railway congestion problems. In such a situation, triple-track line operation can be the best alternative due to its moderate investment cost and ease in land acquisition for just an additional single track along the existing tracks. Our simulation investigation in one of the congested railway lines in Tokyo showed that triple track line operation increases railway capacity by 26% and shortens travel time by 38% in peak direction during morning peak hours. These results are encouraging and are useful for removing current railways problems in Tokyo and in similar urban situations elsewhere. 
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1. Introduction
Tokyo Metropolitan Area (TMA) is characterized by central business districts concentrated in the central Tokyo and residential areas spreading out in the suburbs. The urban transportation system in TMA includes both public and private railway networks; road networks in the form of expressways, highways and urban streets; airports for both domestic and international passengers; bicycle and pedestrian facilities and, sea connections to the outer world. For daily activities like commute to work, to school and to shopping, urban railways lead other modes of transportation both in city center and in the suburbs. TMA has the world’s most extensive urban railways network with feeder buses, taxies and monorails. A large proportion of residents commutes to work or to school to the city center everyday. The transport data collected by Institute for Transport Policy Study (1980-2005) shows that the railway share of work and school trips is about 75%. Urban railways in TMA have the reputation around the world in terms of punctuality, reliability and frequency (Ieda et al., 2001). In spite of this, level of services of urban railways, particularly the commuter railways, are considered unsatisfactory primarily due to the crowding in vehicles and stations and longer travel time during peak hours. This problem is caused by a large number of passengers generated from densely built-up suburbs. Crowding may cause health related issues due to experience of physical and mental stresses. A review of scientific literatures by Cox et al. (2006) has identified several factors that may moderate the impact of a high-density environment on perception control and predictability of the events. Concerned authorities are trying to solve these problems since few decades back. However, the problems are still the same.
The commuter railway lines pass through the densely populated areas and the possibility of land acquisition along the railway lines is very limited unless we go for underground construction or for the superstructure. As business districts are separated from residential areas, one of the important transport characteristics of urban railways in TMA is imbalanced directional demand during morning and night peak hours (note that after work peak hours in Japan is usually at night). As a result, the level of congestion in urban train cars at present is very severe during morning and night peak hours in peak direction.
A long term change in transportation demand and service supply on an urban railway line is shown in Figure 1. When a new railway line is first opened, the transportation demand is usually low. As the ridership increases, the railway companies increase the supply by increasing the service frequency until the transportation capacity reaches to its saturation. Once it reaches to the saturation, they can not provide additional service by increasing the frequency. Hence, there is a gap between the increasing transportation demand and the saturated capacity. If a large-scale capital investment, say quadruple-track line (QTL) investment, is introduced at a certain point in time, the capacity would double theoretically. It would be ideal if the demand increases to the same level as the capacity. But the demand growth is slower under the present circumstances and provision of QTL may be overcapacity. In other words, double-track line (DTL) operation does not work due to insufficient capacity and QTL would be under-utilized (overcapacity). In general, transportation demand changes continuously but transportation service supply based on a capital investment changes discretely. As a result, capital investment might be an overinvestment. If ample demand can not be expected in the future, one can question the viability of large scale investments.

On the other hand, as Japan faces an aging society with fewer children and forecasters say this trend will continue in the future, transportation demand of urban railways is expected to decline in TMA. When a large increase in transportation demand is unlikely and when the financial requirements for the necessary investment has been paid for by the users of the facilities (Nakamura, 1995), railway companies have no incentives for large-scale capital investments as they do not expect the profitable rate of return in the future. Land acquisition and consensus building among residents along railways are also major obstacles in widening area for additional railway tracks.

The objective of this study is to explore new methods to expand and meet required capacity and to contribute towards improving the railway transportation services. One of the methods is to add one track to a DTL in some sections to provide efficient and practical operations. However, triple-track line (TTL) operation has not been implemented yet in Japan because it is believed that single track opposite to peak direction does not have sufficient capacity to absorb both sets of returning trains (Kameda et al., 1984; Vuchic, 2005). Therefore, QTL operation is commonly provided to expand the capacity of DTL operation. The simulation result in this study shows that it is possible to expand capacity by TTL operation using the existing signal system and the automatic coupler which has been introduced to some railways recently (Photo 1).  We also discuss a method that significantly reduces the loss time of local trains while being overtaken by express trains at stations by making use of the third track for both directions.
This paper is organized as follows. In Section 2, we discuss the present issues and conventional solution strategies that are being currently used in urban railways in TMA. In Section 3, we propose a TTL operation system as a moderate cost effective solution to the problems. An in-depth analysis of TTL operation in terms of the level of service improvements and costs and benefits is presented in Section 4. Section 5 concludes the paper.
2. Urban Railways Issues and Conventional Solutions Strategies in TMA
2.1. Urban Railways Issues
The main issues of urban railways in TMA are; (i) saturated capacity that causes congestion and longer travel times during peak hours in peak direction (ii) the imbalanced directional demand during morning and night peak hours that causes lower track utilization in off-peak direction and, (iii) sluggish travel demand forecast that results little to no incentives for heavy capital investments. The problems caused by these issues are described below.
2.1.1. Overcrowding and track congestion

Crowding is defined as the proportion of the number of actual passengers to standard transportation capacity of train cars for a certain period of time. Standard capacity of one train car in urban railways in Japan is about 140 passengers. When the crowding rate is 100%, 140 passengers are on the vehicle and the area per passenger is 0.35 sqm. Though the average crowding rate on 31 major railway lines in TMA decreased from 221% in 1975 to 171% in 2004 (Eguchi, 2006), there are still 10 railway lines with crowding rate of 200% or more and 13 railway lines with congestion rate of 180% to 200%. The congestion rate of 200% is considered as a state where all passengers feel strongly pressured and are posed physical and mental burden.
Crowding rate of 150% by the year 2015 is a policy objective for congestion mitigation on urban railway lines in TMA (Ministry of Land, Infrastructure and Transport, 2000). Figure 2 shows the number of vehicles per hour and the congestion rate on each of 72 urban railway lines based on forecasted population change in 2025 (Eguchi, 2006). The railway lines on which 240 vehicles and more are operated per hour are assumed to be almost saturated in terms of the transportation capacity. The operation of 240 vehicles per hour means that ten-vehicle trains are operated at a headway of 2.5 minutes, which is considered practically the maximum track capacity on major urban railway lines with current operation systems. In this case, it is calculated that 15 railway lines with congestion rate of 150% or more and with 240 vehicles or more per hour will remain in 2025. Therefore, it is predicted that heavily crowded railway lines such as those 15 lines will continue to cause the dissatisfactions to the passengers in the future unless a new measure to solve these problems is implemented. 
2.1.2. Imbalanced directional demand during peak hours

There is an imbalanced directional demand during morning peak hours and night peak hours. The transportation demand to the city center concentrates during morning peak hours (approximately 40% of total daily passengers are concentrated during morning peak 3-hours) and the capacity is chronically insufficient. On the other hand, the transportation demand to the suburbs concentrates at night time but it is more dispersed (approximately 25% of the total passengers are concentrated during night peak 3-hours) than that of morning peak hours. The excessive transportation supply to the suburbs in the morning and to the city center at night is caused by the trains to return to the rail yard despite the lower directional demand. The utilization factor of the railway in off-peak direction is low even during peak hours and peak directional capacity is insufficient at the same time.

2.1.3. Longer travel time during peak hours
Track congestion is another problem in urban railways in TMA. A number of railway lines have already exceeded their track capacities and have caused delays during peak hours. Stopping time at busy stations is also a reason for the delays. The average speed of urban railway lines during morning peak hours drops by about 25% from the level of off-peak hours. It means that the travel time during peak hours takes 1.3 times longer than the off-peak hours (Eguchi, 2006). As a result, such increase of travel time has incurred substantial welfare loss.

2.1.4. Weak incentive for capital investments 

Capital investments of major railway companies have gradually decreased. Despite strong demand for the level of service improvements in railway lines, railway companies have little investment incentives because they do not expect the profitable rate of return due to the sluggish transportation demand in the future. Although building additional two tracks to an existing DTL is extremely effective which doubles the theoretical track capacity, the enormous cost due to both construction and land acquisition is a major obstacle. For example, 10 km long QTL section which was constructed in 2004 on Odakyu Line, a commuter railway line that connects city center to southwest suburbs, cost 2.1 billion dollars (Ministry of Land, Infrastructure and Transport, 1975-2005).
2.2. Conventional Solution Strategies

Research Group of Railway Operation Theory (1992) has specified two major indices to evaluate railway level of service; congestion rate and travel speed. Congestion rate is directly related with the transportation capacity. Transportation capacity is related with the operational density, station standing time and train car capacity. Operational density is constrained mainly by vehicle performance such as acceleration and braking abilities, a signal system and station stopping time. Travel speed depends on station stopping time and running speed between stations. There is a close relationship among running speed, station stopping time and operational density. These all factors can not be improved at the same time. When service frequency increases more than 24 trains per hour on a track, travel time also increases in current railway operation systems. In Keio line, a major urban railway line in TMA, when the service frequency changes from 24 trains to 30 trains per hour, the travel time increases by 40 seconds for a train to run a 1 km-distance due to the saturation level of the track capacity (Eguchi, 2007).  

2.2.1. Reducing congestion by enhancing transportation capacity

Due to obvious reasons, increase in transport capacity reduces the congestion. Since major urban railway lines in TMA have nearly 2 minutes headway, the only way to increase the track capacity is to shorten the stopping time to all busy stations such as the city center stations. For this, either the QTL (two tracks for each direction) or the six door vehicles instead of four door vehicles are generally accepted as effective methods of reducing station stopping times. A wider vehicle is also effective to increase the carrying capacity but it is constrained by the size of tunnels. Operating trains with more cars can directly enhance transportation capacity but it is also constrained by the length of a platform at the stations. It is difficult to elongate platform due to high land prices especially around the stations or crossings on both side of the platforms.
In TMA, some railway companies have invested for QTL to enhance their transportation capacities. Though a QTL should have a capacity that is theoretically twice as much as that of a DTL, the practical operation yields an increase of only 1.5 times. This means rate of utilization of a QTL is about 70% of the full capacity due to insufficient demand. The measure of introducing QTL operation contributes to shortening travel time. In case of Odakyu line, the travel time has decreased by nearly 30 sec/km in morning peak hours due to the increase of running speed and the reduction of loss time of overtaken local trains (Eguchi, 2007). To add tracks to an existing DTL is more effective in improving transportation service level than the other measures such as introducing new vehicles, improving curve and switch sections.
2.2.2. Reducing travel time by express trains, vehicle performance and enhanced tracks
Introducing express trains is an effective policy to shorten travel time which can reduce the travel time approximately by 1 minute when an express train passes one station (Eguchi, 2007). However, when an express train overtakes a local train at some stations, loss time of the local train is unavoidable on a DTL operation system. On busy urban railways in Japan, operation is served almost every five minutes even during off-peak hours. As express service increases, loss time of local trains also increases and it elongates the travel time. The express trains policy for reducing travel time works well only when the transportation supply is of low frequency. 
Introducing new vehicles with high accelerating and breaking performance is another effective method to reduce travel time. The average travel time has been reduced by 3 sec/km through this method on JR Yamanote line. And the improvement of curve sections and switch sections has decreased the average travel time by 5 sec/km on JR Yokosuka line (Eguchi, 2007). However, such improvements have smaller effects on reducing travel time than introducing express services.
3. Triple-Track Operation System
In this paper, a triple-track line (TTL) operation system is proposed as a moderate cost effective method of solving the problems facing the congested urban railways in TMA. In this system, trains are operated on fixed two directions on outer two tracks and trains on the middle track switch their operational direction based on the directional demand. TTL system ensures effective operation for the imbalanced transportation demand. As we can see from the cost benefit analysis at the end of this paper, the cost to introduce a TTL is lower than the QTL operation and it is easier for railway companies and local governments to build one additional track to an existing DTL than additional two tracks. TTL operation system can be viewed as a moderate capital investment strategy between QTL operation system which requires large scale capital investments and small scale facility improvements such as introduction of new vehicles, improvement of signal systems, curves and switching sections. A detailed description of TTL operation system during peak and off-peak hours is described below.
3.1. Peak Hour Operation
To enhance transportation capacity during morning peak hours, two tracks of TTL are used in peak direction (i.e. towards the city center). This method can also shorten travel time as local and express trains operate independently on two different tracks in peak direction. However, TTL operation has not been implemented yet in Japan, because it is believed that single-track opposite to peak direction does not have sufficient capacity to absorb both sets of returning trains. As a solution to this problem, we propose coupling some of the returning trains to increase the track capacity. A half of the coupled train unit, ten cars out of a twenty-car train, for example, is used for carrying passengers and other half of it is operated without passengers (i.e., out of service cars). The coupled trains can then be stopped at stations without extending platforms.
We have to consider the capacity on a track including stopping time at stations. Minimum headway on a track is determined by the length of signal circuits, vehicle performance, running speed, station stopping time and train length. Coupling two trains means that the length of the train unit doubles. The minimum headway is calculated by the following basic formula (eq. 1) as shown in Figure 3 (Amano et al., 2001; Eguchi, 2007; Tomii, 2005).
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where, 
Tmin 
= minimum headway of each train (sec),

Tstp 
= station stopping time (sec),
V  
= running speed (m/sec), 
α
= acceleration (m/s/s), 
β 
= deceleration (m/s/s) 

Ltr 
= length of a train (m)
Lps
= length of a signal protection section (m)
Figure 4 shows the minimum headway of conventional uncoupled train operation and coupled train operation. The basic values used for simulations in this study are shown in Table 1. The minimum headway of trains changes with the running speed. For example, the minimum headway of coupled trains increases by about 15 seconds at the speed of 60 km/h (Eguchi, 2006). In case both uncoupled trains and coupled trains are operated on the same track, as a proportion of coupled trains to all trains increases, the track capacity also increases. If all trains are operated as coupled trains, the track capacity theoretically becomes 1.8 times higher than the ordinary uncoupled train operation. Operating a coupled train causes delays, which is the time required to couple them at a station. Therefore, the balance between increase of track capacity by operating coupled trains and loss time to couple them determines the transportation capacity on the whole route. Hence, operating two tracks in peak direction increases the route capacity and thus shortens the travel time by reducing loss time of overtaken trains due to the independent operation of local and express trains.
3.1.1. Methods of connecting trains at stations

Another important aspect of coupling trains to consider is how to couple in the existing system. The route patterns of urban railways in TMA are classified into four types as shown in Figure 5. There are few “terminal” routes in TMA at present and two types of route connection at a station are examined here. One of them is the station where a TTL is connected with DTL and the other is the station where a TTL is connected with QTL. These stations are bottle-necks on the whole routes in terms of track capacity. The performance generated by the operational method at those stations is an important factor for determining the whole route capacity.
(i) TTL and DTL Connection: Figure 6 shows an example of track layout of the station where a TTL is connected with a DTL. Let us suppose that the station A is a city center station where transportation demand changes significantly. One lead track is installed at the station in this case. The size of scissors crossover is selected to obtain the best performance of the operation. After departing from the Station A on up or middle track, some trains proceed to the city center and the other trains run into the lead track. And the train which has switched its operational direction proceeds to another train which is standing on down track of the Station A to couple. These coupled trains depart from the Station A for the suburbs in off-peak direction. 
Figure 7 shows the simulation result based on practical parameters such as vehicle performance, signal protection length, station stopping time, switching time and driver’s reaction time (Table 1). The transportation capacity in peak direction increases by 27% when 50% of trains in off-peak direction are operated as coupled trains. On the other hand, the transportation capacity in off-peak direction decreases by 16% at the same time because half of the cars of a coupled train are not served for passengers due to the platform length. It is necessary to determine the proportion of coupled trains considering the optimum capacities for transportation demands in both directions. The transportation capacity also changes when the track layout of the station is rearranged.  
(ii) TTL and QTL connection: A case of connecting a TTL and a QTL is also simulated. The transportation capacity in peak direction increases gradually as the proportion of coupled trains increases. It stands at 140% when 50% of trains in off-peak direction are operated as coupled trains. On the other hand, the transportation capacity in off-peak direction decreases by 6% at the same time. When the proportion of coupled trains in off-peak direction is more than 50%, the transportation capacity gradually decreases because loss time to couple trains also increases. When all trains in off-peak direction are coupled, the capacity changes to 136% in peak direction and 67% in off-peak direction. 
3.1.2. Methods of operating coupled trains

There are some factors to be considered while operating couple trains. They are arrangement of signal circuit sections, operational diagrams at shunting stations and impact on closing time at railway crossings. Some urban railways have introduced Automatic Train Control (ATC) system to improve operational safety and to shorten headways. Even when trains with different length are operated, the current ATC system controls speed of each train safely by recognizing the position of train ends and gives them faster speed code right after they clear curve or switching sections. As existing shunting stations have too short passing track for a coupled train, coupled trains can not be overtaken at such stations and they have to be dispatched as express service. Keikyu line in TMA has already adopted this method to operate longer trains without extending passing track.
When TTL is introduced on the ground level, an effect on closing time at crossing by increasing service frequency has to be examined.  Eguchi (2007) showed that closing time will shorten by 20% on TTL when the service frequency is the same as DTL because the chance that trains on each track pass a crossing at the same time become higher.
3.2. Off-Peak Hour Operation 

Since the transportation capacity for the passenger demand is sufficient during off-peak hours, the aim of TTL operation during off-peak hours is to increase the travel speed and thus reducing the travel time.  Conventionally, when an express train overtakes a local train, the local train has to wait at the station because DTL system does not allow both express and local trains to operate simultaneously. In TTL operation system, the middle track is used by the express trains as shown in Figure 8. There are two conditions on which this method functions effectively (Eguchi, 2007; Katsuta et al., 2002; Toyota and Sone, 1991). First, an express train must overtake a local train completely while the express train runs on the middle track. Second, an express train must not catch up with a local train ahead while the express train runs on the outer track. As shown in Figure 8, there are three patterns of the minimum headways to be examined between an express train and a local train; (i) local and express trains arrive and depart sequentially on the same track (ii) local and express trains depart alternately on two different tracks and, (iii) local and express trains arrive alternately on two tracks.

When an express train overtakes a local train, the minimum number of stations which the express train needs to pass without creating loss time on the local train varies with the running speed because the travel time that the express train can reduce by passing a station changes with its accelerating and braking time. In this method, when local trains are the same as express trains in number, the transportation capacity maximizes. As shown in Figure 9, when a proportion of local and express trains varies, the capacity also changes. Figure 9 means that the operational service is practically possible when the proportion of local and express trains and the total number of trains are positioned below the curved line. The operational service level changes with running speed because the reduction of loss time by passing a station also changes with it. 
The features of this method can be summarized as follows. First, there is no direct spread of delays between both directions because the middle track is used by express trains spatially in direction. Second, the transportation service is determined by the number of passing stations of an express train and the running speed; not by the distance between each station. Third, express train operation is realized on three tracks even at overtaking stations though the conventional method needs four tracks. Finally, robustness for delays is improved because the margin of overtaking operation is expanded in both time and space.
4. Analysis of Triple-Track Line Operation System

4.1. Level of Service Improvement: An Empirical Simulation
In this section, we compare the service levels of DTL and TTL operation system in one of the congested urban railway, Keio line which connects city center to west suburbs in Tokyo. The considered section of the railway line is 11.9 km long and has 15 stations. Along this section, a DTL connected to two DTL on both end stations. 
4.1.1. Level of service during peak hours

During morning peak hours, the transportation capacity and travel time in peak direction are improved because the two tracks are used for local and express trains independently. The current transportation capacity on a DTL is 42,000 passengers per hour in both peak and off-peak directions as the transportation service is designed equally. The average speed in peak direction is 25 km/h. When we introduce a TTL operation into the considered section, the simulation results show that the transportation capacity increases to 53,000 passengers per hour (+26%) in peak direction and decreases to 36,000 passengers per hour (-13%) in off-peak direction. The overcrowding problem in trains is also improved from its congestion rate of 185% to 146% in peak direction. As the transportation capacity decreases in off-peak direction, the congestion rate changes from 67% to 78%. This rate is still at the satisfactory level. The average speed is improved drastically to 40 km/h (+60%) and total travel time of 11.9 km long section is reduced from 29 minutes to 18 minutes on an average. Robustness for delays is also improved and the allowance time of each train changes from 10 seconds to 70 seconds by increasing operation intervals on each track of TTL in peak direction.
4.1.2. Level of service during off-peak hours

During off-peak hours, the service frequency is 18 trains per hour when equal number of local and express trains is operated. The loss time of local trains is reduced considerably in the TTL operation. The average speed increases from 33 km/h to 37 km/h and the travel time decreases by 9% on an average. The allowance time for delays also increases by 35 seconds at passing stations.
4.2. Cost-Benefit Analysis of the TTL Operation
In this sub-section, we first simulate social benefits obtained by introducing TTL to existing DTL. Secondly, the construction cost is estimated from the similar situations. Finally, the costs and the benefits are analyzed to compare the proposed TTL operation system with the conventional QTL system considering both the social and economical aspects. The analysis is based on the guidelines developed by Ministry of Land, Infrastructure and Transport (2005).
4.2.1. The social benefits of the TTL operation
The social benefits obtained by the TTL operation is calculated as the difference of the social cost between the current DTL operation and the proposed TTL operation as shown in Table 2. The passengers cost is simulated for the travel time and the congestion on weekdays only. The annual social benefits stand at 253 million dollars; 196 million dollars from the reduction of travel time (130 million dollars during morning peak hours and 66 million dollars during off-peak hours), 62 million dollars from the improvement of congestion in the morning peak hours and a loss of 5 million dollars from the increase of operational costs. The social cost of reducing travel time is significant due to relaxing traffic jams of trains on tracks during peak hours and reduction of loss time of local trains for a whole day. The operational cost increases due to the increase of railway facilities to maintain but it is not so significant compared with other benefits.
4.2.2. Construction costs of TTL
The construction cost can be reduced significantly by TTL operation compared with QTL operation. In some existing DTL sections, the space for an additional track can be widened by utilizing the area of track sides such as filling or trench sections. Even if there is not enough space to add one track, it is still much easier to acquire land for one track than two tracks. As a result, whole construction cost can be reduced by approximately 30% on an average compared with QTL works. The construction costs for four cases are summarized in Table 3. They are three construction methods of a TTL; an additional track on the ground, an elevated TTL, and a TTL under the ground. The case of QTL operation is also compared. The construction cost includes the cost of acquiring land and new vehicles if needed.
4.2.3. Cost-benefit analysis
The cost benefit analysis using different criteria are summarized in Table 3. The project life is assumed as 30 years and the demand trends are considered based on the future population changes along the railway area. The net present value is calculated by the difference of the net present benefit and the net present cost. The results show that only the case of underground is socio-economically infeasible due to the enormous cost of building the tunnel. However, QTL operation has socio-economically feasible result because the social benefit obtained by QTL operation is 1.2 times as much as TTL operation. But compared with the elevated TTL, the elevated QTL is still less preferred option.
5. Summary and Conclusion
Declining trend of urban transportation demand in TMA sets a challenge on the improvement of railway service level with the least possible capital investment. This paper shows a socio-economically efficient method of improving transportation service level using TTL operation on high density urban railways. There are a number of advantages of using TTL operation system. First, it reduces travel time by express services without creating delays on local trains during peak and off-peak hours. Second, it expands the transportation supply capacity by operating on two tracks in peak direction during peak hours. Furthermore, the operation cost of TTL is less than a conventional QTL operation. TTL operation has an advantage over QTL operation in terms of both construction costs and social benefits. The simulation study in one of the urban railway line in Tokyo proved that TTL operation can be a socio-economically sustainable solution for improving current urban railway problems.
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Figure 1. Railway transportation demand and service supply in the long term























Table 2. Social cost comparison of DTL and TTL





Figure 2.Vehicles per hour and congestion rate on 72 urban railways in 2025





Table 3. Cost-benefit analysis on the model case line





Figure 9. A proportion of express trains and operational service





Figure 8. Track layout of the proposed triple-track line





Figure 7. Proportion of coupled trains and transportation capacity 





Figure 6. Track layout of the station connecting a TTL and a DTL





Figure 5. Route patterns of urban railways in TMA




















Figure 4. Minimum headway for coupled and uncoupled trains





Photo 1. Automatic coupler introduced to Keikyu line














Table 1. Basic values used for the simulation





Figure 3. Minimum headway diagram
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