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ABSTRACT

Personal Rapid Transit (PRT) offers driverless, on-demand and non-stop travel over a network of dedicated guideways separated from other traffic. 

During early stages of introduction, many public transport trips require transfers to/from scheduled route services by bus, tram, subway or train. This paper describes a model for trip assignment and transit mode split estimation in mixed transit networks. If non-transit modes remain unchanged, changes in transit disutility contain sufficient information to estimate increased transit ridership. 

The mixed mode assignment has been integrated in the generic PRT simulator ”PRTsim” and has been applied in a case study of PRT mixed with scheduled bus services in Umeå Sweden.

Results show that the first stage introduction of a PRT network not only attracts trips from private cars to PRT but at the same time may attract more trips to remaining bus services. In a Swedish case study, full implementation of PRT is estimated to more than double transit ridership.

INTRODUCING A NEW TRANSIT MODE

When a new transit mode is introduced into an existing system, it will probably be implemented in stages, especially if it requires new infrastructure such as rail or guideway. Even if the new system offers direct trips within the system, in early stages of implementation many trips will involve transfers between the traditional system and the new one. The advantages of transfer-free trips within the new mode are limited in early stages and become more prominent as the system is expanded.

The first stage of introduction is the most critical one and requires careful planning and estimation of ridership. Conventional transit assignment models are not suitable for determining travel paths over mixed networks with on-demand service and empty vehicle movements.

MASS TRANSIT TRIP ASSIGNMENT 

Transit passengers are generally assumed to choose transit stops, routes and transfers so as to minimize their time spent travelling. Travel time components for walking, waiting and riding are often given different weights reflecting passenger choice behaviour as stated and/or revealed in surveys. Passengers may typically prefer an alternative with 2-3 minutes longer in-vehicle time for every saved minute waiting and they may prefer to ride an additional 5-15 minutes for each transfer that they can avoid. 

Static assignment models for transit such as VIPS, VISUM and Emme/2 are typically based on service frequencies and riding-times. Expected waiting-times are calculated from the service frequencies of acceptable routes. Dynamic effects such as demand peaks, temporary undercapacity, queueing and vehicle scheduling cannot be considered in these models.

PERSONAL RAPID TRANSIT

Personal Rapid Transit (PRT) is driverless, demand-responsive individual transport in small vehicles on guideways separated from other traffic. Stations are off-line so that passing traffic is not impeded. Trips are non-stop along the quickest path to the passenger’s destination. Travelling is private or with chosen company. Guideways will most often be elevated but may be at grade or in tunnels as long as they are safely separated from other traffic, pedestrians and animals.

From a service point of view, PRT is similar to taxi albeit driverless, avoiding traffic congestion and probably at a lower fare. The Swedish term for PRT translates to ”track taxi”. One PRT-like system with larger vehicles has been in successful operation in Morgantown WV since 1975. During 2010 PRT systems are being installed for public operation at Heathrow airport and in Masdar City, Abu Dhabi. Another PRT system has been contracted for Suncheon City in South Korea.

From a modelling point of view PRT offers high level-of-service – typical travel-times are half in relation to mass transit. Waiting-times are typically less than one minute, riding-times are short without stoppping. Conventional models for transit which are based on fixed routes and service frequencies cannot be used for PRT.

System suppliers and consultants have developed assignment- and simulation models for PRT networks. These models normally start from a given travel demand (OD matrix) from which random PRT travel demand is generated. ”PRTsim” is one such generic model developed by this author. Special features of PRTsim include ride-sharing strategies and bunched arrivals at transfer points with mass transit modes.

This paper deals with the problem of estimating the demand for PRT trips in a mixed network with scheduled services. Thereafter we analyse the impact of PRT on mode choice and total transit trip-making. 

PRT ASSIGNMENT WITH CONVENTIONAL MODELS

With conventional transit assignment models, PRT can be approximated by scheduled routes with very high frequencies and no penalty for transfers within the PRT network. One problem with that approach may be to sort out which parts of trips are made by PRT and which parts are on scheduled routes.

Another method which has been used with the Swedish SAMPERS model is to model PRT as a fast walking network. In order to sort out PRT trips, station elevators have been modelled as vertical transit routes with high frequency. 

None of these methods accounts for empty vehicle movements, track capacity, network queueing and resulting delays. In that respect they are too optimistic about PRT.

Another problem with using conventional assignment models is the so called mode penalty. The mode penalty reflects the fact that most people prefer car over transit and rail transit over bus transit. The mode penalty for PRT will not be known until we can observe passenger choice behavior with PRT, but the penalty is expected to fall somewhere between those of car and bus respectively.

Microsimulation models for road traffic have also been adapted to mimic PRT operation. So far they have not been able to model special control strategies for PRT such as various ride-sharing strategies, empty vehicle redistribution, merge priorities, platooning and station maneuvres.

NEW MIXED-MODE TRANSIT ASSIGNMENT

A new assignment model which has been implemented in PRTsim is an extension of the VIPS model (now integrated in VISUM) first developed by this author in the 1970:ies. The underlying assumption is that each passenger will make successive choices of routes and transfers to minimize his or her expected disutility (weighted travel time components). In the new model PRT is introduced as a special (non-linear) ”route” visiting all PRT stations with a matrix of travel times between stops and waiting-times at each station. 

The first algorithm step is to identify direct connections with a single bus route or with PRT. The expected waiting-time depends on the sum of frequencies of acceptable routes and on how their time-tables have been coordinated. If departures of alternative routes are evenly spaced in time then the waiting depends on the sum of route frequencies. If on the other hand all routes departures at the same time then waiting equals that for one route. The model describes the degree of time-table coordination by a parameter taking values between 0 (equally spaced departures) and 1 (all departures at the same time).

Combinations of ”routes”, including PRT, are then evaluated with waiting-time at the transfer plus a penalty for each transfer. When shorter weighted travel times are found by combination, then trip times are updated. Additional transfer combinations are tested until no further improvement can be made. 

As a result of the assignment, the model produces route link loadings, network flows on bus and PRT links, a PRT demand matrix and a matrix of weighted travel times (disutilities) between all transit stops/stations. 

The PRT demand matrix is used in the PRT simulation with stochastic demand as a basis for dimensioning vehicle fleet and stations, identification of bottlenecks, trimming of operational strategies etc.

Improvements in weighted travel times in the combined system of buses and PRT are expected to attract more passengers from other modes (car, bicycle and walk) to transit. In the following section we will estimate changes in total transit ridership.

ELASTICITY OF TRANSIT DEMAND

So far we have discussed the assignment of total transit trips on different transit modes and routes. With improvements in transit level-of-service we can expect more travellers to divert to transit from other modes.

The most commonly used model for mode split estimation between car and transit is the so called ”logit” model. It is also based on the assumption that each passenger will choose the path which minimizes his or her perceived travel disutility. The share of public transport z is given by the function

z = exp(-x) / (exp(-x) + exp(-y))






(1)

where x and y are the disutilities or generalized costs of transit and car (or all non-transit modes) respectively. The disutility is a weighted sum of travel time components, costs and penalties for transfers and for mode. The disutility of transit has the form

x = k * ((ride time + w1 * walk time + w2 * wait time + tp) * vt + fare + mp)      (2)

where the weights w1 and w2 of walk time and wait time typically have values around 2-3. The penalty tp for transfers may be 5-15 minutes for each transfer. vt is the value of time and mp is the mode penalty for public transport versus car. k is a calibration constant for sensitivity. Sometimes different weights for ride time and/or different mode penalties are introduced for different transit modes (rail vs bus).

Similarly the disutility of car travel is given by

y = k * ((ride time + w1 * walk time) * vt + cost of driving + cost of parking)     (3)

The cost of driving is usually taken as the marginal cost, assuming that the car is already owned. Again the ride time of car trips may have a different weight than that of a transit trip, but the preference of car over transit is probably better reflected by a mode penalty mp for transit, independent of travel time.

Our aim is to estimate the effect of reduced transit disutility (value of x) on the mode share z. For a fixed car standard (value of y), the dependence of z on x is an S-shaped function decreasing from 1 to 0 for increasing values of the disutility x (figure 1).
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FIGURE 1. Mode share of transit as a function of disutility (weighted times).

If we know the present mode share and the present travel standard, we know where we are on the curve and we do not need to know the car travel standard – it only affects the horisontal position of the curve. This means we can calculate mode share effects of improved transit without knowing anything about the car network. The important assumption is that the car standard does not change.

With a known share z0 at a known standard x0 we can solve for exp(-y) in equation (1) and substitute the solution into (1) giving the following relation referred to as ”arc elasticity” because of its non-linear form.

z/z0 = 1 / (z0 + exp(x-x0) * (1-z0))






(4)

By this formula we can calculate the change of mode share for transit with no other information than the present share and the change of transit standard.

The transit disutility x as well as the change of travel standard are different for each origin-destination (OD) pair and the formula (2) needs to be applied for each travel relation.  Mode shares in each relation are sometimes known from previous model calculations. If the previous mode share z0 is not known in each OD relation the best guess may be to use the same value z0 for the whole network.

The mode penalty for bus versus car in Sweden has been estimated to around 2.5 €. With all time components equal, travellers seem to be willing to pay 2.5 € more for the convenience of using their own car. The value of time for Swedish transit users has been estimated to € 6. Hence the mode penalty for bus versus corresponds to 25 minutes travel time. With the same cost for car and bus, travellers seem to prefer car over bus unless they can save more than 25 riding minutes.

Until PRT has been implemented in urban applications we will not be able to estimate its mode penalty. The question is whether travellers look upon PRT as a small demand-responsive bus or as a public car on guideway. Interviews with a number of prospective passengers indicate that PRT is perceived as halfway between car and bus, indicating a mode penalty around 1.2 € or 12 minutes versus car. 

For trips which were previously made by bus and now entirely by PRT the change in mode penalty is included in the change of service x-x0. Trips using both bus and PRT are assumed to keep the same mode penalty as for bus.

APPLICATION IN UMEÅ

Umeå is a city in the north of Sweden with a population of 112 000 inhabitants. Eight bus routes (figure 2) cover a 44 km road network. Most bus routes offer service each 15  or 30 minutes and they carry 8 % of all trips. 57 % of all trips use private car, 19 % use bicycle and 16 % walk. A recent study by WSP consultants and this author (Tegnér et al 2009) proposed a PRT network to be introduced in three stages. 

The Swedish forecasting model SAMPERS for trip-making, mode choice and network assignment had been calibrated by WSP consultants on the present car-, bus-, bicycle- and walk networks to reproduce present trip-making. Predictions for year 2020 were made based on planned population and land use changes. The disutility weights in equation (2) for walk- and wait-times were both set to 2, the transfer penalty to 5 minutes and the scale constant k = 0.0128 with times in minutes.

The existing bus services in Umeå (figure 2), if remaining unchanged, were estimated to attract 4 000 passengers during the morning peak hour in the year 2020.
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FIGURE 2.  Present bus routes in Umeå.

We used PRTsim to again assign the transit passengers of 2020 to the existing bus routes, using the same constants in the disutility function (2). The flows of passengers on the bus route network as assigned by PRTsim are shown in figure 3. The maximum flow is 825 passengers in one direction during the morning peak hour. The maximum link is in the city center and is served by 5 bus routes with a total 13 trips in that hour.
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FIGURE 3.  Flow of bus passengers in the morning peak hour 2020.

In this paper we apply mixed mode transit assignment and arc elasticities for each origin-destination pair to estimate the impact on transit travel paths and trip volumes during each stage of PRT implementation.

For the first stage we identified large trip generators/attractors as illustrated in figure 3. A new train station is planned close to the hospital and university campuses. The airport is situated close enough to be connected. The city center would involve more sensitive visual intrusion and was deferred to a later stage, when the public would have been able to get to know the positive and negative impacts of the new system.

The first stage of PRT introduction is illustrated by the red network in figure 4. It consists of 11 kms guideway and 16 stations. Bus usage within this area is low (figure 3) although the travel demand is high. Trips within the campus and student housing area are mostly by bicycle and foot whereas airport trips are mostly by private car and taxi. 

We assumed that all bus routes would remain unchanged although we will see that they could be cut short within the area served by PRT. 
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FIGURE 4.  First stage PRT network (red) with existing Bus routes. 

Travel paths and trip disutilities on the combined bus and PRT networks were computed with PRTsim. Based on the improved level-of-service in each relation the new transit ridership was calculated applying arc elasticities by equation (4). The new demand was then assigned with PRTsim to the bus and PRT network.

Figure 5 shows the resulting flow of passengers on bus routes and on the PRT network. PRT would take over practically all bus trips within its service area and increase total transit ridership by 30 % during the peak hour (ridership numbers for all stages are given in table 1 at the end of the paper). 

Microsimulation of the PRT network showed that 100 PRT vehicles seating 6 passengers would be needed to offer waiting-times around 1 minute. We assumed that passengers going to the same destination would be willing to share a vehicle as long as it did not involve longer waiting or stops en route.

Since the initial PRT network is limited, most of the PRT trips involve transfer to/from bus. Interestingly bus ridership increased by 20 % with the introduction of PRT. Bus ridership increased mostly beween the PRT area and the city center. Diversion of car trips to transit, more than compensated for the ”loss” of bus riders in the PRT area. The bus rides became shorter since 44 % of the bus passengers transfer to PRT for a part of the trip. Bus routes could have been shortened in the PRT area.
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FIGURE 5.  Passenger flow on bus (blue) and PRT (red) in stage 1.

The second stage of PRT introduction is illustrated in figure 6. The proposed PRT system now would have 28 kms of track and 37 stations.  The bus routes were maintained in the analysis although they could be cut where they overlap with the PRT network.
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FIGURE 6.  Second stage PRT network with bus routes.

Applying the same arc elasticity model, the improved level-of-service is estimated to attract 90 % more passengers to transit than the original bus network. The assignment in PRTsim indicates that PRT would attract 84 % of these trips, 28 % of the trips involve both bus and PRT and 16 % would use bus only. Resulting flows of passengers are shown in figure 7. 

The growth of ridership from stage 1 is in the newly served PRT areas and also in the previously served PRT area. Notice how bus passengers near their destination in the city prefer to continue by bus rather than transferring to PRT. 

700 PRT vehicles would be needed to offer waiting-times around 1 minute. 
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FIGURE 7.  Passenger flow on Bus (blue) and PRT (red) in stage 2.

In the final stage all local buses would be replaced by a PRT system with 47 kms track and 54 stations (figure 8).
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FIGURE 8.  Final PRT network with 47 kms single guideway.

Arc elasticity calculation estimates 9 450 PRT trips during the morning peak, requiring 900 PRT vehicles. Replacing buses by PRT would then have more than doubled (+135 %) transit ridership from 4 000 to 9 450. Passenger flows on the PRT network are illustrated in figure 9.

The increased transit ridership occurs in the newly served peripheral areas which are now offered the same level-of-service as the central city.

The arc elasticity model estimates changes in mode choice (diverted trips) but does not estimate new trips induced by the improved level of service. In that respect our ridership estimations are conservative.
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FIGURE 9.  Stage 3 PRT passenger flows during the morning peak.

SUMMARY OF RESULTS

The introduction of a small 11 km PRT network complementing the 44 km bus network, is estimated to increase total transit ridership by 30 % and bus ridership by 20 %, see table 1 and figure 10 below.

TABLE 1.  Ridership effects in each stage

	
	Bus
	Bus and PRT stage 1
	Bus and PRT

stage 2
	PRT

stage 3

	Bus only passengers
	4 000
	2 710
	1 190
	

	Bus&PRT passengers
	
	2 090
	 2 120
	

	PRT only passengers
	
	440
	4 360
	9 450

	Total passengers
	4 000
	5 240
	7 670
	9 450
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FIGURE 10.  Ridership effects in each stage of PRT introduction in Umeå.

The second stage PRT system is estimated to increase transit ridership by 90 % and reduce bus ridership by 17 %.

The area-covering PRT system is estimated to attract 135 % more passengers than the present bus system. The transit share of all trips would then go up from 8 to 19 %.

CONCLUSIONS

• An assignment model for mixed (scheduled transit and PRT) modes has been introduced and demonstrated

• Arc elasticities can be used to calculate ridership effects of transit improvements as long as competing modes remain unchanged

• Transit ridership in Umeå is estimated to increase by 135 % (from 8 to 19 % of total trips) if local bus services are replaced by PRT.
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