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Abstract
Models for the assignment of passenger traffic to an urban transit network have been developed for 40 years. This article presents an inventory of the principle elements of this modelling, and organises them into five categories, namely: (i) the representation of transit line services, (ii) local choice between services and service bundles (legs), (iii) passenger route choice behaviours and the formation of routing structures, (iv) fare pricing and its variants, and (v) the categorisation of passengers according to their travel behaviours.

For the first three categories, we provide an in-depth analysis of the modelling possibilities and suggest improvements. These approaches are then confronted with the concrete characteristics of the transit systems to be modelled.

In particular, we investigate route-making behaviour, and we propose models of heuristic behaviours, in order to weaken the assumptions of a completely informed and computation oriented passenger. A numerical experiment is conducted to test these principles on the transit network of the Paris urban area.
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1. Introduction

An urban transit passenger is likely to choose a path from origin to destination from among a variety of competing paths. The determining factors in this path choice include the associated fare and quality of service criteria such as run time, waiting time, and transfer time. Moreover, at network nodes where multiple transit lines lead toward the destination, this bundle of services can provide an additional value if the passenger makes an en-route path choice, taking the first service in the bundle that becomes available, and thus reducing the waiting time at that node.

The objective of this paper is to investigate and improve static route-choice models for transit network assignment in three respects:
(i) the representation of transit lines and the possibility of distinguishing line services (i.e. services that only stop at a subset of the stations along the line, yielding distinct run times and service frequencies)

(ii) the common-line problem and its generalization for several modes (train, metro, tram, and bus)

(iii) the decomposition of a transit route or hyperpath into “legs”, a leg being a sub-route between the nodes at which two consecutive route choices occur.

The remainder of this paper is organized into five parts.

Part 2 reviews the state of the art and identifies those areas where research is needed. The current state of both practice and research are considered, including timetable-based, dynamic transit assignment as well as quality of service and congestion issues; the above-mentioned improvements are then suggested.

Part 3 deals with transit line representation, from network topology and service timetables to static models based on line and sub-line services with given frequencies. Two different perspectives are presented: that of the operator, in which the focus is on services with certain arrival and departure times at stations, as opposed to that of the user who makes use of only one leg of a line and has to wait for the service. The users’ waiting time has a statistical distribution which differs from that of the vehicle inter-arrival times, and which varies depending on whether the user has just entered the network or has transferred from another service. 

Part 4 addresses the common-line problem, which pertains to the selection and mixing of service options by users at a given node on the network. After defining which options are attractive, we introduce a number of models for combining services, from the basic model of combined frequencies to dynamic choice models based on predictive information. The correlation of services, and especially of sub-services along a given line, may be modelled by the distribution of the time needed to transfer from one to the other.

Part 5 addresses the route-making behaviour of users and the resulting paths which are organized into “routing structures”: the hyperpath, chain route and multipath structures are considered. As the structures are derived from the behavioural assumptions of perfect information and high calculation capacity, which are rather far-fetched, we propose some approaches for modelling passengers’ heuristic behaviour. A numerical experiment is performed on a model of the Parisian regional transit network, which includes about 1,900 traffic assignment zones, 1,300 line services, 28,000 station nodes and 250,000 arcs. Evaluation criteria include: the trip cost averaged over the origin-destination matrix, the mean number of paths (similarly averaged), and the computation time.

Lastly, Part 6 offers conclusions and indicates directions for future research.

2. Modelling transit trip assignment

The objective of this section is to examine the components of traffic assignment models for public transit networks, considering the developments since the 1960s and providing references for the principal contributions.

We first recall that a traffic assignment model depends on the logical principle of supply meeting demand. The travel demand, which is a set of traffic flows between origins and destinations, meets the set of transit services offered by the network. In this encounter, each passenger is assigned to some services, and this use of services induces flows on the network segments.

Public transit services are economic goods with certain spatial and temporal availability constraints, with quality issues pertaining notably to duration and comfort, and which can be composed of several different means of transport. We will therefore discuss the spatial aspect, the locations to be modelled, and their topological description (§.1), the temporal aspect of a service as described using timetables (§.2) or in a simplified “static” form, using the service frequencies of lines, in which case we must address the problem of combining parallel lines into legs (§.3). Next, we will address quality of service as perceived by passengers using utility functions (§ .4). After having discussed fare pricing and its representation (§.5), we will deal with routes and the serial or parallel combination of legs in routing structures (§.6).

2.1 The spatial aspect and the representation of places

We define a trip as a movement from an origin toward a destination. Trip endpoints are of particular interest, and are represented in an aggregated fashion by demand zones: a centroid point represents all endpoints within each zone.

Transit services are only accessible to passengers in certain places, the stations, which are represented by network nodes. Transit line segments are represented by arcs joining an initial station to a final station, with one arc per line, per service segment, per direction of travel. The topology of services is thus mathematically described as a network of nodes and arcs. Each node has a physical position, and the location of each arc is determined by locations of its endpoint nodes as well as its physical route. This is the classic representation used in transit network maps and transit trip assignment models since their origins (Dial, 1967, Lamb and Havers, 1970).

The zone centroids are modelled with nodes, and are connected to the transit network by arcs called “connectors” which represent access conditions and often follow the route of an auxiliary transport mode. This mode is usually walking in urban transportation, but may also be a car or other vehicle. An auxiliary mode is likewise necessary when changing lines at transfer stations; transfer penalties provide a simplified representation of this fact. If the transferring passenger has a choice between several lines, we must also model the place where this choice is made with a dedicated node.

More generally speaking, any passenger state may be represented by a node, and any transition between two states by an arc between the two state nodes. This is the principle of a state network (the super-network of Harker, 1987, and Leurent, 2006a, or Jourquin’s virtual network, 1995). It is possible to represent the service provided by a certain line at a certain station with a single node, or in more detail with two nodes: one representing vehicle arrival and the other departure, connected by an arc which models the vehicle dwell time at the station. Three arcs may also be used, representing deceleration, dwell time, and acceleration. Passenger access to the service is represented by boarding arcs, alighting arcs, and of course the inter-station arcs which model the transit line segments.

2.2 Representing time

A service is operated on a transit line by a vehicle that stops successively at a certain subset of the stations along a line. This sequence of stops is referred to as a service. A run is described by its service and its specific arrival and departure times at each stop. A timetable describes the service plan for a given line and a given type of day (eg. workday, weekend…).

If we know the service times and the availability of services at all stations, as well as the time needed to access the network or to transfer from one line to another, we can determine the optimal itinerary from an origin to a destination using a dynamic shortest path algorithm and an optimisation criterion, which may include cost factors other than distance. Jocksh (1966) extended the Ford-Bellman algorithm to the dynamic case by jointly considering all of the moments within a certain time period. Dreyfus (1969) adapted Dijkstra’s algorithm for a given departure time, Minoux (1975) presented a specially profiled Ford-Bellman type algorithm, and Leurent (2006a) designed a Dijkstra-type algorithm for all moments within a time period. Related algorithms are now commercially available in travel demand modeling software such as Cube, Emme/2 and Visum.

2.3 Static models based on service frequencies

A model with specified timetables is costly to use: the description of services is a slow process, and shortest path searches make a high computational burden. A more fundamental problem is that service times in an urban environment are subject to random variations, which become more significant when the transport mode is mixed with other vehicles, as are busses with cars in road traffic.

This is why static models based on service frequencies in place of timetables have been developed, in these successive stages:

· Dial (1967) integrated the average wait time at a station into the travel time for the vehicle-boarding arc. Average wait time is related to line frequency, and is exactly its reciprocal when the vehicle inter-arrival times follow an exponential distribution. For an infrastructure segment that is shared by several lines, Dial represents the shared segments with “trunk” arcs, whose access arc takes all of the component lines into account.

· Chriqui and Robillard (1975) presented the common line problem mathematically, providing an elegant formulation and treatment. We will return below to the inclusion of this factor in optimal path searches.

· In the 1960s and 1970s, Holroyd and Scraggs (1966), Seddon and Day (1974), and Doras (1979) noted that the inter-arrival time perceived by the operator is distinct from that perceived by a randomly arriving passenger, since this additional randomness deforms the statistical distribution. Unfortunately, these considerations and the solution based on renewal theory have since been neglected (eg. Jayakrishnan et al, 1995).

· Leurent (2006a) made vehicle dwell time at stations explicit, thereby addressing the possibility that the passenger finds a vehicle at the stop upon arriving, which had been omitted in previous work. This model is not yet included in commercial software.

2.4 Quality of service

Passengers value accessibility, rapidity, ease of use, comfort, and reduced effort; these quality aspects all affect passenger behaviour and their choices when faced with various services and routes.

The passenger quality of service is modelled through a utility function, which is primarily made up of a generalised cost including various weighted terms: not only the fare, but also the time spent or the number of transfers multiplied by unit-cost factors. According to the position of the passenger, we may distinguish between time passed: on the platform or in the vehicle, in transfer or in another mode, standing or seated, in a crowded area or not… These situations determine the unit cost for time. A factor of two is often applied to walking or waiting time as opposed to time spent in the transit vehicle, or to time spent standing in a crowded vehicle as opposed to time spent sitting.

Certain factors and times depend on the individual user and therefore vary by user type. For example, the time needed to cover a fixed walking distance depends on the speed of the individual pedestrian, which varies according to height, age, and physical condition, and if the person is carrying of an awkward load.

To calculate generalised cost, we must distinguish between these types of time. These states and the transitions between them must therefore be modelled with nodes and arcs.

The amount of time spent in certain states and even the arrival in a certain state may also depend on traffic load and the resultant congestion effects. While road congestion was modelled very early on, the subject is more recent in transit:

· Congestion on roads used by busses was modelled by Spiess and Florian (1989).

· In order to model vehicle congestion resulting from carrying or access capacity constraints, Marcotte and Nguyen (1998) transferred excess volume onto alternative itineraries. This principle has been dealt with rigorously by Shimamoto et al (2004). De Cea and Fernandez (1993) related service frequency to flow volume with a decreasing function, and this principle has been rigorously addressed in Cominetti et al (2001, 2006).

· Seated position congestion was modelled by Leurent (2006b-c), with passengers already in the vehicle receiving priority over those boarding.

Note that these congestion considerations remain absent from the dynamic transit assignment models mentioned in §.2.

2.5 An insufficient development of fare representation

A transit network often has various fare-pricing schemes that correspond to different access patterns, different periods of validity, and certain economic and social policies.

The principal access patterns are:

· Fixed-path: fixed entry and exit stations on a specific line.

· Mono-net: trip pattern within the network of a given operator between specificed entry and exit zones.

· Multi-net: any trip pattern between specificed entry and exit zones, possibly involving passing from one operator network to another.

Long-term passes involve an access pattern together with a period of validity of between a day and a year.

Commercial classes modify the fare level: eg. passengers in groups of which the composition complies to special requirements of the operator.
This variety of fares poses a modelling problem: which ones should be considered, and how should their effects be integrated? The classic solution is to create a subscription model, which is external to the assignment model. In this case, in the assignment model:

· Only certain fare types are used, typically a one trip fixed ticket and a multiple-access pass.

· Several client classes are distinguished acccording to fare type.

· During itinerary searches on the network, a fare is associated with each trip according to the client class and the segments that the trip passes through.

However, certain routing structures (vines) are difficult to reconcile with access patterns other than multi-net access on the entire transit network; the work of Spiess and Florian (1989) neglects this question.

In general, fare modelling is still in need of development. 

Another aspect to consider is the transaction cost to the passenger at the time of trip planning and fare payment. This cost is typically neglected, though it should be included in the subscription model, or in the assignment model for those client types that will choose a single-trip ticket.

2.6 Paths and optimisation capabilities

Through itinerary choice, passengers contribute to the production of transportation services. How do they choose this itinerary - between which options and according to what reasoning? In responding, we will consider the problems and situations surrounding this decision, choice behaviour, and the “computing” capacity of the passenger in terms of rationality, informational capacity, and optimising ability.

We will first consider the problems and situations surrounding these decisions at the local level. At a choice node, several services lead toward the destination, and each service is an option for progress. This choice may result in several different options, whose proportions of usage are influenced by temporal availability. The bundle of chosen options forms a “leg” of the trip between the choice node and the destination. The leg is a local routing structure, which extends the idea of an itinerary. A leg uses a private mode, one or more means of public transportation, or a mixture of both, as in Leurent’s (2006a) explicit availability model.

A trip may involve a series of local decisions, in which case the result is a complex routing structure called a vine: a connected sub-network in which each arc brings the destination closer and can be extended into a path which arrives there.

We now come to choice behaviour at the local level. We presume that the passenger knows which options are available at a choice node. He or she evaluates the respective price and quality of service in terms of generalized cost, and chooses the option with the minimum cost. As transit services are only available at the station, service availability influences generalised cost. The choice may lead to a bundle of several options, each of which is characterised by this availability factor as well as other costs.

The chosen options are called attractive options, and each of them is the best in certain circumstances. A transit option which is shorter in terms of travel time, and for which the wait is likely to be short thanks to a high frequency and regularity, is preferable to an option with a longer travel time, even when the latter option becomes available first. But if the wait for the first option was less certain to be short, the passenger might choose the second option because of the guarantee of immediate availability.

Thus, the observation of immediate availability, of presence in the station, is a form of dynamic information that the passenger may use to his or her advantage. This is the original interpretation of the common line problem (Chriqui and Robillard, 1975). Obviously, the transit network may be equipped with a more advanced dynamic information system with predictive capabilities. In this case, the informed passenger can add the predicted waiting time to the travel time for a particular option, and choose under different conditions than in the previous example. This situation is not yet modelled for static assignment.

A trip composed of a sequence of several local decisions would lead to a complex trellis if the passenger were an expert calculator. This is the case in the optimal strategy model of Spiess and Florian (1989). In other models, the routing structure imagined by the passenger is limited to a chain of legs, i.e. a specific sequence of choice nodes through which the passenger passes in series. This optimal chain model, designed by Le Clerq (1972) and formalised by Fernandez and De Cea (1989), suffers from certain limitations revealed in Leurent (2006a).

Finally, we will consider the calculating ability of the passenger, as well as the costs of being well-informed. When choices are modelled as an identification of options followed by the evaluation and comparison of their generalised costs, we make the assumption that the passenger is economically rational and well-informed about these options and their characteristics. We also implicitly assume that the user is attentive to the availability of services, though such watchfulness has a cost in terms of difficulty, and that he or she makes the effort to remember the relative performances of these options, though this process has a psychological cost. We currently model neither the imperfection of perceptions (identification and evaluation), nor the tolerance that leads one to accept an immediately available option over an as yet unavailable option with a somewhat higher expected performance.

2.7 Synthesis

We draw the following conclusions from this review of traffic assignment on transit networks:

· The topological representation of states and transitions with network nodes and arcs is important in the realistic reproduction of both the physical aspects of services and the economic behaviours of their passengers.

· It is appropriate to describe quality of service using those aspects perceived by the passenger.

· That sophisticated “ideal” models exist for route choice, and therefore for the paths taken by passengers.

· That imperfections remain in the modelling of the following elements: the temporal availability of services, congestion in its various forms, the variety of fares, the forms of dynamic information available to the passenger, and the simplifications made by the passenger while choosing a route in order to reduce the gathering and handling of information.

3. THE REPRESENTATION OF TRAnsit LINEs

The topology of a transit service, i.e. the network segments traversed and the included stations, affects the quality of service as perceived by the passenger, and particularly the duration of trips.

In this section, the objective is to better model time as experienced by passengers in various transit situations (travelling along a segment or waiting for service), as well as the distinction between a passenger coming from outside the station and one transferring from another line. For each situation, we will describe the temporal aspect for the passenger, provide a statistical description. We will point out possible deviations from the operator’s estimated service times and suggest a topological representation using nodes and arcs.

The following subjects will therefore be addressed:

1. The description of one direction of a transit line, including station stops, the segments between stations, and the arrival of transit vehicles.

2. A passenger travelling between two stations along a line.

3. Access to a service from outside the station, and the necessary waiting time.

4. Access to a service by transfer within a station.

5. The operation of several different services on a single line, and the effects on passengers’ trips.

6. The topological representation of transit lines and stations.

7. The specification of physical and economic attributes.

8. The aspects to be modelled for each of the principal transit modes : bus, tram, metro, and train.

3.1 An “operator” model of one direction of a line

In each direction of traffic, denoted 
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Figure 1 illustrates this basic topological representation.
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Fig 1. Model of transit line and stations.
We denote the dwell time of a vehicle i in the direction  as 
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Also, let 
[image: image9.wmf]l

e

t

i

 be the traversal time for the segment 
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In order to describe the service offered during a certain period, we index the runs with k from 1 to 
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 the arrival time of the vehicle carrying out the run k at the station i, and its departure time as 
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 is the inter-station time 
[image: image17.wmf]l

e

t

i

.

The operator of the line, and particularly an agent working at the station i, is also interested in the inter-arrival time between two consecutive services, 
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The service frequency in the direction  during a period of duration H is 
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Certain physical conditions constrain the line’s operation:

· 
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· If a platform in a station is dedicated as a stopping point for a certain service’s vehicles, 
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 and the average dwell time will limit the capacity in terms of vehicles: 
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The operator attempts to provide passengers with as homogeneous a level of service as possible. The headway regularity of a service refers to the availability of the service at regular intervals. But a good regularity at the beginning of the line may degrade as the service moves down the line if the vehicles circulate with others (for example, busses in traffic or at intersection crossings) or if passenger congestion occurs in stations. It is therefore appropriate to model the conditions of service for each station, with a local parameter for regularity.

We represent a lack of regularity by inter-arrival times that follow an exponential distribution (with service frequency as parameter), and a perfect regularity by constant inter-arrival times. Intermediate cases are modelled with a random variable with a relative dispersion between 0 and 1, i.e. between that of a constant and an exponential distribution.

3.2 A “passenger” model of a trip along a line

A passenger u travels along a transit line between a boarding and an alighting station, denoted i and j respectively. If the passenger uses the run k, the physical travel time is
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This time excludes the initial time passed at waiting in-vehicle before departure from the initial stop.
Let us consider more generally a type of passenger u on the segment 
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 are equal, the average passenger time coincides with the average time per vehicle run for the operator.

In order to distinguish between different levels of comfort, and particularly between the seated and standing states, the topological model with one arc per inter-station segment is insufficient. Leurent (2006b) proposes a model with two in-vehicle arcs per inter-station: one for trips begun before the station and another for those passengers who have just boarded at this station (figure 2). This distinction allows costs to the passenger to be adjusted according to their ability to access comfort states on a given trip.
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Fig. 2. Model of in-vehicle comfort states and vehicle availability (
).
3.3 Access to services from outside the station

Let us represent the entry point of a station with a node, and use an arc to represent the means (presumably walking) of getting from the entry point to the platform (which in this case is included in the station node).

For the passenger, the service access time can be divided into 1) time spent reaching the platform and 2) time spent accessing the vehicle and waiting for departure.

Ignoring possible transaction costs, the platform access time depends on the path to be followed, obstructions or passenger crowding, and the individual characteristics of the passenger. When no obstructions or crowding are present, and with a distance D to cover and a distribution of the individual speeds v which depends on the types of passengers who commonly use the station, the platform access time 
[image: image32.wmf]pf

t

 equals 
[image: image33.wmf]v

D

/

. If the speeds follow a log-normal distribution LN(, ), we find that 
[image: image34.wmf])

,

)

LN(ln(

pf

s

m

-

»

D

t

. This variability results from the diversity of the users, and not from external causes. The crowding of the access route modifies the distribution of v, reducing the values and possibly concentrating them (reducing their relative dispersion).

The passenger may have to move along the platform and/or wait in a queue to access a vehicle when a service is saturated. Here, we look primarily at a non-saturated line. If a vehicle is present, the passenger boards and waits for the departure. In the absence of a vehicle, a vehicle arrival waiting time is added, and the passenger wait in the vehicle is (almost) equivalent to the vehicle dwell time in the station.

For the population of passengers, departure waiting time 
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 perceived by the operator. In fact, the passengers arrive over the course of the inter-departure duration, and on average 
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It has been shown (Kleinrock, 1975) that the residual waiting time Y is distributed with the density function
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where is the mean of the inter-arrival times h, and the function 
[image: image41.wmf]h

D

F

 is their distribution. The residual wait has mean and standard deviation of, respectively:


[image: image42.wmf])

1

(

2

2

g

+

m

=

m

Y



[image: image43.wmf]2

3

3

Y

E

Y

m

-

=

s

m


with 
[image: image44.wmf]m

s

=

g

/

 the relative dispersion of h, and 
[image: image45.wmf]]

E[

3

3

h

E

D

=

.

The arrival of passengers in the station from the outside is a random process. As the arrivals are presumably independent from one another, a Poisson process is appropriate, and a Poisson bunch process would account for passengers travelling together. The arrivals are also independent of individual speeds in the station; the diversity of these speeds might modify the order of arrival on the platform, but does not change the statistical character of the process (during a stable period).

The access and waiting time 
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 seems to be connected to the in-vehicle travel time 
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3.4 Service access by transfer

A passenger accessing a service by transfer from another line serving the same station carries out the following actions:

· Alight from the upstream service

· Make an in-station trip from one platform to another, covering a certain distance at the individual speed of the passenger, which may be reduced by crowding.

· Wait for a vehicle belonging to the downstream service.

Alighting from the upstream service takes no longer than a few seconds, except when the vehicle or platform is crowded. The passenger presumably leaves the vehicle before the end of the vehicle dwell time at the station.

A passenger is more likely to experience delays when transferring than when accessing the station from the outside, as the transferring passenger is generally not alone. As the alighting passengers who will transfer to another line form a bunch of arrivals, the arrival process is significantly different, not only in intensity but also in form: we observe a sequence of bunches at intervals determined by the arrival of vehicles on the upstream line. Physical constraints present when leaving the vehicle and the distribution of individual speeds break these bunches into smaller groups.

Finally, the distribution of waiting times (for re-departure) depends on both the inter-arrival time of vehicles on the downstream line and the transferring passengers’ platform arrival process. The frequency of the upstream service significantly influences this wait time. The upstream service’s frequency influences the dispersion of these times, as well as their mean if the operator chooses to synchronise the two services.

Transfer time is therefore affected by certain operational decisions. Though this effect may be weak in any individual trip, it can become significant when aggregated over a large population of passengers.

3.5 The distinction between lines and services

We have defined a transit line as a trajectory to be followed by transport vehicles, which serve a certain series of stations along this line. A service is the subset of runs in one direction on a given line which serve the same subset of stations. In the simplest case, we have a line with a single exhaustive service, the “local service". In order to increase line capacity and commercial speed, the operator may define different services: one serving all stops, another “express” service connecting only the major stations, or any intermediate case.

All services on a certain line share both the station platforms (whether they are served or not, except in the case of multiple platforms), and the road surface or track, except possibly in areas specially designed to allow passing. The travel time between stations along the line may also depend on the service.

In principle, two vehicles with distinct services cannot stop simultaneously at the same station, so the services have a set chronological order. The transit operator manages the temporal distribution of the runs, planning the spacing of different services with the goal of creating synchronisation and regularity.

For certain combinations of boarding and alighting stations on a line with multiple services in the same direction, a passenger may have access to several parallel services, which is related to the common line problem, or may combine them in series, e.g. travelling a long distance using an express service, then using a local service to reach a specific destination. It may even be advantageous to use a local service in the “wrong direction” to arrive at a major station, and from there have access to a larger range of services and increased bundle frequency.

For serial combinations in the same direction, the coordinated operation of missions influences wait time, which is certainly less random than that of transfers between different lines. Because the services alternate regularly, wait time is on average lower, and has a lower dispersion since the passengers arrive in bunches during a short period.

In the base topological representation, a distinct node is used for each service at each station served, which increases the number of inter-station, boarding, and alighting arcs. At stations shared by several services, it is also necessary to connect the service nodes with transfer arcs.

3.6 A topological description

The fundamental entity of transit supply is the service, modelled by its station stop nodes and the corresponding inter-station, boarding, and alighting arcs. The boarding and alighting arcs connect a service node to an out-of-service node, which models either the platform or another state outside the vehicle but in the station. We model each possible transfer between the services serving a common station, whether or not they belong to the same transit line, with an arc.

The most difficult aspects to model are:

· The comfort states in the vehicle or on the platform. See §.2 for a treatment of in-vehicle comfort.

· Vehicle availability in the station. We will return to this topic in the next section.

· Adaptive choice nodes, where the passenger can choose between several options.

In this last case, it is difficult to reconcile physical and economic realism with the node and arc description, in which the state of a node is determined by the state of its immediate successors and the intermediate arcs. Between the location where a choice is made and the line access nodes (the service nodes), we need several arcs to model the conditions of access in detail: a boarding arc (which includes the waiting time), a platform crossing arc (which accounts for congestion), and one or more arcs between the choice location and the platform. An elegant modelling solution is to consider the network graph at two levels: a “bottom” level whose graph details states and transitions, used in determining costs and traffic flows, and an “upper” level which contains the adaptive choice nodes, and in which arcs represent sub-paths on the lower graph. The optimal chain model is a first step in this direction, which is still open to extension and systematisation.

3.7 The specification of economic and physical attributes

The economic attributes of a service include fare pricing (discussed in §3.5), information, and quality of service.

In §2.6 we mentioned the importance of representing the choice nodes and especially the level of information available to passengers there.

According to the principles indicated in §2.4, we model the quality of service primarily through time as experienced by the passenger, distinguishing between the discomfort felt in several different positions. A detailed topological description of possible states and the transitions between them is needed to distinguish between these positions. It is also necessary to characterise these positions by determining a specific discomfort coefficient per unit of time spent: this should be done for each type of user, on the basis of revealed and stated preference surveys. The time spent in these positions, a physical attribute, must also be measured.

The physical attributes to describe for an arc include:

· Geometric parameters. The distance to cover in the station or in-vehicle, along with geometric features (slope, curvature, path width).

· Operational parameters. For an inter-station arc, these include commercial speed and seated capacity. For a service access arc, the service frequency, a regularity coefficient, and the probability of availability are needed to characterize a distribution of departure waiting times.

· Congestion functions and parameters, which model the relationship between the level of traffic and the traversal time for this element.

A traffic assignment model cannot be used to evaluate the effect of operational choices unless they and the reactions of passengers are modelled explicitly and in detail. This is particularly true for dynamic information systems and headway regularity.

3.8 A discussion of transit modes

To finish this section dedicated to the modelling of transit lines, we will now look at the principal transit modes used in urban settings: bus, tram, subway, and train. We will describe each mode, considering the following aspects: the carriageway used and the modalities of sharing it with other traffic, intersections and junctions outside of stations, the stations (including their components, organisation, and functioning), and the principles of operation for this mode’s transit lines.

A bus presumably circulates on city roadways, either in a lane that it shares with all other road users (cars, cycles, trucks, and pedestrians), or in a reserved lane. Reserved lanes can be shared with certain other vehicles (taxis, high occupancy vehicles, cycles), reserved exclusively for busses, or even exclusively for busses of a certain line (
). The degree to which the lane is shared affects congestion. The bus presumably uses the same intersections as the rest of the road traffic, except in the case of above or below-grade crossings. An intermediate means of favouring busses is to give them priority at intersections, perhaps giving them a dedicated lane. This mechanism is only efficient for a single trajectory per intersection - it is difficult to favour two secant trajectories.

Bus stations come in many varieties, from roadside stops with only a sign, to stations separated from pedestrian traffic to allow the consolidation of passengers before boarding. Of course, the access platforms, choice locations, and conditions of arrival for the pedestrian also vary. Only the most developed stations allow several services to be operated per line direction to respond to expected levels of traffic. For small stations, several lines may share a platform, and it is more appropriate to distinguish between lines than between services, so as to reduce the risk of passenger confusion.

On a bus line, stations are closer together, with typical inter-station distances in the 300-500 m range, which provides ease of access from local roadways and local-scale service.

For trams, the use of rails imposes a specific trajectory and reduces the possibilities for sharing lanes with other traffic. The parking of other vehicles on tracks is unacceptable. A lane reserved for a tramway is generally used exclusively by one line. The same possibilities are available at intersections as for reserved bus lanes: signal priority or grade separated crossings. Outside stations, junctions between tram lines require switches and reduce the capacity of each line in terms of number of vehicles. Tramway stations are somewhat more elaborate than bus stops. The platforms, as well as the access and waiting zones, are more worked out in response to the larger amount of traffic. Tram stations are more widely spaced, usually at distances of 500m or 1km. Service frequency may be high during peak periods, and the operator’s increased level of control over the infrastructure allows the regularity to be maintained.
Metros are entirely separated from other traffic, most often underground but sometimes elevated. Their tracks are dedicated to a single line, except locally where lines cross or to allow platform-to-platform transfers; these are the only cases of intersections, as line crossings are usually vertically separated, either without a connection between the lines or with the possibility of transfer through a station. Metro stations are delimited spaces with restricted access, and can offer certain commercial services or information to passengers. Each platform is dedicated to a line, and the pedestrian walkways from one line to the other are organised and well marked.

A metro line has inter-station distances on the order of one or more kilometres. This permits high commercial speeds and frequencies, which are necessary to accommodate the planned amount of traffic. The operator presumably maintains the headway at a certain regularity, and reacts rapidly to internal or external disturbances. The access restrictions to the stations set up an "operator area" that includes the line and the transportation network, which allows particular commercial and fare arrangements.
Regional train lines are distinguished by the high passenger capacity of each train, the organisation of railways in networks intended for shared use by several lines, the size of stations and their sophistication (when several lines or services are present), and the wide spacing of stops along the line, with typical inter-station distances of several kilometres. The tracks are isolated from non-rail traffic, except in the case of level crossings with road traffic. Railway junctions consist of switches. Each station is a delimited location, with waiting and information areas separate from the platforms. Stations serving several lines will have several platforms, allowing various modes of operation for lines with several services, as well as X or Y shaped lines. The high capacity of each train gives the line a high capacity, even at moderate frequencies, which makes headway regularity important for homogenising quality.

4. The common line problem

In this section, we will further develop the common line problem discussed in §2.3 by dealing with service headway regularity and the related temporal relationships, availability issues, information available to users, and adaptive choice locations.

The section is organised as follows:

1. The identification of attractive options.

2. The original combination model without availability, with exponential inter-arrival times on each line, and with only opportunist information.

3. Availability modelling.

4. Predictive information modelling.

5. The distribution of traffic between independent services with arbitrary waiting times.

6. The distribution of traffic between coordinated services.

7. Adaptation to different transit modes and to various adaptive choice situations.

4.1 The identification of attractive options

At a choice node n, the passenger can choose among several services which lead toward the destination. The generalised cost of an option m is evaluated by combining:
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the generalised “downstream” cost of the option if it is immediately available.
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the generalised cost of waiting for departure.
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the cost of waiting for a service to arrive when it is unavailable.

The option m is attractive if its available cost 
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Assuming that the passenger is rational and thus chooses the option with the minimum cost, an option is attractive if there exist temporal circumstances in which the passenger will choose it.

Only attractive options can be chosen and have a non-zero usage proportion. We denote the set of all such options 
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4.2 The original combination model

Chriqui and Robillard (1975) dealt with service options, ignoring the dwell time in the station, i.e. 
[image: image57.wmf]0

=

m

n

G

, and with a random waiting time 
[image: image58.wmf]m

w

 that follows an exponential distribution with the service frequency 
[image: image59.wmf]m

f

 as the parameter.

When the passenger arrives at the choice node, there are presumably never any options available since the probability of a vehicle in the station is zero, so the passenger postpones the choice. If we denote the unit cost of waiting time by 
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because an exponential distribution is memoryless, and at each moment of unavailability the average residual wait time is 
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When a vehicle arrives that is part of m, the option cost is lowered to 
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The usage proportion of an attractive option m is the probability that it will be the first to arrive, i.e. that the combined wait for attractive options ends with the event “m arrives”. Assuming that the waits for different options are independent, the combined wait is an exponential random variable with parameter equal to the combined frequency of the attractive options:
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and the probability that m is used is


[image: image65.wmf]tot

/

}

{

Pr

f

f

m

r

w

w

m

r

m

m

=

¹

"

£

=

p


The average duration of the combined wait is 
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In this model, the passenger uses a kind of dynamic information: the availability of an option is observed in real time, and its arrival time is known at the preceding instant. This is opportunist information, since the passenger uses it to determine behaviour.

4.3 Modelling availability

In the original model, it is assumed that a service is never available when the user arrives at the choice node. Leurent (2006a) models availability by specifying the dwell time 
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 in the station for each service m, which leads to a probability of presence:
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The arriving passenger chooses the best of the attractive available options, or, if none are available, waits for the first one to arrive.

By placing the attractive options in the order of increasing available cost 
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 that an option is available and optimal among the attractive available options is obtained in the following way (maintaining the assumption of service independence):
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We denote as 
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 the attractive option with the maximum available cost, and 
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 is the overall probability that an attractive option is available to the passenger at the moment of arrival.

The proportion of usage for an option 
[image: image75.wmf]n

M

m

Î

 is


[image: image76.wmf]tot

)

1

(

f

f

q

p

m

m

m

m

-

+

=

p


The average cost of an option, with 
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This model allows a comparison of public and private modes that have non-trivial mode shares. For example, a passenger who can choose between a bus and walking can take the bus if it is available and walk if not.

4.4 Modelling predictive information

Supposing that at a choice node, the passenger has predictive information on the availability of each option m, in the form of the next departure time 
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The passenger can now compare available and unavailable options, and the one with the minimal cost 
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in which case the probability is relative to the distribution of passenger arrivals during 
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This division between options rigorously corresponds to dynamic assignment models; the usage proportions allow static modelling.

4.5 Independent services with arbitrary waits

In the preceding paragraphs, we considered memoryless or deterministic services. An intermediate situation is that of mutually independent services m, each with a downstream cost 
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Still denoting the unit cost of waiting time by 
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The proportion of usage for the option m is
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where the distribution function for the random variable 
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From this, we finally conclude that
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This formula is a general form for those used in UTPS, TranPlan, Visum, and Cube, which use uniform distributions where 
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, and correspond to regular headways (cf. §3.3).

The choice depends here on predictive dynamic information given to the user about the residual wait times.

4.6 Coordinated services

We now consider services that the operator coordinates by imposing a service plan for the node n. In this situation, we return to the predictive information model of §.4, since the strict regulation of arrival times gives a simple means to predict them!

Services can also be coordinated in independent groups. Only one of these groups can include multiple services, since if two different service plans are both followed rigorously, their timetables are fixed relative to one another, which places them in the same group.

One method for combining this coordinated group with independent services is to decompose the group’s service plan into segments, with one option being the most efficient in the group on each segment. The group is then represented by its optimal option on each segment and compared to the other services using the independent service model. Finally, the usage proportions of the different segments are collected.

4.7 Adaptation to transit modes

In modelling a concrete transit network, two considerations play a major role: the physical reality of the choice locations and the nature of the information available to the passenger.

In practice, a choice location is either a platform from which one accesses certain services or lines of a single mode of transport, or a waiting area from which the passenger can access several platforms, possibly belonging to several different modes. In the latter case, the access time for a platform may be included in the information, as one cannot choose a service that is present but will not be a moment later. Thus, the predictive information is filtered, implicitly or explicitly, relative to the situation on the platforms.

The information available to the passenger is of the following types:

· Opportunist information on the platform.

· Subjective predictive information, based on an individual perception of waiting times, possibly acquired by experience. We may deal with this by adapting the distributions for the waiting variables.

· Planned (and objective) predictive information based on the strict regulation of departure times: this is a static form of dynamic information.

· Adaptive (and objective) predictive information, based on real-time vehicle tracking which assists operations while giving a true capacity for arrival anticipation.

The various types of choice use the following forms of information:

· Between services on the same line that share a single platform: all types of information.

· Between lines of the same mode on a single platform: all types of information.

· Multiple platforms, betweens lines of one or several modes: the choice takes place upstream of the platforms. The opportunist information model is presumably inappropriate, since if the passenger is informed of the next arrival for one service, this is probably also the case for the other services. Predictive information models are therefore more appropriate.

5. Routing structures

After exploring the combinations of options at the local level of a choice node, we move on to the level of an entire trip, where it is often the case that a number of local choice situations are assembled into a routing structure.

Our objective is to present the principal routing structures and to discuss their characteristics relative to the calculating capacity of the passenger, i.e. the capacity to acquire and process information.

This section deals with:

1. The notion of a vine i.e. a part of the transportation network which supports the paths toward a destination. On this topological structure, the local orientation of flows is imposed by routing proportions. A vine and its associated routing proportions constitute a hyperpath.

2. The optimal strategy model, which searches for a minimal-cost hyperpath.

3. Chains (sequences of choice nodes), which are simple forms of vines and yield simple hyperpaths.

4. Multipaths, which are superpositions of itineraries.

5. Principles for modeling limited calculation capacity and information effort of the passenger.

6. A numerical experiment.

5.1 Vines, routing proportions, and hyperpaths

In the problem of a local itinerary choice, we consider those options which lead toward the destination. On a transportation network, for a given destination, a vine is a set of arcs in which each arc can be extended into a path to the destination and which is loopfree (i.e. without positive circuits).
The absence of loops implies that the extending arcs are situated closer to the destination than the extended arc, in terms of a certain distance criterion. An adequate criterion is maximum path length from arc head to destination in terms of number of arcs. From an economic perspective, a better distance criterion might be access time or generalised cost.

The vine structure lends itself naturally to recursive enumeration (traversal), either forward enumeration in the direction of the destination or backward enumeration away from it.

For each network node on the vine, the vine arcs leading away from the node are options for moving toward the destination. A flow leaving this node and passing through the vine is split between these arcs, which we index by a. We denote the local distribution proportions by 
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The association of a vine and a routing function is a hyperpath, discussed in Nguyen and Pallotino (1988), and is equivalent to the notion of a strategy in Spiess (1984) and Spiess and Florian (1989).

A path without positive circuits is a simple form of hyperpath, with 
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 on the traversed arcs and set to 0 elsewhere. A hyperpath may be loaded by simply propagating volumes onto arcs recursively toward the destination, i.e. in decreasing order according to the distance criterion.

5.2 Searching for an optimal strategy

Spiess and Florian (1989) designed an efficient algorithm that constructs an optimal hyperpath from all network nodes toward a given destination. By recursion back from the destination, each iteration of the algorithm processes the arc a in the list of arcs remaining to be processed for which the downstream option cost is minimal, in order to improve the generalised cost at the tail node n of a and to construct options upstream of this node. The processing of the node n is a common-line problem, where the option provided by the arc is combined with other options that may already have been incorporated.

At the node n, the options that are already incorporated yield an average generalised cost 
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At algorithm termination, we set 
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The following conventions apply:

· The arc frequency 
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 of service boarding arcs is that of the service, and is infinite for other arcs.

· The generalised costs of nodes are initialised to infinity, except for the destination, at which it is initialised to zero.

· We perform the replacement 
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Leurent (2006a) proposed an alternative Dijkstra-type algorithm in which a node is processed at each iteration, and cannot be processed again later. Nguyen and Pallotino (1988) proposed a Ford-Bellman type algorithm.

The optimal strategy algorithm is very efficient and constructs the hyperpath which best uses the transportation services. However, this ideal model of absolute optimisation must be compared with the concrete behaviour of passengers:

· The passenger does not remain constantly watchful in order to collect all information and use it in an opportunist manner. Such an attitude would be uncomfortable and lead to an information cost.

· The passenger is not exhaustively and exactly informed about the statistical characteristics of services (their existence, frequencies and generalised costs).

· The passenger is not a highly skilled calculator capable of comparing options accurately to determine their precise level of attractiveness.

To limit the effect of these strong assumptions, we propose several tactics in §.5. But first we shall present two simpler models in which these assumptions are weakened.

5.3 Searching for an optimal chain

The options chosen in parallel at the local level of an adaptive choice form a “leg” between the current node and the destination. Before the optimal strategy model was introduced, only legs with parallel options between two nodes were considered. For an entire trip, a sequence of this type of legs leading from the origin to the destination constitutes a chain (
). A chain is a vine, but a particularly simple one, as it is constructed around a series of choice nodes which are traversed by every path in the chain that connects the origin to the destination.

There are systematic algorithms for finding an optimal chain. The most efficient is a Dijkstra-type algorithm, which starts at the destination and forms a tree of optimal chains from each current node. The algorithm finds the shortest paths on the network of legs, dynamically forming the optimal leg for each pair of choice nodes between which there exists a transit service or a private-mode arc.

This algorithm was proposed by Le Clerq (1972). Dial's (1967) PathFinder algorithm for the UTPS model may be considered as a first attempt, in which the legs are constructed prior to the chain search and may only include those options that have the same sequence of stops and the same travel times.

A potential limitation appears when two legs that have one or more transit missions in common are connected. At the connection node, we assume that the passenger gets off of one service, only to possibly get back on the next arriving vehicle for the same service! Le Clerq proposed a corrective procedure that assigns a transfer bonus to the turning movement between the two legs, based on the frequencies of the shared services. This bonus may however make the results of the optimal chain search incorrect (Leurent, 2006a).

The structure of chains appears to be sufficiently simple to model passenger behaviour:

· Systematically passing through known locations, i.e. a sequence of choice nodes.

· This sequence is easy for the passenger to remember.

· The passenger is only concerned with information and optimisation while in these locations.

The simplifying tactics given in §.5 to limit information and rationality on a vine are particularly simple to apply to a chain. 

5.4 Multipaths

A multipath is a mixture of several paths between an origin and destination node. It may be enlarged into a mixture of path trees with a common destination. We naturally associate a set of proportions with this mixture of path options in order to weight the usage of these different paths.

A hyperpath is a multipath on which the usage proportion of each path is the product of the routing proportions along the arcs that compose the path.

There are several justifications for using multipaths as routing structures to represent transit trip paths:

· The variety of passenger types, each with its own manner of using the transit network. We can specify several types of pedestrians according to their walking speed, or subjective perception of time passed by position, or several trade-offs between price and time: higher coefficients correspond to hurried passengers who accept a higher price if it allows them to progress faster.

· Various random factors encountered along the network. Transit service has a random character for the passenger. This is also true of service conditions on the road network, which the user can only imperfectly anticipate. Meteorological or natural factors, as well as operation or traffic incidents, may also modify flow conditions and disrupt travel times.

Passenger-related causes lead to the price-time model, where multipaths contain the paths that are efficient for at least one price-time trade-off coefficient (unit cost for time): cf. Geoffrion (1967), Gondran (1975), Dial (1979) et Leurent (2006a).

Random factors encountered on the network lead to the probit model, where multipaths are composed of several paths, each of which is optimal under different network conditions, i.e. a certain state of arc times and costs: cf. Abraham (1961), Von Falkenhausen (1966), Burrell (1968), Daganzo and Sheffi (1977), and Maher and Hughes (1997). The usage proportions of these paths depend on the distributions of local random factors.

In a similar way, congestion may make several paths competitive in terms of time for each origin-destination pair. These options together compose a multipath, for which the usage proportions depend on the O-D flows and the relationship between volume and time on the network. Dial (2006) and Leurent (2006c) recall that at equilibrium between transportation offer and travel demand, this multipath is in fact a hyperpath.

The idea of the multipath allows the interpretation of a routing structure to be expanded, while also considering the diversity of the passengers, which leads to a multiplicity of paths, even if each category of passenger has a simple behaviour. The random factors may also represent the variety of, and inaccuracy in, passenger perceptions.

However, the modeller must carefully control all of these factors in order to avoid interpretation and representation errors. For example, the diversity of passenger walking speeds cannot be represented by independent local random factors on the network, since each passenger maintains roughly the same relative speed on all of the walked sections of a  trip.

Specialised algorithms are needed to implement multipaths: a bicriteria search for price-time models, or the enumeration of paths for probit models. In both of these cases, there is a risk that the multipath will contain positive circuits (fig. 3).  In order to avoid such circuits and obtain efficient algorithms for the probit model, Maher and Hughes (1997) have suggested using a hyperpath for the probit multipath, by imposing an ordering on the network nodes. This restricts the set of paths somewhat, but does not necessarily introduce problems, since the hyperpath thus created may correspond to network operation practice on the basis of a destination signage scheme.
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Fig. 3. Routing structure with loop.
5.5 Rationing information and rationality

We have described several routing structures that combine itinerary options. These combinations have both inter- and intra-individual causes:

· Inter-individual causes: the diversity of passengers, in terms of individual travel behaviour, subjective perception of options and quality of service, and choice behaviours.

· Intra-individual causes: for a passenger who repetitively makes the same trip, the randomness of service and other random traffic factors that vary from one trip to another.

We assume that the passenger adapts to the service and reacts to this randomness. Of course, this adaptation is imperfect, as the passenger has incomplete and imprecise information, and makes only a limited effort to enrich this information in real time. The passenger’s capacity to process this information and perform optimisations is similarly limited.

To model the rationing of information and optimisation effort by the passenger, we propose the following tactics, which model passenger “behaviour heuristics”:

1. Limit the number of local choice situations within a trip, by limiting the number of "mixed choice" on a vine, or by reducing the vine to a chain, or by doing both and constructing a chain with a limited number of mixed choices.

2. Limit the number of local choice situations within a trip, by limiting the number of transfers on a vine, or by constructing a chain with a limited number of transfers.

3. Limit the number of eligible options per local choice by favouring the most attractive options or the services with the maximum capacity. This approach may be carried out at the level of each transport mode, before grouping the eligible options together for each mode; this probably corresponds with the behaviour of a passenger who is aware of several modes.

4. Weaken the attractiveness condition for options by tolerating options with a somewhat higher generalised cost.

5. Random perturbation may also be added when evaluating the generalised cost of options in order to simulate both the subjectivity and the lack of precision in passenger perceptions.

6. Simplify the formulas that distribute traffic between options.

Certain constraints must be respected when employing these tactics. In particular, relaxed attractiveness (tactics 4) tends to increase the number of eligible options, which is contrary to tactics 3, and also to tactics 1 since it may induce an increased number of nodes with mixed choice.
The complexity of traffic distribution formulas comes from the inclusion of certain factors to which the passenger is also subject. If a choice is determined by a random factor, the proportion of the time that his choice is made likely corresponds to the probability of this random event. Simplifying the mathematical formulation is therefore not a final objective; it is more appropriate to simplify the representation of choice contexts and passenger behaviour.

Concerning the distribution of traffic between options, we consider three major formulations:

· Distribution according to service frequency, in connection with the opportunist behaviour model.

· Distribution on the basis of residual wait. The interpretation is similar to the previous case, but the mathematical formula is more flexible, and considers the statistical distribution of waiting times.

· A discrete choice model, in which each option is associated with a random utility function that considers various characteristics of both the option and the passenger. One of these factors may be the residual wait. The interpretation is more general than the previous case, but the formulation is similar.

A pragmatic approach would be to retain the formulation common to both residual waits and discrete choice, making the random factor’s distribution a user-specified function, which can then be set according to observed passenger choices.

5.6 Numerical experimentation

We tested these modelling possibilities and the associated simplification tactics on the Paris regional transit network as it is modelled by the RATP, its principal operator. The Parisian network is composed of 96 train services, plus 79 heavy metro services (the RER), 17 metro lines, 3 tramway lines, as well as 1,097 bus services. The model exhaustively describes 1,314 missions, 7,831 stations or centroids, 27,815 service nodes, and 250,432 arcs among which 27,853 service arcs and 84,089 connectors. The travel demand is modelled at the AM peak of an average working day, and the regional territory is divided into 1,921 zones.

The RATP model is under development. The version currently used for traffic studies depends on a “manual” coding of common service or line options, yielding “trunk links” that are used as arcs in shortest path searches. This version is an optimal chain model, with a larger mixture of options than in UTPS.

We programmed hyperpath search and assignment algorithms, with a base variant and two directions for sensitivity analysis, respectively:

· according to tolerance on attractiveness, tested at marks 0, 1, 2 and 3 minutes.

· according to the maximum number of transfers, at marks Unlimited, 3, 2, 1 and 0.

The base variant is a hyperpath search without tolerance on attractiveness, with an unlimited number of transfers and options per transfer.

For each variant, we evaluated the following indicators:

· The average generalised cost per trip, decomposed into in-vehicle cost, terminal cost (spent on connectors), wait cost, and residual transfer cost.

· The average number of paths per origin-destination pair, distinguishing between services on the same line.

· The average number of paths per origin-destination pair, grouping services on the same line together.

· The assignment computing time on a UNIX workstation SUN W21002 with two processors AMD Opteron at 2.6 GHz with 2 Go RAM.

The effects of tolerance are quite simple: more tolerance induces more routes per OD pair but keeps generalized cost unchanged (< 1%), as shown in Table 1 for hyperpaths with unlimited number of changes.

The maximum number of changes has tremendous effects on the connection rate which decreases down to 8% of OD pairs when no transfers are allowed; and also on the computation time, which is decreased by above 10 times from unlimited transfers to none. The effect on the mean generalized cost is significant, with a decrease of one third; and also on its decomposition: for the variants with maximum number of transfers above 2, the generalized cost is composed of about 41% in-vehicle, 11% wait, 13% residual transfer and 35% terminal. When the maximum number of transfers is limited to 1 and 0 respectively, the part of terminal access is increased to 40% and 57%, respectively.

These results are indicated in Table 2 in the case of tolerance zero on attractiveness.

Table 1. Effects of tolerance.
	Tolerance in attractiveness
	# Route / OD pair
	Same, services
	Mean Generalized Cost (€)
	Computation Time (s)

	0
	5.4
	19.5
	8.71
	139

	1 minute
	6.9
	27.5
	8.72
	145

	2 minutes
	8.8
	40.5
	8.74
	146

	3 minutes
	11.2
	60.0
	8.76
	147


Table 2. Effects of bounding the number of transfers.
	Bound on # of transfers
	# Route / OD pair
	Same, services
	Mean Gen Cost
	in-veh
	Wait
	Transfer
	Terminal
	Connec-tion rate (%)
	Compu-tation Time (s)

	Unbounded
	5.4
	19.5
	8.71
	41%
	11%
	13%
	35%
	98.8
	139

	3
	5.3
	17.2
	8.71
	41%
	11%
	13%
	35%
	98.5
	120

	2
	4.4
	11.7
	8.69
	41%
	10%
	13%
	36%
	92.7
	73

	1
	2.6
	4.9
	7.93
	41%
	10%
	9%
	40%
	50.0
	25

	0
	0.7
	0.9
	2.69
	34%
	9%
	0%
	57%
	7.8
	12
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Fig. 4. Paris transit network

6. Conclusion

In this article, we discussed the modelling elements used in assigning traffic to specific itineraries on a transit network.

These modelling elements can be divided into the following five categories:

(i) The representation of a service line, from the quality of service perspective of both the operator and the passenger. 

(ii) Local service choices and service combinations.

(iii) Network path choice behaviours and the formation of routing structures.

(iv) Fare pricing in its various forms.

(v) The categorisation of passengers according to their travel itinerary choice behaviour.

For the first three subjects, we analysed the modelling possibilities in depth, suggesting certain improvements, and we compared these models with the concrete characteristics of the various modes of urban passenger transport.

We then discussed the assumptions behind the classic hyperpath, chain, and multipath routing structure models, and compared them with the concrete behaviour of passengers, who will invest only a limited effort in the collection of information and the optimisation of local path choices. We proposed some methods for modelling the heuristic behaviours of passengers, which were tested on a model of the Paris region’s transit network.
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� a characteristic which necessitates a procedure for clearing the right-of-way in case of a vehicle breakdown


� we prefer to use the word "chain" rather than "route" which was used by De Cea and Fernandez, because (i) "chain" has a more intuitive plysical analogy, and (ii) "route" is taken as equivalent to "path" in road traffic assignment
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