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Abstract

A model is provided to capture capacity phenomarnaassenger traffic assignment to a transit netwiditkse pertain to the
interaction of passenger traffic and vehicle taffiehicle seat capacity drives the internal comfeghicle total capacity
determines internal comfort and also platform waitipassenger flows at vehicle egress and accesplay with dwell
time, dwell time drives track occupancy and in ttiva period frequency of any service that passesttition along the line
of operations, and then service frequency influsrssgvice capacity and platform waiting. These phemna are dealt with
by line of operations on the basis of a set ofllomadels yielding specific flows or costs. The ttygical order of the line is
used to devise two line models of, respectivetywfloading and cost setting, each of which cafiddtal sub-models. The
pair of line algorithms amounts to a complex cémivfrelationship at the level of the line. The limadel is used as a sub-
model in passenger assignment to network hyperpathesre line pairs of access-egress stations ¢otesteg links. The
properties of static traffic equilibrium for botlelicles and passengers are established.

Keywords: Traffic equilibrium; Bi-layered assignnigSeat Capacity; Vehicle Capacity; Transit Bottleky Platform Stock; Wait Time;
Vehicle Load; Frequency Modulation; Trach Occuparaye Model

1. Introduction

Background.On a transit network, passengers and service beshioteract in a number of ways. Vehicle
traffic determines the in-vehicle travel times asb the waiting time on platform. Passenger tafffluences
the dwelling time, hence also track occupancy angilra even service frequency. Furthermore, theplaerof
passenger flows and vehicle capacity determinesthiehicle comfort and the residual capacity focess at a
station. A systemic analysis of capacity constgint transit systems is available in [1], buildingon the
Transit Capacity and Quality of Service Manual4®H other previous works e.g. [3]. [4] have prodidestatic
network assignment model, dubbed CapTA for Capcitdransit Assignment, to deal with (i) vehiclealo
capacity, (i) passenger waiting on a station platf where one or more transit services are availabl
(i) vehicle egress and access flows of passengedstheir interplay with vehicle dwell time and)(track
occupancy by vehicles and its effect on the opamatfrequency of any service that uses the traok. GapTA
model addresses passenger traffic in two layeesidtver layer deals with service operations by bmel the
local interactions of vehicles and passengers, @dsethe upper layer pertains to passenger rouieechod
network flows on links either pedestrian or “lireg! — a line leg being a bundle of transit servigssd from an
access station to an egress station along a given |

Objective.The paper has a twofold objective: first, it exterthe CapTA model by capturing also the seat
capacity of vehicles and its specific effects oa itlvehicle comfort of passengers; second, it ides/a high-
level presentation of the modeling framework aratest the outreach of the line model to capturesiran
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operations. The model of seat capacity is adaptd {5, 6], where the vector of passenger flowsnglthe
legs of a given transit service is faced to the sapacity and the amounts of it that are availablany stage
along the route: seated passengers that exit &ea gtation give up their seat, yielding residcapbacity that
can be used by on-board standees prior to newbniim riders. Among a population of passengerdngilto
get a seat at a given stage, an equal probabfléyacess is assumed. Here, the sitting modeldseaded on a
vehicle basis rather than the transit service ssw @eal with passenger loads in consistency tiithhi-layered
framework in CapTA.

Approach.A set of comfort states is introduced to distisfpusitting versus standing. By link of sojourn in
station or of interstation run along the servicateg the generalized time experienced by a pass@&godeled
as the product of the physical time and a funchgrcomfort state of the specific passenger occupanthe
ratio of the specific passenger load to the speeifihicle capacity. The sitting processes of, fiest-board
standees and, second, new incomers, are local edkisiof flow along the line of operations. Theaiteigration
within the CapTA line model of flow loading is siyatforward. To evaluate passenger generalized lopst
service leg then by line leg, the CapTA line moafetost setting is adapted to deal with the comstates; the
additional computational complexity is limited tet squared number of comfort states, due to theiesft
formation of leg costs by recursion from a givenesg station.

Structure.The rest of the paper is organized in six parfterAecalling the CapTA framework on the upper
layer of passenger route choice and its propéidiestatic traffic equilibrium (section 2), the fag is restricted
to the line model by providing first a systemic owew (section 3), then the physical model of lih@w
loading (section 4), next the economic model oé loost setting (section 5). Then, an instance isemded
(section 6). The conclusion points to various pecsipes of application and development (section 7).

2. Passenger routing and traffic equilibrium
2.1.Basic assumptions

Supply representatiorAssume that the transit assignment network isemga of transit lines that include
one or several transit services, together with gieida links for terminal access, line transfeeshicle alighting
and boarding. Here a transit service is identifigca specific route and the sequence of statiorevevi stops
along the line; it must be distinguished from étipatar vehicle run.

Demand representationThe study area is divided into zones of travahded: each zone, as a set of
locations, can contain trip endpoints. Passengeradd is modeled as a set of trip-makers: eachntdger
chooses a network path so as to minimize his owhaftravel between his origin and destinatiomfmi

Let V denote the set of zones, indexedwhylLet W denote the set of zone pairs as origin and dé&tima

also called origin-destination pairs, denotegv) OV 2.

2.2.Passenger routing

To a given trip-maker, each available path yieldgeaeralized cost built sequentially on the basibcal
generalized cost defined by network element, nadink or service. A rational, microeconomic belt@vof
cost minimization is assumed for path choice.

More precisely, the path options are hyperpaths hyperpath being an oriented, acyclic sub-graph
connecting the origin and destination nodes — enugiper layer network made up of pedestrian limd lane
legs — a line leg being a bundle of services fromaecess station to an egress station along tee $inch a
hyperpath involves two kinds of service bundlingtra-line combination of services yield line leg#hereas
inter-line combination may take place from choiceles on the upper layer network. The distinctiotwben
intra-line versus inter-line bundles is essentiaCapTA.
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2.3.The lower and upper network layers

Intra-line bundling of services takes place betwaeoess-egress pairs of stations along that lin@eans
that passengers are willing to board on any vehigéth available capacity that services their owatish of
egress.

On the lower layer of network, each transit linarisdeled as a specific sub-network, with vehichédi
either of passage in station or of line sectionMeen two adjacent stations, and pedestrian linkséovice
boarding and alighting (fig. 1a). More details previded in the next section.

There is a twofold relationship between the twoelay by line?: top-down, a vector of passenger flows

X, =[xy :aldA,] by leg a along the line is inputted to the line sub-mod®{tom-up, the line sub-model
yields three vectors to characterize the leg cagtsof average minimum generalized cost, of waiting time
and ¢, of effective operating frequency. In other wortte line sub-model amounts to a sophisticated cost-
flow relationship in vector form on the upper lapgémetwork — the passenger network.

Ea el

Fig. 1. Network representation: (a) service laylem(er), (b) the passenger layer (upper)

2.4.Upper layer path choice

On the upper layer, pedestrian links have generalized cosi,, zero waiting timew, and infinite
availability frequencyda. From nodem, between pedestrian links= (mng) leading to subsequent node
with generalized cosy,,, to destinationv, path choice is reduced to the selection of a éfikninimum cost

Ja + 9y, Yielding

gmszmin{ga+grlav:a:(mna)}- (2-1)
A line leg a=(mn) yields minimum generalized cost to destinationggf+ g,,, plus random cost of

waiting. In the basic model of line combination,[fje average waiting cost is evaluatedatbd, and any

service with minimum cost less than the averagd obghe optimal path bundle must be included in it
proportionally to its frequency.
In CapTA, the treatment is the samewf =a/¢a, but if wa >a /¢, due to crowding congestion on the

line platform, then the passenger may not be ableotard in the first incoming vehicle. In this cake leg
option is akin to a pedestrian option evaluateisadverage cost only. To integrate continuous €ptthn) and
discrete (uncongested transit) availability, letde$ine a “discontinuity attenuation function” deed @ that is

continuous and decreases from 1 at Q){&) =0 whateverx=>¢ a small positive parameter. The average
waiting w, and effective operating frequendy delivered by the line model yield a revised frempyeof

$a=0a/Ba if Ba=Y(Wa—0a/da)>0,o0r (2.2a)
$a =00 if Ba=0. (2.2b)

Then, line bundling on the upper layer is basedherrevised frequencies and proceeds in the cllssmy,
yielding route-based hyperpaths as in [8]. Theatifiauity attenuation function is in fact a devetognt of the
line model, as it involves only results of that rebd
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2.5. Traffic equilibrium

On the upper layer network, a stationary user dagiiim of passenger traffic is defined as the coofion of
(i) passenger choice of minimum cost hyperpath,péissenger assignment to upper layer links acogrti
hyperpath bundling, (iii) flow conservation in thpper layer nodes and (iv) the dependency of legigdized
time, wait time and frequency on the vector of ugpger link flows.

The mathematical formulation is a fixed point peshlwith respect to the vector of flows by uppeelaljnk
and by destination node (or by commodity if theme several user classes), which is the main statiahle. A
regularization process has been designed to etisirebased on a given set of link times and fragies, there
is a unique leg flow vector that minimizes the hyaeh costs of all passenger trips, and so in #rmoous way:
in other words, the mappinfg, ) — X is continuous [10]. On the other hand, the casiftelationship can be
made continuous by ad-hoc assumptions about discityt attenuation and the line model: then the piag
X (g,$) is continuous also. Lastly, the composed mappsngontinuous, which ensures the existence of a

fixed point in the set of leg flows (which is comvend compact), hence of traffic equilibrium. Déspihe static
setting, the capacity constraints do not resthet feasibility of the assignment problem, becaessibility is
addressed and enforced within the line model.

Traffic equilibrium can be computed by a MethodSofccessive Averages, adapted from [6] by replatting
line model of seat capacity with the more comprshenCapTA line model.

3. Linesystem

Let us define a line of operations as a conne@dshrescent, acyclic network in a single directidtraffic.
The link set includes track links either of intet&n run or station sojourn, together with pedastfinks for

egress and access at stations. DenotéBY. a line, A") its set of Iinks,Al(/') the subset of interstation track
links and Ag) that of station track links. The line is operakgdone or several transit services, denctédlZ , :

each service has a given track route i.e. an acymth denoted®, 0 A") and a node seN, ON) of

stations serviced along the route.

The line and service topology of links and nodeagsisful to model not only the topology of serviegd and
line legs, but also the chronological order offtcabperations. Fig. 2 depicts the process of djama: in fact
there are five parallel and related processesit, fpassenger traffic within a vehicle, secondsgenger
alighting, third, passenger waiting on station folah and boarding vehicles with available capaaiyd
servicing their egress station, fourth, dwell tiemed track occupancy that determine vehicle oparati@nce in
turn service operations and their frequency dutirggperiod of reference, fifth, interaction withtepnal traffic
on interstation links.

A fundamental principle in CapTA is to address ehlih system as a particular subsystem in the itrans
network, on the basis of specific models.

There are two main models at the level of the limgphysical model of flow loading in vehicles anfd o
service traffic, and an economic model of cost eatibn in the setting of the individual passendet twould
use the line on a given leg.
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Fig. 2. Overview of the line system (K for capgcity

The main state variables for line traffic are twdfdet y3, denote the passenger load in a vehicle of service
z along link a with egress statiols and comfort state , and ¢ 25 denote the frequency of servieeon link
alP,, i.e. the number of vehicles that operate on serduring the assignment period.

It would be possible to model one sub-network lykpassenger state hence by limk servicez, comfort
stater and egress statioa. However, it is sufficient to model the servicgpdtogy in relation to the line

topology on the basis of the sefts and N, and to identify the relevant flow state variablg® and ¢ za.
The probability of immediate boarding in a vehiofeservicez arriving at stationa for passengers destined
to stations is an endogenous variable denoted. To model seat capacity, two comfort states tihgjtversus
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+r

standing are identified by index: incoming passengers in servigeat station linka have a probabilityp,

of getting comfort state with respect to their destination statian On the previous track link, on-board
standees that do not exit at the station have laibity pgg%)r of getting stater from previous stat@ . The
three probability vectors are determined within time flow model together with flowys, and frequencies
¢2a. All these variables are taken as exogenous ifirieecost model.

4. Line flow model
4.1.Exogenous conditions and state variables

The conditions external to the line pertain to dperational setting (by the operator) and the pagseload
vector by line leg,x, =[x :1,s0S,, s>i] . By servicez, denoted o the nominal frequencykz% the
vehicle capacity in passengers akg the part of it with comfort state. At the line level, denote bid the
duration of the reference periods the parameter of operations regularity at statiorby w,5 the operating
margin between vehicles on track lisgk Beside the state variables already mentionedk]etdenote the

residual capacity of comfort statein a vehicle of servica that remains available on link, and kfa the
overall residual capacity.

4.2.Line flow algorithm

The Line Flow Algorithm proceeds in the directiohtffic along the line, by handling the trackKsor
equivalently the line stations in forward topolagiorder. It consists in one initialization stepldaed by the
sequential treatment of stations. To initialize #lgorithm, the residual capacities and the curmEvice

frequencies are set at their respective nominaiesalThe on-board flowy3, are set to zero.

The treatment of each stationinvolves successive steps as indicated below,hiciw< z,i > denotes the
interstation link prior ta for servicez, a =<i,i > the sojourn link and< i,z > the next link for that service:
» By servicez such thati O N, , apply the Exit model to yield the exit loaj, and update the residual

vehicle capacity by comfort statk;a. Apply the Comfort allocation model to the ridénat remain on
board and obtain updateyfy andk; .

» Apply the platform model ait to the incoming flowsx,; for s>i and the residual overall capacitihga,
so as to get the boarding flovisg;; by destinations and by vehicle of any service stopping ati and
serving s.

« By servicez stopping ati and destinatiore served byz, apply the Comfort allocation model to get the
y3<,i» for all stationss>i in N,, together with the residual capacities.; . .

« Apply the Track occupancy and Frequency modulatimalel to all services passingiat i.e. using link
<i,i > or <i,z> - so as to determine the service frequetgyi z> .

4.3. Exit model
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The Exit model is purported to evaluate the exitvfland update the residual capacities. It is agpiea
service z that stops at a statiari] N, . It consists in:

<z,ji>r

« Evaluating the passenger load that exits from ahjcle, e;j = ZrDRyZ,i

+ Updating the residual capacities, by lettikga =k} ., ;> + yiz',r<zli> foranyrOR.
« Applying the Comfort allocation model to the on-bbaiders and the currently available capacitiésiding
Ioads[yi;; :s>i,r 0R] and probabilitiesp(zfglp of getting statgp for a candidate rider with previous state

r.
4.4.Comfort allocation model

By vehicle, the comfort allocation model assignsoad of candidate passengers to the comfort states
according to the available capacities. Assumedily,domfort states are ranked in order of prefereviteh is
persistent along the line and homogeneous amongabgengers. By rank from highest to lowest, ttwlave
capacity is faced to the number of candidates:eeittn-board riders of lower rank or newcomers. By
assumption, every candidate has an equal changettifig a place of the target rank, among the pdjon of
candidates at a given stage. So there are twoaitgriafes: first, priority according to the chrowogjiical order of
stages; second, equiprobability at a given stagelfSthe case of two comfort states, sitting igfprred to
standing: at each stage the number of candidayey sa faced to the available seat capacity kayThen, the

probability to get a seat amounts to
PLa =minL, k/ y} (and py, =1if y=0). (4.1)
After the exiting passengers have left their séla@, updated seat capacity is available to the stsd
remaining on board, yielding an on-board sittinglqability say pgi. Then the seat capacity is revised again,
and it is available to the incoming boarders, irmber ofb, = ZQNZ’M bzis , yielding a second, “at

boarding” sitting probability sa;p;i . The y&{ are updated accordingly [6].

4.5.Platform model of passenger waiting and boarding

The platform model of passenger traffic yields thenber of passengers that board each vehicle af/eve
service z which stops ai and that are destined to any subsequent statiof,, b, . It also yields the

average waiting timew, the average size of the “passenger stock” waitimglatform by egress statioais ,
and the probability of immediate boarding ian 77,;. To that end, the transit bottleneck model ofif9lised:
given exogenous flows;, by egress station, service frequengsy with available boarding capacity,; by

vehicle, the number of passengers that candidatbowrd on a vehicle of service when it arrives is
Nz :stNZGiS . Then the probability to board is

Tizi =min{1,kz/nz} (with 15 =1 if n, =0). (4.2)

Assuming that waiting passengers are mingled, arame their waiting time is equivalent to that in a
bottleneck model. Then, the vector of stock vagaltt =[0js : s>i] satisfies a Fixed Point Problem (FPP) as

follows [9]:

% :C)I(';iz = (¢M)is, in which (dM)is =3, , $2iTi(0) - (4.3)
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Some destinations may not be queued, if the et fljis = (¢T)isGis matches the entry flow : in such a

case the FPP is only an approximation and yields<< Hxs .
The FPP has a solution which is unique. It candbeesl using a Newton algorithm.
From the stock variablesis , the 1z and g follow, as well as the vehicle inflowbzs =T;;i0js .

Furthermore, for destinatioa the queue duration isl;; = xH /g5, yielding waiting cost as follows:

_OisHis _0is __ 1
XisH Gs  (¢M)is

Lastly, His > H induces(¢m)is < dis, which may hold also whehl;, = H but some routes are saturated.

Wis (4.4)

4.6.Track occupancy and frequency modulation

The flowing of both service vehicles and passengérstationi along line/ involves, first, the vehicle
arrivals at upstream frequendy, <z,i> and the discharge from each vehicle of a nungyeof passengers

from upstream stations to the current station; secthe waiting and eventual boarding of those gragsrs
incoming ati ; third, the modulation of service frequency; ftniithe propagation to downstream of the refilled
vehicles and the revised service frequencies [4].

Let H' denote the time required to accommodate the iakécle gaps, valued ab;; by vehicle of service

z, plus the sojourn times on the platform, denotgdrf. For a service that passesi awithout stopping,
T, =T2 a small value. For a dwelling vehicle, [6f denote a minimum sojourn time including slowing
down, dwelling and re-acceleratin@zli denote a minimum time for vehicle movements atf@lien and6z;
(resp. 63;) the equivalent alighting time (resp. boarding) bgssenger, taking into account not only the
elemental time by passenger but also the numbpasdgengers that can alight (resp. board) simulteshgan
relation to the number and width of the vehicledodhen, T = ma>{Tz(i’,Tzli +€5i.07 +b7i.05} .

The respective service frequencies and occupatime tequirement determine the accommodation time in
the following way:

H’ = sziai q)ZI ((*)ZI +TZi) . (45)

If H'>H the period of reference, then platform occupamguires to modulate the service frequency by a
reduction factor

ni=min{L, H/H'}. (4.6)
Frequency modulation is accomplished by letting
Pz<zi>=NiPz<iz> 0zOZ, such that<i,i >0OP,. 4.7)

4.7.External traffic

Here, external traffic refers to vehicle traffictaaf the transit stations. The service vehiclesticoate to
interstation track occupancy, according to thedgfrency and the elementary “track load” imposeceagh
vehicle depending on its length and safety requéras If the interstation track is exposed to @dtéipn with
other streams, for instance car traffic on a roagwzen the joint traffic will determine the intéaiion time of
each vehicle type.

4.8.Computational issues
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Let us evaluate the computational complexity on asivcase basis where all stationsSnwould be
serviced by all services id, . In the line flow algorithm, the initializationegt requiresO(§(.Z() elementary
operations, withX =# X . Then, by station, the exit model requi®¢Z,) first at alighting then at evaluating
the residual capacities, pllﬁ(§/ .Z,) for updating the load by service and destinatib; platform model
requiresO(S,.Z,) +O(§f) for solving the fixed point problem by a fixed niben of iterations of a Newton-

Raphson algorithm; The comfort model involv@(ﬁz.@.zf) for updating passenger loads and residual
capacities, at each stage either from on-board-boarding. The frequency modulation model involosdy
O(Z,) . By aggregation, the treatment of a station regu®(R?S,.Z,) + O(S?), of which the dominant term
will be O(S?).

The overall complexity amounts l@(§f’) . It drops down toO(§[2) for a single-service line.

Another computational issue of even greater impakgpertains to the smoothness of the probabilities

vehicle loads as functions of the vector of legvBBo This can be ensured by adding a very smalitaote€ to
any vehicle capacity involved in an allocation tielaship yielding a probability, as in the basiatseapacity
model.

5. Lin e cost model
5.1.Exogenous conditions and state variables

The line cost model is purported to yield cost vestuy line leg as evaluated by a passenger ondiwvidnal
basis. The cost vectors pertain to in-vehicle gaird time,g,, platform waiting time,w,, and modulated
line leg frequencygpa. As both times, in-vehicle and on platform, aradam variables, average values are

basic outputs that can be complemented by informatimut variability — notably by values of variance
The conditions external to the link cost model e local cost functions of travel time and discoméost

functions by service and track link, s&ly, and x%a respectively, as well as traffic conditions intedifrom the

line flow model: vehicle loads, modulated frequercigaiting times, probabilities of immediate boagland
of comfort improvement.

5.2.Line cost algorithm

The Line Cost Algorithm proceeds in the reversedtion of traffic along the line, by handling thadk
links or equivalently the line stations in backwampological order. It consists in one initializati step
followed by the sequential treatment of stationpassenger destinations. To initialize the algarjtby service
and track link and comfort state the local trauektand the local discomfort cost are establishethe basis of
their respective models (see subsections 5.3 afjd Bhen, by service, track link and comfort stake, local
discomfort cost is set tg%a =tzaX%a-

The treatment of each statianas a destination is purported to build the timed eosts of all service legs
that end in the station. It deals with the seqadmccumulation of each endogenous variable albagrack
links handled in backward topological order. At theginning, for every service such thatsON,, t 44 is

set to the passenger time for vehicle alighting pladform exit at statiors, and grz(ss) to the corresponding

generalized time according to the comfort stateenTloy track linka = (i, j) along each service stopping at
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s, tentative leg costs are obtained by accumulatigis) =t,; ;) +t, ;¢ and gy stems fromg, ;) and

the costsgf(j’s) of the comfort statep >r based on the model of service leg cost (see stibsecs).

Lastly, by entry station leading tos, the costs from to s are evaluated by service then at the level of
the line, based on the model of line leg cost &dxsection 5.6).

5.3.Local vehicle time

By servicez and dwelling statiore, each vehicle spends a sojourn tifg with a = (ss) that depends on

the passenger flows at alighting and boarding,henbiasis of the track occupancy and frequency natidul
model. By interstation link, the travel time furamit,, may depend on the “external” traffic (see subsecti

4.7). Frequency modulation increases interstatiomp tf the line operator regularizes the vehicladways. On
the average, if frequency is modulated frgmat the tail station t@' at the head one, a relaxation delay of

(H/¢'-H/¢)/2 is imposed on the basic travel time to yield a ulatdd interstation time, say,. This can

be interpreted as the average individual waitimgetispent by a service vehicle in a traffic botttdndue to
capacityd’ insufficient to satisfy incoming flove .

5.4.Local generalized cost

By service, link and comfort state, passenger digod per time unit is a functio ;4 with respect to flow.

The relevant flow isy’,, in relation to the associated vehicle capakify. Other flows may also contribute to

increase discomfort, for instance standing anéhgithassengers may interfere and impede on oneemdthe
travel time and the unit discomfort jointly detenmi the generalized time of travel to a passenger:
9%a =tzaX"a-

This function is an approximation at least for smjolinks, since not only do the passenger loadg gdaring
station sojourn but also the allocation of comfietes to the passengers. The evaluation of sojouenfor
incoming passengers should differ from that forbord riders, at least by a halving factor to aotdar
average duration.

5.5.The cost of a service leg

Starting from a given station of egress, the backwaccumulation of travel time by track link aloag
service is straightforward:

tais) =tq.j) Ttaje for a=q,j). (5.1)
The corresponding accumulation of generalized tomecomfort state is more complex as it involves the
eventuality of getting a better comfort state. Dlenpby r the comfort state at the tail of link, by p that at

the link head, bypga)p the probability of getting state from stater on the link, then

grz(i,s) = 9£a+2 OR pga)pgg(j,s) fora=(,j). (5.2)

On an interstation link this involves the comfartilocation between on-board passengers due tenzpss
that prepare to alight. On a sojourn link, theradscomfort reallocation between prior on-boardspagers; to
an incoming passenger, the comfort state is akbacat boarding or immediately after and will notyvan that
sojourn link.

To a passenger incoming at statiorthe average generalized time of the service teguats to
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Oz(is) = 2R PZA9Ys) - (5.3)
Similar recursive formulae have been provided fist wariances [6].

5.6.The cost of a line leg

By line leg (i,s) , both the travel time and the generalized timetrbesaveraged over the servicesuch
that i,s0 N, . Denoting by¢ i the frequency ait and 1z the probability of immediate boarding in servize
the allocation of leg passengers to alternativeices is proportional ta zj Tz . Then,

te(i,) =12 1000 (1.9 Pz Tazitz(ig)] 1 (9T e(ivs) » Where (0 u(is) =3 17 (1. Pzi Thzi - (5.4)
A similar formula yieldsg, ;) With respect to theg ;s -
The line leg is evaluated by a passenger in terhixoth average in-vehicle generalized tingg(; ), and
average platform waiting timew,; ) that stems from the platform model.
The composite frequenay(i s :Zﬂm(i’s)qm is also useful as a reference for the availatdguency

(91 (i,s) - an increasing discrepancy between them indidht@sthe leg passenger traffic tends to continuous
rather than discrete regime (see subsection 2.4).

5.7.Computational issues

The computational complexity of the Line Cost Algom is in O(R Zéle) : the initialization step involves
O(RA,) with O(A,)=0(S,.Z,) , whereas the treatment of each destination stafinounts toO(R?S,.Z,),

leading toO(R?S?Z,) over the set of stations.

The computations mostly consist in products andtadd on quantities that depend on the leg flowtoe
X, in a continuous way. The only exception pertamshe division by the available frequency in theelicost

model: there, the regularized treatment of capacdgstraints in the Line Flow Model will yield sttiy
positive available frequency.

6. Application instance

A classroom instance is used to demonstrate tleetefbf the model. The case mimics the busiesvagil
line in the Paris metropolitan area, named RER the- RER being the Regional Express Network. At the
morning peak the directional passenger flow throtlgh central trunk amounts to about 50,000 pergams
hour; the nominal frequency of 30 trains per haufréquently decreased to 25 on average, due tgestion
which is particularly acute at central stations rehmany transfers take place.

In the East to West direction, there are two maivise routes which link the two Northern (resputbern)
branches to the central trunk (Fig. 3). BetweentiN&ast and Centre another railway line, RER E, jpetes
with RER A. Table 1 indicates the main charactissof the transit services at the morning peakrhdbe
minimum dwelling time is planned as 40 s on RERnA &0 s on RER E which is less congested.

The upper layer network contains 6 stations asroAagd destination zones, with 35 nodes and 50 &cs
simplified OD trip matrix was built to match thefeeence conditions on the central trunks.

Three models have been applied alternatively, naifiglwith no capacity constraints, (2) with totahicle
capacity, platform waiting and track occupancy haitcomfort (old CapTA), (3) with all capacity andnafort
effects (new CapTA). Table 2 reveals a signifidantease in generalized time per trip, as wellamestrade-
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off between wait time and in-vehicle cost in thé faodel, in which the OD pair from NorthEast to l#er is
assigned to RER E at 86%, compared to 27% onlyadah?.

North East
NorthweSt RERE IIIIIIIII
@ .
.
L 3
RER A E
© (®) %
Auber Nation \‘
.
© ©
South West South East
Figure 3. Abstraction of the selected network, easgting on line legs
Table 1. The characteristics of the transit routes
Route Frequency (veh/h) Seat Capacity (per veh.) talTapacity (per veh.)
RER A north 18 432 1760
RER A south 12 600 1888
RER E 8 1100 2564
Table 2. The Generalized Time (in minutes) for eaokel variable
Model Variable Optimal GT Waiting cost In-vehiclest  Transfer cost  Access — Egress cost
Without Capacity 52,8 7,8 31 0 14
Without Comfort 67 22 31 0 14
With all capacity 82,8 19,7 48,5 0 14

constraints

Table 3. Operation results of RER A under capamtystraints

Transit Route Dwell Time Dwell Time Frequency at Expected Waiting time

at Nation (s) at Auber (s)  Auber at Auber (min)
RER A north 61,6 40 15,80 60,3
RER A south 48,9 40 10,55 59,9

At the lower level of vehicle and service operasiofable 3 displays the main characteristics atbegwo
services of line RER A. Both of them dwell longedrsaation Nation. This entails a modulation of $esv
frequency from 30 down to 26,4 vehicles/h for th@wdstream station Auber. This contributes in tusn t
insufficient total capacity there, yielding the rimation of a persistent stock of passengers andya iacrease in
waiting time.

Aside from the instance, the CapTA model was agpiiethe transit network of the Paris Metropolitara.
The transit network is composed of 95 directiom@éliwray lines (as defined in section 2.3 for thedgui transit
modes — Train, RER, Metro and Light Rail) yieldia§9 guided transit services, and 4483 bus services.
Demand at the morning peak hour involves 1.23 amillirips between 1,305 travel demand zones. Theonlet
contains about 159,800 nodes and 307,700 arcsrantefys. The model was programmed in C++ and rua o
2,66 GHz PCwith 4 GB of RAM. The average run timer feration amounts to 10 minutes in Model 2,
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compared to 8 minutes for Model 1. Each iteratioriMiodel 3 requires 13 minutes more than Model &, i.
about 23 minutes. An acceptable level of convergemas reached after 30 iterations (with a dualdp g
reduced to 5%o of the initial value).

7. Conclusion

The line model constitutes a framework to represevdriety of features and phenomena in a tragstem,
of physical as well as microeconomic nature. Th@asentation is mesoscopic as it gathers the nuopis
features of individual passengers and vehicles taedmacroscopic features of passenger flow andcserv
frequency. The framework is essentially systemid amdular: some parts of it may be replaced by more
appropriate sub-models, for instance about traaupancy, or the interaction of access and egresgssfln
station dwelling. Many developments can be thoughti) a complementary model for vehicle alightiagd
platform access, (ii) door allocation to only oniedtion of traffic flow, (iii) control of dwell tne and
restriction of boarding flow, instead of endogenalwell time, (iv) external traffic on interstatioinks,
(v) featuring the platform layout and its effects the passenger flows and waiting stock, (vi) #tenn trip of
service vehicles relate the two directions of tcafin a given line, (vii) stochastic features ie formation not
only of travel time and generalized cost, but aitflows and stocks.
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