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Abstract

The performance of new railway networks cannot be measured or simulated, as no detailed train schedules are
available. Railway infrastructure and capacities are to be determined long before the actual traffic is known. This paper
therefore proposes a solvable queueing network model to compute performance measures of interest without requiring
train schedules (timetables). Closed form expressions for mean delays are obtained. New network designs, traffic
scenarios, and capacity expansions can so be evaluated. A comparison with real delay data for the Netherlands supports
the practical value of the model. A special Dutch cargo-line application is included.
© 2002 Published by Elsevier Science B.V.
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1. Introduction
1.1. Motivation

In Western Europe, the demand for transportation is rapidly growing. Stimulated by governments, in
response to the increasing congestion on the roads, which is undesirable for both economical and envi-
ronmental reasons, railway companies are working hard to participate in this growth. Train frequencies are
increased and new train services are introduced, like high speed and light rail trains [6].
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The increased rail traffic will require extensions of the existing networks in order to keep the opera-
tionable planning feasible and most importantly to keep delays within acceptable limits. These extensions
have to be planned long in advance, as the design and construction of new railway infrastructure is a most
time consuming process, which may take up to 20 years. Moreover, as railway infrastructure is extremely
expensive, it should be capable of handling railway traffic during several decades.

For such a planning horizon of one or two decades only rough estimates can be provided for the traffic
demand and corresponding train frequencies. Certainly, detailed timetables are not yet available. It would
thus be desirable to have an analytical tool for railway networks not requiring timetables but just train
frequencies as input. Such a tool could be most powerful in the first stages of design, to identify bottlenecks
in the network, to compare alternative designs in a global way, or to analyse several traffic scenarios.

Some stochastic models along this line have been developed recently (see [8,12,13], also see [7] for an
overview of applications of performance models for railway networks). These however all concern specific
components. The results in [12] are also approximative.

In [12] a railway station is considered as a circuit switch loss model, so that closed formulas for delay
probabilities can be derived; [8] provides running time distributions and delays on railway sections by
translating the model to a resequencing queue, while [13] is concerned with calibration of standard single
node queueing models to fit railway characteristics. Thus far, however, only parts of a railway network
have been considered in isolation.

1.2. Objective

The main objective of this paper in contrast is to develop an analytically tractable queueing network
model for total railway networks, taking into account dependencies and interaction between the individual
components.

1.3. Results

The starting point for this model is the usual partition of a railway network into stations, junctions,
and sections. By a careful definition of these components, the railway network will be transformed into
a so-called product form queueing network. This product form result justifies a decomposition of
the network in its components, which in turn justifies a more detailed analysis of components in iso-
lation.

Clearly, to obtain this result, some simplifying and modifying assumptions have to be made. The
components of the network are modeled in a rather global way, although not very different from existing
railway models, as in [10]. Despite these practical concessions, however, a comparison of computed mean
delays and practical delay data for 1997/1998 even at component level appears to be highly supportive for
its practical usefulness.

Summarizing, the contribution of this paper is twofold:

e a queueing model for long term performance computations of railway networks,

e a justification for and to which extent a decomposition of the railway network in its detailed compo-
nents.

1.4. Outline

The outline is as follows. Section 2 describes the lay-out of a railway network and transforms the
railway network into a queueing network. The steady-state distribution of this network is obtained in
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Section 3, as well as closed form expressions for various performance measures. Section 4 validates
the model by a comparison with practical delay data. Next, the implications of a specific new cargo-
line application that is still of great practical interest in the Netherlands are studied as applica-
tion. Section 5, finally, discusses the assumptions of the model, and provides suggestions for further
research.

2. The model

A railway network consists of three types of components: stations, junctions, and section tracks, that
connect the stations and junctions (Fig. 1). We denote by

& the set of stations in the network,

7 the set of junctions,

T . the set of section tracks,

#: the set of all infrastructural components in the network; thatis ¥ = YU #U J.

The set of train classes in the network is denoted by %. A train class ¢ € % is characterised by its route
through the network, denoted by the sequence of all components it passes:

re = (i.(1),...,i.(s:)),

with i.(j) € .4 the component of the network that a class ¢ train passes on the jth stage of its route, and s,
the number of stages of its route. We will now describe the components in more detail.
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Fig. 1. A part of the Dutch railway network.
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Fig. 2. The lay-out of a station.
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2.1. Stations

The general lay-out of a station consists of a set of tracks, that are connected by switches and crossings
(Fig. 2). We distinguish halting tracks, where trains stop to enable passengers to board and alight, and
storing tracks, where trains wait after completion of their service until their next service starts.

To enter the station a train requires simultaneously a halting track, and its route to that track (Fig. 3(a)).
If no track is available, or part of this route is occupied by other trains, a train has to wait on the section
track before the station until both a halting track and its route to that track are free. At the moment a train
has arrived at its halting track, its route to that track is released and only the halting track is occupied
during its halting time (Fig. 3(b)). After its stop, a train either continues its route through the network (Fig.
3(c)), or moves to a storing track if its service is completed (Fig. 3(d)). In both cases the corresponding route
on the station should be free, otherwise a train will have to wait on its halting track. Furthermore, at a
station trains may start their route through the network. Then they are moved from a storing track to a
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Fig. 3. Train movements at a station.
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halting track, where passengers can board (Fig. 3(e)). Again, if the route from the storing track to the
halting track, or the halting track itself is occupied, a train has to wait until both are free.

On the long term, however, these train movements are generally not known in detail. For example, which
train will use which platform track may be unknown. We therefore propose a simplified model: as in [10] we
incorporate the halting tracks only, and assume that each train can use each platform track. Storing tracks
are modeled as the “outside” of the model, i.e., a train ending its route leaves the model, and a train starting
its route enters the model. Furthermore, the waiting of trains is shifted from the last part of the section
tracks to an (imaginary) queue immediately before the station. A train that finds upon arrival at the station,
either from a section track, or from a storing track (the “outside”), all halting tracks occupied, joins the tail
of this queue, and waits until all trains in the queue have entered the station, and a halting track becomes
available.

These assumptions permit modeling a station by means of a first-come-first-served multiserver queueing
system, in which each server represents a halting track and in which the service time corresponds to the
occupation time of a platform track.

For station s € &, let k, be the number of halting tracks, and assume that occupation times are expo-
nentially distributed with mean !, equal for all train classes. The contents ¢, of station s € . is denoted
by the sequence of trains present in s, in order of their arrival, i.e.

¢, = (¢6(1), ..., c5(ny)),

with n, denoting the number of trains at the station, and ¢,(p) the class of the train at position p (p =
1,...,n;). We assume that trains of class ¢ with r.(1) = s start their route according to a Poisson process
wit'h rate /., and define 4, = > (cctlser) /¢, the total number of trains running through station s per time
unit.

2.2. Junctions
The lay-out of a junction is given in Fig. 4. It consists of two switches (s; and s,) and a crossing (c).

Crossing ¢ can be an equal level crossing (Fig. 4(a)), or a free level crossing (““fly-over™) (Fig. 4(b)). Over the
junction, four routes are defined, labeled 1, 2, 3 and 4. A train can enter the junction only if its entire route

1 2 3 4 4
Yy |
c
sl ¢ s2
Y 4 Y A
1,3 24 1,3 24

(@) (b)

Fig. 4. The lay-out of a junction.
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over the junction is free. If this is the case it occupies its route during the time needed to cross the junction;
if (part of) its route is occupied by an other train, it has to wait on the section track leading to the junction
until all elements of its route are released.

For modeling purposes, waiting of trains will be shifted again from the section tracks to imaginary
queues immediately before the junction, and occupation times are assumed to be exponentially distributed,
with mean g; ' for junction j € #.

In case of a free level crossing, the junction can be modeled by two first-come-first-served single server
queueing systems, one for each switch. The contents of the system representing switch s; (i = 1,2) of
junction j € ¢ will be denoted by
¢ = (c\"(1),...,ce" (")),
where nj(-i) is the number of trains present at switch s;, and cj(-i) (p) denotes the class of the train at position p in
the system (p =1, ... ,n_§-'>).

In case of an equal level crossing, we model junction j € # by a single queueing system, whose contents
is described by

¢; = (¢;(1),...,¢;(ny)),
with n; denoting the number of trains at the junction, and c;(p) the class of the train the pth position
(p =1,...,n;). The service rate provided at position p when the contents of the junction is ¢; will be denoted
by uﬁ.”)(cj), and the total service rate by u,(c;) = ;’,’: . ,u_g”) (¢;). Defining ,uj(f’) (¢;) according to the rules de-
scribed above unfortunately does not lead to an analytically tractable queueing model. We therefore
slightly modify the behaviour of the junction. A class ¢ train at position p in the queue is allowed to enter
the junction, if either its route is free (as before), or if there are two trains at positions 1,...,p — 1, whose
routes differ from each other and from the route of class ¢, and only one of these two trains is crossing the
junction. The last, rather artificial, condition permits modeling a junction by the so-called order-inde-
pendent queue (see [2]), as is shown in Lemma B.1 in Appendix B. It is easily seen that this condition applies
very rarely: three trains have to be simultaneously at the junction, and even then it mostly coincides with the
first one. As an example, consider the case where trains following route 1, 2 and 3 are simultaneously
present at the junction If they arrived in order (1,2,3) or (2,1,3), the first two trains will be crossing the
junction, and the artificial condition does not apply. If the order is (1,3,2) or (2,3,1) the condition does
apply. The result is, however, that the last train will cross the junction, which corresponds to the actual
behaviour. Only for the orders (3,1,2) and (3,2,1), the last train will enter the junction, when it is not al-
lowed. It can therefore be expected that this condition will not seriously effect the behaviour of the junction.

For convenience, we define }vj.’) for junction j € ¢ and r = 1,...,4 as the sum of all 4., for which j € r,

and class ¢ trains follow route r over junction j.

2.3. Sections

A section consists of a number of parallel tracks that are not connected to each other. We assume that
section tracks are used in one direction only. This excludes single track sections, that are extremely rare in
the Dutch railway network.

In contrast to halting tracks at a station, section tracks can be used by more trains simultaneously. There
are, however, two important capacity restrictions. First, overtaking is physically impossible, which may
play an important role when trains running at different speed share the same track: a fast train running
immediate after a slow train, has to slow down until it can pass at a station. Second, the signaling system
divides each track into a number of blocks, that can be used by only one train at a time. This prohibits
consecutive trains to be too near: they are at least separated by the running time on a block, called minimal
headway time.
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Similar to [8,10,11], headway times are considered at the beginning and end of a track only. This is done
by modeling the first and last block by two first-come-first-served single server queues, one at the beginning
and one at the end of the track, with service times equal to the minimal headway time at the beginning resp.
end. These headway times are assumed to be exponentially distributed.

The remaining part of the track is modeled by a tandem of M|M|1-queues. The total service time of these
queues represents the free running time on this part of the track, which is defined as the time it takes a train
to run through this part, when it is not delayed by other trains. Choosing the number of queues equal to the
number of blocks seems natural, but allows fitting the mean free running time only, and thus neglects the
important limiting factor of speed differences. We therefore propose an alternative choice, which neglects,
like [8,10,11], the number of blocks, but allows to fit both mean and variance of the free running times.

To explain our model, we first introduce some notation. Let &, be the total number of queues modeling
track 7, including the two queues for the minimal headway, and assume that these queues are labeled
1,...,k, with queue 1 and £; the first, resp. last queue. For i = 1,... %, define ,ugi) as the service rate of
queue i of track ¢. The mean of the total service time of queues 2, ...,k — 1 is given by: Zf’:;l (,u@)_l, and
its variance by Zf;}l (uﬁi))fz. Thus, we can fit mean and variance of the free running time on this part of the
track by choosing &, and u,m such that

S W =m, (1)

> W=, (2)

with v, the variance of the free running times on track ¢. It is easily seen that this system has a solution,
provided that v, <m?. This condition in practice is always fulfilled.

Short tracks, containing one or two blocks only, can only be modeled with one or two queues, and thus
only the mean free running time can be fitted. On such short tracks, however, speed differences will never
play a great role.

For later convenience, we define 2, = > cyjcr.) 4> the total number of trains running through track ¢
per time unit, and ct(’) as the contents of queue i of track ¢:

e = (c(1),...,cD(ny),

t t

with ngi) denoting the number of trains at queue 7 of track ¢, and c}” (p) the class of the train at position p of

this queue (p = 1,...,n;). Moreover, let ¢, = (cfl), . ,c,(k’)) denote the contents of all queues of track r.

3. Analysis

We will analyse the network using a Markovian description. Since all queueing systems used in our
model have exponential service times, and arrivals at the network occur according to a Poisson process, a
sufficient state-description C of the network is given by the contents of all queues in the model:

C= ((Cs)sef/v (€) e (c,),ey)-

Hence, the network can be modeled by a continuous-time Markov chain (C(t),t > 0), where C(7) denotes
the state of the network at time 7. The steady-state distribution 7(C) = lim,_.,, Pr{C(r) = C} of this
Markov chain is found observing that all queues in the model are quasi-reversible (see [2,9]). Since the
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network is open, 7(+) is given by the product of the steady-state distributions of the queues in isolation, as if
they were fed by independent Poisson streams [9, p. 70]. Using the results of [1,2] and Appendix B for the

distributions of the states of the queues in isolation, the following theorem is obtained.

Theorem 3.1. The steady-state distribution of the network is given by

= an(cs) Hnj(cj)Hn,(ct), (3)

seS jes teT
where
o
Tcs(cs) = TCX(O) 684 (4)
,1:[1 p,min(p, k)’
7;(0) H;' 1y c/ Mc/ ) (equal level crossing),
J
m(e;) = ORI o) (.2 @ (5)
Y <TCJ(~1> [ w) ( (2 fﬂj@) (free level crossing),
W
ki A
i ¢’ (p)
TC[(C,) = TE;I) (0) H (@) ) (6)
i=1 p=1 M
with

S
—
=2
Il
— VRS
Ea
I
=R
+
—~
Ean
|
—_
=
N
B
|
i)
o
S—
~_
|
—~
)
S~—

~1
1 1 1 1 1 1
R Tl T s I R S T R
®)
7 (0) =1-p =5}, 9)
77(0) =1 p — p\, (10)
m(0) =1 - pl! )

and p, = /1, p0) =20 [ 7 = 2,/ 1.

Form (3) of the steady-state distribution implies that — in steady state — the random variables describing the
contents of the queues in the components of the network are stochastically independent. Moreover, from
formulas (4)—(6), it is seen that the distribution =; of the state of component i can be found using parameters
of that component only: the physical lay-out of component i, occupation times for component 7, and the
intensities of all train classes passing component i suffice to compute ;. This observation has important
practical consequences: it is both justified and practically possible to consider only those components of the
network that one is interested in. We emphasize that the independence is purely stochastic: physically, the
components are strongly dependent, due to trains leaving a component, and simultaneously entering an-
other component.
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For practical computation, however, the form of the steady-state distributions for the components (4)—
(6) is too detailed. In the following sections, therefore, an aggregation of the state-space is presented. This
aggregation is motivated by the so-called arrival theorem [9, p. 70], which states that in an open network of
quasi-reversible queues, the distribution of the state of a queue as seen by an arriving customer equals the
steady-state distribution of that queue at an arbitrary instant. This aggregation results in explicit expres-
sions for waiting times.

3.1. Stations

By the arrival theorem and the assumption that a train entering station s can use each platform track, a
train’s waiting time in station s is independent of its class, and depends on the distribution of the total
number of trains in this station only. Consequently, the waiting time W, is given by the waiting time in an
ordinary M|M|ks|co-queue with arrival rate A;. Using the well-known results for this type of queue (e.g. [5]),
the expected waiting time EW, equals

ks

ok
EW, = 7,(0) s , (12)
:ux(ks - ps)z(kS - 1)'
and the probability that a train has to wait more than x time units by
Py
Pr{W, > x} = 1,(0) ———3 e lkpx, (13)

(ks - 1)!(ks - ps)
3.2. Junctions

The arrival theorem implies that the waiting time at a junction depends on the route of the train over the
junction only. Therefore, all train classes following the same route over a junction can be aggregated to
compute waiting times.

For junctions with equal level crossing, Lemma B.2 in Appendix B derives the joint probability function
of the number of trains of each type, from which moments of the number of trains can be computed. By
differentiation and the use of Little’s formula, the following formulas are obtained for the mean waiting

time EW;F) of a train following route r over junction j € ¢ (r =1,...,4).
1 7;(0) 1
EW] = (1 + . ) -, (14)
o=\ -0 =0
1 7;(0) 7;(0) 7;(0) 1
@ _ g
EW T 2u, - A0 ( 1 GRNET 1 GRS ) el R (15)
K j ( P =P ) ( —p; =P ) ( Pj ) H;
1 m;(0) 7,(0) 7,(0) 1
3 _ :
EW;" = 2 _2,1(") ( 1 ({> (3)\2 1 (é) G2 1 : (3)\2 _;v (16)
H; J ( Pj _pj) (I—p; —p;) pj) j
1 7;(0) 1
EWY = (1 + J > -—. (17)
7 2p; — > iﬁ_r) (1- 5_2) _ ;4))2 u

Although these formulas look quite complicated, they do reveal the relationship between waiting times and
traffic intensities. For instance, the mean waiting of trains on route 2 will increase when the traffic intensities



T. Huisman et al. | European Journal of Operational Research 142 (2002) 30-51 39

of trains on route 3 or 4 increase; an observation following intuition, since Fig. 4 (a) indicates that these
routes are conflicting with route 2.

For junctions with free level crossing, another aggregation step is suitable: the arrival theorem implies
that waiting times for route 1 and 3 are equally distributed, and that waiting times for route 2 and 4 are
equally distributed. Hence, the waiting time for route 1 and 3 (2 and 4) equals the waiting time in an M |M|1-
queue with arrival rate )vf.” + /11(.3) (/15.2) + 2;4)), resulting in the following expressions for mean waiting times:

(1) (3)
a _ G PpTp
EW) = W = LR (1%)
W= =
(2 4)
@ _pw® _ P TP
EW/" = EW" = ————0. 19)
Hp= 4 =4
3.3. Sections

The waiting time that a train experiences in each queue of a section track is, by the arrival theorem,
independent of its class, and determined by the distribution of the total number of trains in the queue only.
Aggregating the train classes in each queue results in an ordinary M|M|1-queue, and thus the mean waiting
time EW, on track ¢ is given by

ki ()
_ Pi
EW, = o (20)
i=1 My t

Moreover, a track is overtake-free, and thus the consecutive times that a train spends in queue 1,...,k + 2
of track ¢ are stochastically independent (see [4]). Thus, the Laplace-Stieltjes transform E(e™*%) of the
actual running time R, on track ¢ is given by

ki

o
W — A
ne) =[]
Hﬂp*;Lter

By differentiation of this formula with respect to x, and substitution of x = 0, all moments of the actual
running time distribution can be obtained.

3.4. Network

The mean waiting time formulas (12), (14)—(20) indicate that the waiting time in component i depends on
the routing of trains through 4; only. Thus, if one is interested in waiting times per component only — for
example to identify bottlenecks in the network — the model can be applied using forecasts of the number of
trains per time unit only. As forecasts of train numbers will be more reliable than forecasts of train routes
and numbers of trains on each route, this property will yield more robust results.

This independence for the routing of trains clearly holds for waiting times per component only. Com-
putation of the total delay a train has accumulated upon entrance into a component, requires the route of
that train to be taken into account. For c € ¥ and n=1,...,s., let EW,.(n) denote the expected total
waiting time of a train upon entering component i.(n), including the waiting time at i.(n). Since the ex-
pectation of a sum of random variables equals the sum of the expectations, EW,(n) is given by:

EW.(n) = > EW,+ > EWF+ > EW, (21)

S€SNic(1)ic(n)} JEINie(V)eonic(m)} €T ie(1),mic(n)}
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where r;. € {1,2,3,4} is the route that class ¢ trains follow over junction j. Adding the corresponding
occupation times for stations and junctions, and free running times on the section tracks to this waiting
times, provides the sojourn time for each train class upon entrance at the nth stage of the route. This
sojourn time corresponds to the actual running time of a train in the network from the start of its route
until the nth stage.

For parts of a route that are overtake-free, with possible exception of the first and last component, also
the distribution of the sojourn time can be characterised via its Laplace—Stieltjes transform [4]. This allows
calculation of all moments of the running time on the corresponding part of the route. For instance, the
Laplace-Stieltjes transform o(x) = E(e *f142)) of the actual running time R(s;,,s,) on a sequence con-
sisting of station s, € &, section track ¢t € 7, and station s, € ¥ is given by

2

ks; ki ()
Hy, X psi! W =
ox)=] ——(1—-m,(0 : .
( ) H ,u's,» +x ( ( ) (kx,':us,- - j~Si +x)(ksi - ps,-)(ks,- - 1)') E ,UEI) — /1, +x

i=1

Note that, by the arrival theorem, this expressions holds for all train classes passing sy,  and s; in this order.

4. Application and validation

In this section, we apply the model to two parts of the Dutch railway network. In the first application, an
existing part of the network is analysed, and the forecasts of the model are compared with practical data.
The second application is concerned with a part of a future railway line, and shows how our model can be
used to investigate bottlenecks in new railway designs.

4.1. Application 1

The first application considers the network depicted in Fig. 5. This part of the Dutch railway network is
heavily used: there are two major lines, Rotterdam (Rtd)-Utrecht (Ut) and Den Haag (Gvc)-Utrecht,
sharing the same infrastructure between Gouda (Gd) and Utrecht, and two minor lines, Alphen aan de Rijn
(Apn)-Utrecht and Rotterdam—Amsterdam, entering and leaving at station Woerden (Wd), and junction
Harmelen (Hmla), respectively. Moreover, especially during the rush hours, there is frequent regional
traffic, stopping also at the smaller stations, like Woerden and Gouda Goverwelle (Gdg).

Between 1997 and 1998, the Dutch Railways have made a significant change in the train classes (Table
1): more interregional trains on the lines Rotterdam—Utrecht and Den Haag—Utrecht have been added, the
number of regional trains is reduced, and the routes of the regional trains have been changed. To investigate

Vb Ztm Ztmo
Apn Asd
Rid = e @ Gd Gdg wd Vin
Rtn Rta Cps Nwk

Fig. 5. The network between the stations Rotterdam, Den Haag and Utrecht.
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Table 1

Train classes and daily train numbers
Class # trains per day
Service Route 1998 1997
IC (Intercity) Rtd-Ut 36 36
IC Gve-Ut 36 36
IR (Interregional) Rtd-Ut 10 5
IR Rtd-Gd 26 -
IR Gve-Ut 36 5
R (Regional) Rtd-Asd 15 18
R Rtd-Wd 21 -
R Rtd-Gdg 10 44
R Rtd-Gd - 10
R Gve-Ut - 36
R Gve-Gdg 36 -
R Apn-Ut 36 36
F (Freight) Rtd-Ut 10 10
F Rtd-Asd 6 6

whether our model captures these changes according to reality, we will apply our model to the situation of
1997, as well as that of 1998.

Application of our model first requires a suitable partitioning in this network. This partitioning is given
in Fig. 6. We have incorporated the small stations where no overtaking is possible into the corresponding
section tracks (Rtd—Gd, Gvc—Gd, Hmla-Ut). The stations Gd, Gdg and Wd are all modeled by two sta-
tions, one for each direction with half of the platform tracks. This corresponds to the actual use of the
platform tracks in these stations.

The necessary parameters for the components are provided in Table 2. The occupation times and
headway times have been obtained by averaging the corresponding times per train class, which explains the
difference between 1998 and 1997. The short section tracks between Gd and Gdg, and between Wd and
Hmla have been modeled by one, resp. two M|M|l-queues.

From Table 2, the mean waiting times upon entering the stations Rtd, Gvc, Gd and Ut were com-
puted for each train class, using formula (21). The results are given in Tables 3 and 4, together with the

Gve Gd-Gve

Gdg Ga B
Wd-Gd

Gdz Gde-Gaa | Gdg2 - Wa2 | gla-wd Ut-Hmla

< < <

> > Hmla > Ut
Gdl Gd-Gdg B Gdgl > Wwdl | Wd-Hmla Hmla-Ut

> Gdg-Wd

Gd-Gdg A

Rtd

Fig. 6. Partitioning of the network into components.
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Table 2
Input
Station # platform tracks Occupation time # trains per day
1998 1997 1998 1997
Rtd 4 5.5 5.3 268 258
Gve 3 5.7 5.5 216 154
Gdl, Gd2 3 44 43 242 206
Gdgl, Gdg2 2 3.5 3.6 216 196
wdl, Wd2 2 4.0 4.2 206 188
Ut 7 5.7 5.5 490 490
Junction Free level crossing Occupation time # trains per day
1998 1997 1998 1997
Hmla Yes 1.7 1.8 185 188
Section Min. headway m v # trains per day
1998 1997 1998 1997 1998 1997 1998 1997
Rtd-Gd, Gd-Rtd 1.7 1.8 15.2 16.2 7.2 7.4 134 129
Gve-Gd, Gd-Gve 1.7 1.7 16.3 16.7 5.4 5.5 108 77
Gd-Gdg A 1.7 1.6 - - - 180 116
Gd-Gdg B 2.0 2.0 - - - 36 80
Gdg-Gd A 1.6 1.7 - - - 165 98
Gdg-Gd B 2.0 1.9 - - - 51 98
Gdg-Wd, Wd-Gdg 1.7 1.7 3.7 4.0 0.7 0.9 170 152
Wd-Hmla, Hmla-Wd 1.6 1.6 - - - - 185 188
Hmla-Ut, Ut-Hmla 1.6 1.8 4.6 5.0 0.8 1.0 164 164
Table 3
Mean waiting times in 1998
Class Rtd Gve Gd Ut
Model Pract Model Pract Model Pract Model Pract
IC Rtd-Ut 7.6 6.0 - - 3.8 3.4 7.6 5.5
IC Gve-Ut - - 7.2 6.4 3.5 4.0 6.9 7.3
IR Rtd-Ut 7.6 6.9 - - 3.8 3.4 7.6 6.2
IR Gve-Ut - - 7.2 5.8 3.5 42 6.9 6.1
R Rtd-Asd 6.1 6.5 - - 3.1 3.4 - -
R Rtd-Wd 42 4.8 2.1 2.7 - -
R Rtd-Gdg 2.6 3.7 - - 1.3 2.7 - -
R Gve-Gdg - - 1.8 2.8 0.8 1.8 - -
R Apn-Ut - - - - - - 34 1.8
Average 6.3 5.9 5.4 5.0 2.9 3.2 6.3 5.2

corresponding waiting times in practice. The latter are the sum of the waiting times added in the timetable
(to make it conflict free, and to handle small delays), and the delays that were observed in practice. The last
data were only available in aggregated form (eastern and western direction together); therefore the waiting
times by our model are aggregated in the same way.

The results of our model appear to be rather close to the practical observations (approximately 20%),
and appear to capture the differences between 1998 and 1997: an increase in waiting times in Rotterdam,
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Table 4

Mean waiting times in 1997
Class Rtd Gve Gd Ut

Model Pract Model Pract Model Pract Model Pract

IC Rtd-Ut 7.5 6.0 - - 3.8 3.7 7.5 6.8
1C Gve-Ut - - 6.7 6.6 34 3.2 6.6 5.3
IR Rtd-Ut 7.5 7.1 - - 3.8 3.0 7.5 6.0
IR Gve-Ut - - 6.7 6.1 33 2.9 6.6 5.8
R Rtd-Asd 6.2 5.6 - - 32 3.0 - -
R Rtd-Gdg 2.4 4.5 - - 1.2 1.7 - -
R Rtd-Gd 1.9 3.9 - - 1.0 2.3 - -
R Gve-Ut - - 6.8 5.0 34 1.9 6.6 3.6
R Apn-Ut - - - - - - 3.7 3.4
Average 4.8 52 6.7 5.8 2.2 2.5 6.2 4.9

Gouda and Utrecht, and a decrease in Den Haag. Note that these results are in fact rather surprising, since
our model is not based on a timetable, but on traffic intensities only. The model thus provides aggregated
performance measures over all possible departure times of trains, while the data from practice are obviously
the result of the specific departure times in the timetable.

4.2. Application 2

The second application is concerned with a part of the Betuwe route, a new freight line that will connect
the port of Rotterdam to Germany. We consider the part from Maasvlakte (Mvt) to Pernis (Ps), (see Fig.
7), which is used by six train classes (Table 5).

The required parameters for the components are given in Table 6. Note that the variance of the free
running time distributions is very small, as all trains are freight trains of approximately the same weight and
length.

Substitution of these parameters into formulas (14)—(20) and application of (21) provides the expected
waiting times per train class, presented in Figs. 8 and 9. The contribution of the section tracks to the total
delays is relatively small. This agrees with intuition: the headway times are small, and trains run almost with
the same speed. Only the track Ps—Bot plays a significant role, due to the large headway time at Ps. The
main bottleneck, however, appears to be the fly-over at Bot in Eastern direction, due to its large occupation
time.

When all traffic intensities are increased, the congestive influence of the Botlek bottleneck becomes more
and more apparent. This is seen in Fig. 10, where traffic intensities of all train classes are varied by mul-
tiplying them simultaneously with a factor ranging from 0 to 2.

Europoort Botlek
Erp-Mvt \\ Bot2-Erp - Ps-Bot
ol dl dl
Maasvlakte N N P ey Pernis
L L
Mvt-Ep Erp-Botl

Bot

Fig. 7. The Betuwe route between Maasvlakte and Pernis.
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Table 5
Train classes of the Betuwe route
Class Number per hour Route
1 4 Mvt-Erp, Erp, Erp-Bot, Bot
2 1 Erp, Erp-Bot, Bot
3 1 Bot
4 4 Ps-Bot, Bot, Bot-Erp, Erp, Erp-Mvt
5 1 Ps—Bot, Bot, Bot—Erp, Erp
6 1 Ps—Bot, Bot
Table 6

Input for the Betuwe route

Junction Fly-over Mean occupation time (min)
Erp No 2.53
Bot Yes 2.88 (Western direction)
3.63 (Eastern direction)
Section track Minimal headway (min) m, (min) v,
Mvt-Erp 1.0 7.44 0.043
Erp-Bot 1.0 423 0.019
Ps—Bot 2.5 (Ps) 1.49 0.006
1.0 (Bot)
Bot-Erp 1.0 5.08 0.024
Erp-Mvt 1.0 6.87 0.038
35
3 |
25 L
g 2
§ W Class 4
@ 1S OClass 5
1 OClass 6
05
olm ‘ I ‘
Erp-Mvt Erp Bot-Erp Bot Ps-Bot Total

Fig. 8. Waiting times per component in Western direction.

1 ]

o+

|l

Mvt-Erp Erp

Erp-Bot

Bot

Bot-Ps

H Class 1
OClass 2
OClass 3

Total

Fig. 9. Waiting times per component in Eastern direction.
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Fig. 10. Waiting times in Eastern direction when traffic intensities vary.

3.5 /
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Fig. 11. The waiting time in Eastern direction as function of the occupation time at Bot.

Thus, it would be desirable to reduce the occupation time of Bot in Eastern direction, for example by a
different positioning of the signals around the junction. In Fig. 11 the influence of such a reduction on the
waiting time is investigated. The occupation time is varied from 2.8 to 4 minutes, and the original traffic
intensities from Table 5 are used. Reducing the occupation time to 2.9 minutes, equal to the occupation
time in Western direction, will reduce the total waiting time from Maasvlakte to Pernis with about one-
third.

5. Discussion

A product form queueing network model for railway networks is provided. Application to the Dutch
railway network shows that the model is accurate enough for long term global performance evaluation of
railway networks. However, a number of aspects need to be considered, as will be discussed below.

o Stations are modeled in a rather simple way, with the assumption that every train can use every platform
track. In reality, in contrast, each train class can use only one or two of the platform tracks. Accordingly,
one should model stations by means of an MSCCC-queue [3], instead of an ordinary multiserver queue.
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In this type of queue, extra conditions can be imposed on the number of trains of each class that can be
in service. Most likely, this modeling will involve some approximations, like the junction model in Sec-
tion 2.2. Further research to this topic is suggested.

While the simple station model underestimates waiting times, the exponentiality assumption for occu-
pation times and minimal headway times overestimates waiting times. Exponentiality assumptions,
are crucial in product form networks with first-come-first-served discipline, and cannot be relaxed to
general distributions, without losing the analytic solution for the stationary distribution of the network.
Approximation methods to deal with this problem are thus of interest.

Another crucial assumption is the incorporation of artificial intermediate queues between the compo-
nents of the network with unlimited capacities. This generally underestimates waiting times. However,
as railway networks are lightly loaded (even in the heavily used part of the Dutch railway network in
Application 1, loads are generally below 30%), this assumption results in small errors.

The dependence between free running times, and the route of a train through the network has been ne-
glected. As can be seen from the numerical validation of the model, this may affect waiting times per
train class, but the aggregated waiting times over all train classes remain sufficiently accurate.

Priority rules are not incorporated. Only first-come-first-served strategies are considered. The validation
of the model yields the same conclusion as above: this assumption influences waiting times per train
class, but not on an aggregate level.

Finally, our results are based on the assumption that the network is in steady state. If the network con-
tains no trains at time zero, this assumption overestimate waiting times. Product form networks, how-
ever, are known to converge fairly rapidly to steady state.
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Appendix A. Notation

Due to the complexity of a railway network, the notation has become rather complicated. This appendix

therefore summarises the notation introduced in Section 2.

Network

S the set of stations

2 the set of junctions

T the set of tracks

5 the set of all infrastructural components ¥ U ¢ U S

€ the set of train classes

r, the route of class ¢ trains (¢ € %), denoted by (i.(1),...,i.(s.)) with i.(j) the component of the
network a class ¢ train passes on the jth stage of his route i.(j) € #(j = 1,...,s.) s. the number of
stages of the route

Ae the arrival rate of trains of class ¢ € % at their starting station i.(1)

Stations

Ag the mean number of trains per time unit at station s € &

ky the number of halting tracks in station s
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! the mean halting time at station s

g the number of trains present in station s

C, the contents of station s, given by (c,(1),...,¢s(n;)), with ¢;(p) the class of the train in position
p(p=1,...,n)

Junctions

ij@ the mean number of trains per time unit following route r over junction j € ¢ (r =1,2,3,4)

uj‘l the mean occupation time of junction j

Free level crossing

the number of trains at switch i of junction j (i = 1,2)

c .the contents of switch 7 of (]_)unction J» given by (cj(-’)(l), e ,cj(-i)(n 1)) with cj(") (p) the class of the train
in position p (p=1,...,n;")

Equal level crossing

n; the number of trains at junction j (i = 1,2)

¢ the contents of junction j, given by (c;(1),...,¢;(n;)), with ¢;(p) the class of the train in position p
(p = 17 e ,}’lj)

;(p;¢;) the service rate provided at position p of the queue of junction j when the contents of the queue is
¢;, given by

w,; if the train at position pcan enter the junction, or
g, r < psuch that g 7# r, i,(q;¢;) + ;(r; ¢;) = g,
w(pic;) = and c;(p),c;(q) and c;(r) follow different
routes over the junction
0 otherwise

wi(e) = ZZ": 1 4;(p; ¢;), the total service rate when the contents of the queue is ¢;

Section tracks

vy the mean number of trains per time unit at track ¢t € 7

k; the number of queues modelling track ¢

,uff) the service rate of queue i of track ¢t (i = 1,...,k)

n(f) the number of trains present in queue i of track ¢ . .

cf’) the contents of queue 7 of track 7, given by (cﬁ-’)(l)7 . ,cﬁ-’)(n ;)), with cﬁ-’) (p) the class of the train in
position p of the queue (p =1, ... ,nﬁ-l)

I = (c,1 ,...,ct(k’))

Appendix B. Junctions

In Section 2.2 a junction with equal level crossing is modelled by a multiclass queue with exponential
service times. A train of class ¢ at position p is served if either its route is free, or if there are two trains at
positions 1,...,p — 1, whose routes differ from each other and from the route of class ¢, and only one of
these two trains is crossing the junction.

Lemma B.1. This model satisfies conditions of an order-independent queue.

Proof. According to [2], a queue with exponential service times is an order independent queue, if the fol-
lowing three conditions hold.
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e The service rate is positive if the queue is non-empty.

e The service rate provided at a customer in position p in the queue is not influenced by customers on po-
sitions p+ 1,p+2,....

e The total service rate provided at the queue is independent of the order in which customers arrived.

By the form of the service-discipline, it is easily seen that the first two conditions are satisfied. To prove
the third condition we distinguish between the number of different routes of all trains in the queue, say d. If
d =1, only the first train will be served and the service rate equals y;. In case d = 2 and the two routes are
conflicting, only one train will be served and the total service rate equals y;; if the two routes are not
conflicting, the first trains of each route will be served, and the service rate will be 2;. Finally, for d = 3 and
d = 4 the second (approximate) condition of the service discipline applies, and always two trains will be
served. Hence, in all cases, the total service rate is independent of the order in which trains arrived, and also
the last condition is satisfied. O

Lemma B.2. Let n ) be the number of trains at ]umtwn{ € ¢ that follow route v (r =1,...,4). The joint

probability generatmgfunctlon gi(s1,...,s4) of nj ,...,nj4 is given by:
7;(0) 1 1 1
gi(Sty..,84) = r + +
2-0 Srpﬁ "\ 11— SlP‘E-l) - Szp,(-3) 1 - Szpj(-z) - S3P§-3) 1 - 52,0;-2> - S4P,<-4)

1 1

— — +1 (B.1)
11— szp‘gz) 1—s pf) )

with

-1
I I I I I 1
n,(O)z{ ( + + - - +1>} .
2= 0 \1=p = o7 1o =p7 1=pP = p 1—p? 1 pf?

(B.2)
Proof. Let p;(n) = Pr{nj(-l) =ny,... nj(»4> =y}, and define p;(n) = 0 if n; < 0 for some i. For non-negative n
with at least one positive n;, p;(n) satisfy the following recursive relation (see [2]):
14
=3 Apin—e), (B3)

r=1

where y;(n) is the total service-rate at which customers are served whenever n customers are present (note
that, by the definition of an order-independent queue, this rate is independent of the order of these cus-
tomers). Using this recursion and the fact that
1 if n=n.e,, (n,0,n3,0),(0,n,n3,0) or (0,n,0,n4), (n;>0,i=1,...,4),
#y(m) = 2u;  otherwise
/ 9

we get
T
gi(s1,...,84) = Z sit .. sytpi(m)
ny,...,ng=0
:p1(0)+z Ep/ Z S’fl _..SZ4pj(n_er)
r=1 ny,. n4 0

+Zs1pj (n,0,0,0) — —I—Zszzpj (0,n,,0,0) —e,)

ny =l
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+253P; ((0,0,n3,0) +Zs4p, ((0,0,0,n4) —e,)

ng=

+ Z Sl S3pj nlaoan%o)_er)

n= lng 1
ny n3
+ E 5585 p;((0,n2,n3,0) —e,)
m=1ln3=1
ny ng
+ g 55284 pi((0,m2,0,n4) —€,) ».
m=1n4=1

Excluding terms that are equal to zero and rewriting the summations leads to:

4 00
| 1 u
gi(s1,...,54) = p;(0) + E Esrpﬁ )gj(Sh ) +§S1P§1) E s1'pj(n1,0,0,0)
np= =0
1 - 1 1
+ = szpj E $5°p;(0,n2,0,0) + = s;pj E 55°p;(0,0,n3,0) + = s4pj E 54'p;(0,0,0,n4)

npy=0 n3=0 ny=0
00 00

1 n n 1 n n
+§S19§-1) Z 51'S33Pj(”1707n3,0)+§S3P_§-3) Z sy'syp;(m,0,n3,0)

n1=0,n3=1 ny=1,n3=0

1 2 = n n 1 3 = n
+§SZP§‘) Z 52'533Pj(0an27n3,0)+§Ss,0_§) Z 5555 p;(0, 12,13, 0)

ny=0,n3=1 ny=1,n3=0
1 2 > ny 1 4 . n
+§S2p](' ) Z Sy S44pj(03 n2,0,n4) +§S4P§ ) Z S22S4 p](07n2303n4)'
ny=0,n4=1 ny=1,n4=0

Noting that p;(0) = =;(0) and regrouping summations gives

1 1 N an
gi(s1,...,s )+ Z —s,pj gj Sty--.,84) + (55195'1) +§S3p§3>> Z s1's3 pj(n1,0,n3,0)
n1=0,n3=0
1 2 1 4 - ny n
+ (282,0]( ) + §S4P_§‘ )> ;70S22S44pj(07 ny, 0) }’l4)
ny=0,n4=
1 1 ~—~
+ (Eszpj(-z) +§S3P§-3>> > 285 pi(0,m,n3,0) ——Szp, Zsz p;(0,12,0,0)
ny=0,13=0 =0
——S3pj Zs?p, (0,0, ns,0). (B.4)
We first evaluate the infinite summations on the right-hand side. Since, by (B.3),
Z 185 pj(n1,0,n3,0) = m;(0) + pj(.l) Z s1's5 pi(m —1,0,n3,0)
n1=0,n3=0 n1=0,n3=0
+pj(-3) Z 5185 pj(n,0,n3 —1,0)
1=0,n3=0
= 7;(0) —&-slpj(-]) Z s1's3pi(ny,0,n3,0)
n;=0,n3=0

[o¢]
+S3p§3) Z sy'sypi(n1, 0, n3,0),

n1=0,n3=0
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it follows that

- . 7;(0
> S, 0,m3,0) = A0) : (B.5)

1 3
n1=0,n3=0 1 7s1p](' ) 7S3'DJ(' )

In the same way, one can derive that

> ny n TE(O)
Z $7'84'P;(0, 12,0, n4) = @ @ (B.6)
ny=0,n4=0 1— S2pj —S4pj
> ny n TE(O)
Z 53785 p;(0,m2, 13, 0) = (]2) B (B.7)
ny=0,n3=0 1 - S$20; 7 — 83p;
and
7;(0
Zsz 0;(0,1,,0,0) = #, (B.8)
12—0 1-— Szp/
m;(0)
Zs3p100n;, )_]4(3) (B.9)
1 —s3p;

Substituting (B.5)—(B.9) into (B.4) gives

Lol <>) m,(0)
g Sl;..., S;p g Sl,..., )+(—Slp, + =530
22 J SJ 2 J 2 J l—slpj)—s3pj()
Il o, 1 7;(0) | AR G 7,(0)
2702 s sl N2 2 =gl — s

1 7;(0) 1 7;(0)
@ _ % ®3) J

— =S — s — =83 —

3520; 1 Szpj(_z) 723Fj 1 S3p(-3>

J

+ 7;(0).

We simplify this expression using the fact that a/(1 — a) equals (1/(1 —a)) — 1:

4
1 1 1 1
g Sla"'a 5 g Sl, "aS4)+_E'(0) +
; 2 ’ 27 1- slpﬁ-') - S3P§-3) 1 - 52;0;2> - 54/)‘5-4)
+ : ! : +1
L=sp)” =ssp)” 1=sop]” 1= s3p)”

Solving this equation for g;(s,...,ss) leads to (B.1) and, since
g(1L,1L,1L, )= > pm)=1,

(B.2) follows immediately. O
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