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Abstract. An original state space formulation of a linear model of Underground Railway line traffic is pro-
posed, allowing on-line implementation of optimal control. In this paper the model is extended to take into
account the particular structure of a terminus station. The properties of this structure are discussed and
simulation results show the benefit to be expected from this traffic control policy.

Keywords.
IHTRODUCTION

transpurtation
behaviour.
Because
last

that a public
unstable

known

intrinsically
a delayed vehicle,
since the

It 1s well
sy~tem has an
Cansider, for instance,
of this delay the time interval

vehicle 15 greater than the nominal one, and more
people than expected have to enter the vehicle,
with a resulting increasinyg delay. It 1s therefore

necessary to implement a control policy in arder
to restore a disturbed traffic to an acceptable
situation. For a high traffic density system with
passengers arriving randomly at the stations and
getting on the first avallable vehicle, regardless
aof the nominal time schedule, it 1s necesary, from
the passengers’ viewpolnt, to control the traffic
in order to minimize the waiting times at the
stations, 1.e. to keep the time intervals between
cuccessive trains a¢ cluse 53 possible to thear
nominal values. On the other Hhand, as connections
with other transportation systems have to be
considered, it 1s also necessary to control the
traffic according to the nominal schedule. For
better service to the passengers the control has

therefore to respect the trade-off between these
two objectives. The control action consists of
instructions (such as speed during the running

time between stations, waiting time at the stati
pns .) given by the centralized traffic control
ler, and elaborated on the basis of the available

information, consisting mainly of the situatian of
each train 1n the system. Physical constraints are

of course imposed on the contrul, e.g. maximum
speed, minimum waiting times at the statiaon,
minimum distance between successive trains, or

other security rules imposed by traffic lights.

A linear model for such a transportation system
has been proposed by Sasama and Okhawa (1883) as
well as state space representations and a subopti-
mal control policy. An original state space repre-
senttion allowing the practical implementation of
optimal control has been proposed by Campion et
al, (1985). This model and this state space formu-
lation are shortly presented in section 1, while
section 2 discusses the practical implementation
for the Brussels Underground Railways line.

This communication deals mainly with the extension
of the model to the future configuration of Brus-

sels Underground Transportation System, taking
into account the particular structure of the
planned end -of- line stations. This structure,
with 1ts properties and the nominal operation

conditions are discussed in section 3, Section &
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proposes  simulation results obtained with the
~xtended model and shows the benefit to be expec-
ted from the implemetation of the proposed optimal

ontrol policy.

1, LIMEAR MODEL, STATE-SPACE FORMULATIONS AND
OPTIMAL CONTROL

let us consider [ trains (upper index 1=1,...,I}
and a line with Ke1 stations (lower index
k=0,1,..K) and define

% as the actual departure time of i1th train from
k th statian,

T  as the corresponding nominal departure time

x as the deviation, 1.e.

Casama gnd Okhawa (1983) propese a linear model
for the generation of the ui. leading tu a linear
relationship between

" and ul
k

where u' 1s the control action applied to ith
train, during 1its transfer from kth station to
{k+#1) th station. This relation means that the

deviation of i th train at (k+1) th station depen-
ds linearly on 1its deviation at k th station, on
the deviation of the precedent train at (k+1) th
station lxk.1]_ and on the applied control actien
w,
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Two state space formulations have been proposed by
Sasama, based on the definition of the state
vector. In these formulations the state wvector 1is
defined respectively as a row (dimension I) or as
a column (dimension K+1) of this deviations array.
A third state space formulation 1s proposed by
Campion [1985), with the state vector defined as a
diagonal of the deviations array, 1.e. as

X, = xj_l
b 1
j .
"x
The components of the state vector X are

characterized by the fact that the sum 3f the
upper and lower 1indices 1s equal to J. A first
advantage 1s that the resulting dynamical matrix
has a simpler form, but the main advantage results
from the fact that the components of the state
vector X_ are avallable 1s a short time interval.

AS thege components are known nearly
simultaneaously the index J plays the role of a
time index. This property allows real time

implementation of an optimal control policy.

A wide wvariety of optimization criteria can be
considered depending on the control purposes. The
following minimization criterion takes into
account the two objectives discussed in the
introduction regularity on the interval between
successive trains and regularity with respect to
the nominal schedule

+
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The first term penalizes the deviations from the
nominal schedule; the second term penalizes the
deviations of the time intervals between trains
and 1s therefore related to the average waiting
time for the passengers and the congestionn of the
trains. The third term 1s a measure of the control
actions which are zero for the nominal schedule.
The values of the weighting coefficients p_ and g

depend on the control purpose and reflect the
trade-off between the regulation objectives.

With the linear model and this quadratic perfor-
mance criterion the optimal control is known to be
a linear state-feedback control., The implementa-
tion of this optimal control i1s not possible with

the state-space formulations proposed by Sasama
11983), because the components of the state vector
are known in a long time interval, so long term
prediction should be necssary. For this reason
Sasama proposed a simplified sub-optimal control.
On the other hand, for the third state-space
formulation, on line implementation of the optimal

Lt - .5 possible because the components of the
state-vector are known nearly simultaneously. As a

particular case, 1f we consider a one-step optimi-

zation criterion, the optimal control u; 15 of the
following form

7 1 i-1
= X
K Teer M Y Tuar X

1.e. depends linearly on the deviation of i-th
train at k-th statxoq and of the preceding train
at the next station (x '11 and 1s therefore parti-
cularly straight forwara to implement,

2. BRUSSELS UNDERGROUND TRANSPORTATION SYSTEM

The possibility of implementation of the described
model as well as the proposed traffic control
policy has been 1nvestigated for an existing
transportation system, with 1its physical characte-
ristics and constraints, for instance Brussels
Underground Railway line (see details 1in Campion
(1985)).

This implementation needs a preliminary analysis
of the system, providing

1. The topological structure of the line and 1ts
numerical characteristics. B8russels underground
system consists uf two lines [A and B) with a long
common section where trains of both lines are
operated alternately. The standard running times
between stations, as well as the minimum waiting
times at a station have to be measured. The
characteristic parameters of the dynamical model
are obtained from statistical data. The structure
of the line, with the stations names and the
standard running times, 15 given 1in fig. 1

2. The physical constraints, such as the maximum
speed, minimal distance between trains, or other
security rules (for instance, no more than one
train at a time in a section between two successi-
ve stations), These constraints are imposed by use
of traffic lights and automatic stopping procedu-
res.

3. Practical implementation of the control actions
Consider the system under operating conditions.
The theorical optimal control u , to be applied to
ith train between k th and (Ee1) th station, 1s
ctalculated by the centralized traffic controller
and can be considered as an instruction given to
the driver, in order to modify the staying time at
kth station and the running time between k and
{ke#1). The driver has to follow this theoretical
instruction, but conforming himself to the other
security requirements. The modification of the
staying time can be imposed by the traffic lights
at the station while the modification of the
running time can be realized by a selection betwe-
en three nominal speeds (slow, normal or high).
A program has been implemented to simulate the
cuomplete system, taking 1into account branching,
traffic Ssecurity requirements, This program
generates the absolute times t , 1n connection
with the nominal schedule. It allows the introduc-
tion of control actions, as well as disturbance
terms for any train at any station. The proposed
traffic policy has been tested on the basis of
this simulation program. Detailed simulation
results are given in Campion (1985) and show
clearly the benefit to be expected from the propo-
sed traffic control policy.

3. MODEL EXTENSION

In the actual system configuration the structure
of the terminus stations 1s the following : there
are 2 platforms (one for arrival, one for departu-
re) and the track crossing section is located
after the station. No conflict can occur between a
train arriving in the terminus station and stop-
ping at the arrival platform and a train in the
crossing section, or leaving the station at the
departure platform. On the other hand one of the
planned extensions of the system consists in 2 new
stations are on line A after Alma : Bornival and,
for the new terminus station Stokel (see fig.1]. A
new structure has been chosen for the terminus
station Stockel : there 1s only one central plat-
form, between the two tracks and the track cros-
sing section 1s located before the station . A
train coming from Bornival 2 enter Stockel either
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directly at Stockel 2, either after track crossing
at Stockel 1. On the other hand a train coming to
Bornival 1 leaves Stockel, either directly from
Sstockel 1, either after track crossing from Stoc-
kel 2. For security requirements a traffic light
is located on track 2 (from Bornival 2 to Stoc-
kel), before the crossing section (see fig.2).

This terminus station structure presents two
advantages

1. it avoids a tunnel section used only for maneu-
vers and reduces therefore the public works costs
2. the distance covered by the trains 1s reduced
Imaneuvers before station) with resulting energy
saving.

On the other hand there is a risk of conflict 1in
the track crossing section between trains leaving
or arriving at Stockel.

More precisely consider the following steadystate
nominal operation conditions (corresponding to the
rush-hours): the time interval between 2 suUccessl-
ve trains is 5 min, for each line (A and B); that
means a time interval of only ™'30° on the common
section. In addition the nominal staying time §t
Stockel cannot be less than §5'. Under these condi-
tions every 5 minutes one train arrives 1in Stoc-
kel, and one train leaves this station, W}th
alternance of platforms (1 or 2). The operation
nominal sequence is the following :
- trains k and k+1 are staying in Stockel Ik at
stockel 1 and (k+#1) at Stockel 2)

- k th train leaves Stockel 1 to Bornival 1 {no
track crossingl

- (k+2) th train arrives at Stockel 1 (track
crossing)

- [k+1) th train leaves Stockel 2 (track crassing)
_ (k+3) th train arrives at Stockel 2 [no track
crossing)

To avoid crashes the security requirements are the
following :

1) (k+2) th train (with destination Stockel !
with track crossing) does not leave Bornival 2, if
the track crossing section is not free, aﬁd 1is
stopped at the traffic light until this section 1S
free, if it has been occupied since 1its departure
from Bornival.

2) (k+#1) th train (with destination Bornival j.
with track crossing) does not leave stockel 2 1if
there is a train between Bornival 2 and Stockel.
Conflicts can therefore occur between trains (k+1)
(Stockel 2-Bornival 1) and (k+2) (Bornival 2
Stockel 1). The solution consists either in stop-
ping (k+2) th train at Bornival 2 or at the Fraf-
fic light, either in stopping (k+1) th train at
Stockel 2, until the track crossing section beco-
mes free. For satisfying operation conditions an
upper bound has therefore to be considered for the
nominal staying time at Stockel. As (k+1] th train
must leave the track crossing section before (k+2)
th train leaves Bornival 2, the upper bound for
the nominal staying time at Stockel is 10 minutes
{i.e. two times the time interval between 2 trains
on line A] — the running time for Bornival 2 to
Stockel 1 — the running time from Stockel 2 to the
end of the track crossing section. o
In our case this upper bound is 7°457. This limi-
tation must be kept in mind for the elaboration of
the nominal schedule.

The simulation program described in section 2 has
been extended to the augmented system, with the
particular structure of the new terminus station.
This program generates, as a first result{_ a
nominal time schedule coherent with the dynamics
of the system and satisfying all the given regul-
rements (nominal time interval, security require-
ment, no conflict at Stockel). Simulation results
corresponding to a disturbed situation are given
in the next section.

4. SIMULATION RESULTS

The general conditions of these simulation are the
following

- The time interval between two successive trains
on each line 1s 5, and the nominal staying time
at the terminus station Stockel 1s taken to be
5'30°, allowing a satisfying nominal behaviour at
Stockel, as seen in section 3. In any case this
staying time cannot be less than 5.

- A delay of 45" 1s imposed to the 4th train of
line A, 1in the direction Stockel, at Montgomery
(first station after the divergence). No other
disturbances are imposed to the system.

Trains of line A and B have respectively odd and
even numbers, so the index of the disturbed train
is 7.

We are interested in the evolution of the delays
of train 7 as well as 1n the propagation of the
initial disturbance to the other trains, 1in the
section Montgomery 2 - Stockel, at the terminus
Stockel, in the section Stockel - Merode 1, and 1in
the common section Merode ' - Etangs Noirs 1. We
intend to compare two situations.

- Free System : no expicit control is applied. The
regulation 1s provided only by the security
requirements.

- Regulated System. We apply the optimal control
proposed in section 1, with p =g _=1. This control
1s bounded by the security Trequirements but we
impose an additional severe constraint. The speed
is 1imposed and cannot be modified. The only con-
trol action consists in modifying the waiting time
at the stations, with a maximum percentage of 101
with respect to the nominal value.

The results are summarized by several dlagrams
giving the deviations of the trains at different
stations (a positive deviation means a delay). For
stations belonging to the section Montgomery =
Stockel only odd numbers are of 1interest, while
for stations belonging to the common section odd
and even indices can be considered.

Fig 3 and & give the deviations at Beornival 2 and
Bornival 1, for respectively, the free and the
regulated systems.

Fig 5 and 6 give the waiting times at Stockel
(free and regulated system). These values have to
be compared with the nominal staying time : 330"
Fig 7 and 8 compare the situation for free and
regulated system respectively at Merode 1 and
Etangs Noirs 1 (first and last station of the
common section].

These results need some remarks.

1. Consider first the free system. Because of the
intrinsic instability of the system, the delay of
train 7 increases from 45" to 65" at Bornival 2,
while, in the other hand, the next train (9)
arrives 1n Bornival 2 25" before time (fig 3).
Because of the delay of tain 7, a conflict occurs
in Stockel and the preceding train (5) is delayed
(staying time of 378" instead of 330" - fig. 5).
On the other hand train 7 leaves Stockel after
only 300" staying time and reduces therefore its
delay (35" at Bornival 1 - fig 3). These dis-
turbances 1increase from Bornival 1 to Merode 1
lconvergence station with line B) for instance
80" and 65" delays for trains 5 and 7. Because the
constraint of alternance between lines A and B on
the common section, the disturbances on line A
propagate to trains of line B at the convergence
station (Merode 1] (see fig 7). At the end of the
common section (Etangs Noirs 1] trains 5 to 12 are
delayed, with a delay of 260" for train 5 (fig 8).
2. For the regulated system the evolu tion is much
more satisfying. Because of the control policy the
deviation of train 7 does not i1ncrease from Mont-
gomery to Bornival 2 (45°-see fig 4] and the next
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trains (9-11-13) present only small delays. A
conflict occurs at Stockel between trains 5 and T,
and the staying time of train 5 1ncreases up to
3607 (307 delay), while train 7 leaves Stockel
only 157 behind taime, after reduction of 1ts
staying time to 300" (fig 6). The propagation of
these disturbances 1s controlled (only 20° delay
at Merode 1) and the propagation to trains of line
B 1s rather slight. At the end of the common
section [Etangs Noirs 1), the delays of trains §
ty 10 are wvery small [(max delay of 15" for train
S5). Deviations of trains 5 to 12 at Merode 1 and
Etangs Noirs 1, for both situations, can be summa-
rized as follows

Train Index Free System Controlled System
Mer., |E. Noirs Mer. | E. Noirs
5 80 Z60 22 15
& 16 225 1 b
T 65 115 10 T
8 13 131 U 5
k] n 87 4 5
10 14 Lz 0 4
" 1] -1 a n
12 0 = B 0 0

These results show that, even with a severe limi-
tation on the control, the propused regulation
policy 15 very efficient. Better results ([shorter
transient) can be obtained by relaxing somewhat
this limitation the control action.

The conclusion of these simulations 1s that this
structure of terminus stations can be selected,
but only 1f an efficient traffic control 1s imple-
mented, Without control even a small 1initial
disturbance is amplified and propagated leading to
inacceptable operation conditions at the terminus.

CONCLUSIONS ‘

1) The proposed linear model and the corresponding
state space representation has been shown very
efficent to simulate Underground Railway Line
behaviour. The simulation programme 1s very flexi-
ble and can easily be adapted in order to take
into account particular problems, such as a new
structure of terminus station.

2) The control policy based on the third proposed
state-space formulation 1s easily implemented on
line and shows to be very efficient., For instance

without this control the exploitation of new
structure terminus stations should be critical.

11This methodology can be extended. In fact the
proposed control based on a one step optimization
criterion is decentralized the information to be
processed to elaborate the control action to be
applied at a given station must be collected 1in
only 2 stations : the given station and the next
one, No centralized information processing 15
necessary. A more efficient control can be elabo-
rated on the basis of a multistep optimization
criterion. The 1implementation of such a control
needs to centralize the information available in
more than two stations. This more sophisticated
control policy would 1increase singificantly the
performance of the system, mainly for the critical
stations such as terminus stations, or branching
stations. These developments are presently under
investigation.
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