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Abstract: The real-time traffic management allow to solve unexpected disturbances that occur along a railway line during
the normal developement of the traffic. The original timetable is restored through the rescheduling process.
Despite the increase of real-time decision support tools for trains dispatchers that enable a better use of rail in-
frastructure, real-time traffic management received a limited scientific attention. In this paper, we deal with the
real time traffic management for regional railway networks, mainly single tracks, in which a centralized traffic
control system is installed. The rescheduling problem is presented as a Mixed Integer Linear Programming
Model which resolution allows to carry out the rescheduling process in a very short computational time.

1 INTRODUCTION 2008).

In this paper we deal with real-time traffic control

A railway system is a complex system with many problem for a regional single-traqk railway.where an
interacting processes that depend on technical de-OPerating system called Centralized Traffic Control
vices, human behavior, external environment, and (CTC) is installed. The CTC provides a centralized
therefore contains many risks of disturbances. The control for signals and switches within a limited ter-
usual method how railways manage their traffic per- Mtory, cont_roIIed .from a single cor_1tro|_ console. The
formance is through a carefully designed plan of op- command is carried out by the Train Dispatcher (TD).
erations, defining several months in advance routes, ~ The train dispatcher observes the status of the ter-
orders and timing for all trains. This process, called fitory —i.e. occupation of line sections, location of
off-line timetabling is followed by a real-time traf-  trains, etc. —in a continuous manner and collects in-
fic management which consists in managing distur- formation; meanwhile, he communicates with the up-
bances that may occur during the ordinary function- per level decision-makers and the staff in the territory
ing of the network. in order to exchange decisions taken. In case of an un-
Once a delayed train deviates from its original planned event and emergency he takes a decision and

schedule, it may propagate its delay to other trains duemakes necessary actlons in accordan_ce with the r_ules
to infrastructure, signaling or timing conflicts. Ma- @nd regulations pre-defined by the railway authority,
jor disturbances may influence the off-line plan of op- S€€ (smail, 1999).

erations that should be subject to short-term adjust- The TD may benefit from appropriate decision
ments in order to minimize the negative effects of the supportsystem, such as scheduling algorithms, to per-
disturbances. Possible traffic control actions include form a real-time simulation and evaluation of traf-
changing dwell times at scheduled stops, changing fic under disturbances in order to quickly reschedule
train speeds along lines, or adjusting train orders at train movements and to reduce delays from a global
junctions, stations and passing points. Other control Perspective.

actions involve major modifications such as changing Itis important to find a good compromise between
train routes or even canceling scheduled train jour- the solution quality, the time horizon of the traffic
neys. The main goal of the real-time dispatching is prediction, and the computational effort. If a short
to minimize trains delays, while satisfying the traf- time horizon is adopted, only few trains, and few con-
fic regulation constraints, and ensuring compatibility flicts, can be detected and solved with short computa-
with the current position of each train, see (D’Ariano, tion times. On the other hand, a longer time horizon
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leads to a larger number of trains running in the sys- longer applied. The rescheduled timetable is estab-
tem, in order to eliminate completely the propagation lished in a shorter time, then discomfort for passen-
of the disturbance. There is a tradeoff between the gers is restricted and the quality of the transport ser-
size of the time horizon of traffic prediction (bigger vice is increased.

time horizon meaning better quality) and the compu- To show its effectiveness, we study the problem
tational time. In fact, in a small time horizon the real- in a particular section of a railway network located in
time dispatching does not take into account conflict- Southern Italy, see (FSE - Ferrovie del Sud Est, 2013).
ing trains outside the time horizon. On the other hand, The FSE network is constituted by single tracks with
a conflict arising far in the future may not be as rele- few double track segments and in some stations only
vant as a closer conflict, since other unforeseen eventsone train can stop or pass through.

could still affect the further conflict, see (D’Ariano, The paper is organized as follows. In Section 2 we
2008). In a small time horizon, the computational present the problem formalization. In Section 3 the
time is smaller because datas are limited. mathematical model for the resolution of the problem

Usually the train dispatcher reschedules the in- is proposed. In section 4 we present the application
volved trains, depending on the known duration of of the modelto the case study of the FSE railway net-
the disturbance. He bases his decisions on his ownwork. Finally, Section 5 contains some concluding
knowledge, resolving a conflict at a time when it oc- remarks and suggestions for further research.
curs, and then manually rebuilds the timetable, with
a considerable waste of time and no certainty that its

decisions will lead to an optimal solution. 2 PROBLEM FORMALIZATION
Building on the formalism given in (Dotoli et al.,

2013), we present a model that solves the reschedul- 1 Initial Scheduling

ing problem for regional passenger transport networks

with stations of equal importance, where the CTC sys-

tem s installed. We formulate the problemas a Mixed

Integer Linear Programming Problem (MILP).

In the original model the new timetable after the
disturbance is obtained by minimizing train delays
in all the stations programmed in their path, while
considering constraints regarding travel times, stop
times at stations, safety standards and network capac-
ity. The model is applied to a limited time horizon . ; . .
that is choosen by the analyst. In order to solve con- spo_ndlng to the subset il connectionsoutside
flicts that may occur in the rescheduled timetable af-  Stations.
ter the time horizon, an iterative heuristic algorithmis Track (vj): Letb be a segment B. We define by
applied. The heuristic algorithm solves a conflict at ~ V° = {V§,\5,...\0,} = {W}, [ y») the set of par-
the time when it occurs; priority is given to the train allel tracks inb. The set of all tracks in the railway
with the highest traveling time, namely the longest network is denoted by. V andVP denote respec-
presence on the line. The computational time for tively the cardinality ofV andV?® for a given seg-
limited time horizons is of the order of seconds, but mentb. Given a trackv € V, we denote by its
the heuristic algorithm requires an elevated computa-  corresponding segment.

tional time that depends on the number of trains and i 1ations in a railway network are defined by a
the c_ompIeX|ty .Of. the raiway line. The methodc_)log_y set of trains. Train’s path is made of an ordered set of
provides a decision support system to the train dis- |, aments

patcher that has to take decisions in order to restore )
Definition 2 (Trains and Movements)We assume

traffic and limit inefficiencies for passengers. - ! ! !
that the train’s length is compatible with the length

We adapt the previous methodology to regional of all tracks that compose the railway line. Trains are
networks mainly made of single tracks and take into ) P y '
thus defined as follows.

account the constraints imposed by the railway infras- = _ _ _
tructure and the time constraints imposed by the ini- Train (t): The set of trains using the railway
tial schedule. network is denoted adl = {ti,t,...,tv} =

The revised model solves all conflicts that arise {tc}ke[z.7)- T denotes the cardinality Gf.
along the railway line after the occurrence of the Train Direction (d'): Each train is defined by di-
disturbance; the heuristic algorithm is therefore no rection parameter expressing the position of its

Definition 1 (Railway Network) A railway network
is defined by a set of segments on which trains runs.

Segment b): A segmentb is a railway section
between two points. We define b =
{b1,bg,...,bg} = {bi}ic[1 5] the set of segments.
B denote the cardinality of the sBt The set of
segments is partitioned into the subB&tcorre-
sponding to segments intcsgation andB® corre-
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destination station. Ldtbe a traine T. We de-
note byd! = 0 the direction of a train which head
goes to the north (a.k.aeVen traing) of the rail-
way line, andd® = 1 of a train running to the south
(a.k.a. ‘odd trains).

Movement (1p): A movement indicates the request
for a track by a train. Let be a traine T. We de-
fine byM' = {{, 15, ..., Wy} = {utp}pet[[l,Mt]] the
ordered set of movements of tratin M* denotes i order to reduce the size of the initial problem we
the cardinality ofVI". .o = Hy andiag = Hy could use only one variablé = y+ & to represent
denote respeCUVer the first and the last element movements duration. However, even if such formu-
in M'. We define byM the set of all movements._ |ation would reduce the number of initial variables,
on the railway line and by["** the set of the last  the sjze of the problem after the presolve phase would
movements of each train. remain unchanged, since modern solvers are able to

Train movements are defined by several parameters. detect such redundant variables. For clarity, we de-

o _ cided thus to keep using two different variabjesnd

Movement Direction: All movementsy of a traint dto represent movement duration respectively in a rail
share the same direction as their train, denoted asconnection and in a station.
a+:

Using such notations, the time interval during
which a movement reserves its track can be ex-
pressed afare’, alef+ ¢ +yie = Bre7. Two con-

secutive movements must be scheduled according
to these intervals, thus we have:

vte T,vpe [L,MY, (5)
ref __ ref ref ef
aHp+1 - aup + 6llp + Hp

Definition 3 (Security Constraints) Since several
trains run at the same time on a railway network, sev-
eral constraints must be verified to ensure the security
of circulations.

vt e T,Ypue M, d*=d (1)

Track and Segment of a movementlgy,v,): Each
movemeniu of a train is scheduled in an unique

segmenth, € B. We denote byMP the set of  Track Occupation Constraints: A track cannot be

movements scheduled in the same segrbenB.
Each movemenpt € M must be scheduled in a
track of the segmerty,, denoted as, according
to the following constraint:

Vt e T,V e M, v, € V& 2)

Reference Schedule Timeso(', 8/, vie"): Each
train movementlis associated to reference times
corresponding to its initial schedule. Let T
be a train andu € M' one of its movements.
We define three reference time§', &, y{*" € N,
where:

- O([f"f is the starting time gfi as established in the
initial schedule, expressed in minutes taking as
reference a timé@p € N.

- 6[?“ is the duration of1 (expressed in minutes)
if it occurs in a rail connection, i.e. the mini-
mum running time defined in the initial sched-
ule. This quantity is equal to 0 if the movement
occurs in a station. Formally:

VteT,vpue M, b, eB°=3F=0 (3)

- y[f"f is the duration of a movemep{in minutes)
if it occurs in a station, i.e. the minimum stop-
ping time defined in the initial schedule. This
guantity is equal to 0 is the movement occurs in
a rail connection. Formally:

VteT,vue M b e BC=yT=0 (4)

occupied by two trains at the same time. Such re-
striction can be expressed formally by constrain-
ing any pair of movements using the same track to
be scheduled on disjoint timing intervals:

Vg, to € T,V € M, Y € M2,

Vi =y = [ B N ol B = 2 (6)

Safety Times O\, Af): The safety time is the sepa-

ration time that has to elapse between two move-
mentsy;, W on the samerack (i.e. between a
train leaving one track and another one entering
the same track). We denote Ay, € N the safety
time required if traingneetand A¢s € N if one
train is following the other one.Ay, andAs are

expressed in the same time unitsy& and 5.
These time delays must occur between the end of
the first movement (denoted Bﬁf) and the start

of the other one (denoted ag}f). Formally, safety
time constraints can be expressed as follows:

Vb € B, Vi, bj € MP

i L= réf ref (7)
A d¥ = dHi Voo > Buj + At

Vi = Vy = a[ﬁf Z B[ff+Am (8)
A dH £ dH v oaleh > B[l‘]?f+Am
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ically represented by a cartesian graph, representing

the

Graphic Timetable: The graphic timetable is a

Note such constraints renforce the constraint (6) g
since they induce a separation delay between the%
time intervals of two movements on the same §{
track.

A rail transport service on a railway line is graph-

safety constraints.

cartesian graph that represents the situation of a
railway schedule for a day, see (Vicuna, 1989).
The diagram shows all movements, scheduled and
safety times.

The time line is plotted on the x axis. The rail-
way line (space) is plotted on the y axis. Inside
stations, tracks are represented by dashed lines
parallel to the x axis. Trains are represented by
an oblique broken line which orientation indicates pjsturbance Duration and Reference Time:

train direction. For instance, train lines are ori- When a disturbance occurs disturbance refer-
ented from bottom to up fa@ven trainshat travel ence time Jis defined as the first time on which
from south to north (i.e. to the station onthe upper  the disturbance has an impact on the schedule of
end of the y axis). the others trains, i.e. the reference ending time of
Figure 1 represents the graphic timetable of three  the disturbed movement. If only one disturbance

trainsty, t2 andts. Traint; is directed to the affects one movemenl € M of a trainty along
South, whilet; andty travel in the opposite di- the railway line Ty is defined as:

rection. The railway line is made of 5 segments:

ref
t2

1 are ref
U1

At An time

Figure 1: Graphic Timetable.

single-tracked stationls; andbs, double-tracked
stationbs and single-tracked rail connectiobs

andbs. Track sets for the five segments are de-

fined by:VP1 = {v;}, Vb2 = {v}, VP = {v;,v,},
Vba = (v}, Vs = {v1}. Train's paths are defined
by sets: Mit = (i, it pid), M2 = (U2, 2, 12),
MU = (W 1 1), All trains cross statioby that

is single-tracked. As shown, safety times are ap-

plied when two trains occupy the sarimack of a

segment.A; is the safety time that has to elapse

between the end of the movemeljtand the be-
ginning ofutz, wheret, andt, travel in the same

direction. Ap, is the safety time that has to elapse

between the end q124 and the beginning 0[1‘12l
wheret; andt, travel in opposite direction.

2.2 Disturbances Issues

When a disturbance occurs along the railway net-
work, that compromises the normal traffic operation,

a rescheduling process must be accomplished taking

into account time constraints imposed by the initial

schedule.

Definition 4 (Disturbance) A disturbance denotes
the deviation of a traitty € T from its original sched-

ule due to an unforeseen situation, concerning one of

its movementgy € M4,
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-|- — Bref
We denote byAq the disturbance duration ex-
pressed in minutes. The impact of a disturbance
on the movement is expressed by an increase of
the value of parametéror y depending on the na-
ture of the segment on which the disturbance oc-
curs. For instance, i € B, &, = &+ Aq.
Conversely, ib¥ € BS, y, = V&' + Aq.
If two independent disturbances affect two differ-
ent trains along the lind is defined as the mini-
mum final time of movements affected by the per-
turbation. Lety, andty, be two trains affected by
the disturbance. Laty, € M andpg, € M'% be
the perturbed movementg; is defined as:

Ty = mm{Bref ’Bref }

Figure 2 represents a railway line made of three
station Py, bs andbs) and two single-tracked rail
connectionslf; andby). A disturbance occurs in
b, and affects only the moveme|uff € M, Ref-

erence timeTy coincides W|th[3ref The dashed

line shows the movement? after the end of the
reschedullng process. The recheduled crossmg

time &' is equal to the reference tlrtfé

creased by the d|sturbance duratifyn The ef-
fective path of movemeni? interferes with the
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Ta= B trains are scheduled on the railway line. Move-
e ments after the time horizon are not taken into ac-
countin the rescheduling process, even if they be-
long to trains of which first movements belong to
bs the time horizon.

Of course, depending on the density of traffic at
the time of the disturbance, and its duration, the num-
ber of disturbed movements can vary considerably.
In this paper, we consider all the scheduled move-
ments of the day but one of our objective functions
can be designed to minimize the number of resched-
uled trains.

In the following section, we present the Mixed In-

4 teger Linear Programming Model that allows to solve

O(L?Zf g peft time the rescheduling problem, i.e. to give a value to each

! _ i _ effective scheduled time while respecting the safety
Figure 2: Disturbance af, constraints and optimizing practical criteria.

Segment

by
bz

b | H?

path of another movement in the segmbanthat

has to be rescheduled. 3 MATHEMATICAL MODELING
Effective Schedule Times:In order to take into ac-

count the effect of the disturbance on the subse- 3 1 Decision Variables

guent movements on the railway network, we in-

troduce for any nlgveerg?ent itsfﬁfective scheduled e introduce additional variables and constants used
timesdenoted bya®, 3" andy™" € N. Obviously, 5 express the problem in a linear way.
movements which final dafeis scheduledbefore

T, are not altered. Formally: - Xy € {0,2}"*V is the variable that identifies the
track v on which a movement occurs. X,y =
aﬁ“ = a[ff ¢ (v = vu) where the functio(C) is the indica-
VteT,Vue Mts.t.B[f’f <Ty, 5ﬁff = 5Lef (9) tor q_;((:) =1 if the condition C is verified, 0 oth-
Vﬁﬁ _ VLef erwise.

- Xhere e (0,1} is the variable that charac-

times must allow toabsorbthe perturbation by terizes the chronological order of two movements

' i before __
delaying the initial reference times, according to Hi, ”! if they use the same segmen)(w’uj o
their respective segment types, following con- (ki is scheduled beforg;).

straints (3) and (4). Formally, these previous . x%& c (o 117 js the variable that specify if a
equations become: traint deviates from its original schedule and is

Effective Time Constraints: These new scheduled

del
vt € T,vpe Mist.B > Ty, therefore delayedt™* ™ = ¢(B°'" > ).
qﬁff > q[ff - Xﬁelaye {0,1}T is the variable that specify if a
by € BS = sf = &ef=0 (10) movementu deviates from its original schedule
yEff > V[?)f and is therefore delayed*® = ¢(Be'" > pe").
aeff > gref - B € Nis a sufficiently large positive constant.
by € BE = ggﬁ ; 5{? (11) - H € N is a parameter that defines the size of the
yﬁff _ uef -0 time horizon.

By definition, the previous decisions variables are
subject to constraints characterizing theinysical
sense

e Any movement can only be scheduled on one
track of its segment, consequently:

Effective schedule time must also obviously fol-
low the sequencing constraint (5) and safety con-
straints (6), (7) and (8).

Time Horizon (H): The time horizorH is the term
planning in which the rescheduling operations are
carried out. It consists of a given number of Ve M, Xv=1 (12)
timetable minutes in which a given number of vevoH
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e Two movements scheduled on the same segment

must be ordered: Objz: min metde'ay (18)
t
Vb € B, Vi, by € MP, (13) - delay

Objs: min 19

K X1 K -
Safety constraints presented above must be ex- - Obji minimizes the delay of the traffic (i.e. the

pressed using those variables in linear way. sum of the delays of all the movements trains in
the railway line).

3.2 Linearization of Safety Constraints - Obj, minimizes the total final delay of the traffic

(i.e. the final delays when trains arrive at their
Security constraints (6), (7) and (8) are expressed final destination, or rather the last stop considered
through the use of additional variables and constraints - within the rescheduling time horizon).

in order to obtain a linear formulation. - Objz minimizes the number of delayed trains.

3.2.1 Tracks Occupation Constraints - Objs minimizes the number of delayed move-
ments for each train.

Constraint (6) specifies that a tragkcannot be oc- WhenObjs or Objs is used, we introduced five

cupied by several movements at the same time. Con-qditional constraints (20) to (24) as follows:
straints (7) and (8) express a separation delay must

elapse between two movements occupying the same vt e T,peff —pref < B.xdey (20)
track. These conditions can be expressed by the fol- Hast " Hast —
lowing equations:
e Bl —BF >1+8- (xtde'ay— 1) 1)
ast ast

Vb € BV, € MPst. dy, =dy, We VP, (14)

t eff
B -1 <8 (3-8 ) e aash e
Vb € B, Vi, yj € MPst. dy #dy, W eV, (15) VteT,vpue M = &M <H (23)
BeM — o+ Am < B- (3— XPeMOre_ X\ v — X,
S (818" X ) Ve T, vpe M =y <H (24)
Note for any pair of movements, bj, two in- Constraints (20) and (21) specify that if the

stances of the previous equations (14) and (15) are ggcheduled ending time of the train coincides with its
considered in the mathematical model depending of otarence time. the train is not delayed 2G#'a = 0.

the the order of movementsa (1) or (W, W). Conversly, if one movement of a train is delayed,
The previous equation expresses that |f2%?emove— the last movement is necessarily delayed according
mentsi, Wj occurs on the same track, andff<e"e= to equations (10), (11) and equation (21) implies that

1, theny mustend before the startpf. If Xp5e=0  Xxdely—1,

or ;i andy; do not occur in the same track, equation Constraints (22), (23) and (24) mean that move-

(14) and (15) are trivially verified. ments scheduled in the analyzed time horizon, after
The disjunction operator in equations (7) and (8)  the rescheduling process must start within the same

is taken into account by the boolean variahfﬁﬂ?re time horizon. This constraint prevents that the trains

that denotes the two possible alternatives. are postponed for a long time or even suppressed by
moving outside the considered time horizon.
3.3 Objective Functions WhenObj, is used, constraints (20) (resp. (21))

are replaced by constraints (25) (respectively (26))

The optimization problem compares four alternative that refers to all movements on the line.

objective functions defined as follows:
’ vae MBS —pe < B.x W (25)

Objy: min EM(BE,F ) (16)
ne vie ML - B> 148 (X*W-1)  (26)
Obj:min (B —Bieh (17) L
yyeniast The full model is given in Figure 3.
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Let (B, V) be arailway networKT a set of trains with their schedules afpg, Ay, Tq) the characteristics of a disturbance
occuring on the system. The mixed integer linear progrargmindelMILP is defined by:

Obj; Minimize ) B — gyt (27)
HeM
Obj, Minimize B — gyt (28)
peM ast
Objs Minimize ¥ X (29)
teT
Objs Minimize S xgelay (30)
HeM
Subject to:
VteT, Ve M st. by € BS, = 0 (31)
VteT, Ve M st. by € B it =0 (32)
VteT, vpe [1,MY, aff —aff -8y = 0 (33)
vteT, Vpe M st B < Ty, aff = o (34)
VteT, Vpe M st. B < Ty, s = (35)
vteT, Vpe M'st. B < Ty, Vi =y (36)
VteT, Vue M st. BT > Ty and b € BS, aff > aref (37)
VteT, YueM' st Bf'> Ty and b € BS, s =gf(=0) (39
VteT, Ve M' st.pf > Tyand b € B, Vi >y (39)
VteT, Vpe M st. B > Tyand by € B, af > o (40)
VteT, VpeM' st. B > Tyand € BE, sl > g (41)
VteT, YpeM' st. Bl > Ty and € B, Vit =yfi(=0 (42

Vig =V tha  (43)
=34+ny  (49)

Hd Hd
Ve M, > X = 1 (45)
vevhH
¥be B, Vi, j € MP, xgioreq xpefore — 1 (46)

Vb e BV, € MP, st =dM we VP, BT —afl B (XY Xy v+ Xy v) <3:B=A¢  (47)
b 1 i b ff ff befi
Vbe BV, pj € MP, s.t.d #£d! wwe VP, BET — ot + B (XU Xy v+ Xy v ) <3-B—Am  (48)

MeT, BY —B-X*™ < gl (49)
Ve, Bl B x W s pe’ TR (50)
Ve M, B B < gl (s
Yue M, BT —B- X% > gref— B (52)
VteT, Vpe M, at < H (53)
VteT, vpe M, "< H (54)
VteT, Vpe M, Vit < H (55)

Figure 3: Mixed Integer Linear Programming Model.

Constraints (31) - (32) express that if a movement CUPY the next one.
occurs in a station (resp. in a rail connaction) the ef-  Constraints (34), (35) and (36) ensure that move-
fective running time (res. the effective stopping time) ments scheduled completely before the occurrence of
is null. the disturbance remain unchanged.

Constraint (33) specifies that each train movement  Constraints (37) to (39) (resp.(40) to (42)) enforce
is directly succeeded by the next one, that means thatthe restrictions related to planned stops (respectively
when a train leaves a track, it instantly begins to oc- to planned running times) and the consequent earliest
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possible departure time. different disturbance sizeyy and solved with differ-
Constraint (43) (resp. (44)) means that the run- ent time horizondd. Various disturbance times are

ning time of perturbed movements (respectively the been considered, ranging from 10 to 50 minutes. A

stopping time) is increased according to disturbance time horizon ofH minutes means that movements that

duration. should have started (according to the initial timetable)
Constraint (45) means that each movement has toH minutes or more after the instant at which the dis-
use exactly one track of its segment. turbance occurs are not considered in the computa-

Constraint (46) implies that two movements tion. Time horizons are expressed in minutes and
scheduled on the same segment must be ordered.  take values equal to 30, 60, 90, 120, 180, 240, 300,

Constraints (47) - (48) mean that if several move- 360, 420, 480, 540, 600 and 1440. The main aspects
ments have to use the same track of a segment, aconsidered to present results &ej;, Obj, Objs,
safety time Q¢ or Ap) must elapse between the end Objs that correspond respectively to sum of delays
of the first movement and the beginning of the second for all train movements, delay of the last movement
one. of each train, number of rescheduled trains and num-

Constraints (49)-(50) (resp. (51)- (52)) denote if ber of rescheduled movements. All operational times
a train (respectively a movement) is delayed. Con- are given in minutes. CT refers to computational time
straints (53) to (55) enforce the beginning and the du- given in secondsN andV refers to number of vari-
ration of a movement within the time horizon. These ables and constraints before and after the presolve
constraints are active only wheDb j; (respectively  phase.
Objy) is applied.

"{:_';/ BARI C. i5
7 V\"“;:'-_jf ‘I.;IUMGIVAC(J\
4 NUMERICAL EXPERIMENTS B nicamn
The presented model is applied to Ferrovie del Sud s 7 I -
Est (FSE), the largest public transport company op- #0427 Wciciiia
erating in the Apulia region of Southern Italy. We VALEREANO o F A

-~ 7 CONVERSANO

analyze the railway ring connecting Mungivacca and VALINZANOL, /2
Putignano stations (Figure 4), where a CTC system is
installed. The operation system is installed in Mun-

/= CASTELLANAG.

givacca station that is independent, not controlled by é\‘s;f*- /717 GROTTE DI CASTELLANAG.
the CTC, as is Putignano, whereby these stations are ) - 4 <

not studied here. In particular, we refer to the line i

1 of the railway ring — passing through Conversano 75 rumGniaND 1. LAURETO

— that is single tracked except for the line connect-  Figyre 4: Ther railway ring used for the scenarios.

ing Noicattaro to Rutigliano, that is double tracked.
Moreover, Grotte di Castellana is a single track sta- 4.1.1 Overall Analysis
tion, not chaired by an operator. 24 even trains and 22

odd trains run on the railway line during a day. We as- \when only one disturbance occurs on the railway
sume a safety tim&y, = 3 minfor two trains traveling  |jine, results from experiments using the four objec-
in opposite directions and a tindg = 1 minfortrains  tive functions for all different disturbance sizA{

in the same direction. In attempt to evaluate the op- and time horizonsH) are presented in Table 5.
timality of the algorithm, we used IBM CPLEX 12.5 The methodology is applied to a real case study in

installed and run on an Intel Core 2 Duo 1.83 GHz \yhijch the occurence of short-term disturbance on the
CPU and 3 GB RAM, under Windows with the model  rajlway line is frequent, this is not a trivial problem.

formulated in AMPL. The model provides a proactive approach to solve, in
] ] real time, problems that occur on the railway line.
4.1 One Disturbance on the Line The computational time (CT) for all time horizons

and disturbance sizes is of the order of a few sec-
We consider a real data set referring to a train going ond. Comparison between different time horizons is
from Putignano to Mungivacca that stops along the done in order to demonstrate that the model is able to
line that connects Castellana G. and Conversano dueguickly solve even considerables problems that take
to a disturbance occurring at 7:50 am. That same dis-into account all trains on the railway line. In fact,
turbance event is used for all the experiments but with the highest value of CT (equal to 69.77 seconds) is
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obtained usin@b j; for H = 1440 and\y = 45 min- utes because the complexity of the problem is high
utes. This means that if a disturbance lasting 45 min- due to the presence, in the rescheduling process, of
utes occurs along the line, in just over a minute the all trains movements on the railway line until the end
train dispatcher can obtain the rescheduled timetableof the day.
for the 24 hours following the occurrence of the fault. Lowest values in terms of total delay are obtained
The speed of resolution is a very important factor for usingOb j;. Comparing results obtained with the first
the presented problem, since the main objective of theand the second objective function we notice that al-
real-time traffic management is to quickly establish though the value 0®bj, is the sameQbj; changes.
a new timetable, in order to minimize the inconve- In particular,Obj; obtained whileObj, is greater.
nience for passengers. The reason is simple: in this case, minimizing the
Compared to the previous methodology used in delay of the last movement of a train, the second ob-
(Dotoli et al., 2013) there is an improvement due to a jective function increases the number of its delayed
reduction of total delay, number of rescheduled trains movements. This means that although valueSlof;
and computational time. The objective of this model are unchanged using the first and the second objec-
is the minimization of delay of all movements. In Ta- tive function, values 0Ob j, varies. In generabDb j»
ble 1 we compare results of the rescheduling processincreases the arrival time at intermediate stations, in
obtained with the application of the actual and the orderto minimize the delay at the last station of trains
previous methodology (AM, PM) whely = 30 min- path. In this case, there are no differences between
utes andH = 180 minutes. We noticed th&ibj; is values ofObj; and Obj, obtained usingObjs and
unchanged for all subsequent values of time horizon. Objs. Extending the analysis to all time horizons, we
This means that the delay caused by the disturbance isotice that in some cases (eld.= 180 andAq = 50
absorbed within the 180 minutes after its occurrence. minutes) there is a difference between the two values,
For the previous methodology, we present values ob- due to the fact that these objective functions does not
tained forH = 30 minutes in addition to values ob- take into account the exact dealy of trains. Thus, any
tained with the application of the heuristic algorithm solution showing the same number of delayed trains is
after the time horizon. CT refers only at the optimiza- optimal, whatever the value @b j; andObj,. Mul-
tion procedure. ticriteria objective functions should be used to obtain
By analyzing values we observe that with the an unique optimal solution. The minimization of the
actual methodology the new timetable is computed number of delayed trains (respectively movements)
in 0.72 seconds. Three trains are involved in the may imply an increase of the total delay of resched-
rescheduling process for a total delay of 608 minutes. uled trains.
Previous methodology required 10.74 seconds to ob-  Extending the analysis to values obtained in all
tain the new timetable within a 30 minutes window time horizonsKl) and for all disturbance sizé§) we
after the occurrence of the fault. 10 trains are involved notice that minimizingdb j; provides better results in
in the rescheduling process and total delay is equal toterms ofObj; andObj,. Minimizing Ob j, provides
665 minutes. Actual methodology allows to obtain better values in terms @b j3 andOb j4.
the optimal solution with an exact approach, with-
out the application of the heuristic algorithm which 4.1.3 Impact of Constraints (22), (23) and (24)
does not always provide optimal results. We should
also take into account that solvers used by the two In order to prove the necessity of constraints (22),
methodology are different. MATLAB with GLPK  (23) and (24) when usin@b j3 andOb js, we present
used by the previous methodology is replaced by IBM a simple railway line made by 7 segments on which
CPLEX in the actual one. Resolution methods used circulate 5 trains, represented in Figure 5. Railway
by the two solvers are different as well as their per- line is made by 4 single-tracked connection segment
formance. The previous methodology has obtained an(b;,bs,bs andb;) between 3 double-tracked stations
improvement compared to the current practice used (b,, by andbg). Trainst; andts are directed to the
by the train dispatcher; the actual methodology pro- South, whilet,, t4 andtg travel in the opposite direc-
vides a further amelioration. This is in line with ob- tion.
jectives of the real-time traffic management.

Table 1: Comparison between actual and previous method-

4.1.2 Comparison between Objective Functions ology.

Obj; | Objzs | CT
Our Methodology| 608 3 0.72
Dotoli et al. 665 10 | 10.74

We compare values obtained using the four objective
functions forH = 1440 and\yq = 50 minutes, shown
in Table 2. We analyze the time horizon of 1440 min-
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Table 4: Two independent disturbances.

FirstDisturbance | SecondDisturbanc

o o090 - |9 99 a9
O OO0 O |OO0OO0OO0 O
Obj;|516 61 1 9 13.48308 61 3 26 17.9
Obj (516 61 1 9 11.95308 61 3 26 17.6
Obj3|516 61 1 9
Obj,|516 61 1 9
€ Tg=07:35
@
IS
>
»
b7| t1 3\ t2 ta te
be
bs
bs
ba | ,I
by | -
bl | [
l’ '
time

Figure 5: Disturbance df.

Table 2: Comparison between the four objective functions
with H = 1440 andAy = 50.

Obj; | Obj> | Objz | Objs
Obj; 829 854 878 878
Obp | 8L | 8L | 91 | o1
Objs | 3 3 1 1
Obj, 33 39 11 11
CT | 30.07| 16.86| 6.56 | 26.18

Table 3: Results from experiments usi@d j3 without and
with additional constraints.

Obj; | Ob, [ Objs [ Obls | CT
WT | 10040 | 10000 1 5 001
W | 50 10 1 51001

A disturbance occurs in the segmdmtat 07:35
am and affects the train. We analyze a problem
with time horizonH = 25 minutes and a disturbance

TwoDisturbances Sum

= N e = N e

o o o o - o a9 o o (-
O OO0 O |O OO0 O
24 122 4 35 31.4{824 122 4 36 17.9

24 122 4 35 29.5826 122 4 36 19.

9.08336 71 1 5 9.81852 132 2 14 18.88B71 132 2 14 9.1
10.42336 71 1 5 12.21852 132 2 14 22.68B71 132 2 14 10.1

In the examplet; is the only delayed train. By in-
troducing additional constraints, values®@bj; (and
consequentiObj,) are lower because the system is
forced to reschedule movements within the time hori-
zon. The number of rescheduled trains remains un-
changed.

4.2 Two Disturbances on the Line

When two independent disturbances occur on the rail-
way line, the rescheduling process of the first distur-
bance does not influence the rescheduling process of
the second one. We consider the same railway line
presented in Section 4 and we suppose that two in-
dependent disturbances occurTat= 09 : 00 a.m.
respectively in the line that connects Rutigliano to
Conversano stations (segmémij and Conversano to
Castellana G. (segmelni;). We consider a time hori-
zonH = 1440 minutes and a disturbance size= 50
minutes.

First, we solve the problem considering only the
disturbance that occurs in the segmiepand that af-
fects a train directed from Putignano to Mungivacca
station.

Then, we solve the problem considering only the
disturbance that occurs in the segmbént and that
affects a train directed from Mungivaccato Putignano
station.

Finally, we solve the problem considering the two
disturbances at the same time. We compare results
with those given by the sum of values obtained solv-
ing the two problems separately.

Table 4 presents values @bj;, Obj, Objs,
Obj, and CT for the four scenarios.

By comparing values obtained from simultaneous

sizeAg = 10 minutes. The same scenarios have beenresolution with those obtained from the sum of in-

solved without (WT) and with (W) the additional con-
straints usingdb j3. Results are presented in Table 3.
By analyzing values o©bj; andObj, we notice

that despite the number of rescheduled trains is un-

dividual resolutions of disturbances, i.e. values pre-
sented in the third and the fourth block of Table 4,
we notice that the simultaneous resolution provides
a better result in terms of computational time for all

changed, without the additional constraints the depar- objective functions. However, the the sum of individ-
ture or the duration of some movements is delayed ual resolutions provides an improvement in terms of

for a long time. This means that minimizir@b j3

Obj; andOb s using the four objective functions. In

tends to postpone movements of trains involved in the particular by applyingObj;, there is a reduction of
rescheduling process at the end of the time horizon, in the number of rescheduled movements and by apply-

order to affect the lowest number of trains on the line.
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Table 5

Tot. PrSiv By=10 Ay =15 Bg=20 Bs=25 Bq =30 Bg=35 Bg =40 By=45 Bg=50
_ =2 N .2 .X = N .02 8 = .o R . = .o .0 . = .o .80 .3 = N .2 .3 = N .0 . = N .2 . = 2
o2/l 200 920 |l 20020292 - |2 20920 |2 00290 |2 2090909 |2 2909 |2 2909 |2 209029 |29 Qo
0|0 000 O|0ODODOO O|0OOODO OC|ODODODO O|lOOOO O|0DODODO O|OOOO ©OC|O0OODODO O |0 ¢}
1[70 10 1 7 0.04105 15 1 7 004140 20 1 7 0.03175 25 1 7 0.06210 30 1 7 0.03245 35 1 7 004280 40 1 7 003315 45 1 7 0.03350 1
270 10 1 7 005105 156 1 7 005140 20 1 10 008175 25 1 10 0.1 210 30 1 10 0.05245 35 1 10 0.03280 40 1 10 0.1§315 45 1 10 0.03 350 1
370 10 1 7 0.14105 156 1 7 047140 20 1 7 005175 25 1 7 0.05210 30 1 7 003245 35 1 7 0.05280 40 1 7 005315 45 1 7 0.05 350 1
4[70 10 1 7 0.06105 15 1 7 0.03140 20 1 1 7 003210 30 1 7 005245 35 1 7 0.05280 40 1 7 003315 45 1 7 0.05 350 1
T[110 10 1 11 0.07211 23 3 25 0.09296 31 2 2 21 0.09428 43 2 13 008433 43 2 13 0.07450 45 2 13 0.09515 55 2 13 0.06 580 2
2110 10 1 11 0.06211 23 3 19 0.08300 31 2 3 21 0.12428 43 2 21 018437 43 2 23 009450 45 2 23 0.09470 55 2 26 0.09610 1
3110 10 1 11 0.06304 38 2 19 0.09300 31 2 2 13 0.08667 75 2 19 008595 56 1 11 0.06600 56 1 11 0.0§605 56 1 11 0.08 610 1
4110 10 1 11 0.07304 38 2 19 0.12502 69 2 2 13 008428 43 2 13 0.11595 56 1 11 0.08600 56 1 11 0.08605 56 1 11 0.09 610 1
T[110 10 1 11 0.12266 31 2 21 030310 31 2 6 44 023512 51 5 34 021517 55 5 34 020554 58 4 32 030697 76 3 28 0.28 751 1
2[110 10 1 11 0.12289 31 2 21 0.2310 31 2 6 23 090540 55 4 23 020517 55 5 34 0.16572 58 5 34 022752 69 1 35 0.23 751 1
3110 10 1 11 0.06913 83 1 11 017891 83 1 1 11 018691 83 1 11 0.18892 83 1 11 0.17913 83 1 11 012878 83 1 11 0.18 913 1
4110 10 1 11 0.08913 83 1 11 _0.20891 83 1 1 11 020913 83 1 11 023892 83 1 11 0.22891 83 1 11 022751 69 1 11 0.18 913 1
1[110 10 1 11 0.20266 31 2 21 042310 31 2 7 67 051586 68 5 39 0.36591 68 5 39 0.36616 69 5 39 0.56 753 82 5 45 0.73814 2
2110 10 1 11 0.1289 31 2 21 050310 31 2 7 23 040604 59 6 23 045609 59 6 35 040672 65 6 35 0.55839 80 2 36 1.18 838 2
3110 10 1 11 0.14864 82 2 18 0.45406 47 2 7 18 040857 82 2 18 040864 83 2 18 0.28847 80 2 18 0.28878 82 2 18 0.30 830 2
4110 10 1 11 018855 82 2 18 0.44 864 83 2 2 18 050833 80 2 18 050863 82 2 18 036861 82 2 18 033863 82 2 18 0.30 830 2
T[110 10 1 11 0.3266 31 2 21 095310 31 2 8 90 0.83608 76 3 29 0.72613 76 3 29 062638 77 3 29 1.17829 81 3 33 051829 3
2110 10 1 11 030267 31 2 21 1.12310 31 2 8 23 0.73714 65 8 23 068719 65 8 35 080825 73 8 35 1.30853 81 3 36 1.64853 3
3[110 10 1 11 0.17875 91 1 11 _0.64875 91 1 1 11 064675 91 1 11 061875 91 1 11 061875 91 1 11 067875 91 1 11 0.64 948 1
4110 10 1 11 0.20875 91 1 11 0.70875 91 1 1 11 075675 91 1 11 081875 91 1 11 069875 91 1 11 080875 91 1 11 0.75875 1
T[110 10 1 11 0.3]266 31 2 21 3.01310 31 2 8 90 1.87608 76 3 29 199613 76 3 29 164638 77 3 29 220829 81 3 33 8.16829 3
2110 10 1 11 0.30267 31 2 21 2.24314 31 2 8 23 131716 65 8 23 1.56 721 65 8 35 150820 73 8 35 2.11855 81 3 36 2.84853 3
3110 10 1 11 031875 91 1 11 0.70875 91 1 1 11 015675 91 1 11 084875 91 1 11 0.78875 91 1 11 090875 91 1 11 0.81875 il
4110 10 1 11 0.36875 91 1 11 095875 91 1 1 11 00958675 91 1 11 090875 91 1 11 1.01875 91 1 11 099875 91 1 11 0.90875 1
T[110 10 1 11 057266 31 2 21 3.91310 31 2 8 90 2.88608 76 3 29 2.77613 76 3 29 250638 77 3 29 2.9§829 81 3 33 7.05829 3
2110 10 1 11 037289 31 2 21 2.04318 31 2 8 23 190716 65 8 23 242721 65 8 35 195820 73 8 35 243854 81 3 36 3.62853 3
3110 10 1 11 0.40875 91 1 11 1.01875 91 1 1 11 098675 91 1 11 094875 91 1 11 1.01875 91 1 11 1.07875 91 1 11 0.93875 1
2110 10 1 11 044875 91 1 11 1.25875 91 1 1 11 120675 91 1 11 1.34875 91 1 11 1259875 91 1 11 1.23875 91 1 11 1.12875 1
T[110 10 1 11 0.78266 31 2 21 3.04310 31 2 8 90 3.44608 76 3 29 3.33613 76 3 29 2.85638 77 3 29 4.29829 81 3 33 1248829 3
2110 10 1 11 051319 31 2 21 320324 31 2 8 23 248716 65 8 23 2.92721 65 8 35 284820 73 8 36 447855 81 3 36 4.3/854 3
3110 10 1 11 0.8875 91 1 11 1.34875 91 1 1 11 130875 91 1 11 1.18875 91 1 11 138875 91 1 11 1.2§875 91 1 11 1.34875 1
4110 10 1 11 1.12875 91 1 11 148875 91 1 1 11 151875 91 1 11 148875 91 1 11 164875 91 1 11 1.4§875 91 1 11 1.40875 1
T[110 10 1 11 0.98266 31 2 21 3.52310 31 2 8 90 566608 76 3 29 4.76613 76 3 29 3.66638 77 3 29 6.50829 81 3 33 19.40829 3
2110 10 1 11 0.66289 31 2 21 3.80314 31 2 8 23 343716 65 2 23 3.5/ 721 65 8 35 3.40840 73 8 35 527853 81 3 36 6.32853 3
3110 10 1 11 0.69875 91 1 11 1.73875 91 1 1 11 168675 91 1 11 164875 91 1 11 1.73875 91 1 11 1.80875 91 1 11 1.65875 1
4110 10 1 11 0.76875 91 1 11 2.03875 91 1 1 11 207675 91 1 11 212875 91 1 11 207875 91 1 11 1.60875 91 1 11 1.88875 1
T[110 10 1 11 1.74266 31 2 21 552310 31 2 8 90 521608 76 3 29 4.66613 76 3 29 462638 77 3 29 870829 81 3 33 31.04829 3
2110 10 1 11 1.36267 31 2 21 563324 31 2 8 23 493716 65 8 23 485721 65 8 35 477820 73 8 35 7.63853 81 3 36 8.05853 3
3110 10 1 11 1.35876 91 1 11 254876 91 1 1 11 218876 91 1 11 218876 91 1 11 214876 91 1 11 218876 91 1 11 2.26876 1
4110 10 1 11 1.5{876 91 1 11 240876 91 1 1 11 243876 91 1 11 237876 91 1 11 240876 91 1 11 230876 91 1 11 2.42876 1
T[110 10 1 11 166266 31 2 21 12.58310 31 2 8 90 7.72608 76 3 29 6.75613 76 3 29 8.83638 77 3 29 12.96829 81 3 33 30.15829 3
2110 10 1 11 1.74267 31 2 21 758314 31 2 8 24 214716 65 8 24 560721 65 8 36 6.16820 73 8 36 9.3§853 81 3 36 10.98853 3
3110 10 1 11 1.74875 91 1 11 2.71875 91 1 1 11 2.73875 91 1 11 293875 91 1 11 270875 91 1 11 279875 91 1 11 3.89875 T
4110 10 1 11 1.87875 91 1 11 2.87875 91 1 1 11 292875 91 1 11 3.00875 91 1 11 294875 91 1 11 3.32875 91 1 11 3.07875 i
T[110 10 1 11 2.07266 31 2 21 12.87310 31 2 8 90 10.12608 76 3 29 852613 76 3 29 8.13638 77 3 29 10.15829 81 3 33 38.12829 3
2110 10 1 11 2.15267 31 2 21 892321 31 2 8 24 6.86716 65 8 24 658721 65 8 36 7.00834 73 8 36 10.75867 81 3 36 12.45853 3
3110 10 1 11 223877 91 1 11 3.26877 91 1 1 11 354877 91 1 11 343877 91 1 11 3.60877 91 1 11 345877 91 1 11 354877 1
4110 10 1 11 2.12877 91 1 11 3.46877 91 1 1 11 366677 91 1 11 3.60877 91 1 11 362877 91 1 11 370877 91 1 11 352877 1

1440| 48247| 101160 32059| 84305| 1 |110 10 1 11 3.85266 31 2 21 22.40310 31 2 8 90 19.81608 76 3 29 17.08613 76 3 29 16.55638 77 3 29 20.23829 81 3 33 69.77829 3
T440] 48247| 101160| 32059 84305] 2 | 110 10 1 11 3.96266 31 2 21 21 %wwm 31 2 23 17.94523 48 8 24 14.43716 65 8 24 1424721 65 8 36 14.20820 73 8 34 22.3[853 81 3 36 24.2[854 3
T440| 48247| 103146/ 31766/ 83615 3 [ 110 10 1 11 440878 91 1 11 6.60878 91 1 11 7.08878 91 1 11 6.32878 9L 1 11 658878 01 1 11 697878 91 1 1l 6.95878 91 1 11 8.47878 1
T440] 48879| 104428| 32252 84586] 4 | 110 10 1 11 2.99878 91 1 11 563878 91 1 11 527878 91 1 11 6.64878 91 1 11 0.6487/8 0L 1 11 14.21878 9L 1 11 14.28878 91 1 11 11.2B878 1
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usingObjz andObj, there is a decrease of values - study other resolution methods most suitable to
of Obj;. However, it is interesting to note that when the complexity of the problem, such as constraints
multiple independent disturbances occur on the line, programming, able toproduce a setof possible so-
it is possible to decompose the problem in indepen- lutions.

dent subproblems. In this way, the train dispatcher

can give priority to the rescheduling of trains which

paths include stations where a higher level of service REFERENCES
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tracked railway network in which a CTC control sys- Vicuna, G. (1989). Organizzazione e tencica ferroviaria.
tem is installed. We propose a mathematical model Vol. II. CIFI; Collegio Ingegneri Ferroviari Italiani,

that operates as a decision support system for the train Roma.
dispatcher. The main goal is to find a decision support
system for the train dispatcher that is able to restore
normal traffic conditions after the occurrence of a dis-
turbance and to provide an adequate level of service
to passengers. We analyze four alternative objective
functions in order to find the optimal solution that is
a good compromise between total delay, number of
rescheduled trains and computational time.
There are many perspectives for this work:

- increase the complexity of the analysis, consider-
ing a greater number of disturbances on the line
that occur at different times and have different
size.

- introduce robustness in the rescheduling process.
A robust rescheduled timetable is less subject to
change if a new disturbance occurs on the railway
line.

- perform a structural analysis of the railway line
in order to verify if there are independent sectors
in which it is possible to predetermine an optimal
solution to applied when a disturbance occours.

introduce indicators of the complexity of the prob-
lem in order to assess the sensibility of the com-
putational time with these parameters.

- include aresolution strategy that allow the cancel-
lation of a train when the delay that it would accu-
mulate along the line exceeds a certain threshold.
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