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Abstract—In this paper, a planning problem is analysed for a this field). For instance, in [7] a multiobjective progranmgi
consolidation transportation system in order to serve diferent model is defined in order to plan passenger train services;
transportation requests (i.e., orders) with different origins and [8] a model is proposed for a scheduling recurring rail
destinations and different characteristics. The considexd trans- deliveries of bulk commodities from a set of suppliers to a
portation system is a railway network provided with innovative .
terminals (where handling operations are realized very mub S€t of customers. Instead, the present work does not aim at
faster than in traditional terminals). Therefore, a box can planning train schedules, while the objective is the definit
in g.ene.ral be loaded on different trains before reaching its of optimal laoding/unloading plans, i.e. the optimal assignt
destination. _ - of boxes to trains. A peculiar characteristic of this plamni

This planning problem is faced at two decisional levels, .
corresponding to the off-line planning and the on-line mortoring procedure is that boxes of the same ‘?m_'er are n.o.t forced to
and control of the system. The off-line planning procedure ans ~ follow the same path on the network. This is a specific problem
at defining a detailed transportation plan in order to satisfy all for which no similar research papers can be found in the
requests and minimize the overall cost. This is achieved by a |iterature.
preprocessing analysis and, then, the solution of a mathertieal The main focus of this paper is on defining a planning pro-
programming problem. The on-line planning phase aims at . . - )
facing a criticality happening during the system operation At this cedure for ord_er—ba_sed tranqurtatlon operations in wagil
purpose, a three-step procedure is devised in which the impaof N€twork, both inoff-lineandon-lineframeworks. As a matter
the criticality is evaluated and, then, a local solution is sarched; of fact, as it usually happens when managing complex systems
if it is not found, a global optimization procedure is run. two decisional phases must be addressed, correspondimg to a
off-line static planning procedure and to an on-line plagni
scheme able to react to system criticalities. More in paldic

Intermodal transportation can be defined as the transpon# suppose that all orders are known at a given time instant
tion of a person or a load from one origin to one destination iy which an off-line planning is realized (as already desedi
adopting different transportation modes such that the gdarin [9]). Then, when the system is working, it can happen that
between different modes is realized in intermodal ternsinasome data used to make the off-line planning are no more
A significant part of freight trade is moved in containersvalid because of some critical events (for instance, a ti®in
Container traffic has continuously increased in the lasts/edate and the considered timetable is no more correct). k thi
and it is actually increasing, because of many advantagel, scase, an on—line planning procedure is applied, as desdribe
as the standardization, greater safety levels and redwogd c the present paper. Of course, the on-line planning proeedur
handling operations. In the field of intermodal transportaust be consistent with the off-line one, sharing the same
tion, an important distinction is that between consoliiati objective function and considering the same constraints.
transportation (where a convoy moves freight for different The paper is organized as follows. In Section Il the con-
customers and often with different origins and destinati@s sidered problem is analysed and the objective of the paper is
in the present paper) and customized transportation (ictwhihighlighted. Sections Ill and IV are, respectively, dedbte
a transportation service is reserved to a particular custpm the detailed description of the off-line and on-line plaugni

Some general review works in the field of planning androcedure. In order to better clarify these planning apgines,
optimization of logistic and freight transportation syste an example is provided in Section V. Finally, some concleisiv
are [1], [2], [3], [4], [5]. This paper is devoted to plan-remarks are reported in Section VI.
ning transportation operations in railway networks in orde
to satisfy a transportation demand represented as a set of
orders (indicating an origin, a destination, the quantify o The problem described in this paper is based on a new
containerized goods to be moved, time delivery specifioatio concept of freight railway network where railway terminals
and so on). Many research works can be found about plannarg provided with innovative transfer systems for contane
railway operations, in which the main objective is the otim and swap bodies. Actually, in the last years, new technefogi
scheduling and routing of trains (see [6] for a review work ohave been designed and developed in order to make handling

I. INTRODUCTION

Il. PROBLEM DESCRIPTION



operations. In traditional terminals, loading and unlogdi PLANNING HORIZON

movements are realized by means of cranes which handle e t
containers vertically, preventing from loading/unloaglantrain \
/ Off-line planning

under the electric line. Then, trains need to be moved out of
the rail line by diesel locomotives, causing very long dslay
terminals. For this reason, traditional rail freight trpog is Fig. 1. On-line and offline planning phases.
realized with point-to-point trains without intermediatops,
which result profitable only for large volumes of goods. On
the contrary, when innovative systems (based on a horizortze off-line planning phase and the on-line control phase.
transfer) are applied in the terminals of a network, hamgdlinThe former phase is devoted to the definition of the optimal
operations are certainly faster than the traditional omethese way of serving orders with the available railway network;
cases a new concept of railway transportation is developedt is based on static and forecasted data. The result of this
container can move from an origin to a destination node Iphase is a detailed plan that will be applied to the system
changing different trains on the path, exactly as it hapgenson-line. Though, the system operation is generally inflednc
passengers. by stochastic aspects, in particular in such a complex syste
These innovative railway networks need to be efficientlgs an intermodal network. These stochastic elements can be
managed and organized and this gives rise to new planniigwed generally as perturbations of the expected system
problems related to transportation operations on sucharksv behaviour which has been considered in defining the off-line
and, more in general, on intermodal networks (composed @&n. For this reason, the off-line plan, when applied on—
road pickup and delivery routes and rail routes). It is to Hae, can turn out to be no more feasible, or still feasible
noted that rail operations and road operations represemt thwut no more effective. During the on-line phase the system
separate phases in the overall transportation networkt.i®Raiis monitored and, if the off-line plan is no more valid, a
generally adopted for longer transportation operatiossas replanning procedure is applied.
ated with high volumes of goods whereas road is dedicated toA sketch of the decision phases of off-line and on-line
shorter distances and smaller volumes. Moreover, these tplanning is provided in Fig. 1. The planning procedure is
phases involve different transportation resources that iar defined for a given time horizon (that can be for instance
some sense, “synchronized” within terminals. When dealireg week). Orders relative to this time horizon can arrive at
with planning transportation operations, it is thus pdssimd different time instants (because customers issue theirsrd
even more effective to separate decisional aspects relewanwhenever they want) but within a fixed deadline. Orders
rail operations from what concerns road operations. Maggovarriving after this deadline are not taken into account when
road operations are more flexible than the rail ones; for thisaking the transportation planning. After the deadline th
reason the planning problem on railway networks must ledf-line plan is realized (by running a suitable optimipati
faced firstly, assuming to have infinite road resources ptes@rocedure) and, as a result, the off-line plan is decided and
at terminals whenever necessary, and this is just the perpfigzed. If between the deadline and the end of the planning
of the present paper. horizon a criticality happens, the on—line procedure mest b
Specifically, this paper deals with the definition of an opapplied.
timization procedure for planning transportation openadiin
order to satisfy a transportation demand represented ds0é se
orders. An order corresponds to a request of moving a certainf he objective of the off-line planning is to find an optimal
quantity of products from an origin to a destination by usingolution to the problem of satisfying transportation osdey
the trains available in the network: each order is then défingsing the railway services provided on the considered rétwo
by specifying the quantity and type of boxes (either cortein This problem takes into account a given cost function, some
or swap bodies) to be transported, the origin and destimatigPecific constraints and the decisions concern the assignme
places and the requirements on delivery times. Since we ofifiyboxes to a given path in the network, to a sequence of
consider the railway network, without deciding about roa#ains (hence, a sequence of railway terminals) and to peci
transportation, we suppose that goods are provided at gimoriwagons on trains. Specifically, the off-line planning poe
railway terminal and they are collected at a destinatiowegi We have devised is composed of two phases:
terminal. As already pointed out, an important aspect of thi « preprocessing phaseaiming at defining the feasible
planning procedure is that boxes belonging to the same order sequences of trains over the network for moving the
can be split over the network, hence covering differentesut boxes of a given order from the origin to the destination

= =2 =
operations faster, yielding a strong improvement in intedai 1 11 1 0]
|

Deadline for order placements

I1l. OFFLINE PLANNING

and being loaded on different trains, in order to optimabg u (considering topographical characteristics, time dejive
the transportation services considering that trains amaials requirements about orders and train timetables);
are limited resources. « optimization phaseconsisting in the solution of a math-

As it usually happens when complex systems must be ematical programming problem (starting from data pro-
managed and planned, two decision phases are considered: vided by the preprocessing) such that each box is assigned



Network topography Data on orders . . .
The considered railway network is represented by means of

Train timetables an oriented graply = (N, £), where\ is the set of nodes
‘ (railway terminals) and’ is the set of links in the network.
The input data of the preprocessing phase are listed in the
following:
‘ e on, € N,dn, € N,o =1,...,0, i.e. the origin and

destination node; for ord@: _ _ _

o 1", 0=1,...,0, i.e. the time instant in which goods of
ordero are ready at the origin node;

o trinortmaz,or © = 1,...,0, i.e. the minimum delivery
time instant and the maximum delivery time instant for
ordero;

e o, [0, 0=1,...,0,i.e. the cost term related to an early
and a late delivery for order (both are defined per box
and per time unit);

e« L, C L, r=1,...,R, i.e. the path covered by train

defined as a sequence of links;
o dtyy,at,;,l € Lo,r = 1,...,R, i.e. the expected
Fig. 2. The off-line planning procedure. departure time at the origin of link and the expected
arrival time at the end of linkfor trainr (train timetable);
e 0p,n € N, ie. a cost term related to the handling
to a train sequence and to a wagon of each train com- operations of one box at terminal (defined per box);
posing the sequence in order to minimize all costs. e pn, n €N, i.e. a cost term related to the storage of one

A sketch of the off-line planning procedure is provided in ~ box at terminakn (defined per box and per time unit);
Fig. 2. In the preprocessing phase orders are processed one & Rn, € N, i.e. the set of trains including node in
a time because the objective is to determine all the feasible their path.
train sequences for that order (on the base of data about thgyvhen an order is considered in the preprocessing phase,
network, about train timetables and about time specifinatiothree decision levels are faced. Firstly, the possible path
of the considered order). The output of the preprocessipgl the network are computed and this only depends on the
phase, i.e. the feasible train sequences for each ordetandretwork topography. Secondly, the trains available fovieer
relative costs, is then used as an input for the optimizatige considered order are defined (this latter decision dipen
procedure. This latter needs other input data, such as soghedelivery times for the order). Then, some cost terms are
information about each box of each order, some information @omputed. These three phases of preprocessing are describe
wagons of each train and other physical characteristich®f tn the following.
system. The optimization procedure, based on the solufian 0 | order to compute the possible paths for a given order, it
mathematical programming problem, provides as an outjeut {8 necessary to know the origin and destination nodes for the
off-line plan (optimal assignment of boxes to train seq@snCorger and the network topography. A number of alternative
and to wagons on trains). In the following subsections, thths Np, connecting the origin and the destination of order
preprocessing phase and the optimization one will be destiri , js defined; each of these paths is described as a sequence of

Data on boxes Data on wagons

Data on terminals Physical constraints

in detail. links, gathered in a sef,, C £, p=1,..., Np,. Note that
) this is a completely static information, which results tothe
A. Preprocessing phase same for each order having the same origin-destination pair

The objective of the preprocessing phase is the definitionThe definition of the set of feasible trains for serving order
of the sequences of trains that can be used for servingséased on a specific iterative procedure (we do not repert th
given order; we refer to sequences of trains because each bomplete algorithm in this paper for space limitations)eTh
is generally transported by more than one train within tHeasic idea of this procedure is considering all train tirhis
path from its origin to its destination. This computatiomcaand looking for the feasible trains for each path. Speclfical
be done on the base of data about the network topograghg proposed algorithm starts from the last link of each path
and about static information on orders, such as their aigithe set of trains traveling on this link and arriving at the
and destinations and the time delivery requests. The algectend of it within the requested time window is defined and
of this preprocessing computation is not the assignment afcorresponding time window referred to the origin of the
orders to trains, which of course must take into account thest link is computed. Then, the previous link is considered
availability of resources and will be matter of the optintiaa and another set of feasible trains on that link is defineds Thi
problem; for this reason, the preprocessing can be realizacedure is iterated until reaching the first link of thehpat
considering orders one at a time. verifying that the first train is feasible with the time instan



which goods are available at the origin railway terminaleThto one of such sequences. The assignment decision is taken

outputs of this procedure are the following:

for each ordern and for each pathp, p = 1,..., Np,,
Ns, p train sequences are defined;

each train sequenc®, , s,s = 1,...,Ns,p, IS a vector

1 x |£, | listing the trains for each link of patp for
ordero; .
Rops:P=1,...,Npo, s =1,...,Ns,,, is the set of
trains included in sequenceof pathp for ordero; .

S ymm P =1,...,Npo,n € N, € Ry is the set
gathering the indices of sequences of patfor ordero .
such that boxes are unloaded from traiat noden (by
definition, the elements of s&!,,, . must be> 1 and .
< Nsop);

St p=1,...,Np,,neN,reR, is analogous
to the previous set but refers to loading operations;
SlpmmP = 1,...,Npo,n € N, € R, refers to
transfer operations (i.e. trains that pass a given node ang
do not involve any loading/unloading operations).

by solving the optimization problem described in the présen
subsection. For stating and solving this problem, the dutpu
data of the preprocessing phase are used, as well as other dat
about quantities to be moved, physical constraints on drain
and resource capacities, as listed in the following:

Nb,, 0 = 1,...,0, i.e. the number of boxes (either
containers or swap bodies) associated with oeger

o, 0 = 1,...,0,b = 1,...,Nb,, i.e. the length of
box b of ordero;
Wop, 0 =1,...,0,b
box b of ordero;
Q.,r=1,....R, ie.

1,...,Nb,, i.e. the weight of

the maximum weight that train

can move;

K., r=1,...,R, i.e. a cost term related to the use of
train r;

W,,r=1,..., R, i.e. the number of wagons for trai
Qry,r=1,...,R, w=1,...,W,, i.e. the maximum

bearable weight for wagow of train r;

Some cost terms are computed since they are associated 11, ,, r = 1,...,R, w = 1,...,W,, i.e. the length of
with the sequence of pathp for ordero and do not depend
on planning decisions: .

E, , s is the earliness cost for each box: this cost term is
computed starting frona, and considering the earliness
determined by serving orderwith sequences;

T, p.s is the tardiness cost for each box, computed startinge
from j3,, analogously to the earliness cost;

RT,, . is the cost associated with railway terminals
where boxes are loaded/ unloaded (it is computed as the
sum of the cost term§, for each involved terminal);

wagonw of train r;

on, n € N, i.e. the maximum number of handling oper-
ations (loading and unloading) for each train at terminal
n (this term depends on the handling capacity provided
by each terminal);

Wprn € N,r € R,, ie. the set of wagons of
train r that can be worked in the terminal (in fact,
some physical constraints on railway terminals could
cause a limitation in the number of train wagons where
loading/unloading can be performed).

STo.p.s 1s @ storage cost related to the wait of boxes in all The planning problem is then stated as a linear binary inte-
terminals involved in the considered sequence (compuiggr programming (BIP) problem since the decision variables

consideringp,, and the relative storage time length).

are required to be either 0 or 1. More specifically, the pnoble

Note that all these cost terms depend not only on thcision variables are:
sequence but also on the order, because they could be wetighte
in a different way for different orders, taking into account *
management and pricing aspects that are not considered here
The overall cost, ,  for the sequence of pathp for order
o is computed as follows:

1

C’o.,p.,s - C— (Eo,p,s + To,p,s + RTo,p,s + STo,p,s) (1)
o,p

Yobps € {0,1},0 = 1,...,0,b = 1,...,Nb,, p =
1,...,Npo, s=1,...,Ns,p, assuming value 1 if bok
of ordero is assigned to sequengaf pathp, otherwise
equal to 0;

Zobpsrw €10,1},0=1,...,0,b=1,...,Nb,, p =
1,...,Np,, s 1,...,NSop, 7 € Rops, W
1,...,W,, assuming value 1 if box of order o is
assigned to wagom of train » in sequences of path

where(, , is a cost term relative to priority of paths. Actually, )
the planner could distinguish among the different paths con P> Otherwise equal to 0; _ _
necting each origin-destination pair depending on a pyiori * Varablesz. € {0,1}, r =1,..., R, assuming value 1 if
level, such that there is a primary path, then a secondary one trainr is used, otherwise equal to 0.

and so on. More specifically, we defigg, as a parameter The following problem can be written where the objective
between 0 and 1, taking value 1 when pattfor order o function to be minimized considers the cost terms assatiate
is the primary one and taking lower values for secondamyjth train sequences (computed in the preprocessing phase)
tertiary paths, and so on. In this way, being the sum of thend train costs.

previous defined cost terms divided By, this results to be  Problem 1: Find

a weighting term, which favors the choice of primary paths. R

Z K, -z,
r=1

)

O Nb, Npo, Nsop
min

B. Optimization phase nin ZZ Z Z Copos * Yobps +

Once all the possible train sequences have been defined foto.b.p.s.rw 0=1b=1p=1 s=1
each order, it is necessary to assign each box of any order



subject to

Npo, Nsop

S5 Yosps=1 o0=1,...,0b=1...,Nb, (3)

p=1 s=1

W,
E Tob,ps,rw = Yo,bp,s o=1,...,0b=1,...,Nb,
w=1

p=1,...,Np,s=1,...,NSopT € Rops (4)

Nb, Np, W,

(@]
§ § § Wo,bZ0,b,p,s,rw S Qrzr

0=1 b=1 p=1 se(SL usT ) w=1

o,p,n,r~0,p,n,r

neNreR, (5

o
§ § To,bLo,b,p,s,r,w S Hr,w

0=1 b=1 p=1 se(SL usT

o,p,m,T o,p,nm)

neNreR,w=1,..., W, (6)

o
E § Wo,b%0,b,p,s,r,w < Qr,w

0=1 b=1 p=1 se(SL usT )

o,p,n,T o,p,n,T

neNreR,w=1,...,W, (7)

[ W,
§ § § Lo,b,p,s,r,w S On

0=1 b=1 p=1 se(SL usvy ) w=1

o,p,n,r~0,p,n,r

neNreR, (8)

o]
Z Z Z Z Lo,b,p,s,rw — 0

o=1b=1 p=1 s(Sk usy )

o,p,n,T o,p,n,T

neNreR,wgW,, (9)

Yobp.s € {0,1} o=1,...,0b=1,...,Nb,
p=1,...,Np,s=1,...,Ns,, (10)

Tobp,s,rw € 10,1} o=1,...,0b=1,...,Nb,

p=1,...,Np,s=1,...,Nsopr € Ropsw=1,..., W,
(11)

z. € {0,1} r=1,...,R (12)

Constraints (8) regard the maximum handling operations tha
can be performed for each train at a given terminal. Finally,
constraints (9) impose that, if in a given terminal some wesgo
cannot be loaded/unloaded for any physical constraints, th
corresponding decision variables are not assigned.

As already noted, Problem 1 is a linear BIP problem that can
be solved by standard mathematical programming techniques
and tools.

IV. ON—LINE PLANNING

The on-line planning aims at defining new assignments of
orders to train sequences when a criticality happens during
the system evolution. Different types of critical situaiichave
been taken into account, such as:

« trains delayed or out of order;

« links delayed or out of order;

« nodes delayed or out of order.

All these criticalities can be seen as disturbances to the
system dynamics if compared to the off-line planning. When
the system faces a critical situation, the on-line planrgg
supposed to be realized in 3 phases:

« analysis phaseaiming at evaluating the impact of the
present criticality; in case this impact is considered-seri
ous, the local optimization is applied;

« local optimization phasewith the function of finding a
local (i.e. generally sub-optimal) solution that replattes
off-line plan by facing the present system perturbation;

« global optimization phasaiming at replanning all orders
by solving again Problem 1 (of course, taking into
account the present criticality); this phase is run only
when the local optimization has failed.

The general decision scheme of the on-line planning pro-
cedure is provided in Fig. 3. The detailed off-line plan, as
well as all static data, must be known during the on-line
system operations. Whenever a criticality happens, it rhast
considered and categorized (delay, out of order, and so on).
Then, the analysis phase can be applied in order to verify
the impact of the perturbation on the system: if there are no
critical boxes, this means that the criticality is not infitial;
if, on the contrary, the perturbation is too serious, theagion
cannot be faced by a replanning but only manually by human
operators. In the intermediate case in which there are some
critical boxes, the local optimization phase is applied.oTw
possible cases arise: if a local solution is found, it is &gapl
(hence, changing the off-line plan); if the local optiminat
procedure is not able to find a feasible solution, the global
optimization is called (thus solving a similar problem te th
one faced off-line). Again, there are two possible cases: if

Constraints (3) impose that each box of each order dgobal solution exists, it is applied; otherwise, the diiom
assigned to one and only one train sequence, while (flst be treated manually.

impose the relation betweef 1, , s andz, p p. s o Variables.
Moreover, constraints (5) concern the maximum weight th

A Analysis

each train can bear; these constraints define also theorelati The analysis phase is applied whenever a criticality hagpen

77777

impose that boxes assigned to wagons are compatible with evaluating the effects of the present criticality on the-off
the wagon length and the weight limitations for each wagon. line plan;



Off-line plan Static data . .
with the corresponding orde&, , s,s = 1,...,Nsop, p =

1,...,Np,, are analysed and the infeasible train sequences
are cancelled. This analysis depends on the type of cittical
« link out of order: train sequences including that link or
train sequences including a train that covers the link out
of order (before passing in the link included in the train

. no impossible sequence) are cancelled;
« node out of order: train sequences including that node or
ves train sequences including a train that includes the node
¢ out of order (before passing in the link included in the
train sequence) are cancelled;
« train out of order: train sequences including the train out
of order are cancelled;

ﬁ Apply local s. « delays on nodes, links and trains: the evaluation is

Criticality

analogous to the one of out of order but, in this case,
¢no the verification is whether the boxes arrive at destination

late or in time; only in the former case, the related train
sequences are cancelled.

If at the end of this procedure there is at least one feasible

yes train sequence for every baéxe 5,, o € O, we are in case 2),
H then the local optimization phase is applied. Otherwistngfe

no
is at least one critical box such that no feasible train seges
Fig. 3. The on-line planning procedure. have been found, we are in case 3), i.e. the criticality canno
be solved by local/global optimization and the intervemtad
a human operator is required.
« on the basis of this evaluation, deciding whether a Iocgl Lo
e . . Local optimization
replanning is necessary/possible or not.

The analysis phase aims at evaluating how the pres%nfs already stated, the local optimization phase is applied

criticality affects the system behaviour. For instancejsit or every boxb € B, 0 € O, a_it least one fe_a5|b|e train
seguence has been found. Starting from the first element of

pOSS|bI§ that the train capacity is exceeded, some phyS|g%Bo (that is the most critical box) the following procedure
constraints are not met, one or more orders are delayed, an

. . - 13 applied:
so on. Generally speaking, three possible decisions can be . .
taken after the analysis phase: « all the train sequences are analysed for the considered

I . . . box, in particular verifying whether the box can stay in
1) the C.m'ca.‘“ty 'S considered irrelevant, hence the lbrie- those trains in the relative link (verifying the constraint
plan is still valid;

2) the criticalit . local lannina:- on weight and length);
) the criicality requires a local replanning, « if for a box a feasible train sequence is found, this box
3) the criticality is so serious that it cannot be solved by

lannina but onl v b h ¢ is cancelled from the set of critical boxes;
replanning but only manualfly by a human operator. « if for a box a feasible train sequence is not found, it

More specifically, the analysis phase is realized in two  remains in the set of critical boxes and the following box
steps. Firstly, the set of boxes for which the assignment (to s considered:
a train sequence, as in the off-line plan) is no more feasible, i all hoxes have been analysed and there are no more

is computed. This infeasibility can happen because, wiéh th  critical boxes, the procedure is terminated successfully
present criticality, these boxes are too late or becausediee (a local solution has been found);

assigned to a train that is out of service or because their pat, it there are still critical boxes, it is necessary to verify

includes a link/node that is out of service, and so on. In this  whether there is at least one feasible train sequence for

way a seiO of critical ordersand a sef3, of critical boxesfor one remaining box; in this latter case, the procedure is

each critical order are computed. If there are not criticadds, applied again, otherwise it ends as a failure, thus the

i.e.O =0 andB, = (), we are in case 1) corresponding to an global optimization is applied.

irrelevant criticality. For every bok € B, o € O, a criticality

index is computed (related to the delay and the number &f Global optimization

critical boxes of the same order). The global optimization phase is applied when the local
The elements of each s#,, o € O, are analysed starting one has failed. This means that analysing all the criticaklso

from the one characterized by the highest criticality inded b € B,, o € O, and the relative train sequences, a feasible

going on until the one with the lowest criticality index. Fer-  assignment of these boxes to these train sequences has not

ery critical boxb € B,, o € O, all train sequences associatedeen found. Even though a local solution has not been found,

Global solution?



TABLE |
DATA ABOUT TRAINS.

|z dty) atr Ky
r=1 | {a,b,d} 2.00 8.30 15.00 7.00 12.00 17.30 90
r=2 {a,c} 3.30 10.30 9.30 18.00 200
r=3 {e} 14.00 20.00 170
r=4 | {a,b,e} 5.0012.0018.30 10.30 17.00 22.30 230

Each train is characterized by a given (small) humber of
wagons, i.eW; = 3, Wy = 3, W3 = 4 andW, = 2. The
Fig. 4. An example network. maximum weight and length for each wagon are reported in
Table Il. Considering again train = 1, it is composed of 3
wagons: each wagon can bear a maximum weight of 65, 70,

it is in generally possible to solve the present criticality ;g tons, respectively, and has a length of 18, 22, 22 metres,
means of the global optimization phase. respectively.

The global optimization procedure corresponds to the so-
lution of an optimization problem derived from Problem 1. TABLE Il
In general, the problem to be solved on-line is given by DATA ABOUT WAGONS.
Problem 1 in which some of the off-line decision variables
are now fixed. This happens for instance for those boxes that

Qrw,w=1,....Wr Tlpw,w=1,..., W;

have already been loaded on a train (hence, that assignment _"— ! 6570 70 18 22 22
to that train is no more matter of decision). Otherwise, & th r=2 707080 2222 25
criticality happens after the time instant in which the tiffe r=3 70 65 70 80 2218 22 25
planning has been realized but before the beginning of the r=4 80 80 2525

planning horizon, Problem 1 is run in its complete form.
We considerO = 2 orders to be served, whose data are
reported in Table Ill. For instance, order= 1 is a request
In this section, a simple example is reported in order w@f moving boxes from node 2 to node 4; goods are ready in
clarify the presented planning procedure, both in the ofirode 2 at 6.00 and the delivery time window is between 18.00
line and in the on-line version. The results reported @nd 20.00.
the following have been found by using a planning tool

V. EXAMPLE

TABLE Il

implementing the proposed off-line and on-line procedure. DATA ABOUT ORDERS.

All the modules have been coded inf @Gnd Cplex 10.0

solver has been used for the solution of the mathematical ono dno tU tr . Uhano
programming problem (Problem 1). The effectiveness of the o=11 2 4 600 1800 2000
overall decisional procedure has been tested considesimg s o—2 | 1 5 100 1900 2300

case studies based on realistic data. In this section, waetrep
a simple example in order to better clarify the concepts. These orders correspond to a certain number of boxes, i.e
In fig. 4 the considered simple network is shown. Moreove& T

- . .“N'b; = 3, and Nby = 2. The weight and length for each box
we suppose that the planning horizon corresponds to onkesin ) S : "
. . : . e reported in Table IV. Considering again ordet 1, it is
day (therefore, in the reported timetables and time |nstar(1:Om osed of 3 boxes. weiahing 30. 20. 18 tons. respectivel
the reference to the date is neglected and only the reference pos ' ghing 30, 24, ¢ ' P Y
: : - and being 12.5, 8, 8 metres long, respectively.
to hours and minutes is considered). The purpose of this

section is to clarify the main ideas at the base of the plapnin TABLE IV

procedures described above; for this reason, only the most DATA ABOUT BOXES.

significant data are considered, while some others are not

indicated. Wob, b=1,...,Nbp Top, b=1,...,Nbo
The example considers four train® (= 4) whose main o=1 302018 12588

data are reported in Table I. For instance, if we considén tra 0=2 27 28 125135

r =1, it covers linksa, b andd with the following timetable:

departure from from node 1 at 2.00, arrival at node 2 at 7.00;Consider now the preprocessing phase for orderl. Two
departure from node 2 at 8.30, arrival at node 3 at 12.0faths (Vp; = 2) are defined, as follows:

departure from node 3 at 15.00, arrival at node 4 at 17.30. Lo —(bd 13
The overall cost associated with the use of train= 1 is 1= {b,d} (13)
Kl = 90. £1,2 = {C} (14)



Preprocessing (taking into account train timetables andThe first box of order = 1 is assigned to wagon = 1
order time requests) finds one train sequence for each pafhtrain » = 1; the second box of order = 1 is assigned

(Nsi1 =1, Nsj o = 1), as follows:
Sii1=1[11]
Si21 = [2]

(15)
(16)

to wagonw = 2 of train r = 1; the third box ofo = 1 is
assigned to the third wagon of train= 1. The two boxes of
ordero = 2 are assigned to the second and third wagon of
trainr = 1, respectively, and to the first and second wagon of
train r = 3. Note that the two orders share train= 1 in link

This means that order =1 can be served in two possiblep: al| boxes can be transported in this same train on this link
ways: trainr = 1 on linksb andd (in this case, leaving from pecause weight and length constraints are met.

node 2 at 8.30 and arriving at node 4 at 17.30); traia 2

Obviously, variables;,., taking value 1, are; =1, 23 = 1

on link ¢ (leaving from node 2 at 10.30 and arriving at node 4ince only traing: = 1 andr = 3 are assigned to at least one
at 18.00). The cost, , s associated with each train sequencggx.

is then computed:

Cii11 =10 a7)

Ci21=5 (18)

Consider now the preprocessing computation for order
2. In this case, one path\(p, = 1) is considered, that is:

Lo ={a,b, e} (19)
Two train sequences for this path are fouds( ; = 2):

S11=[113] (20)

S0 =[444] (21)

Ordero = 2 can be then served in two ways: train= 1
on linksa andb and trainr = 3 on link e (leaving from node
1 at 2.00 and arriving at node 5 at 20.00); train= 4 on

Suppose now that, when on-line applying this plan, train
r = 3 is completely out of order and cannot leave (of course
we suppose to know about this problem when boxes are still
at their origin destination and have not yet left). Applying
the analysis phase, boxes of order= 2, which have been
assigned to a sequence including train= 3, are critical.
Hence,O = {2} and B; = {1,2}. For each box € B; a
feasible train sequence exist, i® 12 = [4 4 4]. Therefore,
the local optimization phase is applied.

The local optimization phase corresponds to analyse
whether it is possible to assign the critical boxes to thagntr
sequence or not. In this case, train= 4 is empty, thus all
boxes of ordew = 2 can be assigned to it. This is the result
of the local optimization and this replanning action is agxbl
to the system.

If, for instance, the criticality to face were link out of

links a, b ande (leaving from node 1 at 5.00 and arriving abrder, the critical boxes would be agaih = {2} and B =

node 5 at 22.00). Note that the first sequence involves a trdih 2}, i.e. all boxes of ordep

2. Nevertheless, in this

change at node 3. This is possible because the train coanectiase no feasible train sequences can be found for these boxes
is respected; in fact, train = 1 is expected to arrive at nodebecause there is only one path for ordet 2 and it includes

3 at 12.00 and the scheduled departure time of traia 3
from node 3 is 14.00.

The costC, , s associated with each train sequence is:

Cop,s
Cy11=5

Co12 =20

(22)

By applying the optimization procedure, hence by runni
Problem 1, the optimal values of the decision variables aP
found. The variableg, ; , . assuming value 1 in the optimal

solution are the following:
(24)
(25)

Y1101 =1 11211=1 mn311=1

Y2111 =1 y2011=1

This means that all boxes of order= 1 are assigned to

the sequenc§, ; ; = [1 1], whereas all boxes of order= 2
are assigned to the sequer8g; ; = [1 1 3]. Moreover, the
variablesz, ;. s r..» WhOse optimal value is equal to 1 are:

(26)
(27)
(28)

,,,,,,,,

T21,1,1,12=1 ®2211,13=1

T2,1,1,1,31 =1 ®221,132=1

n

link b.

VI. CONCLUSIONS

In this paper we have described an off—line planning
procedure and an on-line control framework for a railway
network. The objective is to serve different transportatie-
guests coming from different customers, with differengori

stination pairs and different characteristics. The lofé-
gEnning approach is composed of two phases, a preprogessin

janalysis considering one order at a time and the solution of

linear BIP problem. The on-line procedure, aiming at facing
unforseen system perturbations, is composed of three ghase
analysis, local optimization and global optimization.

All the modules have been implemented in. The math-
ematical programming problem has been solved by using
Cplex 10.0 solver. The effectiveness of the overall denio
procedure has been tested considering some case studiels bas
on realistic data. The most challenging phase with regard
to the computational times is certainly the off-line plarmi
phase in which all problem data are considered. Of course, th
computational times depend on the dimensions of the prgblem
thus the number of orders, the number of boxes per order, the
number of paths and of sequences for each path, the number of
wagons for each train. In any case, the time required by Cplex



to find the optimal solution is generally acceptable sinee th
problem structure is rather simple; this happens becaiese th
combinatorial aspects (such as the search of path and trains
in the network) of the overall decision problem are treated
in the preprocessing phase. An extensive evaluation of the
computational complexity of the proposed scheme is matter
of present and future research.
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