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Abstract

A cruise company faces three decision problems: at a strategic level, to decide in
which maritime area and in which season window to locate each ship of its fleet; at a
tactical level, given a ship in a maritime area and in a season window, to decide which
cruises to offer to the customers; at an operational level, to determine the day-by-day
itinerary, in terms of transit ports, arrival and departure times and so on. This paper
focuses on the tactical level, namely on the Cruise Itineraries Optimal Scheduling
(CIOS), aiming at determining a scheduling of cruises with the objective to maximize
the revenue provided by a given ship placed in a specified maritime area, in a selected
season window, taking into account a number of constraints. In particular, we refer
to luxury cruises, implying several additional considerations to be taken into account.
We propose an Integer Linear Programming (ILP) model for such a CIOS problem.
This model has been experimented by a major luxury cruise company to schedule the
itineraries of its fleet in many geographical areas all over the world. A commercial
solver has been used to solve the ILP problem. Here we report, as illustrative examples,
the results obtained on some of these real instances to show the computational viability
of the proposed approach.
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1 Introduction

The annual reports issued by CLIA (Cruise Lines International Association) show
how the cruising industry has become the fastest growing sector of leisure and tourist
business. In particular the 2019 Cruise Industry Outlook (see [5]) points out that the
expected number of passengers in 2019 amounts to the order of 30 millions, with
an increase of 69% in the last 10years. Also in terms of capacity, an extraordinary
increase is recorded, because the companies make multimillion investments to have
more innovative and ever-bigger ships. While at December 2015, CLIA’s fleet was
composed of 448 ships, between 2016 and 2020, 65 new ships will sail (for more
details on the trends of the sector, see [6]).

As regards the current challenges for cruises management, in [16] the most impor-
tant ones are surveyed. In particular, in the cruising industry business, ships deployment
strategies and itineraries planning play a fundamental role. They are usually designed
according to economic and operational considerations, but they are also strongly
affected by the target market. Hence, the cruise companies can be divided into two
broad classes: the mass market class and the luxury market class. The mass market
cruise companies usually offer a catalogue of cruises where a same basic itinerary is
repeated many times, often week-by-week, aiming at satisfying customers at a first,
and probably unique, cruise experience, not requiring so much in terms of originality
of the itinerary. On the contrary, a luxury market company usually deals with return-
ing customers, which require new itineraries not previously experienced. Therefore a
luxury market cruise company is compelled to publish yearly a catalogue of cruises dif-
ferent among them and from the year before. The different demands between first-time
cruisers and more experienced cruisers are clearly stated in [3] and in the references
reported therein.

In its decision making process, a cruise company faces the following three levels
of management decisions (see, e.g. [15]):

— ata strategic level, the deployment of the fleet, that is to decide in which maritime
area and in which season window to locate each ship of its fleet;

— atatactical level, given a ship in a maritime area, in a season window, to establish
which cruises to offer to the customers, where each cruise is characterized by the
embarkation port, the disembarkation port and cruise length (in days);

— at an operational level, given a cruise, namely embarkation port, disembarkation
port and number of days, to determine the day-by-day itinerary, in terms of transit
ports, arrival and departure times in transit ports, and so on.

The problem of the Cruise Itineraries Optimal Scheduling (CIOS) concerns the tactical
level. It consists in determining the scheduling of the cruises offered to customers in
a given maritime area in a determined season period, with the objective to maximize
the company revenue, taking into account several constraints on the scheduling.
Although the cruise sector is of great and growing economical importance, it appears
that quantitative models in the decision processes are up to now rarely adopted to tackle
CIOS problem. Most papers on maritime transport regards the management of cargo
ships (see e.g. [4,9]); other papers deal with the management of passenger ferries
(see e.g. [17]). Only few papers deal with cruise ships management and they mainly
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focus on the Cruise Itinerary Design Problem (CIDP), namely the design of day-by-day
itineraries, that is they only consider the problem at the operational level [2,11-13,18].
In particular, see the recent paper [2] and the references reported therein for an update
literature review on the CIDP problem. Other papers are limited to economic, social
and environmental issues (see e.g. [14]). We have not been able to find papers on the
CIOS problem, i.e. which consider the tactical level, and it seems to be new in the
Operations Research literature.

In this paper, we consider the CIOS problem referring to a luxury market cruise
company and, as already observed, this implies several additional considerations to be
taken into account, hence an increased difficulty. In particular, three different types of
cruises must be considered:

— standard cruise: a cruise defined by an embarkation port, a disembarkation port
and a duration;

— cruise with a milestone: a cruise that must depart and/or arrive in a specific port
in a specific day of the season; its presence is usually due to some particular event
that a cruise must meet in some port;

— charter cruise: a cruise with both embarkation port/departure day and disembarka-
tion port/arrival day given. They are usually offered as corporate cruises.

The cruises with a milestone and the charter cruises are typically proposed only by
luxury cruises companies, being usually very expensive.

We propose an Integer Linear Programming (ILP) model for this problem. We
coded it by using AMPL language [8] and solved the resulting ILP problem by using
the commercial solver GUROBI [10]. Several real instances have been solved in order
to provide the cruise company with the itineraries schedule of its fleet in many geo-
graphical areas all over the world. It is important to note that the adoption of an exact
solution approach, rather than the use of some metaheuristic, is allowed since the
cruises scheduling is developed years in advance, before becoming operative, so that
a long computing time (even of some hours) for an instance is admissible. Of course,
if the computing time becomes too large, the run can be untimely truncated, getting an
approximate solution along with the optimality gap that gives a measure of the quality
of the current feasible solution.

This work has been developed within a joint project (named Magellano Project),
between ACTOR SRL' and a major luxury cruise company (which we do not mention
for the sake of privacy), aiming at providing cruise companies with a decision support
system able to tackle all three levels of the decision making process. As regards the
third level of the decision making process, the day-by-day itinerary optimization with
the objective to minimize costs and to maximize some attractiveness index of the
cruise, has been dealt with in the talk [7] and will be the subject of a subsequent paper.

The paper is organized as follows: in Sect. 2 the description of the CIOS is reported.
In Sect. 3 we describe in detail the mathematical model developed, and in Sect. 4 we
report some experimental results on real problem instances. Finally, some concluding
remarks are drawn in Sect. 5.

I ACTOR SRL is a Spin-Off of SAPIENZA University of Rome (www.actorventure.com).
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2 Problem description

The CIOS problem consist in selecting a subset of cruises among all the available
cruises in a given maritime area, in a determined season period, aiming at maximizing
the overall company revenue. Such revenue is estimated by using information on past
records of cruises in the same maritime area and by the same or similar ships, as
detailed in the sequel.

Now we report all the elements that characterize the CIOS problem. A ship, a
maritime area, a season window (defined with a starting and ending date) and a set of
turnaround ports of the area are given. These ports can be used as the embarkation
or disembarkation port of a cruise and their set is denoted by P. We highlight that
turnaround ports have some specific characteristics so that not all ports presented in
the maritime area con be considered. In particular, turnaround ports must be easily
reachable by passengers, e.g. being close to an international airport, and they could
also be attractive destinations where cruisers may spend a few days before or after
enjoying the cruise. Turnaround port can also be transit port but, of course, these latter
are of interest in the day-by-day itinerary planning and not in the CIOS problem.

The first cruise of the season must start at a given embarkation port p/"S" € P,
where the ship must be docked at the beginning of the season; the last cruise must end
at a given disembarkation port p/®! e P, where the ship will be docked at the end
of the season. In the sequel, for the sake of shortness we denote them pf i and pl“,
respectively.

The basic requests which must be taken into account in the selection of the cruises
are the following:

C1: the disembarkation port of a cruise is the embarkation port of the next cruise,
except for the first ( p/1) and the last (p'?) port visited during the season;

C2: in absence of milestones and charter cruises, disembarkation and embarkation in
aport p € P (with p # p/’ and p # p'®) occur in the same day;

C3: for each port p € P, the minimum and the maximum number of allowed visits
of the port p is given. We denote them nvgﬁ“ and nvy™* , respectively;

C4: for each port p € P, the minimum number of days between two consecutive visit
of the port p is given and denoted by nd;nin;

C5: aset £ of the cruise durations (in days) allowed is assigned and for each £ € L the
minimum and the maximum number of cruises of duration £ which are allowed

in the schedule is given. They are denoted by nc?‘i“ and ncy™, respectively.

While constraints C1 and C2 are basic constraints, i.e. usual continuity constraints,
constraints C3, C4 and C5 are relevant to luxury cruises. Indeed, they clearly aim at
offering a catalogue of cruises differentiated enough among them. We call constraints
C3-C5 operational constraints.

To complete the description of the notations used, we indicate the days of the season
period as elements of the ordered set D = {0,1,2,...,N} (d = 0andd = N are
the first and the last day of the season, respectively). The cruises can start at any day
d € D and d° and d¢ denote the day of the embarkation and disembarkation of a
cruise. Similarly, d/7 and d'“ indicate the day of embarkation at p/’ and the day of
disembarkation at p’. This distinction is necessary since, both d/ and d'* will be
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determined by the optimization process and, as described in the sequel, it could be
dft £ 0and d # N.

Therefore, if we denote by C the set of all possible cruises that can be operated by
the ship in the given area and in the assigned season segment, any cruise C € C is
characterized by the embarkation port p¢ € P, the disembarkation port p? € P, the
day of embarkation d¢ and the duration ¢ € L. Hence, it results

C={(p p*d,0)ePxPxDxL}

and each cruise is identified by a quadruple C = (p°, pd ,d¢, 0).

In the case of cruise with milestones, we can have a milestone on embarkation, i.e.
a request for a cruise which must embark from a prefixed port p¢ on given day d¢
and/or a milestone on disembarkation, i.e. a request for a cruise which must disembark
in a prefixed port p¢ on given day d¢. We denote by M¢ the set of the pairs M¢ =
{(p¢,d°) € P x D} indicating milestones on embarkation and by M¢ the set of
the pairs M4 = {(p?,d%) € P x D} indicating milestones on disembarkation. A
charter cruise is a cruise with embarkation and disembarkation ports, duration and
embarkation day assigned. We denote by C<” the set of the charter cruises, i.e. the set
of particular quadruples C" = {(p¢, p?, d*, £) € C}.

Finally, observe that the season segment could not be exactly covered by cruises
of given durations ¢ € L. Therefore we must allow for some days tolerance ndt/* on
the day d/* of embarkation in p/?, so that, actually d/* € {0, ..., ndt’'}. Similarly,
some days tolerance ndt'® on the day d'® of disembarkation in p'* are allowed, so
that d'* € {(N — ndt'®), ..., N} (see also Fig. 1 in the sequel).

In the absence of milestones or charter cruises, a feasible solution for the CIOS
problem, i.e. a feasible cruise schedule, is a sequence of cruises {C;};>1, with C; =
(ps, pid, d?, £;) € C, ordered according to df such that

(i) there exists
(p/' phal 0 = (. pl.df. L) eC. withd/" € {0, ..., ndt!"};
(ii) there exists M > 2 such that

(PSgs Py dSys €m) = (P, P, A" — Ly, ty) € C,
with d € {((N — ndt'), ..., N};

(iii) foralli =1,..., M — 1,

d
Pip1 = Pi
diyy =di +Li; 2.1)
(iv) it results
M
DR % 2.2)

i=1
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(v) the operational constraints C3, C4 and C5 are satisfied.

The cruise defined in item (i) is the first cruise (C1) of the sequence. The cruise defined
in item (ii) is the last cruise (C ) of the sequence which embarks in the day d'® — €.
Of course, the value of the integer M (the number of cruises scheduled in the season)
is not known in advance, but it will be an output of the optimization process.

In the presence of milestones or charter cruises some days off in port, ndof !, can
be expected between the end of cruise C; and the beginning of the next one C i+,

i=1,...M — 1. So that, in this case, (2.1) and (2.2) are replaced by
df,y =df + 0 +nd?’ 2.3)

M

Y oi+nd) < N. @24)

i=1
The maximum value allowed for nd”f fi=1,...
nd()ff

max-
Finally, we denote by S the set of feasible cruise schedules, i.e. the set of sequences

= {Cy, ..., Cy} which are feasible solution for the CIOS problem.

For the sake of clarity, we summarize in Table 1, the fundamental elements of the
CIOS problem up to now introduced.

Now we turn to the computation of the company revenue. For each cruise C; € C
the net revenue r(C;) is given by the company. It is estimated from past records of
cruises by the same or a similar ship deployed in the same maritime area. Forecasts
on the cruise market trend can be also taken into account to possibly upgrade this
revenue. Therefore, to any feasible schedule S € S it is associated a total net revenue
given by

M — 1, is given and indicated by

R(S)= Y r(C. 2.5)
l<i<M
CieS
Moreover, for any S € S, a payoff is due for the number of days of the schedule off
in ports, i.e. for the not sailing days of the ship. This payoff can be computed as

PO =w(@ + N —d+ Y nd), (2.6)

1<i<M-1
C;ES

where w is a suitable parameter which accounts for the loss of revenue due to the days
of the schedule off in ports. Of course, P O(S) # 0 if there exist days tolerance at the
beginning (d fi # 0), at the end (dl“ # N) of the schedule, or between the cruises C;
and Ciyy (nd?”” # 0 forsomei =1,..., M —1).

Now we can formally state the CIOS problem as the problem of determining $* € S
which maximize the objective function R(S) — PO(S) for all § € S, namely the
problem
max R(S) — PO(S)

[5es @
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Table 1 Summary of the elements which characterize a CIOS problem

P The set of turnaround ports
e, pd eP Embarkation/disembarkation port of a cruise
pf i pl“ eP Embarkation/disembarkation port of the first/last

cruise of the season

nvg’i“, nv‘;,‘ax Minimum/maximum number of allowed visits of
port p

ndg‘in Minimum number of days between two
consecutive visit of port p

L Set of allowed cruise durations

y4 An allowed cruise duration ¢ € £

nc?‘i“, ncznax Minimum/maximum number of cruises of
duration ¢ allowed

D=1{0,1,2,...,N} Ordered set of the days of the season

d¢,d? eD Embarkation/disembarkation day of a cruise

dli d' e D Embarkation day at pf i /disembarkation day at

pl“ of the first/last cruise of the season

ndtf1 Number of days tolerance allowed on the da
! Y : y
d’? of embarkation in p/’

ndrla Number of days tolerance allowed on the day
d'“ of disembarkation in p'®

ndff I Number of days off in port between cruise C;
and C;

ndﬁ{;i Maximum value allowed for ndiof I ,
i=1,...M—-1

C Set of all possible cruises in the given area

C = p.de. 0 A cruise C € C

M€ Set of milestones on embarking

M Set of milestones on disembarking

ceh Set of charter cruises

S Set of all feasible cruise schedules

S={Cq,...,Cy} A feasible cruise schedule S € S

3 The mathematical model
In this section we describe the mathematical model we propose for solving the CIOS

problem. First we report the problem data which constitute the data parameters of the
model. Then we introduce the decision variables of the model.

3.1 The model parameters

The data parameters are:

e the sets P, C, M¢, M4, C, L,

@ Springer



G. Di Pillo et al.

e the ordered set D = {0, ..., N};

e the ports p/i, p'* € P;

e for each p € P, the values nvgﬁ“, nvgl"‘x, ndg‘in € N, with nvgﬁ“ < nvg“:lx <N
and ndlr,ni“ < N;

e for each £ € L, the values nczni“, ncznax e N, with nc‘g1in < nc‘g‘ax;

e the number of days tolerance allowed ndt/1, ndi'® e N, with ndt/* < N and
ndt'® < N; 3y 3y

o the number of days off in port allowed nd’%; € N, with ndLl < N;

e for each C € C the value of the revenue r(C) € R;

e the parameter w € R.

All these parameters have been already described in Sect. 2. They are summarized
in Table 1; the parameter w is introduced in (2.6) and its meaning is expounded
immediately after.

In the model implementation we also need a technical parameter, denoted by BigM,,
adopted to allow binary variables to turn constraints on or off.

3.2 The decision variables

Preliminarily, for the sake of brevity of the notation, for each p € P, we introduce a
set V(p) € N which is the set of the number of allowed visits at the port p during the
whole season, namely

V(p) ={neN| nv;,ni“ <n< nvgax}.

Now we can define the decision variables of the model we propose. First we introduce
the following binary variables used for identifying the sequence of the cruises in the
schedule:

1 if a cruise of duration ¢ starting from port p¢,
X (. p 0 np npt) = vi;iteq for the np®-th tjme, f':md a.rri.ving to port
e ’ p®, visited for the np“-th time, is in the schedule

0 otherwise,

where p¢ € P, p? € P, £ € L and np® € V(p°), np® € V(p?) are integer variables
used to take into account the request on the minimum/maximum number allowed of
visits of ports p¢ and p?, respectively.

Then we introduce other binary variables for coupling a cruise with its embarkation
and disembarkation days:

1 if a cruise of duration £ starting on day d*
from port p¢, visited for the np®-th time,
ye(p, p¢. 0, np¢ np?, d¢) = arriving to port p?, visited for the np?-th time,
is in the schedule
0 otherwise,
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1 if a cruise of duration £ ending on day d¢
in port p¢ , visited for the np?-th time,
v (p¢, p?. €, np®, np?, d?) = originating from port p¢, visited for the np®-th
time, is in the schedule
0 otherwise,

where p¢ € P, p¢ € P, £ € L, np¢ € V(p°) and np? € V(p?). Of course, if it
results x(p¢, p?, £, np®, ip®) = 1, then both y*(p¢, p¢, €, rip¢, rip¢,d®) = 1 and
yi(pe, p¢, €, np¢, ip?, d?) = 1, for some d°, d? e D.

Then, in order to identify the embarkation day (from p°) and the disembarkation
day (in p?) of a cruise, taking into account the number of times a cruise Vvisits a port,
we need to specify these days also on the basis of the counters np¢ and np“. Hence,
we introduce the following integer variables:

g°(p¢, p?, €, np¢, np?) e D: the embarkation day from the port p¢, visited for
the np°-th time by a cruise of duration £ which disembarks in the port p?, visited
for the np?-th time,

g% (pe, p?, £, np¢, np?) € D: the disembarkation day in the port p¢, visited for
the np?-th time by a cruise of duration ¢, originated from the port p¢, visited for
the np®-th time,

where p¢ € P, p? € P, € € L,np® € V(p°) and np? € V(p?).

Of course, the decision variables up to now introduced are not indipendent. Con-
straints (3.5) and (3.6) reported in the sequel, show the relationship among them.
Actually, some of them could be eliminated, but we prefer to keep them in the descrip-
tion of the model, since their removal would make the expression of the constraints
much less readable.

Finally, we need to identify the starting day d/? of the first cruise and the ending
day d'“ of the last cruise of the sequence, hence we introduce the following pair of
integer variables:

nd/t e {0,1,..., ndtfi}: the number of days that elapse from the first day of the
season (day 0) to the embarkation day of the first cruise of the sequence (d fiy,
nd' € {0, 1, ..., ndt'*}: the number of days that elapse from the disembarkation
day of last cruise in the sequence (d'“) to the last day of the season (day N).

The value‘ of thes¢ variables enables to determine the days d fi and d'; in fact, it
results d/7 = nd/" and d'* = N — nd'“.
Finally, for each port p € P we introduce the following integer variable:

nd°’f (p,np) € 0, ..., nd&é{(}: the number of days that the ship spends in the port
p visited for the np-th time, if there are days off in port p between the disembarkation

day in p and the embarkation day from p of two consecutive cruises.

Figure 1 provides an illustrative example of the variables nd’", nd' along with the
parameters ndt'* and ndt/*.
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U
0 1 % 3 -"1 § ? . . N-.4 N-.3 N:Z N.ll I.V
ndﬂ ndla
( J E—
r
ndt/t ndt'®
Fig. 1 Scheme for a season segment {0, ..., N}. Example of nd/t = 4, nd"® = 2 and days tolerance

ndtf! = 6, ndt!e = 4

3.3 The objective function

In terms of the decision variables now introduced, the objective function of the CIOS
problem defined in (2.7) can be expressed as follows. Since the net revenue of a cruise
C = (p°, pd, d¢, ¢) for all C € C is a given issue denoted by r(p°®, pd, de, t), for
each feasible cruise schedule S € S, the total net revenue (2.5) can be written

ROH=YY3Y (r(p, q.d. 0% Y Y(p.g.t.n.m, d)). 3.1
peP geP deD tel neV(p) meV(q)
Similarly, the payoff (2.6) can be expressed as
PO(S) = w(ndf" +nd+ Y Y nd (p, n)). (3.2)
peP neV(p)
Then we define the objective function to be maximized as
R(S) — ¢ - PO(S), (3.3)

where ¢ > 0 is a real parameter enabling us to give different weights to the term
P O(S) in the objective function.

3.4 The constraints

In this section we describe the set of constraints which define the feasible set S in
(2.7). They are structural constraints and operational constraints.

3.4.1 Structural constraints

e Constraints forcing at most one cruise at each day:

ZZZ Z Z y(p,g.t,n,m,d) <1,

pEP qeP LeL neV(p) meV(q)

33 > g tonmad) <1

peP qeP LeL neV(p) meV(q)

(3.4)
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foralld € D.
The first constraint in (3.4), impose that at most one cruise can embark each day.
The second one is the analogous but corresponding to disembarkation days.

o Constraints that define the embarkation days and disembarkation days:

> d - y(p.q.tnp.ng.d) = g°(p.q. L, np. nq),
deD

> ¥(p.q. t,np,ng,d) = x(p,q, ¢, np, nq) (3.5)
deD

> d -y p.q.t.np.ng.d) = g*(p.q. L, np.nq),
deD

Z Y (p.q. €. np.nq,d) = x(p.q. t,np,nq), (3.6)
deD

forall p,q € P, forall £ € L and for all np € V(p), nq € V(q).

Constraints (3.5) can be easily interpreted as definitions of departure days, since
they couple the decision variables x, y, g¢ with the cruise departure days d. Con-
straints in (3.6) are the analogous but corresponding to disembarkation days.

e Constraints which impose that the first cruise in the schedule must embark from
p/, thatis p/? must be visited for the first time by the first cruise of the sequence:

SO x(pl g 1)+ x(pl pl 1,2 = 1,

qeP teLl tel
q#p’

YY" xpplen 1y =0.

peP teLneV(p)
p#p?

(3.7)

More precisely, the first constraint in (3.7) assures that either one cruise embarking
from p/* and disembarking in any other port, visited for the first time is selected,
or a cruise departing from p/7 and disembarking in the same port, visited for the
second time, is selected. The second one, completes the first one, by imposing
that no cruise, departing from whatever port (except than p/) can end in p/?
visiting p/7 for the first time. Indeed, the first time of visiting p/’ has to be the
first departure, not an arrival.

e Constraints which assure that the last cruise in the schedule must disembark at
la.
p:

ZZ Z x(‘]’plavevmvnp)_zz Z x(pla1Q»Kvnpvm)

qeP teL meV(q) qeP teL meV(q)

<BigM (1= %" > x(g.p“ tmunp+D|, (3.8)
geP teL meV(q)
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for all np, (np + 1) € V(p'®), with p'® £ pfiornp # 1.

Z Z Z Z x(p, p'., €, n,m)

peP LeLneV(p) meV(pla)

=220 2 2 xgtnmy=1if p't £ plt,

qeP LeL neV(pla)ymeV(q)

2.2 2 2 xpptbnm

peP LeL neV(p) meV(pla)

=YY Y x(' g tonm) =0, if pl*=pll. (3.9

qeP teLneV(pla)ymeV(q)

Constraints in (3.8) express the fact that, if the cruise disembarking in p’®, visiting
p'@ for the (np + 1)-th time is selected, then the difference within the absolute
value must be zero, i.e. the number of all the cruises that disembark in p'?, visiting
p'@ for the np-th time and the number of all the cruises that embark from p'@,
visited for the np-th time must be the same.

Constraints in (3.9) impose that there must be one additional cruise disembarking
in p'® compared with all the cruises that embark from it. The only case in which
there can be the same number of cruises embarking and disembarking in p'®, is

pla — pfi.

e The continuity constraints given by (2.3):

g (p.q.t,np.ng) = g°(p. q, £, np,nq)+ L-x(p, q, £, np, nqg)+nd’"’ (g, nq)
forall p,q € P, forall £ € L and for all np € V(p), nq € V(q).
e The constraint on the number of days off in port:

nd’ (q,nq) <nd3L YY" D" x(p.q,t,m,ng), (3.10)
peP teL meV(p)

forall g € P, forall nqg € V(q)

Constraint (3.10) allows days off in a port ¢ € P in the sequence of cruises if

ndgl{i{ > 0 and set nd®// (¢, nqg) = 0 if no cruise disembarking in the port ¢ is

selected.

e Constraints which ensure that for any port p # p/i, p # p®, if the ship disem-
barks np times at port p, then it must also embark np times from p:

2.0 2 x@ptnnp) =3 30 D X(pgitanpm) (3

geP teLneV(q) geP teL meV(q)

forall p € P, p # p'@, forall np € V(p), with (p # p/* ornp # 1).
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e Constraints that sort the number of visits in the same port:

DD xg.pbonnp+ D)<Y N N x(g, p.ton,np),

geP teLneV(q) qgeP teLneV(q)

DD D x(pag bnp+1lm)< Y N " x(p.gq. £onp,m),

qeP teL meV(q) geP teL meV(q)

DD D x(peg bnp+1lm) <y N Y x(g, p. £m,np),

qeP LeL meV(q) qeP LteL meV(q)
(3.12)

for all p € P and for all np, (np + 1) € V(p), with p # p/i ornp # 1.
Constraints in (3.12) guarantee that the number of visits at the same port is increas-
ing. Therefore, a port p cannot be visited for the (np + 1)-th time unless it has
been already visited for np-th time.

e Constraints that sort the days of visits in the same port:

BigM I—ZZ Z x(gq,p,t,m,np +1)

qeP LteL. meV(q)
Y30 g ptomnp+ 1) =Y > Y g%q. p.L.m,np),
qeP teL meV(q) qeP teL meV(q)
BigM [1=>"3" 3" x(p.q.t,np+1,m)
geP teL meV(q)
+ 3> g tap+1my= D " " gp.q. tnp,m)
qeP teL meV(q) qeP teL meV(q)

(3.13)
for all p € P and for all np, (np + 1) € V(p).
The first constraint in (3.13) imposes that, if the cruise going from port g to port p,
visited for the (np + 1)-th time, is selected, than the day of embarkation of a cruise
going from any port ¢ and disembarking at port p, visited for the (np + 1)-th time,
must be greater than or equal to the day of embarkation of a cruise going from any
port g and disembarking at port p, visited for the np-th time.
Similarly, the second constraint in (3.13) requires that, if the cruise embarking from
port p, visited for the (np + 1)-th time, and disembarking at port ¢ is selected,
then the day of disembarkation of a cruise embarking from port p, visited for the
(np + 1)-th time, and disembarking at any port ¢ must be greater than or equal to
the day of disembarkation of a cruise embarking from port p, visited for the np-th
time, and disembarking at any port g.
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e Constraints that sort the days of disembarkation and embarkation in the same port:

ZZ Z gd(qspvg’m’np)fzz Z ge(P,q,E,np—i-l,m)

qeP teL meV(q) qeP teL meV(q)

+ BigM (1 —x(p,q,¢,np +1,nq)),
(3.14)
for all p € P and for all np, (np + 1) € V(p).
Constraint in (3.14) requires that the day of disembarkation of a cruise that dis-
embarks at port p for the np-th time must be smaller than or equal to the day of
embarkation of a cruise that embarks from port p for the (np + 1)-th time, if such
a cruise is selected.

e Constraint which define the first embarkation day from p/':

SN e pq 611 = na'l.
qeP ¢t
q#p”

This constraint states that the embarkation day of the first cruise of the season must
be equal to the variable nd/".

e Constraints which define the last disembarkation day in p'®:

ZZ Z gd(pa plaagananq) SN_nd1a5 (3'15)
peP teL neV(p)

for all ng € V(p'?);

N=nd®=>"3" 3" ¢p. p" t.n.np")

peP teL neV(p)
<min (1-X Y T st o
peP teLneV(p)
+Y D x(pptnnp+ 1) ],
peP LteLneV(p)
for all np'® e {nv;‘,if, .. .,nv;}ix — 1}
Nt = Y X (oo o)
peP LeL neV(p)
(3.17)
. l
<BigM (1= "% > x(p,p' €,n,nol)
peP teL neV(p)
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Constraint in (3.15) states that the disembarkation day in p'@ of the last cruise in the
season (as well as of any other cruise disembarking in p'?) is selected respecting
the defined days tolerance.

As regards the constraints in (3.16), the right hand side of (3.16) is zero only if
port p'@ is visited for the np!®-th time and not visited for the (np'® + 1)-th time,
that is if the np/®-th visit is the last visit of port p'® in the season window. In this
case (3.16) states that the last disembarking day in p’® must be greater than or
equal to the day defined by N — nd'®. Constraint (3.15) along with (3.16) implies
that the disembarking day of the last cruise of the season, namely d'?, is equal to
N — nd'.

Constraint (3.17) is analogous to constraint (3.16), but it applies to the case that
np'® reaches the value nv™*

pla .

e Sequencing constraints:

YD g tonpmy =Y " Y g%g, p, &, m,np)

qeP teL meV(q) qeP teLmeV(q)

<BigM |1—- Z Z Z x(q, p, €, m,np) | +nd®’ (p,np),
geP teL. meV(q)
(3.18)

forall p € P, p # p'@, forall np € V(p), with (p # p/? ornp # 1);

ZZ Z ge(plaqugvnpsm)_zz Z gd(q,pl(l,g’m’np)

qeP LeL meV(q) qeP teL. meV(q)

< BigM | 1— Z Z Z x(q, p'“, €, m, np)

qgeP teL meV(q)

+BigM [1=Y"3" 3" x(q.p" . &.m.np + 1) | +nd”/ (p". np),
qeP teL meV(q)
(3.19)
for all np, (np + 1) € V(p'®), with (p # p/i ornp # 1).
Constraints in (3.18) express the requirement that if some cruise disembarked in
p, with p # p'@, visiting p for the np-th time, with p # p/% or np # 1, then
the difference between the embarkation day and the previous disembarkation day
at the port p, visited for the np-th time, must be equal to the number of days off
nd®’f (p, np) of staying moored in p. Constraints in (3.19) express the analogous
requirement for p = p®.
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3.4.2 Operational constraints

A second set of constraints must be considered for taking into account the additional
requirements on the schedule given by constraints C3—C5. They are reported in the
following.

e Constraints on minimum and maximum number of cruises of duration £ allowed:

neMin < x(p,q, €, n,m) <ncy*™
¢ ZZ Z Z P-4 ¢

peP qeP neV(p) meV(q)

forall £ € L.
e Constraint on minimum number of days between two consecutive visits at the same
port:

DX gl tmap+ =YY" Y gp.g. tnp,m)

qeP teL meV(q) geP teL. meV(q)

> ndy™ — BigM [1=Y "> 3" x(q.p.t.m.np+1)
qgeP teL meV(q)
(3.20)

forall p € P and for all np, np + 1 € V(p).
Constraint (3.20) makes sure that, if a port p has been visited for the np-th time,
and there is a subsequent visit in the same port p, a minimun number of days must
elapse between these two visits.

e Constraint on minimum and maximum number of visits in each port:

S YN D0 D wHpaasbonm) = nop™

peP LeL neV(p) meV(q)

forall p e P, p # pl°

<3N NN g 1 S (B2D)

q€eP teLneV(pla)ymeV(q)

Constraint in (3.21) allows one additional visit in pl“, besides the maximum num-
ber of visits on that port, in order to assure that p'® is always be reached.

e Milestones on embarkation, i.e. ports to be visited on embarkation in specified
days:

3 Y vefq tonmdy =1, forall (p¢.d°) e M.

qeP LeL neV(p®) meV(q)
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e Milestones on disembarkation, i.e. ports to be visited on disembarkation in speci-
fied days:

Y000 > el enmah =1, forall (p?,d?) e M.
peP LeL neV(p) meV(pd)

e Constraints that define charter cruises:

ST Yo pttnamdy =1, forall (p°,p?. t.d%)eC.
neV(p¢) meV(p?)

4 Some experimental results

As already mentioned, the main aim of this paper is to propose an ILP model for the
class of CIOS problems, with a particular focus on luxury cruises. The overall goal
is to provide a luxury cruise company with a decision support system able to face
the three levels of decisions reported in the Introduction, where the CIOS problem
represent the important intermediate level. The CIOS problem is dealt with well in
advance, usually two years before the interested season, hence it represents an off-line
decision stage. In other words, in practice, the computing time for solving the CIOS
problem, actually is not a critical issue. Therefore we decided to use a standard ILP
solver, rather than to develop some metaheuristic.

The availablity of a large database including all the main ports of the world usually
visited by cruises enabled to perform an extensive experimentation of our model on
several different maritime areas, with season segments of different lenghts, for different
ships and taking into account many different operational constraints. Of course there
is no room to report here the results of such large experimentation. In order to give
evidence of the viability and the reliability of the proposed approach, we limit to
describe in the sequel some results obtained on real instances as illustrative examples.

Following the indication of the cruise company, for the particular ship and maritime
area considered in this experimentation, the value of the parameter w which appears
in the objective function corresponding to the payoff in (3.2) has been set to w =
188, 008.6 US$. Moreover, in the experimentation reported in the sequel, we choose
¥ = 10 in (3.3) and we set BigM = 10°. Bigger values of ¥ could be adopted in
order to further “penalize” the introduction of days off in port in the optimal schedule,
since these are are usually not desirable. Note that, according to this last approach, in
the experimentation reported here, we also set nd,%j;{( = 0, hence allowing days off in
port only in the first (p/7) and in the last (p’®) port of the cruise schedule.

We coded the ILP model described in Sect. 3 by using AMPL language [8] and we
used the GUROBI 8.1 solver [10] for solving all the problem instances considered. The
runs have been performed on a PC with an Intel Core 17-2600 3.40 GHz Processor
and 16 GB RAM. Moreover, we set the maximum CPU elapsed time to a prefixed
time_limit. The quality of the solution obtained is measured by mean of the relative

optimality gap (rel_opt_gap).
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Now we describe an example of a real instance of the CIOS problem. We consider
a given ship located in the Mediterranean maritime area in the season segment April
01-June 30, 2019.

The problem data of this example are the following:?

P = {PTLIS, ESBCN MCMCM, ITCVV, ITVCE, GRPIR};
D={0,1,2,...,91};

plt = p'® = PTLIS;

L=1{7,10,12};

C=1{(p¢ p?d ) e P xPxDx L}

the revenues r(C) in US$ for each cruise C € C.

The cruises which can be considered in this season, for the assigned maritime area,
taking into account all the possible durations are 108 different cruises; moreover, since
the embarkation day of each cruise can vary within the season segment, on the overall
we have an upper bound on the number of different possible cruises equal to 9, 828
(we do not report the complete list).

Moreover, we have the following operational requests:

e Minimum and maximum number of visits for each port nv)"™, nv;}** along with

minimum number of days between two consecutive visit of a port nd ;"":

PTLIS ESBCN MCMCM ITCWV ITVCE GRPIR
nylyin 2 1 1 1 1 1
nvgax 2 3 3 4 3
ndin 10 10 7 7 10

e Number of days tolerance and days off in ports allowed:

ndt’t =3, ndt'® = 4, nd?/ =

e Minimum and maximum number of cruises of duration £ € £ allowed ncy*" and

max.
nc,

e A milestone on disembarkation in MCMCM (Monaco Monte Carlo port) on May
14, 2019 (May 14-25, 2019, Cannes Festival) and no milestone on embarking:

M = ((MCMCM, 48)}, M =9 “4.1)

2 The name of the ports are reported according to the United Nations Code for Trade and Transport
Locations (UN/LOCODE Code List ) which is a combination of a 2-character country code and a 3-character
location code (e.g., PTLIS denotes Lisbon in Portugal, ITCVV indicates Civitavecchia, the port of Rome, in
Italy, GRPIR Piraeus, port of Athen, in Greece). The complete list can be found at www.unece.org/cefact/
locode/service/location.html.
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=17 =10 =12
nemin 3 1 1
ncnax 10 3 2

Table 2 Optimal cruise schedule for Scenario 1

Seq. p¢ pd 14 np® npd d° ad revenue

1 PTLIS ESBCN 7 1 1 7 1,188,247
2 ESBCN GRPIR 10 1 1 7 17 1,784,382
3 GRPIR ITVCE 10 1 1 17 27 2,822,643
4 ITVCE MCMCM 12 1 1 27 39 3,261,511
5 MCMCM MCMCM 7 1 2 39 46 1,557,281
6 MCMCM ITVCE 7 2 2 46 53 1,666,549
7 ITVCE GRPIR 7 2 2 53 60 1,534,232
8 GRPIR ITVCE 7 2 3 60 67 1,428,613
9 ITVCE ITCVW 10 3 1 67 77 2,216,900
10 ITCVW MCMCM 7 1 3 77 84 1,462,973
11 MCMCM PTLIS 7 3 2 84 91 1,557,281

tot_revenue = 20,480,612, nd/t = ndl¢ = 0, rel_opt_gap =0.16

e A charter cruise with p¢ = p? = ITCVV (Civitavecchia port) in the period June
01-08, 2019 (Corporate convention at sea):

CM = {(ITCVWV, ITCWV, 62, 7)}. 4.2)

In particular, we consider 3 different scenarios of this instance:

Scenario I: the problem instance without milestones and without charter cruises,
ie. M? = M€ = @ and C" = @, which correspond to standard cruises;
Scenario 2: the problem instance with the milestone on disembarkation (4.1) and
no charter cruise, i.e. C" = @;

Scenario 3: the problem instance without milestones, i.e. M4 = M¢ = ¢ and
with the charter cruise in (4.2).

In solving the ILP problems arising from these scenarios we adopt the CPU
time_limit = 3600 seconds.

Now we report the output schedule obtained, i.e. the sequence of cruises in terms
of their embarkation (p¢) and disembarkation ( pd ) ports, duration £ (in days), number
of visits of the ports p¢, p? (np¢ and np?), embarking (d¢) and disembarking (d%)
days, net revenue (in US$) of each selected cruise, overall net revenue (tot_revenue),
possible days gap at the first and at the last port, namely nd/* and nd'®, and the relative
optimality gap (rel_opt_gap).

In particular, Table 2, Table 3 and Table 4 report the optimal schedule for Scenario 1,
Scenario 2 and Scenario 3, respectively.
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Table 3 Optimal cruise schedule for Scenario 2

Seq. P pd 14 np np d° al revenue

1 PTLIS ITCVW 7 1 1 0 7 1,188,247
2 ITCVWVW GRPIR 10 1 1 7 17 1,784,382
3 GRPIR ITCW 10 1 2 17 27 2,822,643
4 ITCWV ITCVWV 2 3 27 34 1,975,850
5 ITCVWV ITVCE 3 1 34 41 1,464,977
6 ITVCE MCMCM 1 1 41 48 1,462,973
7 MCMCM ITVCE 12 1 2 48 60 2,291,561
8 ITVCE MCMCM 2 2 60 67 1,462,973
9 MCMCM MCMCM 2 3 67 74 1,557,281
10 MCMCM ESBCN 3 1 74 81 1,666,549
11 ESBCN PTLIS 10 1 2 81 91 2,053,218
tot_revenue = 19,730,654, ndft = nd@ = 0, rel_opt_gap = 0.19

Table 4 Optimal cruise schedule for Scenario 3

Seq. pe pd 14 np np d° a4 revenue

1 PTLIS ESBCN 7 1 1 0 7 1,188,247
2 ESBCN GRPIR 10 1 1 7 17 1,784,382
3 GRPIR ESBCN 10 1 2 17 27 2,822,643
4 ESBCN MCMCM 7 2 1 27 34 1,975,850
5 MCMCM ITVCE 7 1 1 34 41 1,666,549
6 ITVCE GRPIR 7 1 2 41 48 1,534,232
7 GRPIR GRPIR 7 2 3 48 55 1,379,656
8 GRPIR ITCVWV 7 3 1 55 62 1,428,613
9 ITCW ITCVWV 7 1 2 62 69 1,464,977
10 ITCW ESBCN 12 2 3 69 81 2,431,270
11 ESBCN PTLIS 10 3 2 81 91 2,053,218

tot_revenue = 19,729,637, ndfi = ndle = 0, rel_opt_gap =0.17

Even if the output schedules obtained in these three scenarios are only illustrative
examples, they clearly highlight that the approach proposed in this paper is viable in
solving both standard CIOS problems, i.e. without operational constraints on mile-
stones or charters cruise (Scenario I) and problems involving specific operational
requests (Scenarios 2-3). Moreover, it is worthwhile observing that in all the three
cases a relative optimality gap lower that 0.20 is obtained within the CPU time limit.
Moreover, note that in the three cases both nd fi and nd' turns out to be zero.

We report in the following figures the maps corresponding to the optimal solution of
the Scenario 1,1.e. the 11 cruises whose schedule is detailed in Table 2. We splitted the
maps into three figures for clarity. In particular, Figure 2 shows cruises 1-4, Figure 3
shows cruises 5—7 and Figure 4 shows cruises 8—11.
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Fig.2 Scenario 1, days {0, ..., 39} of the cruises detailed in Table 2. Cruise 1: a 7-days cruise (in black).
Cruises 2 and 3: two 10-days cruises (in green). Cruise 4: a 12-days cruise (in red) (color figure online)

Vo

Fig. 3 Scenario 1, days {39, ..., 60} of the cruises detailed in Table 2. Cruise 5, 6 and 7: three 7-days
cruises

Fig.4 Scenario 1, days {60, ..., 91} of the cruises detailed in Table 2. Cruise 8: a 7-days cruise (in black).
Cruise 9: a 10-days cruise (in green). Cruises 10 and 11: two 7-days cruises (color figure online)
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To assess whether a better accuracy can be achieved, we performed another
experimentation on the Scenario I: we set the required relative optimality gap
rel_opt_gap=0.10 aiming at evaluating the CPU time needed to obtain such accu-
racy. Starting from a relative optimality gap of 1.98 (at the first feasible solution) it
turned out that a CPU time of 25 hours is necessary. It is also worth noting that the
corresponding optimal value is fot_revenue =20,662,249 and hence only an improve-
ment smaller than 1% is get with respect to the optimal value obtained by one hour
CPU time, with rel_opt_gap=0.16 (see Table 2).

Although the main focus of this paper is not on computational aspects of the CIOS
problem, we report in the sequel some results obtained on other problems instances.
The aim is to give an idea on the performance of the solver used in tackling CIOS
problems of increasing dimension. Therefore we considered two variations of the
Scenario 1 obtained by lengthening the season segment. The rationale behind this
choice is that, from the extensive testing performed (not reported here), we noticed
that an elongation of the season length, strongly affects the performance of the solver
adopted. Therefore we considered two further standard cruise scenarios (i.e. without
milestones and charter cruises) denoted by Scenario 1B and Scenario 1C. Of course,
we needed to change accordingly the operational requests on minimum and maximum
number of visits for each port and on minimum and maximum number of cruises of
duration ¢ allowed as follows:

e Scenario 1B—Season segment April 1-July 31, 2019:

PTLIS ESBCN MCMCM ITCVWV ITVCE GRPIR
nyipin 2 1 1 1 1 1
nv 2 4 4 4 4
=7 =10 =12
ncznin 5 1 1
ncznaX 15 4 3

e Scenario 1C—Season segment April 1-August 31, 2019:

PTLIS ESBCN MCMCM ITCVWV ITVCE GRPIR
nymin 2 1 1 1 1 1
nyMmax 2 5 5 5 5 5
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=7 t=10 =12
nefpin 10 1 1
ne 20 7 5

Note that the size of the latter Scenario 1C, actually goes far beyond a realistic scenario,
since the season segment therein considered exceeds four months which is the max-
imum length of season segment usually adopted by cruise companies when dealing
with CIOS problem.

Without reporting the complete output schedules obtained for the new scenarios,
we now summarize in the following Table 5 the characteristics of the three scenarios
(the new ones, along with Scenario I) and the optimality gap reached within a prefixed
CPU solving time. In particular, we report:

e length of the season segment (in days);

e size of the corresponding problem instance in terms of number of variables and
number of constraints of the ILP model;

e CPU time_limit (in hours) and the corresponding value of the relative optimality
gap (rel_opt_gap) obtained within such limit.

It is important to highlight that the number of variables and the number of constraints
reported in Table 5 refer to the “adjusted problem” after presolving. As well known,
presolve phase aims at reducing the model size and tightening the formulation. We
only recall that presolve remove redundant information (in terms of variables and
constraints) by performing single/multi-row and columns reduction and we refer to
[1] for any detail on the presolve phase. In our experimentation, we adopted the
standard presolve provided by GUROBI 8.1 solver with presolve_level = 1. Of course,
the elapsed time due to presolving is included in the total solution time.

First, Table 5 clearly points out how the problem size increases as the length of
the season segment grows. As concerns the performance of the solver, if we refer to a
relative optimality gap of 0.25, on both the real scenarios (Scenario I and Scenario IB)
this value is reached within a reasonable time. Indeed an elapsed time of 3 hours can be
considered feasible, taking into account that, as already observed, the CIOS problem
represents an off-line step of the decision process, and cruise companies usually deals
with it many months (even years) in advance. As regards Scenario 1C (which we
artificially created) the 5 months long season segment leads to a larger dimension
problem and 18 hours of computational time are not enough to reach the prefixed

Table 5 Summary of the characteristics of the three scenarios, CPU time limit adopted and relative opti-
mality gap obtained

Season segment (days)  Variables  Constraints  CPU time_limit (h)  rel_opt_gap

Scenario 1 91 135,796 5459 1 0.16
Scenario 1B 122 306,037 9087 3 0.24
Scenario IC 153 535,860 12,655 18 0.26
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relative optimality gap of 0.25. Even if this gap can be considered, in general, not a
very good performance, we highlight that it is achieved starting from an initial gap
(corresponding to the first feasible solution) which is usually greater than 1.90.

Of course, in our extensive experimentation, we also observed the solver perfor-
mance on several instances obtained by increasing the number of ports in the set P
and the number of cruise durations £ € £, but there is no room to discuss these results
in this paper.

5 Conclusions

In this paper we considered the CIOS problem, focusing on luxury cruises, which
is an emerging market segment. We described in detail the ILP model we propose
for determining an optimal schedule of cruises, aiming at maximizing the overall net
revenue of a ship operating in a given maritime area, in a selected season segment. This
problem corresponds to the tactical level, the second one, of the three levels decision
making process of a cruise company. We showed that the model we proposed allows
the user to obtain a complete cruises schedule of a ship for a whole season segment,
by using a commercial ILP solver. Considerations about the performance of the solver
on some instances of the problem are briefly reported, too.

The model we proposed has been experimented by a luxury cruise company to
schedule the cruises of its fleet. This experimentation was possible, since we comple-
mented the development of the model with a friendly graphical user interfaces to enter
data corresponding to different scenarios and to display results, as well as to perform
“what-if”” analyses.

This work has been developed within an innovative project (named the Magellano
Project) covering all three levels of the decision making process, as well as related
issues of interest for the sector of the cruise companies, like e.g., the cruise prices
optimization, the emergency evacuation of a ship, the on board food supply chain.
The approach adopted is based on models and methods of Operations Research and
we believe that the cruise sector could greatly benefit by adopting these models and
methods to an extent larger than the present one, which is definitely very small.

Acknowledgements The authors wish to thank the anonymous referees for their useful suggestions and
comments which led to improve very much the paper.
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