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Liner Ship Fleet Deployment
with Uncertain Demand

Shuaian Wang, Tingsong Wang, Xiaobo Qu, Zhiyuan Liu, and Sheng Jin

This paper points out that the deplovment problem of the liner ship
feet with uncertain demand is different from other logistics probl ems
with uncertain demand (e.g., truck fransport and airlines) becanse
container ships operate 24 h a day and 7 days a week. This difference
i= largely ignored in the literature. To address this problem, a multi-
level optimization model is developed. In addition to liner ship Aeet
deployment, the model is applicable to other liner shipping decision
problems, such as network design with uncertain demand, and to port
wperations planning preblems, such as berth planning with nncertain
ship arrival times,

A plobal liner container shipping company, sich as Maetsk Line or
OOCL. the Orient Overseas Container Line, operates weekly ship
routes with fixed schedules w ransport containes {{—3). The com-
pany deplovs suitable tvpes of containerships on each route accord-
ing tw the continer shiprment denand over planning horizon {e.g.,
of 6 months). Once a ship is deploved on a route, it usually serves
the route for the whole planning horizon. Incase of exeess container
shipment demand within the planning hortzen. the liner shipping
cotmpany may buy shipslos from other shipping companies to fulfill
the excess demand. Hence, deplovinent of lrger containemships pro-
vides more shipping capacity while incurring ahigher ship-operating
cost. Conversely, use of smaller ships redoces the ship-operating
cost at the expense of buving more slots. Therefore, a liner ship-
ping company must determing which tvpe of ship to deploy on a
route tominimize the total cost. This tsctical-level planning issue
is referred to as the liner ship fleet deplovment problem (LSFDP)
in the literamre (4-7).

A meajor challenge for sddressing the LSFDP is that container
shipient demand, which is the most impoctant input for the LSFDF,
cannot be predicted accurately. As a consequence, researchers have
developed stochastic optimization models by assuming that furue
demand ina week is a random variable with a known probability dis-
ribution function; o minimize, for example, the expected ol oper-
ating cost (& 9). Nevertheless, this paper demonstrates that existing
madels have shoreomings in forma lating the unceitain deimand.
MNew maodels are developed that overcome the shortcomings.
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COMPARISON OF LSFDP AND
OTHER LOGISTICS PROBLEM S

This section uses two exanples—a truck fleet size problem (TESP)
and a LSFDP (both with uncertain demand b—to demonsirate the
difference berween the LSFDP and other logistics problems.

Censider atrucking company that transports caneo fron s ooy
o warehouse ina planning honzon of T davs. The amount of carpo
o transport on each dav is a random variable. For ease of exposition,
it is assurmed that this random varisble has finite support. Wis the set
of demand scenanos. and positive number @ 15 the ocoume nce prob-
ability of scenario w & W The dulv amount of cargo o be trnsported
in scenario we Wis g The cost of operating a truck in the planning
horizon is €, and the smoun of corgo that can be transported by a
truck each day is V. The cargo demand on esch diy must be fulfilled.
If the ticking company does ot have encugh micks, itcan hire other
companies to transport the cargo at the cost of g per unit carpo. The
vucking company neads o deterning the optinal number of tucks
o operate, denoted by 2. to minimize the expected total cost. This
problem is a TESP.

Liner Ship Feet Deployment Problem

Consider & liner shipping company that operates the weekly ship
route shown in Figure L. The journey times from Port o to Pot &,
from & to o, fronn o to d, and from o to g are esch | week. Hence,
four ships must be deploved wo maintain weekly service. A planning
horizon of T weeks is considered. There are two origin—destinatien
{C-D ) pairs: Port o to Port ¢ and Port b to Port o Suppose that there are
wo demand scenarios for the weekly container shiprment derand
of the two O-D paiss: W= wy, uy ] with 0 = p*2 = 0.5, In scenatio wy,
the densand for O-D pait (o, o} is g = 5000 20-ft equivalent units
{TEUs) and for O-D pair {5, o) gt = 1,000 TEUS. In scenaio ws,
the demand is g2 = LO0D TELs and g7 = 5,000 TEUs, Suppose
that there are two tvpes of ships: V= [v, = 6000-TEL ships, va=
10, (MW-TEL ships ). The cost of deploving ships in tvpe ve Von
the ship route in the planning horizon s denoted by O, O, = C_.
The capacity of ships intvpe v Vis denoted by £ E = 6,004,
E,. = 10,00, The container shipment demand in esch week must
be fulfilled. If the liner shipping company does not have enough
capacity. it can buy slos from other shipping companies at the cost
of g, = 0 per TEU for O-D pair (o, ¢ pand g, >0 per TEU for Q-D
pair {fafy. Exactly one tvpe of ship can be deploved on the route.
The liner shipping conpany needs to deter mine the optinal tvpe
of ship o deploy to minimize the expected todal cost. For stmplicity,
ENPIY containers are not considered (10).

To address this LSFDP, binary varisble z, is defined. This variable
equals 1ifships intvpe v € Vare deploved and 0 otherwise. Variables
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T 1 1

(2)—twoue

FAGURE 1 Liner ship route,

x, i g, are the volome of containers {TEUs ) that are wansported by
other shippng companies for O-0 pair (a, o hand (b, o), respectively,
under scenario w & W In work by Meng et al. (%), the problen is
formulated &5 a singledevel (SL ) optimization model:

mmZ(‘ﬁﬁ Z T gato+ Basxis) {1}
TN

subject o

lgn—= 22 ) Hgh -2l ) ‘Zl,b we W (2)

D ai<g 0sai2gs weW 3}

¥ =1 (4)

z.€]0,1} Ve W {53

The objective function {Equation 1) minimizes the expected wial
cost, which consists of the ship-operating cost and expected shot-
purchasing cost. Equation 2 requires that the total volume of mans-
ported containers does not excesed the capacity of the ships deploved
as all the containers are transported on the vovage leg from Port &
to Poit o BEquation 3 enforces the lower and upper bounds of the

1F"cr|‘t
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volume of containers twanspored by other shipping companies.
Equation 4 imposes that exactly one tvpe of ship 15 deploved on the
route. Equation 5 defines 2, as a binary decision varishle. With the
given parameters, deploving 6 (KKETEL ships is the optinal solution.

Difference Between TFSP and LSFDP

At first plance. it seems that the TFSP and LSFDPare similar. Both
need 1o make a tactical level decision that affects the operational-level
decisions over a given planning horizon, and the operational-level
decisions need o incorporate uncertainty in demand forecasting. How-
ever, a closer examination reveals that for the TFSP, the operational-
level decisions ona particular day do not affect the decisions in the
subsequent days because trucks transport cargo only in the daytime
and the next day is a new start. In the LSFDF, ships transport cargo
24 hoaday, 7 davs a week. As a résult, the operational-fevel decisions
imade in a week affect the shipping capacities of subsequent weeks,

The space—time network in Figure 2 isused toil lusteate this point.
Because in practice most liner shiproutes provide weekly service,
a weekly service frequency for this ship route is assumed (11-I4).
In Figure 2, the location of €ach of the four ships at each time is
plotted. Forexample, Ship 4 visits Porta in Week 1, Port b in Week 2,
Port ¢ in Week 3, Port d in Week 4, Port o again in Week 5, and so
forth. Let s be a reslization ufme uncertain demand in all weeks
o the planning horizon T, and let q,. f .mdqn..- he the container ship-
e nt dermand for O-D rmu'w{a chand (bdyin week t=01,2, ..., T,
respectively, in scenario w. The containets for the (-D pair {a; ) in
Week 1, whose volume is 4'.1..1. are ransported on Ship 4, containers
for the O-Dypair (s, dbin Week 1 with a volume nfqrx';“ ate trans ported
on Ship 3. and containers for the O-D pair (B, 4) in Week 2 with
& volume afq:'..-; are ransporied on Ship 4. The containers for the
o O-D parirs in the same week e not tansported on the same ship,
and the number of containers o transport in qi ¢ affiects the volume of
containers thatcan be transported in qrjn-_l because these two batches
of containers share the sare slots of Ship 4 during the vovage from
Port b o Port ¢ in Week 2.

The authors now anal vee why model SLs incorrect in hand ling
the uncertain container shipment demand. The set of scenarios W
represents possible scenarios of container shipinent denand of
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AGURE 2 Spaca-time network represantation of ship route,
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1 week. If W is the set of scenarios for the dernand in every week of the
planning horizon T the cardinality of Wowill be much larger than that
of W Forinstance, if Whas only two elements, then Whas 2! elements.
The following are four elements in W

{w,. Wy B WL R e I-v,]- {6)
{H-'J. W Wi WL W W, W, wz} (]
{w,. W W W W W, W wl} (B}
{w,. Wy Wi W oW W W wl} [

Exclivector in Equations 69 has Tentries, ench entry representing
the demand scenario in a week. It s evident that madel SL acmally
assumes that there are only two scenarios in ﬁ‘._ namely, the sce-
narios in Bquations & and 7. This sssumption may kead o incorrect
calculation of the slor-purchasing cost. When b, (00-TEU ships are
deploved. model SL projects that all containers can be transported
by the focal shipping company. However, if the realization of the
demand in every week of the planning horizon, denoted by w e W,
15 the same a5 the one in Equation 8, then because the two batches
of containers q,';',_, = 5,0iM} and q:',',._g = 5 (WM} share the same slots
of Ship 4 during the vovage from Poit i to Port o in Week 2, they
cannatboth be transported by the company. As a result. the solution
provided by model SL may be incorrect.

In addition o the LSFDF this modeling problem also exists in
other liner shipping eptimizaton problems if uncertain de mand 15 o
be incorporated, forexample, network design (15, 16} and container
Aow simulation (17, 15}, becanse in these problems container fout-
ing in a week depends on the routing decisions in previous weeks.
Moreover, poit operations such as container handling at berth are
also carried out centinuously. Therefore, the berth allocation in &
week depends the berth allocation in the previous week because the
time a ship i berthed may cover 2 weeks, This modeling problem
also exists when uncertain ship arrival times ame to be inoorporated
in berth allocation planning (F9-25). This paper contributes w the
literature on uncertainty inengineering problens {26-24).,

FORMULATIOMNS OF LSFDP
WITH UNCERTAIN DEMAND

To capture the uncertain demand correctly, o natural approach is w
use the demand scenarios in W in place of W Itshould be noted that
if the cardinality of W is too large, sample average approximation
can e adoped (9, 30). Therefore, let Whea satple of scenarios
from W, The number of elements in Wis manggeabls for the sub-
sequent models. Without ambiguity, w is still used 1o represent an
element in W. According o the definitien of W, the probability of
scenario w is p*= LW Let g7, and g, bethe demand for O-D pairs
{a, chand (b, ), respectively, nwesk r=1,2, 3, ... Tof scenario
€ W, respectively. Let x5, and x, be the volume of containe s that
are transported by other companies for O-D pairs (o, o) and (&, )
respectively, in week r=1,2, 3, ..., T'of scenario & W, respec-
tively. The following multilevel (ML) optimization model could e
formulated:

r
min ¥,C,z,+ Zzp“ (goxd +zures) (10
el

a ¥ i=l
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Subject

¥ =1 an

vl
zein} veEV {12}

whete (759 051 is the optinal solution to ML-Week 1, we W.

Mif g, X + gt {13)

Subject

Goa= XS L E2 (14)
'l

gri— <Y Ez, (15)
will”

0= 1:.:|"—:ﬁ|':.:|.ﬂ511;|5 4‘:“ {16}

and (a2, %20, =2, 3, .., T are the optimal solutions to

ML-Weekr. t=2.3.....T. W

min g, + guti, an

subject o

=i S Y. Er, (18)
k!

(e — 225 )+ — ¥ )2 Y Bz, (19)

vl
0% &, Sq5., 0Sxi, <qh, (20)

ML~Week | imposes that the liner shipping conppany makes
operational-level decisions in Week [ exclusivelv onthe demand of
Week | ML-Week 1 enforces that the company nukes operational-
level decisions in week f according 1o the demand inweek t and the
demands and decisions before week f. Given the fleet deployment
decisions, for esch scenario e W, the models ML-Week r should
be solved sequentially for =1, 2, 3, . .., T to obtain the optimal
operational-level decisions. Hence, models ML-Week ¢ successtully
incorporate the nonanticipativity constrants. Meng and Wang also
caprured the nonanticipat iviey consteaints, but they did not incorpoiate
demand uncertainty (31}

The model ML can be transformed o & mixed-integer linear
programming model using the doality theorems and Big M method.
The resulting model could be solved by commercial solvers,

MNUMERICAL EXPERIMENTS

To evaluate the proposed models, numerical experiments are con-
ductad on the basis of randomly penerated data. The number of
ports on a ship route is Ve [5.6, ..., 10]. The distance between
o ports is in [1L000, 3.000] n miles. Esch ship route has an out-
bound and an inbound direction. In each direction, the probability
that an O-D pair has demand is 05, and the demand 5 in [0, 1,200]
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TABLE 1 Computational Results

MNumhber ol Averape Total Mumber of
Parts 18] Dremand {TELR Ship Type Slots Purchaszad

5 1 2R 5407 3 111

2 24,315 3 137

3 40,573 3 ]

4 I3, 528 z 3

5 31,0607 2 L5

f A 37,657 3 365

7 57,537 f Pt

H L7, 86T 2 165

Q 17,242 3 302

] 3152 4 44

7 11 27,430 3 AT

12 63,663 7 ]

13 52568 5 Al

14 AT635 5 532

15 43,251 3 T3z

B 16 5K433 4 4

17 24,005 2 1675

I% G, 14 5 B30

5] SR62T f 159

] 36 EM 4 193

4 21 0275 B 458

2 TROIRE ] 58

23 BL051 [ | B

4 TB53R f THET

15 55,12 T 737

(] p ] B IES T 445

i) B 136 f [06d

it ] 116,793 G [i]

'] BLG6d49 3 i

Ui TES14 T 175

TELS. The slot-purchasing cost g; (STTEU} is equal to 1L,(KK plus
the distance multiplied by a random number in (0, 0003 ). Considered
are 20 types of ships, fiom Type 1 500 TEU, Type 2: 1 (K0 TEL,
through Type 200 10K} TEU. The operational cost of a ship is
assumed o be proportional o the square root of its size. The time
horizon =12 weeks. The number of demand scenarios ]ﬁ"j =5.The
maodels are coded with MATLAR and solved bw CPFLEX-12.2 on a
PC with Windows 7 operating svstem, bo-core 3.5 GHz processor,
and 16 G of memory.

For e ach poit number &, five random instances ave tested, for atotal
of 30 instances. All the instances are solved to optimality in 3 min.
Table | reports the number of ports N, the instance 1D, the average
total demand {TEUS) to be ransported over the scenarios in ﬁ" the
optimal tvpe of ship oo de ploy, and the average number of slots {TELUS)
purchased over the scenarios in W. Table | indicates that model ML
has successfully captured the nonantici pativity nature of the problem
and obtained the optimal decisions.

CONGLUSIONS

This paper has pointed out that the LSFDP with uncertain denand
isdifferent from other logistics problems with uncertain demand
because containerships operate 24 haday, 7 days a week. This dif-
ference is langely ignored in the literature. To address this problem,
an ML optimization model is developed. Mumerical experiments
demonstrate the applicability of the proposed model,

Transpartation Pesasrch Pacord 2409

The model ML has suocesstully captured demand uncertaingy. It
sheuld be mentioned that whether the additional efforts of incorporat-
ing demund uncertainty is worthwhile comparad with using an aver-
ape demand value depends on the volatility of demand. In reality,
a few major customets contribute a large proportion of the denand
b g lobal liner shipping companies. and the demand follows some
known semsonality according to historical data. For example, the
demand From Asia o Europe is larger & few weeks before Christmas.
Therefore, the part of demand that cannot be accurately predicted
may not be dramatic, Stll, the proposed models are applicable
whether the demand fuctuates significantly or insignificanty, or
rermains constant. If empirical data are available, the unce ranty of
dermand can be further explored.
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