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ABSTRACT

Thereis plenty of uncertainty in liner shipping, which has agreat impact on the normal operation of liner shipping.
Based on the prospect theory, together with the deviation between the disrupted situation and the original plan asa
reference point, we design the value function and perturbation measurement function for users, i.e. liner shipping
companies, and establish themodd of vessel schedulerecovery. In order to reduce theinfluence of disruption factors
in the process of liner operation and seek the optimal solution of the optimization problem, we propose a genetic
algorithmto solvethe problem. The model and algorithm are validated by the actual example of Z Company. Theresults
show that themodel and a gorithm areaccurate and efficient, and can provide referencefor theliner shipping companies

in case of actual disruption.

Keywords: Praspect theory; Disruption management;
Perturbation analysis; Liner shipping; Vessel schedule
recovery

INTRODUCTION

Asamajor mode of transport in ocean transportation,
liner shipping services are offered through shipswhich
run on pre-announced schedules between fixed ranges
of portson regular basisin an established port order.
With the continuous development of theworld economy,
linersaretransporting goodsal over theworld. However,
thereisplenty of uncertainty in the actual operation of
liners, such asbad weether, ship fallure, port congestion,
crew grikes, and regiond politicd factors. Thesefactors
have an enormous impact on the operation of liner
shipping. Currently, whendisruption factors occur, we
mainly rely on human experiences to recover the
schedule, which makes it difficult to evaluate the
effectiveness of vessdl schedule recovery measures after
eechdisruption. Theoretically gpesking, while the extent
of researchinthisfied isgtill relatively limited, moreand
more people are delving into thisfield with increased
atentionto scheduledisruption around theworld.
Disruption management focusesonthe desgnof the
corresponding optimization model and method to
generate the smallest perturbation recovery strategy to

locally adjust aninitial scheme according to the extent
and nature of perturbation of agiven problem™ @&,
Sincetheintroduction of disruption management, it has
been applied to air transport!, rail transport!®, road
transport®®, and supply chain .. In recent years,
researchershave anadogized thedisruptiontheory in other
fields to the shipping sector, and have made many
achievements. Notteboom T E!® analyzestheimpact of
disruption events and measures that liner shipping
companies could taketo reducelosses. Vernimmen B
analyzestheimpact of unreliable scheduling on supply
chain. Wang S proposes aliner ship route schedule
mode to maintaining arequired trangt timeservicelevel
when a delay occurs at the port or disruption events
occur during navigation, and presentsanexact cutting-
plane based solutionalgorithm solve real-case problems.
Brouer™ analyzesthedisruption factors and recovery
drategiesinliner shipping, and proposesamixed integer
programming model. Fischer A®presents different
drategiesfor different linersduring different disruption
time. Xing J B[*® considers the problem of container
flow recovery, and establishesamixed integer nonlinear
programming methematical modd for thevessd schedule
recovery problem.

The aboveresearch providesanew way of thinking
for disruptionmanagement inthe shipping field, but human
factors can not be ignored in liner shipping because
peoplearerationa, and decison preferencesaredifferent
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whentheenvironment changes. If behaviora factorsare
neglected, the theoretical decision-making does not
conformto the actual results. Current studies do not
congder theinfluence of human behavior factorsonthe
feadibility of the optima solution. Therefore, we combine
progpect theory, disruptiontheory and operaionresearch
to establishavessel schedulerecovery model and use
genetic algorithm to solve the problem, so that the
disrupted system can recover normal operation with
minimum perturbetion.

PERTURBATION MEASUREMENT BASED
ON PROSPECT THEORY

The core of disruption management isto quickly and
effectively generate theadjustment schemeto minimize
the system perturbation after disruption. Therefore,
before establishing disruption management model, we
need to analyze the impact of perturbation so as to
determine theobjectivefunction. Ascustomersand liner
shipping companies are major players in the
trangportation, wefocuson their interestsin this paper.

Analysisof vessel schedule perturbation

Customers hope to the vessel schedule remains
unchanged no matter what happens. Even in case of
disruption, schedule deviation is minimal. Schedule
deviation refersto the sum of deviations between the
actual arriva time of vessels and the scheduled arrival
time at each port in case of disruption. When vesselsare
delayed dueto disruption, it will have aripple effect for
customersand affect the subsequent delivery of goods.
Therefore, whether containerscan bedischarged ontime
a portswithout affecting the subsequent ddivery of good
isthe primary objectivefor customers.

Liner shipping companiesaimto pursuethe highest
profitsand long-term customers that is, lowest cost and
customer churnratesregardless of the circumstances.
Whenvessdlsare delayed dueto disruption, liner shipping
companies have to face extra costs, port congestion,
and reduced schedule rdiahility, and their reputation will
be affected. Therefore, minimizing additional costsand
customer churnratesarethe primary objectives of liner
shipping companies.

Therefore, this paper first analyses the impact of
disruptions onthe abovetwo subjectsand considersthe
interestsof bothsidesaccording to their focuses so as

to measure the degree of disruption of a system, and
finally get the adjustment scheme to minimize the
perturbation of the system.

2.2 Perturbation measurement function based on
prospect theory

Prospect theory isabehaviora decison-making theory
withagreat impact on behavioral science. Itisbased on
the limited rationality of human beings and literally
describes human decision-making behavior under
conditions of uncertainty. Therefore, this section
proposes the measurement method of system
perturbation based on prospect theory.

Representation of value function

Afte{/;@()e(;)tgr fion¥ectirs, given the objectiveof each
subject iSdifferert, thewalyedupction of Al objective
is represented based on prospect theory. The value

funcliBR'G, ) 6 ey ES AR RBIRPacs

The shape of value functionisshown asbelow.

Vitx) 1

Fig. 1: Valuefunction of objective

Representation of perturbation measurement
function

According to prospect theory, when disruptions occur,
adecisonmaker needsto determinean gppropriate point
asareferencepoint, and gain and lossarerelativearound
thisreference point 917, [nthis paper, we choosethe
deviation between actual disruption Situationand origing
plan Ax =0 as a reference point of perturbation=0.
When the disruption reaches a certain level, the
perturbation will tend to reach avaue. Therefore, the
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perturbation measurement function of the objective can
be denoted as

L Ax >R
U (Ax)=11Ax", 0<Ax <R @
0, Ax <0
The shapeisdenoted as
“[(:ﬂle
l """"""" .
; a—

Fig. 2: Perturbati on measurement function of objective j
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For cusomers, thedeviation At betweentheactual
arrival time and scheduled arrival time of each port is
chosen as the independent variable of the function.
When=0, it isused asthereference point of perturbation
= 0. Therefore, its perturbation measure function is
denoted as.

1L, At >R,

Uy; (Atli) = ﬂjAtiiBl » 0< Atli < Rli
0, At, <0

(3)
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A.and g, areperturbation coefficients, and different
subjects have different perturbation coefficients. The
boundary value R is determined by perturbation
coefficients, and the relationship isshownasbelow:

R=()"

) 4)

Similarly, according to prospect theory, additional
cost isselected astheindependent variable of the liner
shipping company’sperturbation measurement function.
When the additional cost AC =0, it is used as the
reference point of perturbation= 0. Therefore, for liner
shipping companies, the perturbation measurement
function canbe denoted as.

1L AC>R,
u,(AC)={4,AC”, 0<AC<R,
0, AC<O0

©)

A,and g, are perturbation coefficients, and different
subjects have different perturbation coefficients. The
boundary value R, is determined by perturbation
coefficients, and the relationshipisshown asbelow:

&=Q%V2 ©)

VESSEL SCHEDULE RECOVERY MODEL

The vessel schedule disruption recovery problem is
concerned with different possible actions to recover
schedule and reducethe lossesincurred by customers
and liner shipping companieswhen disruptionsoccur.
Shipsarevulnerable to many disruptivefactorssuch as
uncertainty in needs before departure, harsh wesather,
mechanicd failures, ingbility of the crew, uncertainwaiting
timefor the cand, port congestion, tidal reasons, pilotage
or tugboat, lower operation efficiency than the
expectation, strikes, delay inddlivery and political factors
In addition, this paper choosesfour recovery strategies
including increasing navigation speed, canceling port
cdling, rearranging port caling sequence and shortening
in-port time.
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3.1 Explanation of Symbols

N——Number of portsontheroute
i, ]—A collectionof al portsontheroute
dJ—Distancebetweentheseciions(i ]) of theroute

V. Scheduled navigation speed of the ship sailing
onthesections(i, j) of theroute
t_——Scheduled navigationtimeof the ship sailing on
the sections(i, j) of theroute

v, ——Actual navigation speed of the ship sailing on

the sections(i, j) of theroute
[ ——Actud navigationtimeof the ship salling onthe
sections(i, j) of theroute
v_. ——Minimum navigation speed of the ship sailing
onthisroute
v__ ——Maximum navigation speed of the ship sailing
onthisroute

navigetion

X Dally oil consumptionof auxiliary boilersduring
berthing

P,——Fue price

h——Fuel consumption constantsof the ship
g,——Scheduled container loading capacity of the ship
at Porti

g,——Scheduled container unloading capacity of the
ship at Port i

C% —Scheduled fuel costs of the ship sailing onthe
sectlons(l ]) of theroute

C°s——Actual fuel costs of the ship sailing on the
sections(i, j) of the route

atpPortl
Cois Unit time loading and unloading costs for
ghortening thein-port timeat Port i

N
‘min]’; = Z oy (AL)
P

minY,

where Az, :—Em T, i=L2...N,

=u,(AC)

T,——Time of unberthing of the ship from port of
departure after disruption eventsoccur
T.,——Scheduled berthing time of the ship at Port i
T._,——Scheduled unberthingtime of the shipat Port i
T, ,——Actua berthing timeof the ship at Port
Tibz—Actud unberthing time of the ship at Port i

t ,——Actud staytime of theshipat Port i
At,——Delayed berthing time of the ship at Port i
Al p,-max—M aximumin-port timeshortened of the ship

a Porti

X ——Whether the shipissailing onthe sections(i, j)
of the route, expressed by variable 0-1, where 1 means
the shipissailing on thesection, and 0 meansit isnot
k——Whether theship cancelscdling portsof theroute,
expressed by variable 0-1, where 1 means the ship
cancelscaling ports, and O meansit does not
u——~Rollover punishment costs for calculating the
additiona costscaused by rollover

3.2 M oddl establishment and solution

Objective function

The model isabi-objective function. Thefirst objective
isto minimizethe customers’ perturbation function, that
is, to minimizethefunctionfor thedeviation betweenthe
actual arrival timeand the scheduled arrival timeat each
port. a; istheweight of each port’s customersonthe
route. Inthismodel, it isreplaced by the percentage of
cargo loaded and unloaded to the total cargo loaded
and unloaded. The second objective isto minimizethe
perturbation function of liner shipping companies, that
is, to minimize the function of the additiona costsliner
shipping companieshaveto pay.

(7
®)
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4
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Inorder to fecilitate calculation, thispaper transforms
thebi-objectivefunctioninto asingleobjectivefunction,
assigns certain weightsto each item and setsthe sum
vaue, establishesabalanceformulaof bi-objective, takes
theminimumvaueof , and theobjective functionis:

minY = oY, +(1-w)Y, (9)

Congraintsand Explanations

(1) Congraint oncalling ports

Thisconstraint isthe most basic constraint of this
modd, that is, first of dl, to ensurethat therouteiseither
linked toaport or not. Based onthis, the vessel schedule
can berecovered. Thisconstraint isshown as below:

N+l

>x +h =1 i=12,..N (10)

J=i
(2) Congraint oncancdlationof caling ports
Inthispaper, cancellation of cdling portsisincluded
in the disruption recovery strategy, but too much
cancellation will increase the cost of container
transportation, and affect the reputation of liner shipping
companiesaswell. Therefore, this paper restrictsthe
number of cancelled calling ports to be one at most.
Thisconstraint can be expressed as.

N
D k<1
i=1

(3) Condraint onroutes

The routes must be reasonable and turning back
routes and circles should be avoided. This paper adopts
thefollowing methodto ensuretherationdity of theroute.

(11)
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Jei

N+1 N+l

foﬂv Zxﬂ;*o i=23,...N

J=l J=1

J=i J
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(4) Timevariablerelationa expresson

Inthis paper, we give many timevariables, and their
relationshipsare shown asbelow:

m—'l'm2 T, i=L2,..N

L pin =Tpo= Ty i=12,...N

(5) Constraint onship speed

Inthispaper, increased navigation speedisincluded
in the disruption recovery strategy, but ship speed is
usudly limited. Therefore, thefollowing condtraint isused
to restrict the speed:

Voo SV SV

min ib —

(13)

o i j=12,..N

(6) Congraint onshortenedin-port time

Inthispaper, shortened thein-port timeisincluded
in the disruption recovery strategy, but loading and
unloading capacity of each port is prioritized, the
following constraint isused to limit the shortened in-port
time

0<t <A i=12,.N

pfa pzb -

(14)

(15

MODEL INTEGRATION

According to theintroduction of above parameters and
egtablishment of themode, thevessel schedule recovery
model inthispaper isshown asbelow:

HllnYza)K +(]—(0)Y2 (16)
Thecongrantsare:

N+l

x+k=1i=12...N
=
N
> k<1
=1
N+l
ij--=1 i=1
-1
N+l

X =05 i=1
J=1
(17)
N+l

Xp=1, i=N=+1
sl
N+l

Xgp=0, i=N=+1
=
Jmi
N+l N+l
ZX%_ Xz =0, i=2.3,...N
*?:%- i

= Tul i=12, N
f,D—TD “Typr i=12...N
Aty =Ty =Ty i=1.2..N
Vaia $Vip SVams Li=12...N
O(‘Ipu_fp Sﬂfpm‘x} i=1.2, N
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From the above description, we can see that the
mode belongsto aNP problem. For NP problem, if the
scaeof theproblem, that is, the number of portsinvolved
intherouteistoo large, the solutiontimewill belonger.
Therefore, thispaper usesgenetic dgorithmto solvethis
kind of problemin order to improvethe efficiency of
solution.

EXAMPLEANALYSIS

We take Z Company asan exampleinthis paper. The
routeis N-PNW, and the main ports of thisroute are
Shanghai, Busan, Seattle, Portland, Vancouver,
Guangyang, Hong Kong and Shenzhen. During aliner

Table 5-1 Ship particulars

Ship parameters

Length overall

Breadth

Moulded depth

Deadweight

Loading quantity

Minimum ship speed

Maximum ship speed

Fuel consumption constant

Auxiliary boiler consumption per navigation day

Auxiliary boiler consumption per berthing day
Source: Z Company website and www.clarksons.com

The ship speed is between 15 and 25.6 knots,

therefore, v, =15, and v, =25.6. Inthis paper, the
average fuel pricein 2017 is460 USD per ton.

Table 5-2 Schedule and container data

Loading Unloading Berthing
quantity guantity time
Shanghai Port 3360 0 0
Busan Port 1120 200 81
Seattle Port 750 1495 376

Portland Port
Vancouver Port

520
300
Guangyang Port 100
Hong Kong Port 0O
Shenzhen Port 0

1070
1265
220
800
1060

446
508
803
880
902

trip, the ship encountered bad weather and port
congegtion at the starting port, Shanghai Port. Finaly,
with the joint efforts of the ship, port and maritime
authorities, the delay occurred asthe ship departed 48
hourslater than schedule. It isnecessary to reschedule
and takereasonable measuresto recover the schedule.

4.1 Basic data

Ship
We obtained the detailed particularsof the ship through
investigation. Therelated dataare shownas below:

Parameter values

Z/Pm

0m

256m
68324t

5816TEU
15kn
25.6kn
0.0123
8t

9.5t

Route

According to the actual schedule and through
investigation, we obtained the actual stuation of each
port of call as shown below:

Unberthing In-port Maximum in-port time
time time shortened
56 56 13

120 39 10

426 50 13

488 42 11

543 35 9

820 17 4

900 20 5

927 25 6
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Distance between two ports

25

The distance between portsiscalculated by BLM_SHIPPING shipping practice software

Distance Shanghai  Busan Seattle Portland
/nm Port Port Port Port
Shangha
Port 0 451.07 5054.37 5093 .94
Busan Port 451.07 0 4610.98  4650.56
Seattle Port 5054.37 4610.98 0 35233
Portland
Port 509394 465056 35233 0
Vancouver
Port 506022  4616.83 1174 350.18
Guangyang
Port 411.9 81.56 4688.46  4728.04
Hong Kong
Port 794.88 113446 573586 577544
Shenzhen
Port 839.87 117945  5780.84 582042

Vancouver Guangvane Hong Kong  Shenzhen
Port Port Port Port
5060.22 411.9 794 88 839.87
4616.83 81.56 1134 46 1179.45

1174 4688.46 5735.86 5780.84
350.18 4728.04 577544 582042

0 469431 5741.71 5786.7
4694 31 0 108992 1134 .91
5741.71 1085.92 0 29.39
5786.7 113491 29.39 0

Source: Caculated by BLM_SHIPPING shipping practice software.

Calculation resaults

Inorder to vaidate therationality of thismodel based
on customer expectation, this paper compares and
analyses the different decision-making schemes with
different weightse from 0-1, and 4=0 and =1
represents consdering the expectation function of liner
shipping companies and the expectation function of
customersrespectively.

Firgtly, the parameters of genetic dgorithmare st.
Theinitia population szeis 500, the maximum number
of iterationsis 200, the crossover probabilityis0.7, and
the mutation probability is0.1.

According to the investigation, when making a
decision about schedule recovery, the liner shipping
company putsthe customer stisfaction first, and pursues
thelowest recovery cost while meeting the customers
requirements. Therefore, thispaper givesthe Situation
of schedulerecovery when=0.8. By using the Matlab

genetic algorithm to solve the problem, the optimal
solution and the change of population mean under each
iteration areshown as below:

Fig. 5-2 Genetic algorithmiterativediagram

| Figure 1 |

lterative diagram
1 [\ T T : T I I I 1 I
Optimal solution of population
Population mean

Fitness function

N T NS R N S S
0.40

80 100 120
Number of iterations

140 160 180 200
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Therecovered scheduleis shown asbelowy

Table 5-4 The recovered schedule when @ =0.8

Calling Section speed In-port time shortened Actual berthing time Schedule
sequence Calling (kn) (h) (h) deviation (h)
Shanghai Port Yes 16.06 0 0 0
Busan Port Yes 20.21 8.6 125 44
Seattle Port Yes 15.28 6.7 382 6.5
Portland Port Yes 16.33 6.9 449 2.8
Vancouver
Port Yes 17.31 7.1 505 -2.6
Guangyan
Port Yes 18.07 0.5 80 1.5
Hong Kong
Port Yes 20.16 1 881 1.3
Shenzhen Port Yes 1.2 901 -0.2

Fromthe above calculation results, we can seethat
the results obtained by genetic algorithm are not the
optimal solution, but sub-optima solution. Thisismainly
due to randomness of the size and selection of initial
population, and the selection from the parent to the
offgpring hasacertain probability. Theresults of each
iteration are different. Because the distance between
Shanghal Port and Pusan Port is short, the number of
containers unloaded is small, and the ship delayed 48
hourslater than schedule at Shanghai Port. In case of
increasing the navigation speed to catch up with the
schedule, the ship can not arriva at PusanPort ontime.
Therefore, the ship did not increasethe speed to ahigh
level after considering the fuel costs and customers
requirements. While the distance between Pusan Port

and Seattle Port islong, the ship has enough time to
adjust itsschedule, and therefore, the speed increaseis
larger. Meanwhile, this paper givesabetter strategy by
weighing the additional fuel costs caused by the speed
increase and additional costsof shortening the in-port
time. From the port of departure to the port of
destination, we can see that the ship is sailing in
accordancewiththe schedule, basicaly eiminating delays
before departure. Inaddition, thiscalculationhasalarger
weight of customers, and each port hasalarge amount
of loading and unloading, and thereforethere arecalling
portsand caling sequence remains unchanged.

Wetake 11 valuesfrom ¢ =0-1 and analyze their
decisions respectively. We calculate the objective
functionsof themodd with different values, asshownin
the table below.
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Table 5-5 Integration of schedule recovery strategies when ¢ has
different values

Customer Liner stuppung Global
(62} Route expectation compzu*y objective
expectation
function ) function
function
Shanghai Port - Busan Port - Seattle Port - Portland Port -
0 Vancouver Port - Guangvang Port - Hong Kong Port - 0.6033 0.5064 0.5064
Shenzhen Port
Shanghai Port - Busan Port - Seattle Port - Portland Port -
0.1 Vancouver Port - Guangvang Port - Hong Kong Port - 0.5579 0.5729 0.5714
Shenzhen Port
Shanghai Port - Busan Port - Seattle Port - Portland Port -
02 Vancouver Port - Guangvang Port - Hong Kong Port - 0.5216 0.5933 0.57896
Shenzhen Port
Shanghai Port - Busan Port - Seattle Port - Portland Port -
03 Vancouver Port - Guangvang Port - Hong Kong Port - 04715 0.6136 0.57097
Shenzhen Port
Shanghai Port - Busan Port - Seattle Port - Portland Port -
04 Vancouver Port - Guangvang Port - Hong Kong Port - 0.4133 0.6517 0.55634
Shenzhen Port
Shanghai Port - Busan Port - Seattle Port - Portland Port -
0.5 Vancouver Port - Guangvang Port - Hong Kong Port - 0.4523 D.6375 0.5449
Shenzhen Port
Shanghai Port - Busan Port - Seattle Port - Portland Port -
0.6 Vancouver Port - Guangvang Port - Hong Kong Port - 0.3828 0.6723 0.4986
Shenzhen Port
Shanghai Port - Busan Port - Seattle Port - Portland Port -
0.7 Vancouver Port - Guangvang Port - Hong Kong Port - 0.3455 0.7536 0.46793
Shenzhen Port
Shanghai Port - Busan Port - Seattle Port - Portland Port -
0.8 Wancouver Port - Guangvang Port - Hong Kong Port - 0.3116 0.7327 0.39582
Shenzhen Port
Shanghai Port - Busan Port - Seattle Port - Portland Port -
0.9 Vancouver Port - Guangvang Port - Hong Kong Port - 0.3097 0.8123 0.368596
Shenzhen Port
Shanghai Port - Busan Port - Seattle Port - Portland Port -
1 Wancouver Port - Guangvang Port - Hong Kong Port - 0.2958 0.8854 0.2958

Shenzhen Port
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Indl the solutions, thereisno caseof cancding cdling
portsor changing the port sequence. Thisismainly due
to theshort distance between Shanghai Port and Busan
Port after thedelay occurred at the departure port, and
eventhe shipissailing a the maximum speed can not
catch up withthe schedule. From Busan Port to Sesttle
Port, the ship has enough timeto increase navigation
gpeed or shortenthein-port timeto adjust the schedule.
After arriving at Seattle port, the shipwill sail according
to the schedule without changing the calling sequence.

From the results of different weights mentioned
above, how the decison-makerslook at the weights of
two objectives is particularly important. When the
decison-makersthink that the cussomer expectations
should be given higher weight, the vessel recovery
drategy focusesonthe customer expectations, i.e., the
minimum deviation of schedule. Asthe additional costs
for schedulerecovery isnot valued, the liner shipping
companies have to spend alot of money to catch up
withthe schedule. When the decision- makersthink the
liner shipping companies expectation should be given
higher weight, the vessel schedule recovery strategy
focusesontheliner shipping companies expectation,
i.e., the minimum additional costs. As whether the
schedule deviatesfromthe original planisnot valued,
shipswill besailing at the optimal speed on route while
thescheduled arrivad timeand loading and unloading time
areignored.

CONCLUSION

(1) In this paper, we propose a perturbation
measurement method based on prospect theory,
provide a new way of thinking for perturbation
measurement involving human behavior perception
inliner shipping schedule and enrichthe disruption
management theory.

(2) Weextend theschedulerecovery model established
inthispaper to vessel schedulerecovery strategy,
and apply four vessel recovery strategies to the
mathematica model, including increasing navigation
speed, cancding port calling, rearranging port caling
sequence and shortening in-port time, which makes
the model closer to reality and the optimization
scheme morevauable.

(3) Aiming at the NPmodel established in this paper,
we usethe genetic dgorithmto solvethe problem,

and compare and analyzetheresults accordingly.
We provide anew idea for solving the disruption
management model, and make auseful exploration
onthemulti-objective optimization problem.
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