
Original Article

Proc IMechE Part M:
J Engineering for the Maritime Environment
227(2) 167–176
� IMechE 2013
Reprints and permissions:
sagepub.co.uk/journalsPermissions.nav
DOI: 10.1177/1475090212460626
pim.sagepub.com

Optimizing maritime travel
time reliability
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Abstract
Travel time reliability optimization problems generally cannot be formulated in direct mathematical form due to com-
plexity of precise information. Classically, qualitative form of objective function and/or constraints does not allow the
decision maker to represent it in a typical form of standard optimization model. This article attempts to resolve travel
time reliability optimization problem of maritime transportation. The marine vessel’s travel time consists of seven time
components. The travel time reliability is considered in a possibilistic manner, and then the reliability optimization prob-
lem with budgetary constraints and stage-time limitations is formulated. Next, algorithmic framework for solution of the
possibilistic programming has been proposed, followed by a suitable illustration. Finally, this article investigates the para-
meter sensitivity that has consequences in the marine vessel’s transportation decision making. The proposed program-
ming model is useful in the decision support system with regard to decision about the individual marine vessel’s stage
durations and their scheduling, as well as the optimal arrival time of the vessel at the destination harbor.
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Introduction

Day by day, there is continually increasing traffic at the
sea and at the oceans, and thus, there is a wide scope
for research investigations into different dimensions of
reliability of maritime transportation system. The mari-
time sector system complexity and the data availability
problems pose significant challenge in reliability assess-
ment and its optimization. Conventionally, the ran-
domness in variables in reliability evaluation has been
modeled using probability concepts and stochastic pro-
gramming techniques. However, a diverse approach
dealing with ambiguity and vagueness-related impreci-
sion in data was evolved in the form of the fuzzy sets
theory, which later on progressed to fuzzy linear pro-
gramming and possibilistic programming.1–4

Optimization of reliability in possibilistic or fuzzy
domain is of researcher’s interest too. Utkin et al.5 pre-
sented a method to solve the fuzzy reliability optimiza-
tion problem that can be used for systems described by
possibility measures. Huang6 proposed and illustrated
fuzzy multiobjective reliability optimization decision
making with two or more objectives. In the study by
Ravi et al.,7 the problem of optimizing the reliability of
complex systems has been modeled as a fuzzy multiob-
jective optimization problem where system reliability,

system cost, weight, and volume are all considered as
fuzzy goals. Furthermore, Huang et al.8 presented a
coordination method for fuzzy multiobjective optimiza-
tion of system reliability. Mahapatra and Roy9 intro-
duced a new fuzzy multiobjective method for the
system reliability optimization problem where reliabil-
ity enhancement is involved with several mutually con-
flicting objectives such as to reduce the cost of the
system and improve the reliability of the same system
simultaneously. Verma et al.10 carried out possibilistic
optimization incorporating fuzzy dynamic reliability.
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Different facets of transportation reliability with
applications mostly to road, rail, and air have been in
research focus in the last two decades.11–24 In a guest
editorial, Sumalee and Kurauchi25 discussed the relia-
bility and emergency issues in transportation network
analysis. Innamaa26 investigated the predictability
aspects of travel time using neural networks on an inter-
urban highway. Van Lint27 suggested online learning
solutions for freeway travel time prediction, whereas
recently, Yang et al.28 proposed an approach for fore-
casting the reliability of travel time. Margulici and
Ban29 proposed benchmarking of travel time estimates.
Zheng and McDonald30 estimated travel time using
fuzzy clustering method. There are few more diverse
articles describing travel time domain.31,32 Rakha
et al.33 investigated trip travel time reliability issues and
proposed some solutions to the problem. Prabhu
Gaonkar et al.34 presented a methodology of maritime
transportation system reliability evaluation by the
application of fuzzy sets and fuzzy logic techniques.

Zhen and Chang35 studied the methodology to
develop a robust schedule for berth allocation that
incorporates a degree of anticipation of uncertainty
(e.g. vessels’ arrival time and operation time) during
the schedule’s execution. Xu et al.36 studied a robust
berth scheduling problem with uncertain vessel delay
and handling time. Arango et al.37 addressed the berth
allocation planning problems using simulation and
optimization to improve the berth management strat-
egy. Zhen et al.38 developed a decision model for berth
allocation under uncertainty. Golias et al.39 dealt with
the berth allocation problem with focus on optimizing
the vessel’s arrival time. Lee and Chen40 developed an
optimization heuristic for the berth scheduling prob-
lem, whereas Fagerholt41 proposed an optimization-
based approach for ship scheduling problem. Wang
and Meng42 developed ship route schedule design with
sea contingency time and port time uncertainty. Shao
et al.43 developed forward dynamic programming
method for weather routing during a voyage. Kosmas
and Vlachos44 presented a simulated annealing-based
algorithm for the determination of optimal ship routes
through the minimization of a cost function. Korsvik
et al.45 solved a planning problem by developing an
efficient tabu search algorithm, and the solver is inte-
grated in a prototype decision support system used by
several shipping companies. Fancello et al.46 presented
an approach for predicting ships’ delays and then pro-
posed two algorithms for resource allocation.

As seen from the literature, the problems in these
domains are tackled earlier using the probabilistic
approach that considers randomness in the variables.
This article attempts a possibilistic optimization prob-
lem of the maritime transportation vessel’s travel time
reliability. Section ‘‘Possibilistic programming’’ explains
the possibilistic programming and possibility indices
used in the development of the problem and its solution
(refer Appendix 1 for a description of notation and
abbreviations used). Section ‘‘Problem and proposed

methodology’’ initially discusses the marine vessel’s
travel time components and possibilistic reliability.
This is followed by the reliability optimization problem
formulation with possibilistic constraints of budget and
stage times. Then, algorithmic methodology/framework
for solving the possibilistic programming problem is
proposed in the same section. A suitable illustrative
example is presented in section ‘‘Illustration and sensi-
tivity.’’ The sensitivity analysis with regard to the vari-
ables and its parameters is carried out at the end of
section ‘‘Illustration and sensitivity.’’ This article con-
cludes with comments regarding the usefulness of the
model in marine vessel decision support system with
regard to the decisions about stage durations and sche-
duling at the destination harbor.

Possibilistic programming

For quite a few initial years in the operations research
arena, linear programming technique was widely used
and accomplished numerous milestones in theory as
well as in applications. However, in real-life decision
making, data validity and its precision problem made
linear programming relevance and exercise inadequate.
After the emergence of fuzzy sets a few decades back,
fuzzy linear programming and possibilistic program-
ming have gained a wider acceptance to solve such
problems.1–4

The possibilistic programming problem comprises
linear functions with possibilistic variables or their
coefficients that are ambiguous in nature, and conse-
quently, the function values that are also ambiguous.
A possibilistic linear function optimal value cannot be
determined exclusively as it involves ambiguity or
imprecision. Hence, the resolution of objective of mini-
mizing or maximizing a possibilistic function under the
constraints of similar nature requires fuzzy inequalities
or relations/indices that are defined by possibility and
necessity measures. In our article, the constraint
inequalities have right-hand side as crisp values;
accordingly, requisite possibility (and necessity) mea-
sures are stated below.1,10,47

Consider c as a possibilistic variable and A and B
are fuzzy sets. Under possibilistic distribution mA of a
possibility variable c, possibility and necessity measures
of the event that c is in fuzzy set B are defined as

PA(B)= sup
r

min(mA(r),mB(r)) ð1Þ

NA(B)= inf
r

max(1� mA(r),mB(r)) ð2Þ

where mB is the membership function (MF) of the fuzzy
set B. PA(B) evaluates to what extent it is possible that
c restricted by the possibility distribution mA is in the
fuzzy set B, and NA(B) evaluates to what extent it is cer-
tain that c restricted mA is in the fuzzy set B.

Now consider B as nonfuzzy (crisp set of real num-
bers) that is not greater than g, B=(�‘, g�. Possibility
and necessity indices are defined as follows
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Pos(c4 g)=PA((�‘, g�)
= supfmA(r)jr4 gg ð3Þ

Nes(c4 g)=NA((�‘, g�)
=1� supfmA(r)jr. gg ð4Þ

Pos(c4 g) and Nes(c4 g) show the possibility and
certainty degrees to which extent c is not greater than
g. Both these indices are shown in Figure 1.

Further considering B= ½g, +‘), both the indices
could be obtained as

Pos(c5g)=PA(½g, +‘))

= supfmA(r)jr5gg ð5Þ
Nes(c5g)=NA(½g, +‘))

=1� supfmA(r)jr5gg ð6Þ

Pos(c5g) and Nes(c5g) show the possibility and cer-
tainty degrees of the extent that c is not smaller than g.
Both these indices are shown in Figure 2.

It is worthwhile to note that possibility distribution
mA can be of any type such as trapezoidal (TMF),
Gaussian membership function (GMF), and so on. The
only criterion for adopting the methodology proposed
in this article is that mA should be a valid convex, nor-
mal possibilistic distribution or a fuzzy number.

Problem and proposed methodology

Initially, this section explains marine vessel’s travel time
composition and the concept of its possibilistic travel
time reliability. Then, possibilistic formulation of the
problem in mathematical form is presented. This is

followed by the proposed algorithm suggesting the
solution methodology.

Possibilistic travel time reliability

Marine vessel’s travel time is composed of a variety of
different times that are uncertain in nature. The uncer-
tainty may be due to randomness or may be due to the
imprecision or ambiguity. The diverse components of
vessel travel times have been considered as per the dis-
tinct stages of marine transportation system. The
orderly stages considered here are preparations for
departure at source harbor, subsequent waiting, navi-
gation at sea, delay due to unforeseen events, waiting
just before docking at destination harbor, actual dock-
ing, and finally clearance activities at destination har-
bor. Accordingly, the stage travel times of the marine
vessel mission are Tpsh, Twsh, Tn, Td, Twdh, Tddh, and
Tcdh. This article considers a possibilistic approach con-
sidering the fact about scarcity of statistical data. This
makes the decision maker rely on the information
about all the above-mentioned times obtained from the
people working on the particular marine vessel. As a
result, the information or the data are solely as per the
personnel’s experience and associated judgment and
is modeled using fuzzy sets. The travel time, which
is the sum of all stage travel times and its various
stage components, is modeled as fuzzy variables,
~T= ~Tpsh + ~Twsh+ ~Tn + ~Td + ~Twdh+ ~Tddh+ ~Tcdh. The
MFs for all the times are considered as GMFs, and all
travel time components are assumed as independent
fuzzy variables. Gaussian functions are the most accu-
rate choice of MFs for representing uncertainties in
measurement,48 and the procedure to obtain
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parameters of GMF from expert’s imprecise estimates
is given by Kreinovich et al.48 Uncertainties such as
measurement imprecision, linguistic/subjective assess-
ments, expert’s judgments/opinions, and ambiguity are
well depicted with the help of MF in the fuzzy sets
domain. GMF is a non-linear MF used for uncertainty
quantification and for modeling of travel time and its
components in this article.

The MF m(x) of symmetric Gaussian function with
two parameters, that is, central value ‘‘a’’ and deviation
‘‘d’’ is

m(x)= e
�b

x�að Þ2

d2

� �
; forb . 0 ð7Þ

The parameter b in the above equation decides the
shape of the MF, in particular, the fuzziness content or
imprecision in the travel time.

The possibilistic travel time reliability in context with
maritime transportation system is the possibility that
the marine vessel would reach the destination harbor in
scheduled time with accomplishment of the intended
mission satisfactorily. Intended mission would be dif-
ferent for dissimilar types of vessels. For example, con-
tainer ship, iron ore barge, trans-shipper, ferry, oil
tanker, and cargo ship, each has a different proposed
mission. In mathematical terms, possibilistic reliability
is defined as follows

~R=Pos ~T4 t
� �

; t50 ð8Þ

While solving equation (8), the possibility measure,
explained in earlier section, needs to be assessed as
travel time, which is a fuzzy variable, whereas its
expected or planned/scheduled time at destination har-
bor is nonfuzzy, that is, crisp numerical value.

Optimization problem formulation

Optimization of marine vessel’s travel time reliability is
a multifaceted and complex task, mainly because of the
requirement of quite voluminous and inaccurate data.
Although some quantitative data values could be
obtained precisely, for various other data values, deci-
sion makers have to rely on information provided by
the experts on the particular marine vessel. Such infor-
mation is inevitably of qualitative nature and hence
needs to be modeled with the help of fuzzy sets.

The problem attempted in this article is to achieve
maximum possible reliability under budgetary con-
straints. The vessel’s travel time stage components,
related reliability, and individual stage costs are fuzzy
variables; however, scheduled time, individual stage
cost limits, and total cost budget are crisp, that is, pre-
cise values. As there is interaction of fuzzy variables
and crisp values, possibilistic measures have been intro-
duced in the constraints in terms of possibilistic limits
for reliability and the costs. The intention of the prob-
lem solving is to obtain various stage optimal individual
travel times, which are the decision variables. The

problem formulation proposes two kinds of constraints,
namely, hard and soft constraints. The possibilistic
optimization formulation of the problem with hard
constraints is as follows

Max ~R
subject toP

Cbi4Cb; for all i
Pos ~T4 t
� �

5RPL

Pos ~C4Cbi

� �
5CPLi; for all i

Pos
P

~C5Cb

� �
5CPLb; for all i

9>>>>>>>=
>>>>>>>; ð9Þ

where ‘‘i’’ would take the value of individual stages,
that is, psh, wsh, n, d, wdh, ddh, and cdh. The first con-
straint is totally crisp and relates to the budget allo-
cated for the seven stages and total cost budget for the
mission. Possibility measures have been incorporated in
the remaining three constraints. The second constraint
equation states that possibility of marine vessel reach-
ing the destination harbor should be greater than the
specified limit, that is, RPL. The following two con-
straints are about the costs and take care that the possi-
bility of costs exceeding the bounds should be as less as
possible. The third constraint equation imposes the
bound on the stage costs, whereas the last one forces a
similar restrictive value on the total cost of marine ves-
sel travel.

In real implementation of the algorithm proposed in
the next section, for solution of the above mathematical
problem formulation, few more additional trivial con-
straints have been brought in. These are soft constraints
as stated below

CLi 4Cbi 4CUi; for all i
TLi4Ti 4TUi; for all i

�
ð10Þ

The sole purpose of the soft constraints is to trim
down the entire search space and reduce computational
time, and these would have no influence on the optimal
solutions that are to be attained. Moreover, these sup-
plementary restrictions or bounds have been imposed
on individual stage time and stage cost budget compo-
nents based on most optimistic and pessimistic times
acquired from experts’ past experience.

Proposed algorithmic framework

The problem stated in the earlier subsection is
attempted using possibilistic programming approach.
An algorithmic framework has been proposed here so
as to acquire the optimal values through iterative pro-
cess. The flowchart of the same is depicted in Figure 3.
The intention behind the proposed possibilistic optimi-
zation routine is to get the highest possible reliability
making use of limiting values of the constraints. The
approach of optimization is to get utmost gain under
the given limitations. The nature of the optimization
routine is fairly dynamic in the sense that when a pro-
gram is run for the initially provided data values, it
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may happen that constraints are not violated and opti-
mal values have been outputted. However, the program
would still be run further as the constraints are not vio-
lated to the maximum extent. It would iterate further
till all constraints are satisfied to the limiting values.
The proposed procedure would as well keep track of all
the possible optimal sequences thus obtained and com-
pare the subsequent optimal sequence with regard to
maximum possibilistic reliability. This process is con-
tinued till maximum reliability value is attained, and

travel time and its components (i.e. stage times/dura-
tions) obtained during this iteration would be the one
with maximum objective function value.

The data necessitated for solving the problem under
investigation are quite large as seen from the problem
formulation itself and also because the marine vessel
activities are of complex nature. The decision makers’
job is thus challenging and involves correct data (fuzzy
and nonfuzzy) compilation, accuracy checks, and confi-
dence in data, as it need to be collected from various
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Figure 3. Proposed possibilistic reliability optimization flowchart.
MF: membership function.
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diverse sources. The eventual aim of decision makers is
to arrive at the most optimal travel time–based plan/
schedule depending on various facts, information/data,
and with no violation of the limiting bounds. For exe-
cution of the proposed possibilistic optimization algo-
rithm, few more details need to be provided to the
program such as individual stage cost equation and a
small number of parameters. The decision about the
type of MFs for stage travel times and costs are as well
required.

There are three basic loops in the proposed algo-
rithm, as seen from its flowchart shown in Figure 3.
The first loop computes the MFs for the stage travel
times and stage costs for the particular stage travel time
combination and checks for violation of stage cost pos-
sibility limit, that is, constraint number 3. In case of its
violation, it iterates for the next combination. The next
loop obtains the MFs for the travel time and total cost
for the combination satisfying constraint number 3. It
confirms that both travel time and total cost satisfy the
respective possibility limits. Moreover, it checks for
lonely crisp constraint as well, that is, total budgetary
bound is not crossed. Therefore, this loop takes care of
other three hard constraints. Once all hard constraints
are within the approved bounds, then the combination
under investigation is the one satisfying all four con-
straints. This is stored as a sequence and all above steps
are reiterated as final loop for all remaining stage travel
time combinations. At the end, the sequence with maxi-
mum possibilistic reliability is identified as the most
optimum one. The two soft constraints are shown as
part of data (information) inputs in the flowchart for
the reasons explained earlier and these may be duly
included while programming. The explanation given
here is illustrated with suitable data values and intrinsic
particulars in the next section.

Illustration and sensitivity

Example

This section presents an illustration of the possibilistic
optimization problem under investigation and the solu-
tion thereof by the proposed algorithm by means of
suitable example with reasonable data values. The main
objective function is to maximize the possibilistic mari-
time travel reliability with one crisp and other possibi-
listic constraints, as stated in the earlier sections. All
those constraints that are hard constraints are the ones
that must be satisfied by the computer program which
is to be implemented. The computer programming for
this is done using MATLAB. The units for time and
cost have been assumed as respective general units.

The cost equation for individual travel stages,
designed on the analogous thought from the study by
Verma et al.10 is given by

~Ci = e fc 3 (1�vi)3 ~Tif g ð11Þ

where fc takes care of manageable cost units and takes
values such as 0.01, 0.1, and so on, whereas weight fac-
tor vi for stage ‘‘i’’ need to be obtained by fuzzy analy-
tic hierarchy process (FAHP). For this, each pair of
stages need to be compared under the cost criteria using
fuzzy linguistics, and final crisp weights can be obtained
using any FAHP method.49 It may be noted that the
value obtained by using equation (11) is the midvalue
of the stage cost TMF. Other extreme lower (left) and
upper (right) values of TMFs are obtained by utilizing
cost spread parameter fs. It signifies the percentage
spread on both sides about the middle value to get the
extreme values of TMFs. As such, fs decides the sup-
port set of cost TMF, that is, the difference between
right and left extensions, which denote the quantum of
fuzziness. Larger the value of absolute difference, fuz-
zier the judgment.

For this illustration, data values that are assumed to
be acquired from the experts are as follows

� Cb =10 cost units
� t=72 time units
� RPL=0.90
� CPLpsh=CPLcdh=0.15, CPLwsh=CPLwdh=0.1,

CPLn=CPLddh=0.20, CPLd=0.25
� CPLb = 0.10
� vpsh=vddh= 0.2, vwsh=vd=vwdh=0.1, vn=

vcdh=0.15

Moreover, as mentioned earlier, few soft constraints
have been introduced as below with solitary intention
of reducing the programming time and the search space.
These are mainly the bounds for individual stage cost
budgets. These are most pessimistic and optimistic val-
ues based on the past experience of the experts working
onto the marine vessel. Incorporation of these would in
no way differ the final optimal solution. Following are
few of such soft constraints related to stage costs, and
similar bounds could be imposed on the individual
stage times as well

1:14Cbpsh,Cbwsh,Cbwdh,Cbcdh 4 1:4

1:84Cbn 4 2:3

1:24Cbd 4 1:5

1:24Cbddh 4 1:4

The MFs for stage travel times and resulting total
time have been modeled using GMFs. The standard
deviation for stage travel times has been considered as
a percentage of the midvalue of the GMF. The illustra-
tive delta percent values assumed are 0.11, 0.29, 0.03,
0.14, 0.20, 0.20, and 0.21 for psh, wsh, n, d, wdh, ddh,
and cdh, respectively. As indicated earlier, individual
stage cost and ensuing total cost are TMFs, and to get
the middle value (at which m=1:0) of stage cost TMF,
value of fc=0.01 is assumed. Furthermore, for obtain-
ing the support set of the TMF’s fuzziness spread value,
fs=0.20 is presumed. The MATLAB program (code
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available from the first author on request) is run with
increment of 0.1 for each stage budgetary cost, and
total 158 sequences satisfying all the constraints are
obtained. Out of these sequences, a single sequence
having the highest possibilistic reliability is identified,
which is tabulated with all other outputs in Table 1.
This sequence is the optimal sequence with the highest
possibilistic reliability of 91.65%.

The travel time GMF obtained for the values in
Table 1 is depicted in Figure 4. It can be seen that for a
scheduled time of 72 time units, the possibilistic reliabil-
ity value is 91.65%. This is the highest possibilistic relia-
bility of marine vessel obtained under the constraints
stated earlier. The individual stage budget that is uti-
lized in achieving this reliability is shown in Figure 5.
All the cost components are in the form of TMFs, as
seen. Figure 6 portrays the total cost TMF and reveals
cost possibilistic value that is very small (i.e. equal to
0.0059).

Comments on sensitivity

In the previous illustrative section, one case with data
and the output acquired after running the proposed
algorithm was explained. A sensitivity analysis is

conducted for the same data with variations in few
parameters. Possibilistic reliability of marine vessel for
cost spread parameter fs values equal to 0.2 and 0.3
with different values of t varying from 69 to 83 are
given in Table 2. No optimal sequences could be got
outside this range of t. Table 2 also shows the total cost
units utilized in terms of budget utilization factors fu in
the optimization process, which is the ratio of Cu to (Cu

+ Cun). Table 2 provides valuable information in the
sense of scheduling of the travel time and would also be
useful in further decision making. For example, for
t=75 time units, ~R takes maximum values of 92.43%
and 92.54% for fu=0.93 and 0.99, respectively.
Fuzziness spread parameter too plays a significant role
in this. The shaded values are the redundant values, as
same ~R values have been obtained with lesser cost bud-
get utilization.

Furthermore, the decision maker can choose the tac-
tic based on increase in reliability with respect to cost
utilization. Therefore, compromise strategy could be
decided as per the circumstances. Charts such as the
one given in Figure 7 could be developed that would
give a ready reckoner about the cost and possibilistic
reliability trade-offs. If one observes the value of ~R
obtained for t=78 time units, it is same for fs=0.2
and 0.3 with fu=0.94 and 1.0. This portrays the effect
of ambiguity, that is, fuzziness in data values. The value

Table 1. Optimal sequence outputs for the illustrated example.

Total budget utilized 9.3000
~R 0.9165
Possibility value for total cost 0.0059
~T [73.0000, 4.7900]P ~C [6.2061, 7.7577, 9.3092]
Stage Optimal stage time ~Ci Possibility value for stage cost Stage budget utilized

[Ti, di]
psh [1.0000, 0.1100] [0.8064, 1.0080, 1.2096] 0.0478 1.2000
wsh [1.0000, 0.2900] [0.8072, 1.0090, 1.2108] 0.0538 1.2000
n [55.0000, 1.6500] [1.2768,1.5960,1.9152] 0.0476 1.9000
d [8.0000, 1.1200] [0.8597, 1.0747, 1.2896] 0.0000 1.3000
wdh [4.0000, 0.8000] [0.8293, 1.0367, 1.2440] 0.0000 1.3000
ddh [2.0000, 0.4000] [0.8129, 1.0161, 1.2194] 0.0952 1.2000
cdh [2.0000, 0.4200] [0.8137, 1.0171, 1.2206] 0.1011 1.2000

Figure 4. Travel time GMF and possibilistic reliability for t = 72
time units.
GMF: Gaussian membership function.
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of possibilistic reliability, ~R=0.9246, is achieved by
100% utilization of the budget. Moreover, this value is
also acquired with more precise data, that is, with lesser
ambiguity in cost values.

Summary and conclusion

In real-life problems, it is not easy to formulate a prob-
lem in mathematical form owing to the qualitative
nature of the objective function and/or constraints. In
this article, a possibilistic reliability optimization prob-
lem is formulated initially with focus on maritime trans-
portation system. Possibilistic measures are used in the
mathematical formulation of the problem investigated
here. The possibilistic programming approach is uti-
lized in obtaining the optimal travel time reliability

value under the crisp as well as possibilistic constraints.
Travel times and costs are modeled with GMFs and
TMFs, and a dynamic type of optimization algorithm
has been proposed as a part of solution methodology.
The approach of optimization is to derive the maximum
with full exploitation of limiting constraints. The algo-
rithm first computes all the sequences of stage times
satisfying the constraints and then identifies the one
among those with maximum reliability. An example
with numerical solution obtained through MATLAB
program is presented as illustration. A sensitivity analy-
sis with parameter variations is also carried out at the
end. The proposed methodology would be helpful for
decision makers in optimal scheduling of the marine
transportation vessel with regard to stage travel times,
total vessel travel time, arrival time at destination har-
bor, in making budgetary provisions and decisions
requiring reliability–cost trade-offs.

Table 2. Optimal possibilistic reliability for different combinations.

t (time units) fu

0.92 0.93 0.94 0.99 1.0
fs = 0.2 fs = 0.3

68 — — — — —
69 — — — 0.9035 0.9035
70 0.9039 — — 0.9091 0.9091
71 — 0.9091 — 0.9141 0.9141
72 — 0.9165 — 0.9178 0.9178
73 — 0.9201 — 0.9213 0.9213
74 — 0.9234 — 0.9246 0.9246
75 — 0.9243 — 0.9254 0.9254
76 — 0.9251 — — 0.9228
77 — 0.926 — — 0.9237
78 — — 0.9246 — 0.9246
79 — — 0.9276 — 0.9254
80 — — 0.9284 — 0.9263
81 — — 0.9292 — —
82 — — 0.93 — —
83 — — 0.9308 — —
84 — — — — —

Shaded values are the redundant values, as same ~R values have been obtained with lesser cost budget utilization.
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Figure 6. TMF of total cost and related possibilistic value.
TMF: triangular membership function.
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Figure 7. Optimal possibilistic reliability variations.
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Appendix

Notation and abbreviations

cdh clearance activities at destination harbor
Cb total cost budget
Cbi cost budget of stage ‘‘i’’
~Ci cost of stage ‘‘i’’

CLi lower limit/bound of cost budget for stage
‘‘i’’

Cu cost budget utilized
CUi upper limit/bound of cost budget for stage

‘‘i’’
Cun cost budget unutilized
CPLb cost possibilistic limit for total budget
CPLi cost possibilistic limit for individual stage

‘‘i’’
d delay due to the unforeseen events
ddh docking at destination harbor
fc cost unit factor
fs fuzzy parameter or spread of cost (%)
fu budget utilization factor (%)
GMF gaussian membership function
n navigation at sea or ocean
pos possibility
psh preparation for departure at source

harbor
~R possibilistic reliability
RPL reliability possibilistic limit
t scheduled or planned time at destination

harbor
TLi lower limit/bound of time for stage ‘‘i’’
TUi upper limit/bound of time for stage ‘‘i’’
~T marine vessel’s travel time
~Ti time or duration of stage ‘‘i’’
TMF triangular membership function
; denote a fuzzy variable
wdh waiting at sea or ocean before docking at

destination harbor
wsh waiting subsequent to preparation at

source harbor

m possibilistic distribution or membership
function

c possibilistic variable
vi weight factor of the stage ‘‘i’’ obtained

under cost criteria
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