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Introduction

R outing and scheduling of ves-
sels is an elaborate and signifi-
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A MATHEMATICAL PRO-
GRAMMING MANAGEMENT
MODEL FOR A STORAGE RE-
PLENISHMENT OCEAN
TRANSPORTATION PROBLEM

Abstract

This paper presents a mathematical programming model
for a scheduling transportation problem. We examine a
specific demand scenario that faces many oil companies,
based on which a company aims to satisfy a given client’s
demand requirement of crude oil at a minimum cost. The
overall cost of transportation is comprised of daily opera-
tional expenses of vessels, cost of time and spot charter-
ing, and penalties incurred on violating specified delivery
time windows. Due to the high cost associated with time
and spot chartering, it is lucrative to utilize self-owned
vessels, to the extent possible, and resort to chartered
vessels as needed. A solution of the developed model
specifies dispatching and delivery days of shipments and
determines the fleet mix of vessels, and hence the model
can be utilized for scheduling, planning, managing, and
negotiating purposes.

size mix consisting of company-
owned and chartered vessels of differ-
ent types, checking whether it is lucra-

cant level of planning of fleet
management in any maritime trans-
portation system. It involves assigning
shipments to vessels, selecting delivery

dates, determining the required fleet

- Submitted November 2003, accepted July 2004.

tive to perform a spot charter for
another operator, and so on. Because
of the high cost associated with oper-
ating and chartering vessels, efficient
routing and scheduling of vessels has
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the potential of enormous saving in
the overall fleet cost. This is particu-
larly true when realizing that a typical
vessel in a merchant fleet usually costs
millions of US dollars, and the daily
operational cost of a vessel amounts to
tens of thousands of US dollars (Ro-
nen 1983,1993).

Problem Specifics

In the specific problem that is the
focus of this paper, a product is to be
transported from a single source to a
single destination based on agreed
upon contracts that specify delivery
time intervals and related penalties.
Shipments that are not delivered with-
in the specified delivery time intervals
receive penalties agreed upon between
the transporting company and the
client. The transporting company
owns a number of vessels (company-
owned), but they are usually not ade-
quate to satisfy demand requirements
of the client; hence the company re-
sorts to time and spot chartered ves-
sels as needed. Accordingly, the fleet
of vessels is typically composed of
company-owned and chartered ves-
sels. There are different types of ves-
sels; each is characterized by its
capacity, size, speed, daily operational
expenses, chartering expenses and so
on, and thus two vessels of the same
type are assumed to have similar
characteristics. The client specifies
the total demand of the product over

some specified time horizon, which is
in turn partitioned into a number of
smaller quantities (subdemands), each
of which is associated with a feasible
delivery time interval. The subde-
mands are usually specified by the
minimum and maximum allowable
quantities of the product to be shipped
to the client, which are determined
based on the client’s storage facilities
and the anticipated consumption of
the product. Therefore, the replenish-
ment of the client’s storage facilities is
driven by the overall demand of the
product and some stringent delivery
time-windows associated with the
subdemands. A shipload that is not
delivered within any of the specified
delivery time-intervals receives a pen-
alty agreed upon by the client and the
transporting company as will be dis-
cussed later in the paper. This parti-
cular demand structure is faced by
many oil companies where crude oil
needs to be transported from a source
to a destination according to the
above prescribed demand structure.
A follow-up research examines an-
other demand structure that is also
faced by oil companies, namely, when
the demand structure is specified
based on the daily consumption rates
at the destination and the penalties
associated with certain levels of the

destination’s storage facility.
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Related Literature

Water transportation is of special
significance to many oil companies in
the world, where vessels mainly move
crude oil and its related products. For
the United States, for example, which
is the world’s largest energy consumer,
seaborne petroleum imports are an
essential lifeline to the oil deposits of
the Middle East, East Asia, and Latin
America (Warf, 1989). Efficient vessel
transportation systems could lead to
significant savings due to the high cost
associated with vessel scheduling. Ves-
sel routing and scheduling problems
have attracted many researchers in the
past; however, scheduling problems
related to other means of transporta-
tion such as vehicle, rail, and airline
have attracted considerably more re-
search effort (Ronen, 1983, 1993).
Although a wide range of quantitative
approaches has been employed to
tackle vessel scheduling problems,
many of these problems still pose
challenges to researchers because of
the complexity and high degree of
uncertainty involved in vessel opera-
tion. This research is intended to high-
light the importance of efficient
scheduling of vessels in the overall
fleet operation. In particular, the pro-
posed modeling approach indicates
that appropriate scheduling can sig-
nificantly reduce the overall cost.

Dantzig and Fulkerson (1954) stu-
died a tanker scheduling problem of a
homogeneous fleet, i.e., carrying cap-
abilities, speeds, and operating ex-
penses were the same for all vessels.
Loading and discharging dates were
predetermined. The objective was to
minimize the number of vessels to meet
a specified schedule. One loading and
one discharging port per vessel voyage
were assumed. Briskin (1966) extended
the problem of Dantzig and Fulkerson
(1954) by allowing several discharging
ports. He described a heuristic cluster-
ing procedure in which unloading ports
were clustered together and used a
transportation method to schedule the
tankers. The author utilized dynamic
programming to determine the sche-
dule of each ship through its cluster of
unloading ports.

Bellmore et al., (1968) presented a
modification of the Dantzig and Fulk-
erson (1954) problem, in which there
was an insufficient number of tankers
available to satisfy the demand require-
ments. Delivery "utilities" were pre-
sented to determine which deliveries
to cancel (Miller, 1987). In another
paper, Bellmore et al., (1971) extended
Dantzig and Fulkerson’s (1954) pro-
blem by allowing various types of ves-
sels and permitting partially loaded
vessels. Delivery dates were specified
within a certain time interval. The
objective was to maximize the total
utility of deliveries. The utility of a
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delivery reflected its desirability and
cost. Negative utilities were associated
with empty legs. The problem was
modeled as a mixed integer linear pro-
gram. The authors suggested employ-
ing decomposition with a branch and
bound algorithm and network sub-
problems. Nevertheless, no applica-
tions or results were given.

Laderman et al., (1966) studied a
ship routing problem that might be
faced either by a tramp shipping
company or by an industrial opera-
tor. Specified quantities of bulk com-
modities were to be shipped between
specific pairs of ports. The fleet con-
sidered was composed of vessels of
different characteristics. The objec-
tive was to minimize the number of
ships needed to meet the shipping
requirements. This problem was
modeled as a linear program, which
assigns vessels to trips, while round-
ing any resulting fractional number
of trips. Rao and Zionts (1968) ana-
lyzed a similar problem. They consid-
ered whether the chartering option
was needed. The objective was to
minimize the chartering and operat-
ing expenses of vessels. The authors
employed a column generation algo-
rithm based on OUT-OF-KILTER
sub-problems to reduce the size of
the linear program.

Naslund (1970) examined the pro-
blem of delivering wood pulp from

many loading ports to numerous dis-
charging ports. This problem is faced
by many companies in Northern
Europe, where such companies need
to determine vessel type, size, and
speed. Companies must also effi-
ciently determine suitable ports of
call. The objective was to minimize
the total transportation expenses
from the port of origin to the final
inland destination. The author found
the problem to have certain charac-
teristics similar to the warehouse lo-
cation problem. Therefore, a
warehouse location algorithm similar
to the one proposed by Baumol and
Wolf (1958) was employed to solve
this problem. The algorithm pro-
vided a local minimum; however, it
did not assure a global minimum.

Mathis (1972) investigated an oil
supply system in which the decision
variables were fleet size and mix, sizes
of shore tanks, and routes of vessels.
Transshipments were permitted at dis-
charging ports. A number of assump-
tions were made to simplify the
problem. Some of these assumptions
were (a) only one type of crude oil was
considered, (b) a tanker had to stay in
its assigned route, (c) sizes of vessels
were continuous, and (d) analytical
approximations were used for the cost
function. The objective was to optimize
(minimize) the total cost of the system.
The problem was modeled as a non-
linear integer program and the author
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exploited the problem’s structure to
solve it by a branch-and-bound proce-
dure with generalized upper bounds.
Flood (1954) attempted to determine
optimum routes and schedules for the
US military tanker fleet transporting
bulk oil products worldwide. He as-
sumed a given fleet size and minimized
the overall distance traveled in ballast
(empty) of the vessels by solving a
transportation problem. McKay and
Hartly (1974) considered the tanker
scheduling problem of the US Defense
Fuel Supply Center (DFSC) and the
Military Sealift Command (MSC) in
the worldwide distribution of bulk oil
products. They permitted multiple
loading ports in a voyage and at-
tempted to minimize the operating ex-
penses of the vessels and the cost of
buying the products at the loading
ports. The problem was modeled as a
mixed-integer linear program and was
solved as a linear program with a
specialized rounding technique for the
discrete variables.

Fisher and Rosenwein (1989) con-
sidered the efficient scheduling of a fleet
of vessels involved in a pickup and
delivery of bulk cargoes. In this model,
a menu of candidate schedules for each
ship was generated. Selecting an opti-
mal schedule from this menu was mod-
eled as a set packing problem and
solved with a dual method. This model
was programmed in Pascal on a VAX
8600 and was composed of three mod-

ules: (1) the schedule generator, (2) the
set packing algorithm, and (3) a color-
graphic interface that facilitates display
and interactive modification of differ-
ent schedules. The model was tested
based on real-world data obtained
from the Military Sealift Command of
the US Navy. The resulting solutions
indicated a potential for saving up to
about $30 million per year over the
manual system that was used.

Baker (1981) presented an interac-
tive ship scheduling model for a situa-
tion which resembles the vehicle
scheduling problem. The model pro-
vided schedules for distribution of oil
products from a single refinery to several
delivery points. A linear programming
model and a network model were used to
determine voyage selection and quanti-
ties of products shipped, respectively.

Now, we present research that is
particularly related the problem of the
present paper. For further details on
vessel routing and scheduling pro-
blems and models, the reader may
refer to Ronen (1983, 1993).

A vessel scheduling problem con-
cerning the transportation of crude oil
from the Middle East to Europe and
North America was considered by
Brown et al., (1983), who formulated
an integer-programming model and uti-
lized column generation techniques to
solve it. The demand structure was
specified by a sequence of cargos that
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needed to be delivered during the plan-
ning horizon. The approach adopted by
Brown, et al. (1983) is to generate a
partial set of complete feasible sche-
dules (in a column generation fashion),
along with the generated schedules’
costs, and then develop an elastic set
partitioning programming model. The
model developed in this paper differs
from that model in that it incorporates
different vessel types and combines the
process of constructing and selecting
feasible schedules within the model
itself. Ronen (2002) proposed a mixed-
integer programming model and a cost-
based heuristic procedure for a vessel
transportation problem. The approach
adopted by Ronen (2002) divides the
solution of the problem into two stages.
The first stage determines the slate of
shipments to be made, and the second
stage generates vessel schedules. In con-
trast, the model developed in this paper
determines the fleet size mix as well as
the detailed vessel schedules. Hassan
and Al-Yakoob (1999) considered a
similar scheduling transportation pro-
blem, but it was with a much relaxed
demand structure, whereby only an
overall demand requirement was speci-
fied without any restrictions on the
delivery time intervals.

Modeling Preliminaries

In this section, we present nota-
tion, assumptions, and a penalty func-
tion that will be used in the next

section to formulate a mixed-integer
program for the Storage Replenish-
ment Ocean Transportation Problem
prescribed in the previous section.

Notation and Assumptions

Consider the following list of nota-
tions.

- h=1,..., L :Indices for the days of
the time horizon, where L denotes
the duration of the time horizon.

- H=/{1,..,L} :The set of days of
the time horizon.

- T :The total number of vessel types.
- t =1,...,T :Indices for vessel types.
- 2, :Capacity of a vessel of type ¢.

- T, ‘Time required for a vessel of
type t to travel from the source to
the destination, which includes the
time required to load the vessel in
the source plus the time the vessel
takes to reach the destination.

- T,, :Time required to unload a ves-
sel of type t at the destination’s
facility plus the time this vessel takes
to travel back to the source.

-1, =T,+T, =21, =21, (ie.,
we assume that T,, = T,,).

- O, :Number of company-owned
vessels of type ¢.

.

-0=> 0.,

t=1

- C'H,: Number of available vessels of
type t that can be possibly chartered.
p

- CH=Y.CH,

t=1

(2]



Salem Al-Yakoob

M,= O, + CH, :The total num-
ber of vessels (both company-owned
and vessels available for chartering)
of type t.

n =1, ..., M, :Indices for vessels of
type t.

n =1,...,0, :Indices for the com-
pany-owned vessels of type .
n=0,+1,..,0, + CH, = M, :In-
dices for vessels of type ¢ that are
available for chartering.

DC, :Daily operational cost for a
vessel of type t.

C, = (DC)) T, : Operational cost of
a vessel of type ¢ for making the
round trip journey: source — desti-
nation — source.

$,, : Cost (in US dollars) of charter-
ing a vessel n of type ¢.

D :Total demand of the product
over the duration of the time hor-
izon.

100v :Allowable percentage varia-
tion in the total demand.

N :Number of demand parti-
tionsofthe entire demand D.

D :The i'" subdemand, for
i=1,..,N.

f, and F: Respectively, denote the
minimum and maximum allowable
levels of the 7" subdemand D,, for
i=1,..,N.

H, : Entire delivery time interval asso-
ciated with the 7 subdemarivd D,, for

i=1,..,N, where H=|JH, and
i=1
H. N H, = ¢, whenever i # j.

d,. and d,,: Respectively, denote the
earliest and latest permitted pen-
alty-free delivery days in H,,for
i=1,..,N.

H' ={d,....d,},fori=1,..,N:
The i penalty interval.

N

H" = UHPF : Entire penalty-free
i=1

time-window.

o, and «,,: Maximum days within
which a shipment can be delivered
before and after d,, and d,,
respectively, but with some speci-
fied penalty as discussed later in

Section 2.2, fori =1,..., N.

a,;, = du -y, and a,, = d2.i +ta

fori=1,...,N.
H,vPI = {au’ ) (du - 1)} U {<d2j
+1),...,a,,} : Type I penalty deliv-

2,07

ery time interval associated with the

i"™ subdemand D, fori =1,..., N.
N

H" = UHYH : The entire Type 1|

i=1
delivery time window.

60 = 07 6;\" =L.

a,;+a

g ="t forio1  (N-1),

PIT
Hl_m = {(6(1,1) + 1)7 ey (ah — 1)}’
fori=1,..,N.

PII

H_={(a, +1),.,0}fori=1,.,N.

PII PII PII .
H =H UH ,fori=1,..,N.

N

H" =\UH" :The entire Type II

i=1
penalty delivery time window.

(5]



AJ.AS,Vol. 12, No. 1

PIT

-H=H"UH"UH" fori=1,..N.
_ H _ HPF U ﬁ[’] U,HPH
- o, :Per barrel penalty associated with

the i'™ subdemand D, for violation of

the delivery time interval H, "

Example 1

The following is an illustrative exam-
ple of the no penalty, Type I penalty, and
Type II penalty time intervals.

- Let o, =a,, =5, for i =1,...,3,
- L=135 H=1{1,..,35}, N =3,
- H, ={1,..,45}, H, = {46,...,90},
H, ={91,...,135},
- H" ={15,..,30}, H = {60,...,75},
H' = {105, ..., 120},
H" =1{10,..,14,31, ..., 35},
H' = {55,...,59,76,...,80},
H' ={100,...,104,121, ..., 125},
- H" =1{1,..,9,36,...,45},
H™"'={46,...,54,81, ...,90},
H" =1{91,..,99 , 126,...,135}.

2
3
- a, =10, a,, =35, a,, = 55,
- a,, =80, a,, =100, a,, = 125,
- B, =45, and 3, = 90.
Then the no penalty (NP), Type I
penalty (PI), and Type II penalty (PII)

intervals are depicted in the time line
as given by Figure 1.

Hence, the delivery of a shipment
of the product is allowed on any day of
the time horizon, either with no pen-
alty associated with it or with a Type |
or Type II penalty as illustrated in
Figure 1.

A penalty function

A dayh € Hisafeasible starting day
for a shipment carried by a vessel of type
¢ with respect to the i subdemand D, if
(h+T,,—1) € H,, where T, is as de-
fined above. Hence, the shipload carried
by this vessel is penalty-free if
(h+T,,—1)¢€ HfF. On the other
hand, if (h+T,, — )¢H/", then this
shipload is penalized a fixed amount
based on a) the number of early or late
days before d; or after d,;, b) the
number of barrels in the shipment (i.e.,
the capacity of a vessel of type ¢ given by
Q,),and ¢) whether (h+ T, — 1) € H”
or(h+ T, —1) € H' Thus, the Type
I and Typé II penalty associated with a
shipment carried by vessel n of type t and
leaving the source on day & are deter-

Figure 1
Delivery time intervals

Pl (PI| NP |PI| PII | PII | PI

NP

PI| PII | PII | PI NP PI | PII

30 35 45 55 60

75 80 90 100 105 120 125 135
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mined based on the delivery dates as
follows:

Type I penalty:

P,(h,t,n) = Q, 0; maximum

{(du —(h+ Ty, = 1), (4T, = 1) =dy,)}
if (h+(T;, — 1)) € H!', and

Type II penalty:
Py(ht,n) = {a Q0 + A
(al,i —(h+ T, - 1)),
if (h+(T,,-1)) € Hfjl, ay; Q0+ A
(h+Ty,—1)—ay,),
if (h+ (T, - 1)) € H‘Z’.
Where A is a sufficiently large number
indicating the undesirability of deli-

vering shipments in the Type II deliv-
ery time-window.

Accordingly, we define the follow-
ing combined penalty function:

0 it (h+ (T, ~1) € B,
P(h,t,n) = | P,(h,t,m) if (/1+(T1A,—l))€Hf1,
Py(hytn) if (h4(T,, -1)) € Hf”.

A Mixed-Integer Programming
Scheduling Transportation
Model

A mixed-integer programming
model for the problem described in
the foregoing sections is formulated
below. The problem variables and
constraints are presented first, and
then the objective function and the
model are given.

Problem variables

Define the following sets of binary
decision variables as below.

Let
1 if vessel n of type ¢
is dispatched on day
Xpin= h from the source to

the destination n,
0 otherwise

A vessel cannot be dispatched
from the source on day / of the time
horizon unless it is available at the
source on this day. The following set
of binary decision variables represents
the availability of vessels at the source.

Let

1 if vessel n of type ¢
is available at the
source on day #,

0 otherwise

Xh,l,n =

The chartering decisions variables
are defined as follows.

Let

1 ifvesseln € {0, +1,...M,}
7 of type ¢ is selected for chartering
’-” during the time horizon,
0 otherwise

A vessel n of type ¢ may not be
available at the source on day / of the
time horizon because this vessel may
be scheduled for maintenance on that
day, or this vessel is company-owned,
although it is involved in a trip from a

(5]
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previous contract. Hence, whenever
Y,

h,t,n
sponding variable X,

n,t,n

= 0, this implies that the corre-
=0. Let @,
and @, denote the index sets of X and
Y variables, respectively, which are
restricted to be zero, based on con-
siderations similar to the above.

Fori=1,...,N,let U, be a contin-
uous variable representing the
amount of the product that will be
shipped from the source to the desti-
nation within the /" delivery time
interval f;, and let U denote the total
amount of the product that will be
shipped to the destination over the
entire time horizon.

Problem constraints
Constraints of the problem are
formulated as follows..

a) Demand requirements

(C)LL / )
(/1+Tlll,—1)EHj

Qth.l.n = U,fori: lev--.l\‘r,

f,<U <F,for i=1,..N,
(CZ) ZZZQI Xh,Ln = U7
h t n

D(1—-v)<U<LD(l+v).

For ie{l,..,N}, Constraints
(C,) assures that the total amount of
the product shipped to the destination
in the ith delivery time interval H, lies
within [f;, F;], whereas Constraint (C, )
guarantees that the total demand re-

(%]

quirement over the entire time horizon
is satisfied within a permitted shortage
or excess percentage given by v.

b) Vessel availability
<C3) Yh,t.n = Yh—l‘t,n - Xh—l,t,n +

X Xy Yh220m
hl<hl
(hy+T -1)=h

(C4) Xh,t,n < Yh,t,n’ Vha t,n.

A vessel n of type ¢ can be dis-
patched from the source to the destina-
tion on day / of the time horizon only if
itis available at the source on that day.
This vessel is available at the source on
day hifeither the vessel was available at
the source on the previous day and it
was not dispatched, or this vessel was
not available there during the previous
day but it arrived on the current day.
On the other hand, this vessel is un-
available on day / at the source if it was
available there on the previous day and
it was dispatched on that day (assum-
ingthat 7, > 1forall vessel-types ¢), or
it was unavailable on the previous day
and it did not arrive on the current day.
Constraint (C;) examines the avail-
ability of vessel n of type ¢ at the source
on day 4 by incorporating these cases,
and then Constraint (C,) permits dis-
patching of vessels conditioned upon
this availability.
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¢) Vessel chartering

The following constraint examines
ifavesseln € {0, +1,...,M,} of type
t is selected for chartering or not.

(€) YVpw < Zyy Vhine{0 +1,.,M}.

Hence, a shipment could be carried
by a vessel ne {0, +1,..,M,} of
type ¢t on a given day of the time
horizon, only if this vessel is selected
for chartering, i.e., Zm =1.

Objective function

The objective function is com-
posed of the following terms:

a) The operational costs of selected
legs for both the company-owned
and chartered vessels, which are
given by > > > C.X, . Note
that we aséume that the opera-
tional cost of a vessel of type ¢ is
independent of / and is the same
for all vessels of this type.

b) The Type I and Type II penalty
associated with infeasible ship-
ments as discussed in the previous
section, which are given by

S P(ht,n)X i
h

¢) The chartering expenses are given

by E Z $t,ann

t n=0,+1

Thus, the objective function terms
presented in a), b), and ¢) together

with the constraints yield the follow-
ing model (VSM) for the prescribed
vessel scheduling problem. (All in-
dices are assumed to take on only their
respective relevant values).

VSM:

Minimize
ZEZCX,MZP(H")X,M+Z Z $uZin
hton 1 n=0,+1
subject to (C)), ...., (C.),

Xpn€ 10,1}, Vhit,ngdy,
Y, . € {0,1}, Vh,t,n¢®,,

Z, € {0,1},Vt,ne{0, +1,..,M,},
f, <U <Ffor i=1,..,N,
D(1—-v)<U<D(l+v).

Remark 1. Note that Constraint (C;) is
formulated so that the integrality of the Y-
variables is guaranteed once the integrality
of the X-variables and the Y-variables
corresponding to the first day of the time-
horizon is enforced. This follows since

Y, ., is defined recursively in terms of
Y, ,,, and a subset of the X variables.

The integrality of the Z-variables is also
automatically guaranteed. This follows
because if for a given vessel type ¢, a vessel
ne{0,+1,..,M,}isnotused at all with-
in the time horizon, then the most attrac-
in the third term of the
objective function is zero. On the other

tive value for Z, ,
hand, if this vessel is involved in any trip
between the source and the destination,
then Constraints (C,) and (C;) force the
Z, ,variable to have a value of one.

(7]
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Remark 2. Capacity restrictions and
maintenance requirements

A production capacity, say given by
0, might restrict the maximum amount
of the product that can be shipped to the
destination on any day of the time
horizon. This restriction may be im-
posed via the following constraint.

() ZZQX,, < 0 Yh
t n

Also, maintenance considerations
can be incorporated in the model. For
example, the total usage of a vessel n of
type ¢ over the duration of the time
horizon, say denoted by TU, ,, might
be specified a priori. This restriction
can be imposed via the following
constraint.

(C7)ZZTI Xh,l,n < TU/;"" VZ,}’[.
bt

Other forms of scheduled mainte-
nance restrictions can be also accom-
modated in the model by setting

certain X-variables to zero.

Computational Results

This section presents computational
results related to solving Model VSM
directly by the CPLEX Optimization Pack-
age (version 7.5). Computational tests are
performed on a set of six test problem
instances (given in the Appendix A) that
represent various operational scenarios.

We now define the following nota-
tion that will be used in this section.

- RT: Run time in CPU seconds on a
Pentium IV computer having 256 MB
of RAM and using CPLEX-7.5, where
all procedures have been coded in Java.

Fork=1,...,6,let

- I, denote the kth test problem,

-, (VSM) denote the objective function
value of the linear relaxation of Model
VSM based on test problem I, .

- v (VSM) denote the objective func-
tion value of Model VSM based on
test problem 7, .

Tables 1 and 2 present computa-
tional results related to solving Model

VSM using CPLEX.

Table 1
Statistics Related to Solving Model VSM via CPLEX
Test Problem Number of v, (VSM) RT
Nonzero ()
Rows Columns Entries
I, 1,119 871 3,457 6,100,060 0.28
1, 1,023 861 3,275 2,900,005 0.26
I, 3,348 2,482 10,150 12,340,000 0.26
I, 2,781 2,443 9,055 6,400,000 0.26
I 5,172 3,990 15,894 17,100,000 0.35
I 4,749 3,996 15,072 13,940,000 0.28
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Table 2
Statistics Related to Solving Model
VSM via CPLEX (continued)

Test v, (VSM) RT
Problem (6))
1, 6,600,080 212.12
I 3,400,010 126.10
I 12,460,010 450.70
I, 6,680,000 510.27
I 17,540,000 1009.50
I, 14,280,000 1981.33

Comparison with an ad-hoc
scheduling procedure

In this section, we compare the
performance of Model VSM with an
ad-hoc scheduling procedure that is
intended to simulate how vessel sche-
dules are generated manually. Note
that this ad-hoc procedure, denoted by
AH, is not unique and perhaps differ-
ent organizations utilize different ad-
hoc scheduling schemes. Nonetheless,
due to the combinatorial nature of the
problem, any ad-hoc procedure is
likely to be inefficient and costly. Since
chartering expenses are of large mag-
nitudes relative to costs of legs and
penalties imposed on early or late
shipments, the procedure attempts to
fully utilize company-owned vessels
before resorting to chartered vessels.
In general, this procedure is described
in two steps as follows. For
ic{l,..,N}, let SL, denote the (so
far) total amount of the product de-

livered to the destination to satisfy the
i subdemand.

A) Utilization of the company-
owned vessels

To avoid chartering of vessels, the
procedure attempts to maximally uti-
lize the company- owned vessels by
minimizing the idle times of vessels
during the time horizon. Hence, for a
vessel n of type ¢, the procedure finds
the smallest / that satisfies the follow-
ing conditions:

a) This vessel is available for dis-
patching from the source on day
h, i.e., this vessel is not used in
any previously determined
source-destination roundtrip that
involves day /.

b) If h+T,,—1€H; for some

i€ {17...,N}7 then SL, < f; .

c) SL,+Q, <F,.

Now if conditions a, b and ¢ are
satisfied, then vessel n of type ¢ is
dispatched and the total cost is up-
dated by adding the operational cost
of this trip in addition to any Type I or
Type 11 penalty.

B) Resorting to chartered ves-
sels as needed

If SL; < f; for some i € {1, ..., N},
then the vessel having the least char-
tering cost is selected and the corre-

sponding chartering cost is added to
the total cost. The dispatching deci-
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sions of this vessel is determined in a
similar fashion as discussed in A. Step
Bis then repeated until SL; > f; for all
ie{l,...,N}

Table 3 compares the costs of
schedules obtained via Model VSM
and Procedure AH.

It can be observed that for each test
problem, the overall transportation
cost obtained via Model VSM is as
good as, and often substantially bet-
ter, than that obtained via Procedure
AH. For example, for test problem /,,
the gap between the overall cost ob-
tained via Model VSM and that ob-
tained via Procedure AH is quite large
(65.9%).

Summary, Concluding Re-
marks, and Future Research

This paper examines a storage
replenishment ocean transportation
problem faced by an oil company in
delivering a product from a source to a

destination based on specified delivery
time intervals. A mixed-integer pro-
gramming model is formulated for the
problem. A solution of the model
determines the fleet size mix being
composed of company-owned and
chartered vessels, the dispatching
dates of vessels, and the penalties
incurred on some shipments that are
not delivered within any of the pen-
alty-free time intervals. Due to the
high cost of chartering, the model
attempts to optimally utilize com-
pany-owned vessels, to the extent pos-
sible, and then resort to chartering as
needed. The model is solved using the
CPLEX (version 7.5) optimization
package based on a number of test
cases representing various operational
scenarios. Schedules generated using a
simple ad-hoc procedure are com-
pared with those obtained via the
proposed modeling approach. The
results indicate that the costs of sche-

Table 3
Comparison between costs of schedules obtained via Model
VSM and Procedure AH

Test v, (VSM) AH A YY) g
Problem 3 ® (Percentage of Improve-
ment of Model VSM over
Procedure AH)

1, 6,600,080 8,600,350 23.2%

I, 3,400,010 8,600,350 60.4%

I 12,460,010 21,760,570 42.7%

1, 6,680,000 19,600,650 65.9%

I 17,540,000 28,540,850 38.5%

1 14,280,000 27,200,950 47.5%
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dules generated via the model are
noticeably less than the costs of sche-
dules obtained by the ad-hoc proce-
dure. The potential saving and
usefulness of the model in planning
and negotiation purposes strongly
justifies its use in practice. In particu-
lar, by running the model in sensitive
analysis fashion for different possible
delivery and penalty alternatives, the
company can examine the impact of a
given contract in its overall operation
and net profits. Ongoing extensions of
this work include the development of
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Appendix A
Test problems

This appendix presents statistics
related to six test problems. Assume
that there are three types of vessels:
Type I Penalty is fixed at $0.5 for all

the subdemands, Type II Penalty is
fixed at $1 and all vessels of the same
type are chartered for the same price
that is denoted by §,.

Table Al
Vessel-types

t T, Q $, DC,
(days) (barrels) (&) (&)

1 5 400,000 $2,000,000 $20,000

2 8 600,000 $2,200,000 $30,000

3 11 800,000 $2,400,000 $40,000

For a given nonnegative integer i,
Table A2 gives the various penalty

intervals associated with subdemand

D..

1

Table A2

Penalty and no-penalty time intervals for subdemand D,

Interval Penalty Type
(days)
{45(i—1)+1,..,45(i— 1)+ 9} Type 11
{45(i — 1) +10,...,45(i — 1) + 14} Type I
{45(i— 1)+ 15,...,45(i — 1) + 30} No penalty
{45(i — 1) +31,...,45(i — 1) + 35} Type I
{45(i—1) +36,...,45(i — 1) + 45} Type 11

Note that for i = 1,2, and 3, the
intervals determined via Table A2
coincide with those given in Example

1. It is worth mentioning that the

structure of the intervals given in
Table A2 is basically the same for all
subdemands D, in the sense that the
duration of Type II, Type I, and the no
penalty intervals is the same for all

103



AJ.AS, Vol. 12, No. 1

such subdemands. Nonetheless, the Table A3
] ) ) Lower and upper quantities asso-
modeling approach presented in this ciated with the subdemand D
paper can easily accommodate other g f..F]
. barrel
structures of penalty intervals. Table (barrels)
1 [5,000,000 - 6,000,000]
A3 defines upper and lower quantities 2 (6,000,000 - 7,000,000]
associated with D, fori=1,2,3. 3 (7,000,000 - 8,000,000]
Table A4
Test Problems
Test Problem H N (T,0,CH) (t,0,,CH,)
I (days) (vessel types) (vessels) (vessels)
I {1,...,45} 1 (1,4,6) (1,4,6)
b {1,...,45} 1 (1,6,4) (1,6,4)
L {1,...,90} 2 (2,4,10) (1.2,5),(2,2.5)
I {1,...,90} 2 (2,10,4) (1,5,2).(2,5,2)
Is {1,...,135} 3 (3,6,9) (1,2,3),(2,2,3),(3,2,3)
Is {1,..,135} 3 (3,9.6) (1,3,2),(2.3.2), (3.3,2)
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Appendix B
This appendix presents detailed sche- be dispatched form the source to the
dules obtained via Model VSM and the ad- destination on day h. Note that if
hoc procedure AH. The schedules are ne{l,..,0,}, then the vessel is a self-
prescribed via the triples (h,t,n), where owned one, while if n € {0, +1,..., M, },

(h, t,n) indicates that vessel n of type ¢ will then the vessel is a chartered one.
Table B1
Vessel schedules generated via Model VSM
Test Trips Operational Penalty  Chartering Total Cost
Problem (h,t,n) Cost (%) Cost ($) Cost ($) )
I (5,1,1), (15,1,1), 25,1,1), (2,1,2), 2,600,000 4,000,080 0 6,600,080

(12,1,2), (22,1,2), (32,1,2), (5,1,3),
(15,1,3), (26,1,3), (5,1,4), (16,1,4),
(26,1,4)

g (13,1,1), 23,1,1), (11,1,2), 21,1.2), 2,600,000 800,010 0 3,400,010

(11,1,3), (21,1,3), (32,1,3), (11,1.4),

(21,1,4), (11,1,5), (23,1,5), (11,1,6),

(25.1.6)
I, (12,1,1), 25,1,1), (58.1,1), (71,1,1), 6,760,000 1,700,010 ~ 4,000,000 12,460,010
(16,1,2), (26,1,2), (56,1,2), (66,1,2),
(12,1,4), (23,1,4), (56,1.4), (66,1.,4),
(77,1,4), (11,1,5), (21,1,5), (7,2.1),
(23.2,1), (52,2,1), (68,2,1), (17,2,2),
(52,2,2), (68.2.,2)

I, (11,1,1), 11,1, (56,1,1), (68,1,1), 6,680,000 0 0 6,680,000
(15,1,2), (25.1,2), (66,1,2), (11,1,3),
(22,1,3), (56,1,3), (66,1.,3), (11,1,4),
(21,1,4), (56,1,4), (66,1,4), (11,1,5),
(21,1,5), (56,1,5), (66,1.5), (68,2,1),
(17,2.3), (68.2.,3), (68,2.4), (17,2.5),
(53.2,5)

I, (11L,1,1), (22,1,1), (58,1,1), (68,1,1), 12,640,000 900,000 4,000,000 17,540,000

(105,1,1),(115,1,1), (11,1,2), (21,1,2),

(66,1,2), (101,1,2), (112,1,2),(11,1,4),
(24,1,4), (71,1,4), (101,1,4), (112,1,4),

(11,1,5), 21,1,5), (56,1,5), (67,1,5),
(101,1,5), (112,1,5), (17.2,1), (68.,2,1),

97.2,1), (113.2,1), (7,2,2), (23,2.2),

(54,2,2), (98,2.,2), (114,2,2), (50.3,1),

(95.3.,1), (50.,3.,2), (95.3.2)

g (11L,1,1), (22,1,1), (56,1,1), (68,1,1), 13,680,000 600,000 0 14,280,000
(104,1,1),(114,1,1), (11,1,2), (21,1,2),

(56,1,2), (67,1,2), (105,1,2),(115,1,2),

(11,1,3), (21,1,3), (56,1.,3), (66,1.3),

(101,1,3),(111,1,3), (17,2,1), (65,2,1),

97.2,1, (113,2,1), (17.,2.,2), (97.2.,2),
(113,2,2), (17.2.,3), (68,2.3), (113,2.,3),

(17.3,1), (50,3,1), (50,3,2), (95.,3,2),

(50.,3.3), (95.3,3)
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Table B2
Vessel schedules generated via the ad-hoc procedure AH

Test
Problem

Trips
(h,t,n)

Operational
Cost ($)

Penalty  Chartering
Cost ($) Cost ($)

Total Cost
(3)

1, (LLD, (ILLD), 2LLD, GLLD,
(41,1,1),(1,1,2), (11,1,2), (21,1,2),
(31,1.2), (41,1,2), (1.2,1), (11,2,1),

21,2,1)

I, (1,1,1), (11,1,1), (21,1,1), (3L, 1,1),
@1,1,1), (1,1,2), (11,1,2), (21,1,2),
(31,1,2), (41,1,2), (1,2,1), (11,2,1),

@1.2,1)

. (1,1,1), (11,1,1), (21,1,1), (31,1,1),

(41,1,1), (51,1,1), (61,1,1), (71,1,1),

(81,1,1), (1,1,2), (11,1,2), (21,1,2),

(31,1,2), (41,1,2), (51,1,2), (61,1,2),

(71,1,2), (81,1,2), (1,2,1), (17,2,1),

(33,2,1), (49,2,1), (65,2,1), (82,2,1),
(1,2,2)

A (1,L,1), (11,1,1), (21,1,1), (31,1,1),
(41,1,1), (51,1,1), (61,1,1), (71,1,1),
(81,1,1), (1,1,2), (11,1,2), (21,1,2),
(31,1,2), (41,1,2), (51,1,2), (61,1,2),
(71,1,2), (81,1,2), (1,1,3), (11,1,3),
(21,1,3), (31,1,3), (41,1,3), (51,1,3),
(61,1,3), (71,1,3), (81,1,3), (1,1,4),

g (1,1,1), (11,1,1), (21,1,1), (31,1,1),
(41,1,1), (51,1,1), (61,1,1), (71,1,1),
(81,1,1), (91,1,1), (101,1,1),(111,1,1),
(121,1,1), (131,1,1), (1,1,2), (11,1,2),
(21,1,2), 31,1,2), (41,1,2), (51,1,2),
(61,1,2), (71,1,2), (81,1,2), (91,1,2),
(101,1,2),(111,1,2),(121,1,2), (131,1,2),
(1,2,1), (17,2,1), (33,2.1), (49,2,1),
(65.2,1), (82,2,1), (97.2,1), (112,2,1)

I, (L1,1), (11,1,1), (21,1,1), 31,1,1),
A1,1,1), (51,1,1), (61,1,1), (71,1,1),
(81,1,1), (91,1,1), (101,1,1), (111,1,1),
(121,1,1), (131,1,1), (1,1,2), (11,1,2),
(21,1,2), 31,1,2), (41,1,2), (51,1,2),
(61,1,2), (71,1,2), (81,1,2), (91,1,2),
(101,1,2),(111,1,2),(121,1,2), (131,1,2),
(1,1,3), (11,1,3), (21,1,3), 31,1,3),
(41,1,3), (51,1,3), (61,1,3), (71,1,3),
(81,1,3), (91,1,3), (101,1,3), (111,1,3)

2,600,000 6,000,350 0

2,600,000

6,000,350 0

6,960,000 14,800,570 0

5,600,000

14,000,650 0

9,440,000 19,100,850 0

8,000,000 19,200,950 0

8,600,350

8,600,350

21,760,570

19,600,650

28,540,850

27,200,950
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