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ABSTRACT

The problem of minimum-cost operation of a fleet of ships that has to
carry a specific amount of cargo between two ports in a given time period for
a specific, fixed contract price is studied. Detailed and realistic operating
cost functions are developed. Sensitivity analyses are performed to study the
effects of small or large changes of one or more cost components on the total
cost. A realistic model for the annual transport capacity as a function of

speed is also used, in contrast to the linear relation used in the literature.

Our problem boils down to the selection of the proper full load and
ballast speeds for those ships of the fleet that we operate such that the
total fleet operating costs (including lay-up costs for unused vessels) are a
minimum. The algorithm developed and implemented for the solution of the
above problem uses the SIMPLEX method of nonlinear optimization developed by
Nelder and Meade. Sample runs of the program developed are included in the

Appendices.

The above problem but with time-varying cost components has been also
studied. A formulation of this problem and a solution is presented. A pro-
babilistic analysis, for the case in which the most important cost components
are random variables with known probability distribution functions, is finally

presented. Examples for these algorithms are also given in the appendices.
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I. INTRODUCTION

Fleet deployment covers a wide range of problems concerned with fleet
operations, scheduling, routing, and fleet design. Many of these problems use
some kind of econamic criteria such as profitability, incame or costs on which
to base decisions. Others use noneconamic criteria such as utilization or
service; these are more common in fleet deployment models used in the liner
trades. BAlexis [1] and Ronen [2] both give excellent reviews of various fleet
deployment problems and models. An aspect of fleet deployment which is not

covered extensively in the literature is slow steaming analysis.

Slow steaming is the practice of operating a ship or fleet of ships at a

speed less than design or maximum operating speed, in order to take advantage
of improved fuel econamy and reduce operating costs. The impact of the
improvement in operating econamy is closely, but not exclusively, related to
the price of fuel. Slow steaming is not strictly a policy to be practiced
during times of high fuel costs. It can be econamically beneficial to a fleet
operator at any time and should be considered whenever the circumstances of a

particular mission warrant its application.

Consider a fleet operator who has contracted to haul a certain amount of
cargo over a known trade route in a given period of time. He has a fixed
number of ships available to perform the service. If the full load carrying
capacity of any combination of the available ships, operating at maximum (or
design) speed, exceeds the amount of cargo available for transport, then there
exists a combination of ships, operating at or below maximum loading and at or
below maximum ballast speed, that will fulfill the cargo transport obligation
at a minimum total operating cost to the operator., Thus a slow steaming

analysis is valid whenever inequalities (A) and (B) below are satisfied:



Gi (Ximax- Yimax) » cargo (a)

([ I ]

I N

Gi (Ximins Yimin) < cargo, (B)

where

Gi(Xjmaxs Yimax) 1s the full load cargo carrying capacity of ship i ,
i=1,2,+¢+,2, oOperating on a given trade route at maximum full load speed,
Ximaxrs and at maximum ballast speed Yjipax

and

Gi(ximin,Yimin) is the full load cargo carrying capacity of ship i ,
operating on a given trade route at minimum full load speed Xjnin , and at
minimum ballast speed Yipin -«

Clearly, if (A) is not satisfied, the existing fleet is not sufficient in
itself to carry the cargo and outside vessel(s) have to be added to the fleet.
If (B) does not hold, one or more of the vessels of the fleet have to be

laid-up or chartered to a third party.

Once the feasibility of a slow steaming analysis has been determined, the
set of ships and their respective speeds that will minimize total operating
costs may be computed. This paper describes a formulation of this problem,
based on a number of simplifying assumptions. A computer program has been
developed to solve the problem and to aid the fleet operator make slow steam-
ing policy decisions. The program is based on the formulation presented in
Section II. A discussion of the problem solution and a thorough sensitivity
analysis are presented in sections III and IV and Appendices 1 and 2 respec-

tively.

The sensitivity analysis provides the user with an understanding of



the influence on the total fleet operating cost of its various components.
For small to moderate changes of one or more cost components, the user can get
a very accurate estimate of his new total operating cost without having to re-
run the computer program. Some interesting conclusions are made on the basis

of the sensitivity results (see Appendix 3).

For the basic fleet deployment problem but with time-varying cost com-
ponents, a thorough analysis has been done. Discussion of the problem, its
formulation and solution are presented in Section V. A computer program has
been developed to implement the solution of this problem. More about this can
be found in Appendix 5. Finally, the problem of fleet deployment when the
cost coefficients are random variables with known probability density func-
tions is examined in Section VI, where analytical expressions for the basic

probabilistic quantities are presented.



II. PROBLEM FORMULATION

I1.1. Objective Function and Constraints

A formulation of the basic slow steaming optimization problem discussed
above will first be presented. A fleet, consisting of a given number of ships
available to move a fixed amount of cargo bétween two ports, over a given
period of time, for a fixed price, Each vessel in the fleet is assumed to

have known operating cost characteristics.

The problem objective is to determine each vessel's full load and ballast
speeds such that the total fleet operating cost is at a minimum and all con-

tracted cargo is transported.

The problem will be formulated on an annual (per year) basis. The
selection of a unit time period does not affect the generality of the
solution. The unit time period of one year is selected since it is a typical
contract interval, and it is considered to be the maximum period of time
during which certain cost parameters in the formulation can be assumed
constant. Units for all variables, parameters and constants are given in the

List of Symbols.

Given a fleet of Z ships, each with a given full load cargo carrying
capacity, and each having known operating cost characterics as a function of
vessel speed; for a given trade route, two expressions will be derived for
each vessel:

Fi(X3,Yj) = Total operating cost of vessel i per ton

of cargo carried, as a function of full load

and ballast ship speeds, for i=1,2,...,Z
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Gj(Xj,Yj) = Total tons carried per year over a specified
trade route, as a function of full load and
ballast ship speeds, for i=1,2,...,2
Then, for each individual vessel of the fleet, the total operating cost of
vessel 1 per year as a function of its lo;ded and ballast speeds is given
by
Ci(Xj,Yi) = Fi(Xj,¥3)°*G3(Xy,Yy) (I1.1)

The total annual cost of operating the fleet on the specified route is then:

N

C(Xq,Y1s00e,Xz,¥z) =L C3(X;,¥;)
i=1

Our optimization problem is:

Minimize C(X1 ,Y“ ,...,XZ,YZ) (II.Z)
subject to the following constraints,
¥imin <Xi<Xjmaxs 1=1,2,.,2 (11.3)

Yimin <Yi<Yimax1 i=1,2,...,Z

Gi(Xj,Yi) = Cargo (I1.4)

™MW

i=1

The first constraint imposes upper and lower bounds on the vessel loaded and
ballast speeds. These speed constraints are necessary to insure a feasible
solution to the problem; which is, that the ship's speed is less than or equal
to its maximum speed and greater than or equal to its minimum lower operating
speed. The minimum operating speed may be any value greater than or equal to
zero. In practice, the minimum speed is non-zero and determined by the lower
end of the normal operating region of the vessel's main engine. Other

practical considerations such as ship motions and bottom fouling clearly point

against very low minimum speeds.

The minimum speed should be adequate for purposes of ship safety in



maneuverability and control. The second constraint, equation II. 4, must be

satisfied to insure all available or contracted cargo is transported,

As defined, this problem represents a 2Z dimensional, nonlinear,
multivariable, constrained optimization problem, with 22 indepgndent
variables, 4Z linear inequality constraints, and one nonlinear equality
constraint. It will be shown later that the equality constraint can be used
to eliminate one independent variable, thus reducing the problem to one of

2Z-1 independent variables.
II.2. Assumptions

This formulation is based on the following assumptions;

1) A vessel carries a full load of cargo from load port to unload port.
2) When the vessel is operating in restricted waters, it has a known and
constant restricted speed which is usually the maximum allowable
speed in the region in question, hence requiring a known, fixed power

and fuel rate,

3) The number of days a vessel spends in the load port and unload port
per round trip is known and constant.

4) The charges incurred at the load port and unload port per round trip
are known and constant.

5) The amount of fuel burned per day in the load port and unload port is
known and constant.

6) The annual costs of manning, stores, supplies, equipment, capital,
administration, maintenance & repair, and make ready for sail are
known and constant.

by

7) The power of vessel i may be expressed by pj = aj°*Xj for the

Ppi
full load and by Ppj; = apj‘*Yj for the ballast condition.



8) The all-purpose fuel rate for a fully loaded vessel i may be
expressed by;
(Redi = g3°p3” + 83°Ps + &3 (11.5)
for the full load and by
(Redpi = 9bi * Pbi’ + Sbi * Pbi + dbi (I1.6)
for the ballast condition.

9) The total annual cost of laying up vessel i is known for all
i=1,444,2 .

10) The number of days per year vessel i is out of service for
maintenance and repair is known and constant.

11) This problem formulation and solution is for a single stage,

"one-shot" decision.

II.3. Round Trips per Year

This formulation does not consider the 'integer nature' of some fleet
deployment problems. The number of transits from port to port is not treated
as an integer variable., The effects of this simplification on the analysis
results are addressed in Section III. Assuming a real number of round trips
per year, the number of round trips per year made by vessel i, as a function
of the vessel's full load speed, is the number of days per year a vessel is
available for service, divided by the number of days per round trip it spends
in each mode of operation (in port, ballast condition, restricted operation,
and in the full load condition), given by;

(365 - M;)

RT3(X3,Yj) = ===-mmm——m e

24(Vyi) 24(Y3)  24(X3)

This expression may be rewritten as:



TA;' * X5°Y3
RT{(Xj,Yj) = ===——-———=—m———m—— oo — e (11.7)
TBi'*Xj.¥j + TCi'*Yj + TD;'*X;

where,
TA;' = (365 - Mj)
TBi' = (T3j; + Tui) + Dy/24Vyj

TC;' = Dg/24

™;' = Dp/24

I1.4, Tons Carried per Year

Having expressed the number of round trips per year as a function of ship
speeds, Eq. (II.7), the expression for the number of tons carried per year as
a function of ship full load and ballast speeds is determined by:

Gi(Xi,¥Yi) = RT{(X;,Yi) x DWj (11.8)
A typical plot of this function, for various ballast speeds, is shown in
figure II.1., A 3-dimensional plot of the function Gj;(X;,Y¥;) would

consist of a surface asymptotic to the level Gy, = TA' °* DW/TB' .

I1.5. Operating Costs

This section presents a method of deriving a general cost function using
mean values of cost variables, an expression representing the vessel's speed/
power relationship, and an expression representing the vessel's all-purpose

fuel consumption, for the full load and ballast conditions.

Operating costs are considered to fit into one of two categories.

1) Annual operating costs which do not vary with ship speed. For

example, it is assumed that manning costs per year are the same
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whether the ship full load speed is 15 knots or 12 knots.
2) Annual operating costs which vary with ship speed. For example,
annual fuel costs will be different if the ship travels at a full

load speed of 15 knots or 12 knots.
Category 1 Costs:

The annual operating costs considered not to vary with ship speed are;
Manning costs - Annual cost of manning a vessel including wages,
benefits, etc.

Stores, supplies & equipment costs - Annual cost of supplies,

equipment, provisions, etc.

Capital investment costs - Annual cost of having the vessel to

operate; cost of financing, chartering, leasing, etc.

Administrative costs - Annual cost of insurance, overhead, fees, etc,

Maintenance & repair costs - Annual cost of all maintenance and

repair activities.

Make ready for sailing costs - Annual cost of making a vessel ready

for service. This cost is zero if the vessel is ready for service.
These cost parameters are flexible and are defined with the intention that all
significant fixed annual operating costs will fit into one of the above

categories,

The sum of these fixed annual costs is;

Ci =Cpj + Cei + Cci + Cai + Cri + Csi (11.9)
C; 1is a constant parameter defined for each vessel in a fleet, and

CPTy = =—=-—===== (11.10)
Gi(x3,v1)
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is an expression of cost per ton of cargo carried, and is a component of the

expression F;j(x;,yi) , total cost per ton for vessel i , in Eq. (II.1).
Category 2 Costs:

The annual operating costs considered to vary with ship speed are;
-Cost of fuel burned in the full load condition.
-Cost of fuel burned in the ballast condition.
~Cost of fuel burned in restricted operation.
-Cost of fuel burned in port.
~-Port and route charges, including charges incurred in ports, canals,

locks, etc.

Port and route charges vary with ship speed because they are incurred

more often as ship speed increases and more round trips per year are made.

For each vessel the cost of fuel burned per ton of cargo carried while in
restricted operation is;
Dri * Fri * Pri * Cf

Crest' fuel & === mmommmsmmsssTsess (Ir.11)

The cost of fuel burned per ton of cargo carried while in port is;

Cport fuel = [(F1i * Tii) + (Fyj * Tuji)]°Ce
_— (I1.12)
DW4

The cost of fuel burned per ton of cargo carried while in full load operating
condition can be expressed as;
Df * (Fuel Rate) °* (Power) Cg

Cloaded fuel = ============—==m-m—s———mee——oe- (11.13)
X; ° Dwy
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The fuel rates in the above expressions are considered to be an
all-purpose fuel rate, reflecting the consumption rate of main propulsion
fuel, and all other fuels and lubricants that are consumed on a significant
basis. An all-purpose, or equivalent fuel rate, is determined by converting
all significant consumption rates to an equivalent consumption rate of main
propulsion fuel, based on the price difference of the fuels. The sum of all
fuel rates is then an all-purpose fuel rate. See reference [5] for more

details on equivalent fuel rates.

A typical plot of an all-purpose fuel rate vs. percent power will

resemble the curve in figure II.2 (figure taken from ref. 5).

It is assumed that an expression of the form;

Re = g(p)? + s(p) +4 (11.14)
will adequately describe an all-purpose fuel rate curve similar to that in
figure II.2. Percent power (p) is in the interval [0,1], and g,s, and d
are constants. It is further assumed that the power term in Eq. (II.13) is of
the form;

bj
P = ajXj (11.15)

where a and b are constants. Percent full load power can be written as;

bj
Py aijXj
pi = ememe = eemeooe (II.‘G)
Pfj Pfji

Substitute Eq. (II.16) into Eq. (II.14);

b b;
g;(azXy )2 sjaiX;
Re(X)) = =—mmmmm———e-— 4 —m———— + d; (11.17)



soaxn) a9mog uoisTndoxd °sa a3ey Tong TeoTdAlL
(IS] -39 woaz) z°II Sanbtd

380 Q9% 39S /L authumg *S°S MId

% ~ HIMOd NOISTNdOUd

3809 09% 3I9@S 9/ sutbhumg °*S*S MIH

180 (0Zf 395 H/1L dutbulg °"S°S M34

350 0ZE 3I®S 9/a 2uthumg *S°S M4

{DoBE/BES - zwo/dn (Z1)
HOLYHINID OIHOVLLY LNVId WYILS LVIHIH —

llfll'll’

»mmg.:mzmss.ub‘c._uau ___._:am..l......ll..i
{SANIONI 'S'S € 40 DAV} INVTd 135310

1 135 D/ "3LvE 13Nd AIND3
{SINIDON3I 'S'S £ 40 DAV) LNV 135310

(Do019 - pusm/y ges)
INVId WYILS LVY3IH3Y NON

avoT TVIIHAITII LNVLINOD MN 0DOL

¥° 0IC 13N ANV 133310
W00 3N LNY1d WYILS

Ardy/8 '34vY T304



-14-

Substituting Eq. (II.15) and Eq. (II.17) into Eq. (II.13) results in an
expression for the cost of fuel burned per ton of cargo carried while

operating in the full load condition, given by;

3bi-1 2 2bi-1
Df * Cf gjaj Xj sjaj Xj bi-1
Ci(Xi)loaded fuel = —=====-- [ + mmmmmmmnoe + djajX; ]
DW; Pgj Pgj
(I1.18)
The fuel rate for the ballast condition can be written as:
Rfp = gb'(Pb)2 + Sp*(Py) + dp (11.19)

(Note that a good approximation for the parameters gp , Sp , dp is:
d9b =9, Sp=8 and d, = d) . The cost of fuel burned per ton of cargo
carried while each ship is in ballast condition can be expressed as:
Dp* (Fuel Rate)+(Power)-Cg
C(Yij)pal.fuel = ======m=—=——————m—————————o (11.20)
Y; DW;

For the percent power Pp we use the equation:

Poi
Ppi = --- (11.21)
1231
with
bypj
Phi = api‘Xi (I1.22)

Using equation (II.19) - (II.22) we can find the final expression for the cost
of fuel burnt per ton of cargo carried while ship 1 operates in the ballast

condition.

Dp°Cs gji‘api °Yj sjapj °Yj bpi-1
Ci(¥i)bal,fuel = —==-- STt e + memmmmm———e—e e + 4 °ap; ¥ ]
DWj Pfj Pfj
(11.23)

Port and route charges of a constant amount are incurred per round trip.

Thus, the cost per ton of cargo carried attributed to these charges may be
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expressed as:

Cportsroute = ~—~====~ (11.24)

When the shipowner is also the owner of the cargo there is a finite inventory
cost that has to be added to the total operating cost. For a given interest
rate rj , a capital cost C.ij per ton of cargo carried and a tax rate
t; , the corresponding inventory cost is:

ry Cei

Cinventory/ton = —== * —-==-= * Tj (I1.25)
365 1-t5

where T; is the number of days at sea while fully loaded which can be

calculated by the formula:

Ty = ——mmm 4 m—— (I1.26)

ry Gij{(X3,Y3)Cey D¢ Dy/2
Cinventory = memm ) mmmmmmm— e X [ _____ + - ] (I1.27)
365 1-t4 24°X;  24°Vyy

The use of the inventory cost, as a part of the total annual operating cost,
produces an increase of the minimum operating cost, an increase of the full

loading speeds Xj and a decrease of the ballast speeds Y; .

We can see the effects of inventory cost of goods in transit by comparing
the results for the examples with inventory cost with the corresponding

examples without inventory cost (see Appendix 1).

The sum of fuel costs and port & route charges, Egqs. (IIX.11), (II.12),

(11.18), (11.23), (II.24) is the part of a vessel's total cost per ton of
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cargo carried, that varies with ship speed. It is given by:

fi(xi'Yi) = Cregtricted fuel *t C(Xj)1oaded fuel * c(Yi)bal.fuel

+

Cport fuel * Cport & route

This can be as:

3bi-1 2bi-1 bi-1
£i(X3,¥4) = Aj +Bj°X; + Ci*Xy + Dji*X3 +

3bpi -1 2byyi -1 bpi-1
Bj'°Yy + Ci'Yy + Dj'* Yy (11.28)

where,

Aj = Crestricted fuel * Cport fuel * Cport & route

Bi T e e e e e e
Pgi2 = DWy
Df . Cf sj*ay
ci TD e o o e ot e e o e
Pf1 * DWi
Df * Cg * djraj
D = e
DWi
Dp*Cg*gi *api
Bl f
DWi'Pf1
Dp*Ce*Sj*apj
Cl e o - — - - -
DWi'Pfl
Dp*Cgedj *apj
D' = mcmmemeeam
DWi

Adding Eq. (II-10) and Eq. (II-28) results in an expression for the total

operating cost per ton of cargo carried by vessel i , given by:
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Fi(X;,Y;) = £5(X5,¥§) + C§ (11.23)

Gi(XilYi)
Typical plots for the total (not per ton) operating costs per year for a

particular ship, for various ballast speeds, are given in Fig. II.3.

A typical plot of F(Xj,Yi) is shown in Fig., II.4, as a function of the
full locad and ballast speed. It is seen that F is a smooth convex curve or
surface with a single minimum. There is also a finite speed range in which F
is not very different from its minimum value, a property which allows approxi-
mate solutions to the problem using very different speeds for individual ships
to produce total fleet costs very close to one another and to the optimum cost
itself, For X; and/or Y; going towards either 0 or o , F approaches
infinity. Figures II.3 and II.4 are for the same ship and for constant route

data Df, Dp, Dy «
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III. PROBLEM SOLUTION

ITI.1. Method

The nonlinear optimization problem defined by (IX.2) can be solved most
efficiently by using the Lagrange Multiplier method. Any of a number of
nonlinear search techniques will also produce adequate results. The equality
constraint (Eq. II.4) can be used to eliminate one of the decision variables
xj , and thus reduces the problem by one dimension. Introducing the linear
inequality constraints (Eq. (II.3) however, complicates the problem solution
considerably. The method of Lagrange Multipliers is no longer suggested as a
means of solution due to the significant computational complexity introduced

by the inequality constraints.

Nonlinear, unconstrained search techniques will not solve the constrained
problem by themselves. An External Penalty Technique (EPT) has been combined
with the Nelder and Mead Simplex Search Technique to solve the optimization
problem defined by Eq.s (II.2), (II.3), (II.4). The purpose of a penalty
function method is to transform a constrained problem into an unconstrained
problem which can be solved using the coupled unconstrained technique. EPT
uses a transformation which applies a penalty term to the objective function
in the infeasible regions of the decision space, thus insuring a feasible

solution., For details on this technique see ref. [6].

The Nelder and Mead Simplex Search Technique utilizes a regular geometric
polygon (called a simplex) consisting of N+1 vertices, where N is the
nurber of independent decision variables. The geometric simplex adapts itself
to the local landscape of the objective function, using reflected, expanded

and contracted points to locate the function minimum. A note of caution; if

-20-
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the landscape of the objective function is not convex, that is, if it is made
up of a number of peaks and valleys (local maxima and minima), the routine
will settle in the first valley it finds and return that value as the minimum.
In that case, it is advised that the optimization routine be run from a number
of different starting points (initial vessel speeds) if it is suspected that
the objective function is not convex. For details on this technique refer to

ref. [6].

III.2. Problem Reduction

The single equality constraint, Eq. (II.4), can be used to reduce the
number of independent decision variables by one, to 22-1 . This is done by

solving for one of the variables in terms of the others, as follows;

z
Eq. (II.4): Y Gj(Xj,Yj) = Cargo
i=1

solving for Xg gives;

Z-1 TA{*DW;*X;°Y; '
[cargo- | —=—mmmmmmmmmmme o ]*TCz Y,

i=1 TB{*X;*Y{+TCj*Y;+TD] X3

Xg = (III.1)

P
TAz*DWg*Yz-(TB' *Yz+Dg) *[Cargo- § ==h-—=i-Zi_- b oo eeoeem
i=1 TB;*Xj°Y;+TC;Y;+TD;X;

This expression for X, may be substituted into the objective function, Eq.
(II.2), to give a new objective function with 2Z-1 independent decision
variables:

Z-1

minimize C(Xj,Y¥i,eee,Xz,¥z) =) Cyi(Xj,¥i) + Cg(Xz,Yy) (I11.2)
i=1
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subject to: Xjpmin <XifXimax
for i=1,2,...,Z (III.3)

Yimin <¥i<Y¥jimax

III.3. Solution - Computational Issues

A computer program has been written to solve this problem using the
techniques mentioned above and the formulation of section II. The solution

returned consists of the ship speeds, for those vessels specified for

analysis, that will minimize the total mission operating costs and fulfill the

cargo transport obligation. This solution set is defined as a local optimum.

As mentioned above, it is advised that the analysis be run for several sets of
initial starting speeds to give a measure of assurance that a true local

minimum has been found.

There are two specific parameters that influence the efficiency of the
program. These are the stopping limit for the SIMPLEX search and the

initial speeds.
(I) Stopping limit EPSI

The SIMPLEX search for the optimum point will stop when the following
inequality has been accomplished:
2N

1
-- [ £ [F(Xy) - FBI

2]1/2
2N Ty

< EPSI

vwhere F(Xy) are the values of the objective function corresponding to the
kth corner of the simplex with Xk=(x'1,Y'1,...,X'N_1,Y'N_1,Y'N)T and FB

the value of the objective function at the center of the simplex.

Note that the above inequality can be valid for several combinations of

the independent variables X4,Yq,ee¢,X3-1,Y2-1,Yy « That means that it de-

fines a region of possible Xi, i

which increases as the number of variables



-23-

is increased.

If we want greater accuracy in the calculation of X;,Y; we have to use
very small values for EPSI. But it is not really advisable since we have a

very minor improvement in the total operating cost, obtained at a much higher

CPU time.,

The value for EPSI is an user-specified input. Note that value at the
minimum operating cost is independent of the EPSI since the objective function
is very flat near the optimum point. Selected results for two examples (with
3 and 10 ships) with different values at EPSI are shown in Appendix 1, where

we can see the dependence of the needed CPU time on the value of EPSI.

Generally speaking, a value for EPSI producing quite accurate results is
about (10+420)°Z where 2 is the number of ships. However, it was observed

that much higher values of EPSI have also produced reasonable results.

(ITI) 1Initial Speeds

The simplex search will be more efficient if the initial speeds give an
initial simplex which lies in the feasible region (this feasible region is de-
fined by the 2N inequality constraints). The user inputs an initial estimate
of Xj , Yj; which satisfies these 2N inequalities. The program then checks
that the equality constraint is satisfied, After the user has entered the
initial full load and ballast speeds the program automatically changes these
until they produce a feasible starting solution., There may also be a big dif-
ference in the number of required iterations and relatively big differences
for the optimum speeds when we are starting from different initial points, but

not significant differences in the total operating cost, which is the quantity

of interest for the user,
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III.4. Lay-Up Option

A single run of the SIMPLEX algorithm for a fleet of N ships gives the
best speeds and the minimum (optimum) total operating cost for that specific
fleet, However, this is just a local optimum, while the fleet operator is
clearly looking for the global optimum, which is defined as the minimum of all
local optima, obtained by running the SIMPLEX for all possible groups of K<N
ships, while laying up or chartering the other N-K ships. The obvious (and
most assured) method of determining the global optimum is to evaluate every
feasible combination of vessels in the available fleet. A combination of
vessels is considered feasible if;

Z

Gi(ximaerimax)>Carg°> I Gi(XiminsYimin)
1 i=1

[l o]

i
Complete enumeration of all feasible ship combinations is computationally
feasible if small fleets are being considered. It can be shown that the
maximum number M of runs of the SIMPLEX method that will be required is
Z

1
2 items taken in groups of K . Hence, for Z =3, M= 6 runs, for

M= () + (g) + °° 4+ (Zf1) , where (i) denotes the number of combinations of

Z

6, M= 62 runs ard for Z = 10, M = 1792 runs.

Therefore it seems that for N»5 it is rather too time-consuming
(although always possible) to use this exhaustive enumeration scheme.
However, a dynamic programming -- like sequential optimization approach
significantly reduces the computational burden. 1In the first stage we decide
which of the Z ships to eliminate to obtain the best (least total operating
cost) (2Z-1) - ship fleet . The process is then repeated successively and
stops when inequality I.A is violated., By that time, the global optimum
corresponding to one of the previously examined optimum fleets, must have

already been obtained. The maximum number of fleets we will have to examine
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using this approach is Mpax = 2 + (2-1) + ..e + 2 = 2(Z+1)/2-1 . For

example, for 2 = 3, Mpax = 5 and for Z 10, Mpax = 54. The actual number
of fleets which we will have to consider will be significantly less than Mpax,
due to the elimination of several fleets as infeasible (inequality I.A not

satisfied).

The above scheme has been implemented and referred to in the following as
the "exact" lay-up method. However, it seems that we should offer an approxi-
mate option for large N that selects a best (possibly suboptimal) combina-
tion of vessels in an efficient way. Such an option has been implemented and

is discussed below:

One output of every SIMPLEX run is a "utilization factor" for each ves-
sel, This factor is the ratio of the amount of cargo carried anmually by the
vessel at a particular speed divided by the amount of cargo it can carry an-
nually at its maximum speed. This utilization factor will clearly be in the
interval [0,1]. A ranking of vessels from high to low according to utiliza-
tion factor roughly represents a ranking of the vessels relative operating
econany (from good to poor). That is, a vessel that is more econamical will
be assigned to carry a greater proportion of its cargo carrying capacity.
Applying this reasoning, the vessel(s) with the highest utilization factors
should be retained for further analysis, and the vessel(s) with the lowest

(nonzero) utilization factors should be eliminated from the analysis.

In the computer program we have developed, the above approximate
procedure starts by running the SIMPLEX for the whole fleet (if feasible) and
getting the initial utilization factors for all vessels. Then the smallest
possible fleet, consisting of the K "most econamical" ships is used and the
minimum annual operating cost is calculated. Then we increase the number of

ships by 1 by adding the most econamical ship (from those not used), always
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checking for feasibility, and calculate the new minimum total operating cost.

Besides the above "exact" and "approximate" options, our program gives
the user the option to choose himself which ships to operate and which to lay-
up and run the SIMPLEX for this and any other fleets of his choice, provided
they are feasible (i.e. their maximum carrying capacity is less than or equal
to the cargo). For each ship in the fleet that will not be used, the program
asks the user to specify the lay-up charges. These charges include all lay-up
costs (including capital cost) for that vessel, 1In the first two options the

program adds the lay-up cost directly.

Another important conclusion is that the above schemes for the lay-up
problem can be also used in the case that some of the ship(s) in the fleet are
chartered instead of being laid-up. This can be obtained by using negative
lay-up costs for the chartered ships. These negative lay-up costs should

represent the net revenue from the chartering(s).

In Section II it is noted that this model does not restrict the number of
round trips per time period of a particular vessel to be an integer, This
simplification generally results in a fractional number of round trips for a
vessel at its optimum speed. A corresponding amount of cargo is considered
transported on this fractional wvoyage and is included in the calculation that
insures the cargo obligation is met, The more round trips a vessel makes, the
less significant this restriction becomes. The usefulness of the results does
not suffer if it is assumed there is some measure of flexibility in the vessel
scheduling system, especially if this operation goes on for several consecu-

tive years.

Selected results obtained by using the above (exact and approximate)

lay-up methods are presented and discussed in Appendix 4.



IV. SENSITIVITY ANALYSIS

IV.1. Sensitivity Analysis for an Individual ship

The sensitivity of the total annual operating cost for each ship with re-

spect to a parameter p 1is given by the equation:
P 9C(X;,Y3) P
Sc(Xi,¥i) = —==—mm=mn- ¢ m———— (Iv.1)
ap c(X,Y)

where C(Xj,Yi) 4is the total anmual operating cost for each ship as defined
in eq. (IXI.4). The most important parameters for the sensitivity analysis are
the fuel cost Cg , the ship power coefficients a and ap and the fixed
annual cost C; (the last includes the manning cost, Cp , the cost of
stores, supplies and equipment, Cg , the capital cost, Co , the cost of
maintenance and repair, Cy , the cost of administration, Cz , and the cost

of changing the status of the vessel, Cg ).

With respect to these parameters the sensitivity of the cost function is:

Cll + Cul
Ci + === * Gi(X;,Yji)
Ce DWi
Sc(Xj,Y3) = 1 = cmmmccm e e (1v.2)
Ci(Xi,Yj)
or approximately,
Ce Ci
SC(xi'Yi) = ] = cemm—————— (IV.3)
C; (X4,Y1)
Also
aj 3pi-1 2pi-1 bj-1 Gj(Xj,Y¥;)
Sc(X;,¥3) = (3ByX; + 2CiXj + DjXji ) ——mmm——- (1v.4)
Ci(x;,Yy)
api 3bpi-1 2bp i -1 bpi-1 Gi(Xj,¥i)
Sc (Xj,¥i) = (3B'Yg + 2C'Y; + D'Yy e (IV.5)
Ci(Xi,Y4)

-27-
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Cmi Cmi
Sc(Xy,¥i) = —=—=m-mm- (1v.6)

The sensitivities of the cost function with respect to Cgj » Cci » Cri
Cgi r are obtained from (IV.6) by replacing Cpi; by each of these cost

components respectively.

IV.2. Sensitivity Analysis for the Total Fleet Operating Cost

The sensitivity of the total operating cost C(Xi,Yj,000,X5,Y,) with

respect to the fuel price Cg is:

Ce i

SC(X1,..',YZ) = ] = e (IVO?)
C(x1,Y1,...,xZ’YZ)

The computer program developed calculates the above sensitivities of the cost

functions C(Xj,Y¥;) and C(Xq,¥1,...,Xg,Y¥y) at the optimum point (sample

outputs are presented in Appendix 1 and Appendix 2).

IV.3. How to Use Sensitivities

From equation (IV.1) we can obtain:
P AP
Cnew (Xi,¥j) = (1 + Sg(Xi,¥j) -=) * C(X;,¥;) (Iv.8)
P

which gives the new value of the cost function C(X;j,Yi) when a parameter P
was chanéed by AP . Equation (IV.8) is an exact relation when the cost
C(Xj,Yj) 1is a linear function of the parameter P . It can also be used
generally in nonlinear cases, provided that we have small to moderate changes
of the corresponding parameters. Note that the annual operating cost for each
ship is a linear function of the fuel cost Cg and the constant costs Cp ,

Cesr Cos Ca, Cp and Cg
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We can use equation (IV.6) in order to find the new operating cost of
each ship for any change of the above costs, without any error. Equation
(IV.8) can be written as follows:

Cr ACg
Cnew(Xi,¥i) = (1 + Sg(x,,v.) * ~==) « C(X4,¥;) (1v.9)
1 1 cf
with AC¢ = Cfnew - Cf
Similar equations can be derived for coefficients, a , ap and for any

cons tant cost component.

Also for the total annual operating cost we have:
Ce AC¢
Cnew(X‘l,Y‘looo,Xz'Yz) = (1 + Sc(xi,.oo,Yz) . -"-) ° C(x1'.c.,Yz) (IV.10)
Ce

IV.4. Superposition of Several Changes

Recall the expression for the power:
b
P =a°X; for the full load condition
and
by,

P = ap°*¥Y; for the ballast condition

Coefficients a and ap increase when the resistance of each ship is
increasing. Coefficient a increases between two successive hull cleanings.

Coefficient ap, behaves similarly.

For concurrent changes of both a and ap we can find the change of the
annual operating cost: For each ship,
a Aa ap Aay

Crew(Xi,¥i) = [1 + Sc(x sy )*== + Sc(x, (v, ) =—=] * C(X4,Y¥;) (Iv.11)
i 710 4 i it 4
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We can also find the new annual operating cost for each vessel for

concurrent changes in a , ap ., Cgf by using the expression:

a Aa ap Aay, Cs ACe
Cnew(Xis¥i) = [1 + Sc(x, ry)m ¥ Sc(x;ry,) T F SC(xi'Yi)"‘“]'C(Xi'Yi)
a a Ce

(1Iv.12)
We can see (Appendix 2) that the error in the calculation of the Cpeyu(Xi,Y¥i)
with the expressions (IV.14), (IV.15) is less than 5% for relatively big

changes in a , a, amd Cf .

IV.S5. Sensitivity of the Optimal Speeds

As it is shown in Appendix 3, the optimum operating speeds for the
particular problem we are solving in this work are practically independent of
the fuel cost Cg¢ . They are also independent from the constant cost C; .

So we have that:

9 Xa 9Y;
-——— =0, === =0
aC¢ 9Cr
for i=1,...,2
9X§ 9y
-——= =0, === =0
aCy 9Cy

In other words when the fuel price or the constant cost is changed we can find
the new operating cost by using the expressions (IV.9) to (IV.15) and leave
Xy » Yj wunchanged. Using the above we can avoid a new run of the program

when Cg or C; are changed.

We must remember that the above result holds for a given fleet and not in
cases when one or more ships are laid-up or chartered (on top of the changes

in the cost components).



V. TIME-VARYING COST COMPONENTS

V.1. Introduction

Consider the initial formulation of the problem of Section II. To tackle
the variable cost components problem, we will divide the one-year time horizon
into a number of stages. We will represent. the time-varying cost coefficients
with step-wise functions. 1In other words, we will have constant costs in each
stage, but we will find the optimum solution with respect to the same time
horizon (one year) taking a single fleet deployment decision at the start of
that year. We note here that the following analysis can be used for any other

time horizon.

V.2. Variable Costs

The parametric costs which have been assumed constant in the intial
problem formulation are described in Section II. These costs can be separated
into three different kinds:

a. Fuel price Cg¢ as defined in Section II.

b. Constant cost C; (which is the sum of the manning, administrative,

maintenance, supplies, equipment, capital investment and "make
ready for sailing" costs).

€. Port and route charges Cy, and Cy for the loading and unloading

port respectively.

Vv.3. Approximations for the variable Costs

Suppose that any one of the three costs mentioned above is a given func-
tion Cg(t) in a time interval equal to one year, that can be approximated by
a step function, We will use step functions taking two or at most three dis-
crete values over one year. Superposition of the changes in two or three dif-

ferent kinds of costs will be used in the more complicated cases.,

-31-
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V.4. Problem Formulation

(a) Round trips per year-tons carried per year.

Assuming a real number of round trips per time interval ATj , within
which the cost components will remain constant, the number of round trips in
this time interval, RTji , made by vessel i as a function of the wvessel's

full load and ballast speeds Xj; and Y43 is:

RT§j = =mo=oom oo s o s oo (v.1)

Ty + Tyj + —=== + —====-m + —m———=
24V, 24 in 24 in

where:
M; = days per Atj the ith vessel is out of service for maintenance and
repair
T1i,Tyi = average days per round trip spent by the ith ship in the load-

ing and unloading ports.

The rest of the above symbols are defined in the list of symbols

(pages v - vii).

The number of round trips per year, RT; , made by the ith ship can be
written in the form:

J
RT; = ) RTy4 (v.2)

j=1
where J 1is the number of the distinct time-intervals which will be defined

in the analysis.

The number of tons carried per year is:
Gi(X‘]i,Y“i'ooo,XJi,YJi) = RTi hd DWJ'_ r (v.3)

or
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J
Gi (X145, ¥1iroeerXgir¥gi) = )
j=1
where:
DW; is the cargo
Gji are the tons
(b) Costs involved in the problem.

The expressions for the constant cost
fi(X;,Y4y) , the operating cost per ton of

ith ship used in the previous analysis are

tervals in which the cost coefficients are

The new equations for the above costs

-variable cost per ton:

G3i(Xyi,¥51)

capacity (in tons) for the ith ship and

carried by the ith ship in the jth time interval.

Ci , the variable cost

cargo carried F;j(X;,¥;) for the

valid now only within the time in-

cons tant.,

and for the ith ship are:

J 3b; -1
£1(Xq5,¥14,000X31,¥51) = ] [Ayi + Bjz * %53 +
3=1
2bj -1 b; -1 3bpi -1
CyiX5yi + DyiX4j4 + B'ji * Y44 +
2bp; -1 bp; -1
C'ji * Y1 + D'ji . in ] (V.4)
J
or £1(Xq91,Y95r00eX3i,¥31) = 2 fJi(xji'in) (V.5)
i=1
where f3; is the variable cost per ton for the ith ship in the jth time in-
terval.

-cons tant cost (independent of ship speeds)

(V.6)
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or Cj = (Cyp+Cye*CictCia*CirtCys) (V.7)

e~g

-cost per ton cargo carried
J Cji
Fi(Xqi1rYq4reeeXgir¥gi) = £3(Xqireeer¥gi) + J —Soommmmmmes (v.8)
j=1 Gyi(X5i,¥§3)
- Total annual operating cost of the ith ship

Ci(X9ir¥1ireseXgi,¥gi) =
3

Ne~4

[fji(xjilei) * Gyi(Xyi,¥94) + Cji] (v.9)
1

The symbols used in the above equations were defined in the list of symbols.
The only difference is in the subscript j = 1,...,J which describes the

correponding time interval in which the cost coefficients remain constant.

V.5. Problem Solution

The total annual operating cost C of a fleet consisting of 2 ships

is given by the expression:

Z
C= ] Ci(Xqi,¥1is00eXgi,¥g5) (V.10)
i=1
Z J
or c= § J [£5i(X§i,¥53) * G§i(¥531,¥51) + Cyi] (V.11)
i=1 §=1

The equality constraint has the form:
Z
Y Gi(XqisYqise++Xgi,¥gi) = Cargo

z2 J

or z ): Gji(xji'in) = Cargo (Vv.12)
i=1 j=1
This constraint will be used to reduce the number of independent vari-

ables by one as presented in Section III.
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The inequality constraints are:

Ximin € ¥5i € Yipax i=1,2, 0,2
for j=1,2,...’J (V'13)

Yimin € Y51 € Yimax
The above non-linear optimization problem can be solved using the combination
of the Nelder and Mead "Simplex" search technique and External Penalty
technique, already employed in the first phase of our research. We now have
an optimization problem with 2+Z+J-1 wunknown speeds and 2°*'2J inequality

constraints.

The optimal solution obtained corresponds to a non-integer number of
round trips per each time interval within which the cost coefficients are con-
stant. In fact the optimal solution should give an integer number of round
trips lying in a small region around that non-integer optimum. This capabi-
lity is especially needed in intervals with small numbers of round trips. In
order to find the optimal solution with integer number of round trips per each
time interval, a sequential optimization approach has been used. From the
obtained real numbers of round trips RT§{ (i=1,¢¢e,J,i=1,...,2) which form a

JxZ matrix, we construct all possible such matrices with elements RT' .
Each J1 element RT' will be the integer part of RTjj or RTjj+1 . At the
same J1 time, the matrix with elements 85;i = RT'jj -[RTj;) where [RTyjl
represents the integer part of the real RT4i . should have as many as
possible zero elements. Furthermore, each matrix (RT' ) has to comply with
the J1 constraint:

z J 1 J
U L] Y
Cargo < ) } RT'. DWj < cargo + -~ . Y Dwj (Vv.14)
i=1 j=1 3i 2 =

Z
In equation (V.14) the temm * )} DW; is used to avoid the stiff
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equality constraint, which combined with the fact that we use discrete values
for the capacities, possibly will not allow any integer solution. The above
term allows us to look for an integer optimum in a relatively large region

around the initial non-integer optimum.

The operating cost cji(xji'in) of each ship per each time interval
Aty can be approximated by its derivatives with respect to the speeds Xij

Yij as follows:

C3i(Xyi,¥5i) = agi + Byi * ¥5i + vji ° Y44 (V.15)
_ 1 5%.0 9 cji(iji':f_ji) ., ) Cji(i-jilyji) .
with aj3 = C3i(X§i,¥§j) = s==g=====-—-—- * Xyj = mmmm—m=mm——e- * Y34

3 C(—iji'¥ji)

Bji = 7o
] in
] C(iﬁi,YJl) 2 i

Y4i = TS where X4j , Y43 are the ship speeds which corre-

spond to the initial real solution.

Coefficients B4; and yj; can be calculated by the following

expressions:
3bj -2 2bj -2
Byi = [Bji'(3bi—1)'in + Cyi (2bj=1) X33 +

bi -2
Dyi*(bi-1)*X5i ] Gyi (in, in) + (v.16)
-------------------------------------- R TR SENR CER
Dy Dy, D¢ 24+x2
(Tgi + Tui + ===——- 4 —m——— + omm———— ) ji
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3bpi -2 : 2bpj -2
Y3i = [B'31°(3bpi=1)¥y; *Cyi(Zpimyyy 4

by =2
+ D'53(bpy = 1)°¥44 ]°G51 (X34,¥51) + (V.17)
(ATy; - M4i)DWj Dp
--------------------------------------- tomees £51(X51,Y51)

Dy Dy, D, 24°Y

(Tgi + Tyi + ———=—- + —m—mem $ —mm—— ji

Note that Xjj and Y5 in the above expressions are the optimim speeds

X5 ?51 already obtained., If the inventory cost is included in the

analysis, the new Bji and Yyi + Say B'ji and Y'ji are:

S B
Jji
ji
rij Ceji ( D¢ Dr/2
+ ——— C o - L [ —— + ______ L)
365 1-tyj 24°X5;  24°Vyj
(AT3i - M41)DWj Df
--------------------------------------- ¢ m——— (v.18)
Dy Dy, D¢ 2 24+x2
(Tgi + Tyi + ------ + —————— R ji

e — S (V.19)
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The expression for the round trips per each time interval which we used

till now can be transformed as follows:
Xji = ==mommmmmmmm e e TE TR T RS (v.20)

with

r
TBy = Ti1i + Tyi + —==—--
24°Vyg
Df Dp
TC = - and TD = —-
24 24

C3i(¥y1) = agi + Bji —=====--mmmsm—oo—mmmmm——m————ooo + Y41 * Y91 (V.21)
(TAji-RTji'TBi)in - TD * RT'yj

From the above equation and for any value of the variable RT'ji we can find

the corresponding optimum ballast speed in(o) by using the equation:

8C(in(0))
—————————— =0 or
8in
lICoII\D-BJl 005
RT'§3 TD + (====m--=- )
Yij
in(O) e en o o o o st e e i i i e (V.22)

(note that always TAj; > RTy;j °* TBj)

Also for the optimum full-loaded speed X(O)ji we have:

(o) 3L, 0
X ji

i= (g;z ey

. Y(o)ji (v.23)
Now using equations (V.21) to (V.23) for all possible matrices RT'ji we
calculate the corresponding values for X(O)ji ’ Y(O)ji , and Cji(Y(O)ji) .

The new total operating cost C, for each case can be found as follows:
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Z J

Co= ) ¥ Cji(Y(O)ji) (v.24)
i=1 j=1

From the values obtained for the total operating cost C, , the minimum

is selected.

Note that in the above heuristic the inequality constraints (eq. V.13)
have been ignored. This is a reasonable approximation resulting from the
fact that we are expecting relatively small changes in the initial ship

speeds.

A computer program has been developed to solve the inital problem (with
real number at round trips per time interval for each ship) using the above
methods, The "integer solution” is an option of our program. The user can
select this option whenever he expects that the final solution with integer
RTy4 will be substantially different from the one initially found. It should
be mentioned here that in any case only a small difference exists in the
values of the total operating cost between the non-integer and integer solu-
tions. This is clearly demonstrated in Table 5,2, even though the non~integer

round trips per each time interval are relatively small numbers,



VI. PROBABILISTIC APPROACH TO THE FLEET DEPLOYMENT PROBLEM

VIi.1. Introduction

The problem of fleet deployment when the cost coefficients are random
variables with known probability density functions over a particular time
interval will be examined in this section. We will try to give analytical

expregsions for the basic statistical quantities of the problem.

Vi.2. Problem Formulation

The cost components which have been assumed to be known functions of time
in Section V will now be assumed to be random variables with known probability
density functions. These parameters are the fuel price Cg , the constant
costs for each ship C;j , the port and route charges for each ship Cprj . We
now assume that our random variables can be either fully dependent or fully
independent statistically. This assumption makes sense for most or all of our
cost components., To give an example, manning costs for all ships of a given
flag will be very similar, and can be thought of as being statistically fully
dependent random variables, whereas manning costs across different flag ships
will be essentially statistically independent random variables. 1In this
formulation, assume K groups of ships each group being statistically
independent from any other, and consisting of ILyx , K=1,...,K ships each one
being perfectly correlated to any other ship in its group. For example in
each group we will have the constant costs Cg1 , 1=1,...,Ig which can be
expressed as:

K=1,...,K
Cx1 = ag1 + bxl * Cxn , with (VI.1)
1=1,c0e,Ly, (2#m)
for m=1,2,¢0.,Ig .

As a second example, the port and route charges for ships working along the
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same route should be perfectly correlated random variables and we may also

assume that they can be expressed as:

Cpri = dpri + epri . Cprn ’ i = 1,...,Z(i # n) (VI|20)

for n = 1,2,0--,Z .

With the above in mind, let us return to the formulation of our problem.
The objective function (from Section II) is:

z
C(X1,Y1,000,Xz:¥g) = ) Cj(Xi,¥;)

with: Ximin € Xi € Ximax
for i=1,...,Z
Yimin € Yi € Yimax

and Z
) Gi(X;,Yi) = cargo
i=1
(symbols were defined in Section II).

For the annual operating cost of each ship C;(Xj,Y;) we have the expression

(equation IT.1):

Ci(Xi,Yi) = Fi(X3,Y3)

or C(X;,Y3) = £5(X5,Y5) * Gi(Xi,Yi) + Cj

Using equations II.7 to II.9 and 11.28 we can separate the random variables
Cf, Cprer Cpe (m=1,2,...,K) from the deteministic quantities X;j ,
Y , a, b, g, 4, pg, DW3, S8, Dg, Db, D, Vg, M, T,
Tu s+ ®me + YPme r dpri r epri . The annual operating cost G;(X;,Yj) can

be written as:

Ci(X;,¥j) = Wi(Xj,¥y) * Cg + 25(X3,Y5) *Cpri + Ci (VI.1)
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where
"Dpi *FriPri  F1i*T1i+Fui*Tui
Wi (X;,Y3) = | ~mmmmmammaa T +
LR Vi «DW; DW;
dgeg; *ad 3pi-1 Dg°sjicaj? 2pi-1
———————— * Xi + —=mmmm—— Xy
Pgi 2 *DW; Pgy *DW;
Dg°dj *aj b; -1 Dp*gj *ap;i 3 3bpi
________ . xi + mmm—e————— Yi
DWj Pgic DWWy
Dp*sj*alpi 2bpi-1  Dp'dj‘ap;
---------- hd Yi + ,———————.—, Yl
Pgy *DW; DW4
* Gij(Xi,Y3)
and
Gi(X3,Y3)
Zi(X4,Yi) = =——mmeeea * Cpri or
DW;

= RT;(Xj,Y¥i) * Cpri

For the total anmual operating cost of a fleet with 2

Z
c= Y Ci(X;,¥;)
i=1
zZ z Z
C=Cg o § WilX5,Y3) + § 2Z3(X3,¥5) * Cpps + ) Ci
i=1 i=1 i=1
and using equations (VI.1) and (VI.2) we have:
z Z
C=Csg X WilXi,¥3) + ) 23(X3,Y5) ° dpri +
i=1 i=1
i#n
Tz
Y 2i(Xi,Yi) * epri + Zn(Xn,¥n) * Cprn +
i=1

(i#n)

ships we have:

(VI.3)

(VI.4)

(VI.5)



-43-

K L L
) E a1 + ( E bgi + 1)Ckn (VI.6)
=1 | _1=1 1=1

1#m 1#m

k

Equation (VI.6) shows that the total annual operating cost C is a linear

function of the random variables Cg , Cprn +r Ckm (& =1,...,K) . Using
Z
the equality constraint J Gj(X;j,Yj) = Cargo in order to eliminate the
i=1
variable Xg from the equation VI.4 we have:

z-1 1 oz-1
C=Cfg * YOWi(Xy,Y5) + WulXg,Yz) | + ] 2Zi(X5,¥3) ° dpri +
_i=1 b=
T z-1
2z(Xz,Y¥z) * dprz + ) Z2i(Xj,Yi)epyi + Zg(Xz,Yg) * eprz +
i=1
(i#n) (VI.7)

K L L

Zn(Xn,¥n) | * Cppn + ) E agy + ( E by + 1) * Ckm
k=1 | 1=1 1=1

(1#e) 1k

which is also a linear function of the previously mentioned variables. (The
expression for the dependent variable Xz as function at Xy , Yy ,...¥y is
given by equation III.1). Our problem now is to find the probabilistic
properties (density function, mean, variance) of the total annual operating

cost C given the probabilistic properties of the r.v. Cg¢ , Cprm ¢+ Cxm (k

= 1,..-,1(.)0

VIi.3. Probabilistic Properties of the Total Annual Operating Cost

Probability Density Function (PDF)

In order to obtain the PDF of C we have to know the joint PDF fo ’
Cprm ’ C“m ,.ooCm (Cf, Cprm’ c‘lml"‘lcm)' The Variables Cf ’ cPrm 2 Ckm
(k = 1,...,K) are independent and their joint PDF takes the form:

fo, C1m,...CKm,Cprm(Cf'Cprm'C1m'°"rCKm) = fo(Cf) . prrm(Cprm) .

foyn(Cim) ..o fogy (Cxm) (VI.8)
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Using the auxiliary random variables:

81 = CimreeesSk = Ckm/Sk+1 = Cprn

we form the following system of K+2 equations:

K
k=1
S1 = Cim = 92(Cp)
L] L ] L] (VI '9)
Sk =  Ckm = gx+1(Ckgm)
Sx+1 = Cprn = gx+2(Cprn)
where:
Z-1
A= ) W(Xj,Y{) + Wg(Xg,Yy)
i=1
Z-1
B= ] Zj(Xj,Yj)epri + Zz(Xgz,Yz)epry + Zn(Xn,¥n)
i=1
(i#m)
Lx
Dp = X ax1
1=1
(1£m) (vi.10)
Lk
Em = ) bgl+ 1
1=1
(1#n)
Z2-1
F= ] 2(Xj,¥j)dpri + 2z(Xz,¥z) * dprz
i=1
The above system has the following properties:
(a) It can be solved uniquely for Cf , Cprn s Ckm (k = 1,...,K) in tems

of C, Sy,e¢¢,541 « The solution is:



-45-

K
1
Cg =-|C=B¢*Cpyp- ) (Pk+Ex * Ckp) - F
A =
Cim = S
. » (VI.11)
Ckm = Sk

Cprn = Sk+1

(b) The functions g; (i = 1,...,K+2) have continuous partial derivatives at

all points (Cfrcprnrc1mr'°"cl<m) and such that the Jacobian determinant

399 391 394 391

3Cs Cim o 3Ckm 3Cprn
J(Cf,Cprn,C“m,oo.,Cm) = . . . . (VI.12)

99k+2  99K+2 d9g+2  99K+2

ace Cim  Cky  Cppn

is different from zero.

From VI.9 and VI.12 we have that:
J(Cf,Cprn,C‘lm, s o,CKn) = A

The PDF fC,S1,S (C/S1rse4+Sk4+1) can be expressed as:

27 * Sk

* fcg,Capre e CxmsCpre (CE/CImreeey

b

fe,8,08,0 0008, (CrStreeeiSga) =

CKm'cprm)
and using equation VI.8 we have that:

fC’S1 ree o,SK+1 (C,S1 PN ] -’SK+1) = fo(Cf)’prrn(cpre)'fC1m(C1m)' bl

1
A
fekm (Ckm) or
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1
fC’c1m’...,CKm,CPrn(C'C1m,..o,cmpcpn) = g . fcf(Cf)chprn(Cprn)-fc1m(C1m)'oo
£y (Ckm) (VI.13)
Finally the PDF for the r.v. C can be obtained as follows:

]
fc(c) = f =
(C1p) (Cop) e+« (Cxp) (Cpp) P

b derm.dC1m...dCKnl (VI.14)
Where (Cqp),e++(Cgp),(Cprn) are the regions of all possible values for the

reVe CipresesCxnsCprn « Using equations (VI.11) the above integral yields

1 1 K
fele) = N [ [ / [ Fee(- *(Cc-BCpyn- 1 (Dk+Ek°Ckm)'F))'fcprn(cprn) *
fC1m(c1m)'"fCKm(CKm)'dcprn'dcm'"dCKm (VI.15)

Expected Value of C

Since the total annual operating cost can be written as a linear function
of Cg , Cprn + Ckm (k = 1,¢..,K) its expected value C is also a linear
function of the expected values Ef R Eprn ' Ekm (k = 1,.+.,K) of the above
r.v. It is given by:

K

C=A*Cg+BCppp + ) (Dx+Ex*Cyp) + F (VI.16)
k=1

Variance of C

For the variance of C we have the expression:

X
Var(C) = AZ + Var(Cg) + B2+Var(Cppp) + ] Ex2°Var(Cyp) (VI.17)
k=1

Vi.4. Formulation of the Optimization Problem

Under our probabilistic framework, the optimization process (as it was

described in Sections II and III) has to be applied for the mean values of the
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randomly changing costs Cf , Cprn + Ckm (k =1,¢..,K) « The optimal annual
operating cost which will be found is also the minimum of the possible mean

values of the total anmual operating cost C . Then using the optimal values
obtained for the speeds X;,¥; (i = 1,...,Z) and equations VI.3, VI.4, VI.10,
VI.15, VI.17 we can find the PDF and the variance for the minimum total annual

operating cost C ,



VII. SUMMARY AND CONCLUSIONS

various versions of the one-source, one-destination optimal fleet
deployment problem have been formulated and solved. The operating cost
components involved have been properly identified. Analytical expressions for
the cost components that are a function of ship full load and/or ballast
speeds have been presented (Section II). It was observed that, although the
total operating costs/ton for a given ship or the total annual operating costs
for a given fleet are almost constant in a range about the optimal speeds,
the dependence of total annual operating costs on these speeds is much more
pronounced when a lay-up option is available, i.e. when the fleet composition
is allowed to change. This is what makes the problem interesting and its

solution rewarding and worthwhile.

To get the optimal speeds and the associated minimum total annual
operating costs, the SIMPLEX nonlinear optimization technique was used
(section III). Most cases studied and implemented in the IBM PC/XT personal
computer did not require more than 20 minutes of computer time (or 1 to 5
seconds of mainframe computer CPU time). However, even if this method was not
available, the analytical expressions and plots for the total operating

costs/ton of cargo carried can be used as a guide to the decision maker,

It is interesting to note at this point that the typical "bathtub" curve
(Fig., II.4) for the total operating costs/ton is much more dependent on the
full load speed than on the ballast speed. However, when inventory costs are
included, we have an increase in the full load speeds and a decrease in the

ballast speeds (see Tables 1,7 and 1.8).

A sensitivity analysis on the above costs has also been performed

-48-



-49-

(Section 1V). Fleet operators can use the results of that section to calcu-
late how sensitive is the total annual operating cost with respect to several
important cost components. Furthermore, they can predict the new total oper-
ating costs, if one or more cost components change by either small or moderate
amounts, with considerable accuracy, and in almost no time at all. However,
this accuracy will decrease if several cost components that are highly non-
linear functions of the speed are changed simultaneously and all by a large
amount. 1In such a (highly improbable) case, the full SIMPLEX program has to

be used.

An important conclusion from the sensitivity analysis is that the optimal
operating speeds of a given fleet (no lay-ups available) are independent of
not only all constant costs (see Section II for definitions and details) but
also of the fuel price. For the case of a minimum with zero first derivatives

with respect to in and in a formal proof is given in Appendix 3.

The lay-up problem has been dealt with in two different ways, one exact
and one approximate (Section III). If time constraints prohibit the user from
using either of the two methods, a "good practice," evident from our examples,
is to lay-up ships with higher minimum operating costs/ton of cargo carried.
In that case, one must pay attention that a particular lay-up does not force
the speeds of the remaining ship(s) outside the "flat" region of their total

operating cost/ton curves.

It is important to note here that whenever lay-up is allowed the solution
of the fleet deployment problem (generally a fleet of fewer ships than the
number of ships in the original fleet) will be much more sensitive to changes
in the various cost components than the corresponding feasible fleets with a

higher number of vessels operating. Table 4.1 presents one such example.



Considerable time has been spent by the project participants in
developing and testing the computer programs that implement the proposed
solution methods and algorithms. Sample runs for representative fleets with
or without lay-up and their sensitivity analyses have been presented in

Sections III and IV and in Appendices 1, 2, and 4.

The fleet deployment problem with time-varying cost components has been
studied in Sections V and VI. A time horizon in this formulation is any
interval within which cost components are constant but at least one of them is
different than its value in another interval. In other words, our cost
components are given "staircase" functions of time. In the case of rapidly
changing costs, resulting in rather short intervals where these costs are
constant, the problem of non-integer number of round trips per interval could
be crucial. A heuristic approach has been developed to find the nearest
"integer" solution corresponding to the non-integer solution generally
provided by the SIMPLEX algorithm (see Section V). Examples using the
computer program developed to solve the case of time-~varying cost components

may be found in Appendix 5.

The fleet deployment problem for the case when some of the cost com-
ponents are random variables with known probability density functions is
treated in Section VII. We note here that the minimum of the possible mean
values of the total anmual operating costs, Cpjp and the variance at Cpin
can be found relatively "easily." However, implementation of this approach on
a computer has not yet been done and probably will not prove very useful even
if it is done: The inputs to the problem, i.e. the user-supplied density
functions, can have any theoretical or experimental form, thus discouraging

the development of any general computer code for this problem.
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APPENDIX 1: ORIGINAL PROBLEM-EXAMPLES

Characteristics of Vessels used in Examples

In this appendix two sample fleets consisting of three and ten ships
respectively are presented. In these fleets we use three different types

of tankers. The basic characteristics of each type are as follows:

Vessel A - Largest of the fleet, capable of carrying 100,000 tons of
cargo
- Newest vessel in the fleet
- Most efficient ship in the fleet
Vessel B - Capable of carrying 50,000 tons of cargo
Vessel C - Capable of carrying 50,000 tons of cargo

- Not as efficient to operate as Vessels A or B
The first fleet consists of three ships, one of each type, and the second
of ten ships, four of type A, three of type B and three of type C.
Table 1.2 is a list of parameter values assigned to vessels A, B, C for
the following problems. Explanation and units for the program variables

are given in Table 1.1.

Results with different EPSI - different initial points

These are given in Table 1.3. We can see that the needed CPU time
strongly depends upon the stopping limit EPSI. We can see also that
there is not a serious improvement in the calculation of the Total Annual
operating cost as EPSI is decreased, hence we may use relatively big
values for the stopping limit EPSI. A conservative practice is to use
EPSI = (10 to 20)+*Z°*K, where Z,K were defined in the report. 1In Table
1.5 sample results for the fleet of three ships and in Table 1.6

for the fleet of ten ships are presented. Results with
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sengsitivities for the fleet of ten ships are presented in Table 1.7. 1In

these examples we used the following route data:

3 ships 10 ships
BALLEG = 800. BALLEG = 3200, (nmiles)
FULLEG = 1000, FULLEG = 4000. (nmiles)
RESLEG = 400, RESLEG = 1600, (nmiles)
CARGO = 6000000, CARGO = 6700000. (tons)
S$FUEL = 0.11 $FUEL = 0.11 ($/1b)

Optimization problem for one ship

In the case of one ship, an optimization problem with two unknowns, the
full load and the ballast speed, also exists. For this particular case,

an example is presented in Table 1.4.

Inventory cost

Results with inventory cost are presented in Table 1.8. The used
inventory parameters are:

Cargo value per ton CCOST = $120.,

Interest rate RIN = 0.12 (12%)

Tax rate TR = 0.48 (48%)
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Table 1.1

Program Variables

Name Description Units
ALPHA - Power coefficient for the full load condition.
ALPHAB - Power coefficient for the ballast load condition.
BALLEG - Nautical miles per round trip a vessel operates in

ballast condition. (nmiles/RT)
BETA - Power exponent for the full load condition.
BETAB - Power exponent for the full load condition.
CAP - Full load cargo capacity of a vessel. (tons)
CARGO - Contracted amount of cargo to be carried. (tons)
CCOST - Capital cost per ton of the carried load (s)

FULLEG - Nautical miles per round trip a vessel operates in
full load condition. (nmiles /RT)

FULPWR -~ Power required to operate vessel in full load

condition at maximum speed. (hp)
GAMMA -~ Coefficient for the all purpose fuel rate (full load cond.).
SIGMA - "
DELT - "
GAMMAB - Coefficient for the all purpose fuel rate (ballast cond.).
SIGMAB - "
DELTB - "
HBSPD - Maximum value of ballast speed. (knots)
RISPD - Maximum value of full load ship speed. (knots)
LBSPD - Minimum value of ballast speed. (knots)
LOWSPD - Minimum acceptable value of full load ship speed. (knots)
LPDAY - Average days per round trip a vessel spends in

the load port. (days/RT)
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Table 1.1 (continued)

Name Description Units

LPFUEL - Average amount of fuel burned per day in load port. (1b/day)

MRDAY - Days per year a vessel is out of service for

maintenance and repair. (days/yr)
RIN - Interest rate (absolute value)
RSTFR - All-purpose fuel rate at restricted speed. {(1b/hp-hr)

RSTLEG - Nautical miles per round trip a vessel operates in
restricted condition. ({rmiles /RT)
RSTPWR - Average power required in restricted operation. (hp)

RSTSPD - Average speed at which a vessel travels in

restricted operation, (knots)
TR -~ Tax rate {(absolute value)
UPDAY - Average days per round trip a vessel spends

in the unload port. (days /RT)

UPFUEL - Average amount of fuel burned per day in unload port. (1lb/day)

$ADMIN - Annual cost of administration. ($/yr)
$CAPTL, - Annual cost of capital. ($/yr)
$FUEL - Price of propulsion fuel. ($/1b)
$LAYUP ~ Annual cost of lay-up. ($/yr)
SLP - Port and route charges per round trip connected

with the load port. ($/RT)
SMAINT - Annual cost of maintenance & repair., (s/yr)
$MAN - Annual cost of manning. ($/yr)
$SAIL - Annual cost of changing the status of a vessel. ($/yr)
$STORE -~ Annual cost of stores, supplies & equipment. ($/yr)
$UP - Port and route charges per round trip connected

with the unload port. ($/RT)
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Table 1.2
Table of Input Values for Vessels A,B,C
SHIPNM = Vessel A

Ccap = 100,000.0

RSTSPD = 7.0 RSTPWR = 2,000.0 RSTFR = 0.600

LPDAY = 2.0 $p = 2,000.0 IPFUEL = 24,000.0

UPDAY = 2.0 $UP = 2,000.0 UPFUEL = 24,000.0

$MAN = 875,000.0 $STORE = 225,000.0 $CAPTL = 3,000,000.0
$ADMIN = 1,000,000.0 SMAINT = 630,000.0 $SAIL = 0.0
ALPHA = 5.09 BETA = 3.0 GAMMA = ,2279 SIGMA = 0.,446968 DELT = 0.635729
ALPHAB = 3. BETAB = 3. GAMMAB = .2279 SIGMAB = 0,446968 DELTB = 0.635729
$LAYUP = 3700000.0
MRDAY = 15.0 LOWSPD = 10.0 HISPD = 17.0 LBSPD = 8.0 HBSPD = 20,0
FULPWR = 25000.0
CoosT = 0.0 RIN = 0.0 TR = 0.0
SHIPNM = Vessel B

Cap = 50,000.0

BALSPD = 14.0 BALPWR = 10,000.0 BALFR = 0.395
RSTSPD = 7.0 RSTPWR = 1,500.0 RSTFR = 0,534

LPDAY = 1.25 $p = 1,000 IPFUEL = 24,000.0

UPDAY = 1.25 $UP = 1,000.0 UPFUEL = 24,000.0

$MAN = 750,000.0 $STORE = 150,000.0 $CAPTL = 1,500,000.0
$ADMIN = 400,000.0 $MAINT = 425,000.0 $SAIL = 0.0
ALPHA = 2.78 BETA = 3.1 GAMMA = 0.20514 SIGMA = 0.4 DELT = 0.57715
ALPHAB = 2.0 BETAB = 3.1 GAMMA = 0.20 SIGMAB = 0.4 DELTB = 0.57



SLAYUP =
MRDAY =
FULPWR =

CCOST =

SHIPNM =
CAP =
BALSPD =
RSTSPD =
LPDAY =
UPDAY =
$MAN =

$ADMIN =

ALPHA =

ALPHAB =

SLAYUP
MRDAY =
FULPWR =

CCOST =

1800000.

15.0

LOWSPD =

15000.0

0.0

RIN

Vessel C

50,000.0

14.0

7.0

1.5

1.5

825,000.0

360,000.0

2.1

1.6

1300000.0

15.0

BETA

BETAB

0.0

LOWSPD =

15000.0

0.0

RIN

0.0

9.0

BALPWR

RSTPWR

$STORE

$MAINT

3.2

3.2

9.0

TR

$
$
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Table 1.2 (continued)

HISPD

0.0

p

upP

GAMMA

GAMMAB

HISPD

0.0

10

16.0

,000.0

1,500.0

1,000.0

1,000.0

17

5,000.0

425,000.0

0.2165

0.21

16.0

LBSPD =

SIGMA

SIGMAB

LBSPD =

7.0

7.0

HBSPD = 22,0
BALFR = 0.417
LPFUEL = 24,000.0
UPFUEL = 24,000.0
$CAPTL = 1,000,000.0
0.42 DELTB = 0.60
HBSPD = 22.0
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Table 1.3
Total Annual Operating Cost and

CPU Time* for Several EPSI

3 SHIPS 10 SHIPS
TOTAL ANNUAL SPENT TOTAL ANNUAL TOTAL ANNUAL SPENT
EPSI OPER. COST CPU SEC. OPER. COST* OPER. COST** CPU SEC.
5. | 17.8593 x 106 0.151 64.4418 x 106 64.4304 x 106 3.591
10. | 17.8593 x 106 0.123 64.4497 x 106 64.4306 x 106 3.213
20. | 17.8594 x 106 0.119 64.4498 x 106 64.4315 x 106 2.552
200, | 17,8596 x 106 0.110 64.4813 x 106 64.4464 x 106 1.175
2000. | 17,9083 x 106 0.067 64.9116 x 106 64.8950 x 106 0.211

*In the Amdahl 470 mainframe computer of The University of Michigan Computing

Center

**Starting from initial points different than the ones used in the previous

column of this table
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Table 1.4

RESULTS FOR THE ONE SHIP EXAMPLE

1TABLE OF INPUT VALUES

-SHIP NUMBER ---- 1

SHIP NAME ------ VESSEL A

CARGO CAPACITY - 100000.0

RSTSPD -- 7.00 RSTPWR -- 2000.00 RSTFR --- 0.6000

LPDAY --- 2.00 $LPp ----- 2000.00 LPFUEL -- 24000.00

UPDAY --- 2.00 $UP ----- 2000.00 UPFUEL -- 24000.00

$SMAN ---- 875000.00 $STORE -~ 225000.00 $CAPTL -- 3000000.00

$ADMIN -- 1000000.00 S$MAINT ~-- 630000.00 $SAIL --- 0.0

ALPHA --- 5.09000015 BETA ---- 3.00000000 GAMMA --- 0.22793400

SIGMA ~--- -0.44696802 DELY ~-=~-- 0.63572901

ALPHAB --- 3.00000000 BETAB ---- 3.00000000 GAMMAB --- 0.22799999

SIGMAB --- -0.44700003 DELTB ---- 0.63000000

SLAYUP -- 3700000.00

MRDAY --- 15.00 LOWSPD -- 10.00 HISPD --- 17.00

LBSPD -- 8.00 HBSPD --- 20.00

FULPWR -- 25000.00

CCOST --- 0.0 RIN -- 0.0 TR -- .0

ROUTE INPUT DATA

ANNUAL CARGO AVAILABLE -- 3000000.0

BALLAST DISTANCE (NM)---- 800.0

LOADED DISTANCE (NM)----- 1000.0

RESTRICTED DISTANCE (NM)- 400.0

FUEL PRICE PER LB ------- 0.1100

FLEET # 1 - SUMMARY

SHIP *COST COST ROUND IMITIAL INITIAL *TONS
PER PER TRIPS OPTIMUM OPTIMUM CARRIED
YEAR TON PER SPEED BAL.SPEED (TONS)
(%) (s) YEAR (KNOTS) (KNOTS)

SHIP# 1 16.93 11.80

VESSEL A 8.7045 2.9015 30.00 13.12 15.80 3.0000

-TOTAL ANNUAL OPERATING COSTS ($millions) = 8.7045

Iterations for this run = 39

O* - Millions
SENS. FOR THE ANNUAL OPER. COST OF EACH SHIP

SHIP# 1
VESSEL A .3279 . 1227 0.082 .1005 0.026 0.345 . 115 0.072 0.0
SENS. FOR THE TOTAL OPER. COST FOR $FUEL : O.328

CARGO
UTILITY

0.8999



1FLEET # 1 ~ SUMMARY
SHIP

SHIP#
VESSEL
SHIP#
VESSEL
SHIP#
VESSEL

OWAN > -
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Table 1.5

THREE SHIPS - EPSI = .5

*COsT COSsT
PER PER
YEAR TON
($) ($)
8.6577 2.9001
4.9493 3.1251
4.2523 2.9717

-TOTAL ANNUAL OPERATING COSTS ($millions)

Iterations for this run
Q¢ - Millions

= 241

S. FOR THE ANNUAL

ROUND INITIAL INITIAL *TONS
TRIPS OPTIMUM  OPTIMUM  CARRIED
PER SPEED BAL.SPEED (TONS)
YEAR {KNOTS) (KNOTS)
12.20 12.20
29.85 12.93 15.73 2.9854
12.20 12.20
31.67 11.56 12.99 1.5837
15.48 12.20
28.62 10.54 11.51 1.4309
= 17.8593

OPER. COST OF EACH SHIP

ALPHA ALPHAB 4MAN $STORE $CAPT $ADM S$MAINT $SAIL

SEN
$FUEL

SHIP#¥
VESSEL A .3244
SHIP¥ 2
VESSEL B . 3356
SHIP# 3
VESSEL C .3316

. 1209 0.08t1
. 1204 0.087

L1177 0.086

1011 0.026 0.347 .116 0.073 0.0
. 1515 0.030 0.303 .081 0.086 0.0

. 1940 0.041 0.235 .085 0.100 0.0

SENS. FOR THE TOTAL OPER. COST FOR $FUEL : 0.329

CARGO
UTILITY
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Table 1.6
1. TEN SHIPS EPSI = 10.
*COST coSsT ROUND INITIAL INITIAL *TONS CARGO
SHIP PER PER TRIPS OPT IMUM OPT IMUM CARRIED UTILITY
YEAR TON PER SPEED BAL.SPEED (TONS)
(%) (s) YEAR (KNOTS) (KNOTS)
===7T T===D==== ======== ===E===== ==cs===== E=S=ST==XZ
s=zs@m==S=SSSTT=STS=T=R SS=E=SEES =SS 19 go 12 60
SHIP# 1 .
VESSEL A 9.1830 9.1965 9.99 12.69 15.89 0.9985 0.85%7
SHIPY 2 12.60 12.60
VESSEL A 9.0999 9.1926 9.80 12.39 15.91 0.9899 0.8483
SHIP# 3 12.60 12.60
VESSEL A 9.4104 9.2172 10.214 13.54 15.78 1.0209 0.8749
SHIP# 4 12.60 12.60
VESSEL A 9.2919 9.2071 10.09 13.42 15.26 1.0092 0.8649
SHIP¥#¥ 5 12.60 12.60
VESSEL B 4.8699 10.6023 9.19 10.90 12.36 0.4593 0.7481
SHIPY# 6 12.60 12.60
VESSEL B 4.7723 10.6125 8.99 10.68 11.81 0.4497 0.7324
SHIP# 7 12.60 12.60
VESSEL B 5.0149 10.6018 9.46 11.27 13.08 ©.4730 0.7704
SHIP# 8 12.60 12.60
VESSEL C 4.1709 9.8465 8.47 9.88 11.18 0.4236 0.7020
SHIP¥ 9 12.60 12.60
VESSEL C 4.3918 9.8736 8.90 10.59 12.03 0.4448 0.7371
SHIP# 10 15.96 12.60
VESSEL C 4.2448 9.8495 8.62 10.25 11.28 0.4310 0.7142
~TOTAL ANNUAL OPERATING CQSTS ($millions) = 64.4497
lterations for this run = 2176
* - Millions
2. Same as above - different initial speeds
SHIP *COST cosT ROUND INITIAL INITIAL *TONS CARGO
PER PER TRIPS OPTIMUM OPTIMUM CARRIED UTILITY
YEAR TON PER SPEED BAL.SPEED (TONS)
(%) (%) YEAR (KNOTS) (KNOTS)
EEEmEmToSSo=S=SSS=sSs==== Z===s==== ===2===== TZ==S==-=TS S ===z===== =E==S=s==== ======== ======S=
SHIPH# 1 12.90 12.90
VESSEL A 9.4328 9.219¢2 10.23 13.24 16.46 1.0231 0.8768
SHIP¥ 2 12.90 12.80
VESSEL A 9.2697 9.2026 10.07 13.00 15.87 1.0073 0.8632
SHIPY 3 12.90 12.90
VESSEL A 9.1536 9.1933 9.96 12.87 15.36 0.9957 0.8533
SHIPY¥ 4 12.90 12.90
VESSEL A 9.2811 9.2052 10.08 13.33 15.34 1.0083 0.8641
SHIP# S 12.90 12.90
VESSEL 8 4.8896 10.6010 9.22 11.01 12.37 0.4612 0.7512
SHIPY 6 12.90 12.90
VESSEL B 4.8098 10.6079 8.07 10.68 12.16 0.4534 0.7384
SHIPKH 7 12.90 12.90
VESSEL B 4.9448 10.5994 9.33 11.21 12.55 0.4665 0.7598
SHIP# 8 12.90 12.80
VESSEL C 4.2192 9.8477 8.57 10.28 11.01 0.4284 0.7100
SHIP# 9 12.90 12.90
VESSEL C 4.1909 9.8463 8.51 10.00 11.18 0.4256 0.7054
SHIP# 10 9.21 12.90
VESSEL C 4.2391 9.848¢9 8.61 10.24 11.24 0.4304 0.7133
-TOTAL ANNUAL OPERATING COSTS ($millions) = 64.4306
Iterations for this run = 2840

O* - Millions
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Table 1.7

SAMPLE OUTPUT WITH SENSITIVITIES

TEN SHIPS - EPSI = 5.

SHIP *COST CcoSsT ROUND INITI1AL INITIAL *TONS CARGO
PER PER TRIPS OPTIMUM OPT IMUM CARRIED UTILITY
YEAR TON PER SPEED BAL .SPEED (TONS)
(s) (%) YEAR (KNOTS) (KNOTS)
EESSSZT=S=SSSSRSSSSERS = ===g==xa= ENs===== T==2===== ZTrY====2 ==EESs=s=sE=sS =Sz ==== EEEEZTIXZERSR
SHIP# 1 12.90 12.90
VESSEL A 9.4365 9.2203 10.23 13.25 16 .48 1.0235 0.8771
SHIP¥ 2 12.90 12.80
VESSEL A 9.2757 9.2031 10.08 13.03 15.84 1.0079 0.8638
SHIP¥ 3 12.90 12.90
VESSEL A 9. 1446 9.1927 9.95% 12.86 15.32 0.9948 0.8525
SHIP¥# 4 12.90 12.90
VESSEL A 9.2656 9.2037 10.07 13.29 15.32 1.0067 0.8627
SHIP¥ 5 12.90 12 90
VESSEL B 4.8933 10.6008 9.23 11.05 12.34 0.4616 0.7518
SHIP# 6 12.90 t2.90
VESSEL B 4.8211 10.6064 9.09 10.75 12.15 0.4545 0.7403
SHIPY 7 12.90 12.90
VESSEL B 4.9411 10.5994 9.32 11.20 12.53 0.4662 0.7592
SHIP#¥ 8 12.90 12.80
VESSEL C 4.2216 9.8479 8.57 10.29 11.02 0.4287 0.7104
SHIP¥ 9 12.90 12.80
VESSEL C 4.1964 9.8462 8.52 10.06 11.14 0.4262 0.7063
SHIP# 10 4 9.21 12.90
VESSEL C 4.2346 9.8487 8.60 10. 19 11.28 0.4300 0.712%
~TOTAL ANNUAL OPERATING COSTS ($millions) = 64.4304
Iterations for this run = 3073 }

' * - Milltions
SENS. FOR THE ANNUAL OPER. COST OF EACH SHIP

$FUEL ALPHA ALPHAB $MAN $STORE $CAPT $ADM S$MAINT $SAIL

SHIP# 1

VESSEL A .3884 . 1559 0.108 .0927 0.024 0.318 .106 0.067 0.0
SHIPy 2

VESSEL A .3779 . 1537 0.103 .0943 0.024 0.323 .108 0.068 0.0
SHIP# 3

VESSEL A .3691 .1518 0.100 0957 0.025 0.328 .109 0.069 0.0
SHIP¥ 4

VESSEL A .3772 . 1568 0.100 .0944 0.024 0.324 .108 0.068 0.0
SHIP# S -

VESSEL B .3372 . 1357 0.097 1533 0.031 0.307 .082 1.087 0.0
SHIP¥ 6

VESSEL B .3273 . 1317 0.096 1556 0.031 0.311 .083 n.o8g 0.0
SHIP¥ 7

VESSEL B .3435 .1375 0.089 .1518 0.030 0.304 .081 n.086 0.0
SHIP# 8 ‘

VESSEL C .3362 .1380 0.089 .1954 0.041 0.237 .085 0.101 0.0
SHIP¥ 9

VESSEL C .3323 . 1341 0.100 . 1966 0.042 0.238 .086 0.10t 0.0
SHIP¥ 10

VESSEL C .3383 .1363 0.102 .1948 ~0.041 0.236 .085 0.100 0.0

SENS. FOR THE TOTAL OPER. COST FOR $FUEL : 0.36C
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Table 1.8

SAME CASE AS IN TABLE 1.7, INVENTORY COST INCLUDED

-SHIP *COST cosT ROUND . INITIAL INITIAL *TONS CARGO.
PER PER TRIPS OPTIMUM OPTIMUM  CARRIED  UTILITY
YEAR TON PER SPEED BAL.SPEED (TONS)
(%) ($) YEAR (KNOTS) (KNOTS)
SHIP# 1 12.90 12.90
VESSEL A 9.2799 9.2597 10.02 14.52 13.43 1.0022 0.8589
SHIP# 2 12.80 12.90
VESSEL A 9.2049 9.2333 9.97 14.09 13.67 0.9969 0.8543
SHIP# 3 12.90 12.90
VESSEL A 9.3302 9.2430 10.09 14. 44 13.88 1.0088 0.8645
SHIP# 4 12.90 12.90
VESSEL A 9.2445 9.2344 10.01 14.14 13.82 1.0011 0.8579
SHIP¥ 5 12.90 12.80
VESSEL B 4.8428 10.6659 9.08 12.05 10.51 0.4540 0.7395
SHIP# 6 12.90 12.90
VESSEL 8 4.9377 10.6781 9.25 12.58 10.60 0.4624 0.7531
SHIPY 7 ; 12.90 12.90
VESSEL B 4.8439 10.6576 9.09 11.97 10.62 0.4545 0.7402
SHIP# 8 12.90 12.90
VESSEL C 4.2152 9.9317 8.49 11.39 9.47 0.4244 0.7033
SHIP# 9 . 12.90 12.90
VESSEL C 4.3733 9.8994 8.84 11.51 10.58 0.4418 0.7321
SHIP# 10 9.21 12.90
VESSEL C 4.4958 9.9053 9.08 11.53 11.52 0.4539 0.7522
-TOTAL ANNUAL OPERATING COSTS ($millions) = 73.6122
Iterations for this run = 2610

O* - Millions
SENS. FOR THE ANNUAL OPER. COST OF EACH SHIP

$FUEL ALPHA ALPHAB $MAN $STORE $CAPT $ADM S$MAINT $SAIL

SHIP# 1

VESSEL A .3782 .1756 0.088 .0843 0.024 0.323 108 0.068 0.0
SHIP# 2

VESSEL A .3732 .1678 0.090 .0951 0.024 0.326 109 0.068 0.0
SHIP# 3

VESSEL A .3815 .1735 0.08t .0938 0.024 0.322 .107 0.068 0.0
SHIP# 4

VESSEL A .3758 .1686 0.091 .0947 0.024 0.325 .108 0.068 0.0
SHIP¥ 5

VESSEL B .3303 . 1469 0.081 .1549 0.031 0.310 .083 0.088 0.0
SHIP# &

VESSEL B .3431 . 1536 0.081 .1519 0.030 0.304 .081 0.086 0.0
SHIP# 7

VESSEL B .3305 . 1461 0.082 .1548 0.031 0.310 .083 0.088 0.0
SHIP# 8

VESSEL C .3353 .1938 0.079 .1957 0.042 0.237 .085 0.101 0.0
SHIP# 9

VESSEL C .3591 .1560 0.083 .1886 0.040 0.229 .082 0.087 0.0
SHIP# 10

VESSEL C .3765 .1562 0.104 .1835 0.039 0.222 .080 0.085 0.0

SENS. FOR THE TOTAL CPER. COST FOR sFUEL : 0.440



APPENDIX 2: SENSITIVITY ANALYSIS-EXAMPLES

The sensitivities of the cost functions <C;(Xj,Y;) and C(Xj,Yi,eee,

X5,Y,) at the optimum point are given by the program (sample output in

Appendix 1, Table 1.6).

With these sensitivities we can calculate the cost functions for any

change in the fuel price Cg , in the constant costs and in the power

coefficients o and ap .

Change in the fuel price Cf

In Table 2.1 the new minimum costs for final Cg = 0.07 $/1lb obtained by
using eq. (IV.9) and (IV.13), are presented. 1In Table 2.2 we see the
new minimum costs for Cf = 0.22 $/1b also obtained by eq. (IV.9) and
(IV.14). Comparing the above costs with these found by using the program
with the new values of Cg we can see that differences in the total

operating cost are less than 0.8%.

Change in power coefficients a and ay .

Using eg. (IV.19) with Aa = + 0.1*a and Aap = + 0.10°*a), for the case
of three and ten ships respectively (results in Tables 2.3 and 2.4). The
comparison of these results with those received from the program gives

relatively small errors as it is shown in Table 2.3 and 2.4.

Change in the fuel price Cg and in the power coefficients a and ab .
Using eq. (IV.20) with ACg = + 0.11 $/1b , Aa = + 0.10°a and Aap =
O.1*ap, , we found the results shown in Table 2.5. The comparison of
these with those received from the program (Table 2.6) gives very small

€rrors.
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The fact that the optimum operating speeds X;,Y; practically are
independent of the fuel price Cg can be verified by comparing the

results given in Tables 1.4 and 1.5 with these given in Tables 2.1 and

2.2'
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Table 2.1

3 ships ~ Fuel cost Cg = 0.07 $/1b

(ACg = - 37%)

Ci(Xi,Y;)| 7.6365 x 106 | 4,3453 x 106 | 3.7396 x 106

Y; 15,73 12.99

10.54

11.51

TOTAL ANNUAL OPERATING COST = 15.7214 x 106

Table 2.2

10 ships - Fuel cost Cg¢ = 0.22 $/1b

(ACf = + 100%)

1 X1 Y1 Ci(Xj,¥i)*
1 12.80 15.68 12.5978
2 12.70 16.01 12.6378
3 13.26 15.83 12.9036
4 13.24 15.43 12.7656
5 1.1 12.40 6.5789
6 10.69 11.98 6.3395
7 11.21 13.40 6.8306
8 9.99 11.28 5.5984
9 10.19 12.02 5.8356
10 10.25 10.8 5.5773
TOTAL ANNUAL OPERATING COST*: 87.6408

*In millions
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Table 2,3

3 ships: Aa = + 0.1°a and Aap = + 0.1°ap

i 1 2 3
Cc(x;,Y;)/108 8.8325 5.0519 4.3389

TOTAL ANNUAL OPERATING COST: 18.2233 x 106 (error + 0.15%)

(*) percent of the value received from the program

Table 2.4

10 ships ~ Aa = + 0.1a and Aap = + 0.1 ap

i C(X3,Yi)/108 ERROR*
1 9.4166 +0,32
2 9.4385 -0.7
3 9.5789 +0.58
4 9.5061 -0.66
5 9.0264 +1.96
6 4.8991 -2.3
7 5.1594 +4.9
8 4.2988 -0.7
9 4.425 +0.6
10 4.2875 -0.25

TOTAL ANNUAL OPERATING COST: 66.0362 x 106 $ (error + 0.25%)

(*) Percent of the value received from the program



Table 2.5
3 ships: ACg = 0.11 $/1b, Aa =+ O.1a , Aap = + O.1ap
i 1 2 3
c(x4,Yi) /108 11.641 6.7129 5.749
ERROR* -1.45% -0.86% -1.36%
TOTAL ANNUAL OPERATING COST: 24.1029 (error = 1.26%)

(*) Percent of the value received from the program

Table 2.6
Program Results with Cg = 0.22 $/1lb. Aa = + 1.1a, Aap = 1.lap
-SHIP *COST cos T ROUND INITIAL INITIAL *TONS CARGO
PER PER TRIPS OPTIMUM  OPTIMUM  CARRIED UTILITY
YEAR TON PER SPEED BAL.SPEED (TONS)
(%) (%) YEAR (KNOTS) (KNOTS)
LA B 2 R S X525 T 5] ======== ======== =E==T===== =S======= ====z==== =E=ER==s===2= T EXT=Z=X=
SHIP¥# 4 12.20 12.20
VESSEL A 11.8120 3.9485 29.92 13.07 15.64 2.8915 0.8873
SHIP# 2 12.20 12.20
VESSEL B 6.7711 4.2922 31.55 11.52 12.84 1.5775 0.8113
SHIP¥ 3 15.48 12.2
VESSEL C 5.8287 4.0733 28.62 10.55 11.50 1.4309 0.7768
-TOTAL ANNUAL OPERATING COSTS ($mililions) = 24 4118 ‘
Iterations for this run = 386
O* - Millions
SENS. FOR THE ANNUAL OPER. COST OF EACH SHIP
$FUEL ALPHA ALPHAB $MAN $STORE $CAPT $ADM SMAINT $SAIL
SHIP¥# 1
VESSEL A .5048 .1894 0.127 .0741 0.019 0.254 085 0.053 0.0
SHIP# 2
VESSEL B .5144 1857 0.133 .1108 0.022 0.222 .059 0.063 0.0
SHIP¥ 3
VESSEL C .5124 . 1829 0.134 .1415 0.030 0.172 .062 0.073 0.0
SENS. FOR THE TOTAL OPER. COST FOR $FUEL 0.508



APPENDIX 3: PROOF OF AN INDEPENDENCE PROPERTY OF THE OPTIMAL SPEEDS

For the symbols introduced in Section II.5 we use the following

definitions:
A =Cyi * Cg + C24

B =0C3 * Ct

C =0C4i * Ct
D =Cg;i * C¢ eq.(3.1)
B' =Cgi * Ct

C' =Cq7i * Ct

D’ * Cf¢

!

0
[0 0]
=

with Cy = Cport & route
Using equations (IX.1), (r1.7), (I11.8), (1I.28), (III.2) and (3.1) the

objective function takes the form:

/ 3b-1 2b-1
c(xi,...,vz) = I [(C1iCe + Coi + C33iXj Cg + CaiXy °* Cg +
1

b-1 3bp-1 2bp -1
+ C5iXj * Cg + Cgi Yj *Ceg + C7i Yi * Cg +
bp-1
+Cgi'¥y ° Cg) .« Gi(Xj,¥3) + Cj] eq.(3.2)

Using the approximation:

Ciz << £5(Xi,Yy) eq.(3.3)
we can delete the term Cy; from eq. (3.2).

The new objective function is:

2
C(X;,Y},...,Yz) =3 [Cf'Ei(Xi,Yi)'Gi(Xi,Yi) + Cj ]
- 1
with

3b-1 2b-1 b-1
Ej(Xj,Yi) = Cqi + C3i Xi + CyqiX;i + CgiXj +
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3by,-1 1bp-1 by -1
+ CeiYj + C7iYj + Cgi¥i
The optimum speeds can be found as the solution of the following system:

C(Xi,Yis0ee,Xz,Yz)
------------------- =0 (1)

------------------- =0 (2)
9Y;
for i=1,2’..o,z q.(3.4)

z ;
£G;(Xi,Y1) =0 (3)
1
Ximin € ¥i < Ximax

(4)
Yimin € Yi < Yimax
82C(x1,oo-’Yz)
-------------- <0 (5)

aX;

32C(Xi, oto’Yz)
-------------- <0 (6)

Equation (3.4.1) and (3.4.2) can be transformed as follows:

9E; (Xi,Y1) 9E1 (X4,Y;)
Cflmmmmmmmm—e *Gi(Xi,¥Yi) + Cgt—mm—mmmmmm *Ej(X3,Y3) =0
X3 0X3
9E; (X3,Y1) 3G (X4,Y3)
Cflommmmm e *Gi(X1,Yi) + Cglmmmmmmm——o ‘Ej(X;,Y4) =0
Y5 Y5
or
9E; (X4,Y3) 3G (Xi,¥41)
---------- 'Gl(Xl, Yl) + ----—‘--"-.El(xl,Yl) - 0
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dE;(Xi,Y;) 3Gi (Xj,Y5)
__________ 'G(xi'Yi) + ———————---.Ei(xi,Yi) = 0 3(10(305)

Equations (3.5), (3.4.3) to (3.4.6) give a new system with respect to the

unknown speeds Xj,Yji i=1,..+,Z « We can see that the above equations do
not contain either the fuel cost Cg or the constant cost Ci . Our final
conclusion from the above analysis is that the optimum speeds (but not the

optimal operating costs) are independent of Cg and Cj .

The above is a general conclusion for any slow steaming fleet deployment

problem under the approximation of (eq. 3.3).



APPENDIX 4: LAY-UP ANALYSIS-EXAMPLES

1. Characteristics of Vessels Used in Examples

In this appendix two sample fleets consisting of four and ten ships
respectively are presented. The first fleet consists of two ships of type A,
and one from types B and C respectively (see Appendix 1 for the three types of
ships used in the analysis). The second fleet is the ten ship fleet used in

Appendix 1.

2. Sample Results

In Table 4.1 sample results for the first fleet are presented. 1In this
example, we can see the difference between the exact and the approximate
solution for the lay-up problem. The global optimum obtained using the
"approximate" method is about 0.145x106$ (0.74%) worse than that found with

the "exact" procedure.

In Tables 4.2 and 4.3 sample results for the second fleet but for differ-
ent route data are presented. We can see in these examples the strong rela-
tion which exists between the global optimum solution and the route data al-
though the initial fleet remains the same., In Table 4.4 the total annual op-
erating costs are presented as a function of the capacities of the fleets used
in examples 4.2 and 4.3. We have to remember here that the costs mentioned
previously include the lay-up costs as they were defined in Section III and
given in Append%x 1. We can see that it is rather impossible to try to pre-~
dict the global optimum solution before using our program. Generally, a good
practice giving relatively small deviations from the global optimum is to
avoid ship eliminations resulting in big increases for the remaining ship's
speeds. That means that we have to operate our ships with speeds which give
relatively small operating cost per ton of cargo carried for our route data
(see Figure II.4).
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Table 4.1

FOUR SHIPS LOCAL AND GLOBAL OPTIMAL SOLUTIONS
ROUTE INPUT DATA '

ANNUAL CARGO AVAILABLE -- 6000000 .0

BALLAST DISTANCE (NM)---- 800 O

LOADED DISTANCE (NM)----- 1000.0

RESTRICTED DISTANCE (NM)- 400 O

FUEL PRICE PER LB ------- 0. 1100

FLEET # 1 - SUMMARY

SHIP *COST CcOosT ROUND INITIAL INITIAL *TONS CARGO
PER PER TRIPS OPTIMUM OPTIMUM CARRIED UTILITY
YEAR TON PER SPEED BAL SPEED (TONS}
(%) (%) YEAR (KNOTS) (KNOTS)

SHIP# 1 6.50 6 S50

VESSEL A 6.5908 3.3480 i9 69 6.44 6.77 1.9686 O 5954

SHIPY 2 5 50 6 50

VESSEL A 6.6278 3.3074 20.04 6 .54 7 08 2.0038 O 6061

SHIP¥ 3 6.50 6 .50

VESSEL B 3.7652 3 6300 20 74 6.00 6 .60 1 0372 0.5424

SHIPY¥ 4 6.39 6 S0

VESSEL C 3.3143 3 3168 19 81 6 07 6 14 0 9903 O 5462

TOTAL ANNUAL OPERATING COSTS ($millions}) - 20.2980

Iterations for this run = 147

O¢ - Millions
SENS FOR THE ANMNUAL OPER COST OF EACH SHIP

$FUEL ALPHA ALPHAB $MAIN $STORE $CAPT $ADM  $MANT  $SAIL

SHIP# 1
VESSEL A L1187 .04ace 0 022 1328 0.034 0.455% 152 0 096 0.0
SHIP» 2
VESSEL A . 1234 .0425 0O 024 132¢C 0.034 0.453 191 0O 095 0.0
SHIP# 3
VESSEL B 1325 0388 0 027 1992 0.04C 0O 398 106 o 113 0.0
SHIPY 4
VESSEL C 1477 Q414 0.026 2489 0.05%3 © 302 109 0O 128 ©.0
SENS FOR THE TOTAL OPER COST FOR $FUEL . C 128
APPROXIMATE SOLUTION FOR THE LAY-UP PROBLEM
Number of ships which are eliminated. 2
Eliminated ship #: 3
Eliminated ship # - 4
Optimum cost (in millions). 2C 5085
Number of ships which are eliminated !
Eliminated ship #: 3
Optimum cost (in millions}): 19.8484
**++«GLOBAL OPTIMUM SOLUTION
1FLEET # 1 - SUMMARY
-SHIP *COST cosT ROUND INITIAL INITIAL *TONS CARGO
PER PER TRIPS NPT IMUM OPTIMUM CARRIED UTTILITY
YEAR TON PER SPEED BAL.SPEED (TONS)
(%) (%) YEAR (KNOTS) (KNOTS)
SHIP# 1 9.10 9.60
VESSEL A 7 2264 2 9938 24 14 8.4a4 10.47 2.4138 O 7301
SHIP# 2 9.10 9 6C
VESSEL A 7 2451 2 9889 24 24 8.59 10 38 2.4240 O 7332
SHIP# 3 0.0 oG
VESSEL B 1 8000 00 0 0 0 0.0 0.0 0.0
SHIP# 4 6 22 10 60
VESSEL C 3 5767 3 0776 23.24 7.46 8.195 1.1622 Q.6410
TOTAl ANNUAL OPERATING COSTS (tmillirons) - 19,8484
Iterations for this run - 156

O - Millions
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Table 4.1

(continued).

SENS FOR THE ANNUAL QOPER COST OF EACH SHIP

SHIP¥ 1
VESSEL A 1937 0715 0O 050 1211 O 031 0.415 . 138 0 087 0.0
SHIP# 2
VESSEL A 1957 0735 0 050 1208 0O 031 0.414 138 0.087 0.0
SHIPs 3 . :
VESSEL B e} (8] O 0 8} Qo O 0.0 .0 0.0 O ¢
SHIP# 4 )
VESSEL C 2084 0668 0.049 2307 0.049 0.280 101 0.119 o C
SENS FOR THE TOTAL DPER COST FOR SFUEL O 270
EXACT SOLUTION FOR THE LAY-UP PROBLEM
Number of ships which are eliminated 1
Optimum cost (in millions} 19 7034
Number of ships wnich are e!iminated 2
Optimum cost (in millions) 20.5095
Number of ships which are eliminated . 3
Available cargo exceeds max capacity of any fleet
*evve GLOBAL OPTIMUM SOLUTION
tFLEET # i - SUMMARY
-SHIP *CQsT COsT ROUND INITIAL INITLAL * TONS CARGO
PER PEFR TRIPS OPTIMUM OF T TMUM CARRIED TILp Ty
fEAR TON PER SPEED BAL.SPEEC (TONS)
(%) (%) YEAR (KNOTS) (KNOTS)
SHIP# 1 S.00 9.50
VESSEL A 7 1627 3 0108 23 79 8.30 10.06 2.3790 QO 7196
‘SHIP# 2 9.00 Q.50
VESSEL A 7 1845 3 MNAR 23 91 8.51 9.92 2 23810 Q 1232
‘SHIP# 3 6.14 10.50
VESSEL B 4 0564 3 2977 24 60 7.64 8 56 1.2301¢ 2 6433
SHIP# d 0.0 (o)
VESSEL C t 3000 0.0 0.0 0.0 0 0 o0 e
TOTAL ANNUAL QOPERATING COSTS (tmillions) = 19 7034
Iterations for this run = ‘953
O* - Milljons

SENS. FOR THE ANNUAL OPER. COST OF EACH SHIP

TFUEL ALPHA ALPHAR FMAIN $STORE $CAPT FADM  BMANT $SALL

SHIP# 1
VESSEL A 1867 G697 O a7 1222 0 031 O 419 140 N 08 O 0O
SHIPY¥ 2
VESSEL A 1891 Q72 7Nae 1218 0O 031 O 418 139 0.088 0 O
SHIPY# 3
VESSEL B 1928 0659 0O 048 1849 n 237 0O 370 099 N o105 0.0
SHIPY 4
VESSEL C 0 6] 0.0 0] 0.0 (o6} 0 a0 o0

SENS. FOR THE TOTAL OPER COST FOR $FUEL 0 243
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Table 4.2
TEN SHIPS - INITIAIL OPTIMUM/GLOBAL OPTIMUM

ROUTE INPUT DATA

ANNUAL CARGO AVAILABLE -- 4500000.0
BALLAST DISTANCE (NM)---- 3200.0
LOADED DISTANCE (NM)--- -~ 4000.0
RESTRICTED DISTANCE (NM)- 1600.0
FUEL PRICE PER LB ------- 0.1100
FLEET # 1 - SUMMARY
SHIP *COST COST ROUND INITIAL INITIAL *TONS CARGO
PER PER TRIPS OPTIMUM OPT IMUM CARRIED UTILITY
YEAR TON PER SPEED BAL.SPEED (TONS)
(%) (%) YEAR (KNOTS) {KNQTS)
SHIP# ¢ 7.30 7.30
VESSEL A 6.7956 10.2042 5 66 7.43 8.03 0.6660 0.5848
SHIP¥ 2 7.30 7.30
VESSEL A 6.7976 10. 1910 6 67 7.34 8.21 0.6670 0.5857
SHIP# 3 7.30 7.30
VESSEL A 6.8103 10. 1699 6 70 7.42 8.20 0.6697 0.5881
SHIP# 4 7.30 7.30
VESSEL A 6.6815 10.4363 6.40 6.72 8.15 0.6402 0.5622
SHIP#¥ 5 7.30 7.30
VESSEL 8 3.8194 11.8746 6.43 6 52 7.92 0.3216 0.5486
SHIP# 6 7 30 7.30
VESSEL B 3.8156 11.8878 6. a2 6.53 7.85 0.3210 0.5474
SHIP+ 7 7.30 7.30
VESSEL 8 3.7751 12.0839 <. 25 6.25 7.70 0.3124 0.9328
SHIP¥ 8 7.30 7.30
VESSEL C 3.3230 10.8305 6. 14 6.40 7.22 0.3068 0.5321
SHIP# S 7.30 7.30
VESSEL C 3.2552 11.1776 5.82 5.80 7.08 0.2912 0.5050
SHIP# 10 5.87 7.30
VESSEL C 3.3104 10.8866 6.08 6 56 6.80 0.3041 0.5273
TOTAL ANNUAL OPERATING COSTS ($milliions) = 48 .3837
Iterations for this run = 341
Oo* - Millions

APPROXIMATE SOLUTION FOR THE LAY-UP PROBLEM

Number of ships which are eliminated: 6
Eliminated ship #
Eliminated ship #
Eliminated ship #:
Eliminated ship #:
Eliminated ship #:
Eliminated ship #: 10
Optimum cost (in millions): 52.2170

Number of ships which are eliminated: 5

Eliminated ship #: 6
Eliminated ship #- 7
Eliminated ship #: 8
Eliminated ship #: 9
Eliminated ship #:10
Optimum cost (in millions): 49 .5770

Number of ships which are eliminated. 4
Eliminated ship #: 7

Eliminated ship #: 8

Eliminated ship #: 9

Eliminated ship #:10

Optimum cost (in millions): 48 .3832

Number of ships which are eliminated: 3
Eliminated ship #: 8

Etiminated ship #: 9

Eliminated ship #: 10

Optimum cost (in million=): 47.7028
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Table 4.2

(continued)
Number of ships which are eliminated: 2
Eliminated ship #: 9
Eliminated ship #:10
Optimum cost (in millions): 47 .6450

Number of ships which are eliminated: 1
Eliminated ship #: 9
Optimum cost (in millions): 47.8890

1FLEET # t - SUMMARY

-SHIP )
gg:r gggr ROUND INITIAL  INITIAL  <TONS CARGO
PER_ & TRIPS OPTIMUM  OPTIMUM  CARRIED  UTILITY
. PER SPEED BAL.SPEED (TONS)
____________________________ (%) YEAR (KNOTS)  (KNOTS)
SHIP# 1 T —-_é-;é _________________________
. 8.40
;5?§EL 3 6.9603 9.9221 7.0t 7.83 8.84 0.7015 0.6160
VESSEL A 6.9760 9 : 7840 8 oo |
VESSEL 4 .8983 7 05 ; ZS 8.96 0.7048 0.6189
VESSEL A 6.9601 ' e
VESSEL 9.9189 7.02 ;.Zg 8 98 0 7017 0.6162
VESSEL A 7.0318 9 ' 5 a9
VESSEL A& 8365 7 15 3 lg 8.87 0.7149 0.6278
VESSEL B 3.9171 11 ' 5 5e
VESSEL 8 ' 5132 6 80 ;.Jg 8.23 0.3402 0.5803
VESSEL 8 3.9215 14 . 5 5o
VESSEL B .4985 6 82 ;.ig 8.15 0.3410 0.5817
VESSEL B 3.9194  11.507 ' 7 o5
VESSEL B 5073 6 81 ;.jg ;.92 0 3406 0.5809
VESSEL ¢ 3.4779 4 ' 5y
vEssEL ¢ 0 3570 6.72 ;.go 7.81 0.3358 0.5823
VESSEL C 1.3000 59
vessed c 0.0 0.0 2.21 gio 0.0 0.0
VESSEL ¢ 3.3875  10.6024 ' 29
. . & 39
"TOTAL ANNUAL OPERATING COSTS ($millions) = 47 8515 °-e7 7T Q193 05541
Iterations for this run = 257

O* - Millions

EXACT SOLUTION FOR THE LAY UP PRORLEM

Number of ships which are eliminated

Optimum cost (in millions) - 47 8890
Number of ships which are eliminated 2
Optimum cost (in millions): 47 .6450
Number of ships which are eliminated . 3
Optimum cost (in millions): 47 .7028
Number of ships which are eliminated 4

Optimum cost (in millions): 48 .3832

Number of ships which are eliminated S

Optimum cost (in millions): 49 5770
Number of ships which ar» eliminated : 6
Optimum cost (in millions): 52.2170
Number of ships which are eliminated 7

Available cargo exceeds max capacity of any firet
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Table 4.2

**xxx GLOBAL OPTIMUM SOLUTION (continued)

1FLEET # 1 - SUMMARY

-SHIP *COST COST ROUND INITIAL INITIAL *TONS CARGO
PER PER TRIPS OPTIMUM OPTIMUM CARRIED UTILITY
YEAR TON PER SPEED BAL .SPEED (TONS)
(%) (%) YFAR (KNOTS) (KNOTS)

SHIPH 1 9.40 9.40

VESSEL A 7.3172 9.5762 7 64 9.18 9.44 0.7641 0.6710

SHIP# 2 9.40 9.40

VESSEL A 7.3083 9.5853 7.62 9.17 9.38 0.7625 0.6695

SHIP# 3 9.40 9.40

VESSEL A 7.2996 9.5966 T 61 9.19 9.29 0.7606 0.6680

SHIP# 4 9.40 9.40

VESSEL A 7.3068 9 5861 7.62 9.16 9.38 0.7622 0.6694

SHIP# 5 8.40 8.90

VESSEL B 4.0852 11.1215 7 35 8.17 8.76 0.3673 0.6265

SHIP# 6 8.40 8.90

VESSEL B 4.0834 11.1256 7.34 8.19 8.71 0.3670 0.6260

SHIP# 7 8.40 8.90

VESSEL B 4.0608 11.1678 727 8.09 8.60 0.363¢6 0.6202

SHIP¥ 8 5.35 8.90

VESSEL C 3.5837 10. 1634 .05 7.65 8.70 0.3526 0.6115

SHIP# 9 0.0 0.0

VESSEL C 1.3000 0.0 O 0 0.0 0.0 0.0 0.0

SHIP# 10 0.0 0.0

VESSEL C 1.3000 0.0 0.0 0.0 0.0 0.0 0.0

TOTAL ANNUAL OPERATING COSTS ($millions) = 17 6450

Iterations for this run = 123

O* - Millions
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Table 4.3

TEN SHIPS - GLOBAL & GLOBAL OPTIMAL SOLUTIONS
(Different route data)

ROUTE INPUT DATA

ANNUAL CARGO AVAILABLE -- 6200000 0O

BALLAST DISTANCE (NM)---- 3200.0

LOADED DISTANCE (NM)----- 4000 .0

RESTRICTED DISTANCE (NM)- 1600.0

FUEL PRICE PER LB ------- 0.1100

FLEET » 1 - SUMMARY

SHIP *COST cosT ROUND INITIAL INITIAL *TONS CARGO
PER PER TRIPS OPTIMUM OPTIMUM CARRIED UTILITY
YEAR TON PER SPEED BAL.SPEED (TONS)
(%) (%) YEAR (KNOTS) (KNOTS)

SHIP# 1 11.20 11.20

VESSEL A 8.4290 9.1885 9.17 11.43 13.26 0.9172 0.8055

SHIPY¥ 2 11.20 11.20

VESSEL A 8.5227 9.186%5 9.28 11.79 13.25 0.9277 0.8147

SHIP# 3 11.20 11.20

VESSEL A 8.6759 9.1789 9.45 11.93 13.99 0.9452 0.8300

SHIP¥# 4 11.20 11.20

VESSEL A 8.6337 9.1791 9 41 11.70 14.13 0.9406 0. 8260

SHIP# S 11.20 11.20

VESSEL B 4.5258 10.6836 8. 47 9.75 10.93 0.4236 0.7225

SHIP# 6 11.20 11.20

VESSEL B 4.5440 10.6760 8 51 9.77 11.08 0.4256 O 7259

SHIPH# 7 11.20 11.20

VESSEL B 4.5215 10 6884 8. 46 8.95 10.58 0.4230 0.7215

SHIP# 8 11.20 11.20

VESSEL C 3.9167 9.8858 7.92 8.96 10.23 0.3962 O 6871

SHIP# 9 11.20 11.20

VESSEL C 3.9222 9 8826 7 .94 9.02 10.18 0.3869 0.6883

SHIP# 10 14.19 11.20

VESSEL C 3.8834 9.8634 8.08 9.36 10.25 0.4039 0.7004

TOTAL ANNUAL OPERATING COSTS ($millions) = 59.6751

ITterations for this run = 1106

Oo* - Millions

EXACT SOLUTION FOR THE LAY-UP PROBLEM

Number of ships which are eliminated : 1
Optimum cost (in millions): 61.0535

.
Number of ships which are el iminated - 2
Optimum cost (in millions): 62.7351

Number of ships which are eliminated : 3
Optimum cost (in millions): 65 6135

Number of ships which are eliminated 4
Available cargo exceeds max capacity of any fleet

OPTIMUM FLEET IS THE INITIAL FLEET
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Table 4.4

OPERATING COSTS FOR THE SAME FLEET AND DIFFERENT CARGO

CARGO = 45x105 TONS CARGO = 62x105 TONS
TOTAL CAPA-
CITY OF USED % DIFFERENCE % DIFFERENCE
FLEETS/1000 ANNUAL COST FROM THE OPTI- ANNUAL COST FROM THE OPTI-
(TONS) {$ millions) MUM SOLUTION ($ millions) MUM SOLUTION
400 52.2170 9,60 * -
450 49.5770 4,05 * -
500 48.3832 1.55 * -
550 47.7028 0.12 65.6135 9,95
600 47.6450 *k 62.7351 5.13
650 47.8890 0.51 61.0535 2.31
700 48,3837 1.55 59,6751 * %

*Infeasible case

**Global Optimum




APPENDIX 5: TIME-VARYING COST COMPONENTS-EXAMPLES

1. How to Use the Program

The program requires a ship data base contining values for all vessel and
route parameters used in the formulation of the problem. A sample input for a
fleet of three ships is presented in Table 5.1. The parameter definitions and
units are given in Table 1.1. Table 5.2 contains a sample output which

corresponds to data contained in Table 5.1.

2. Examples

Two sample fleets consisting of three and ten ships respectively are
examined. The first fleet consists of three different ships which are similar
to the ones used in Appendix 1 but their cost characteristics are varying with
time., Here we are using three time intervals within which costs remain
constant. A list of the input values and the results obtained are presented
in Table 5.2. The same table contains the approximate and the exact solution
for the corresponding lay-up problem. The second fleet consists of ten ships
and is similar to the one used in Appendix 1, but, here the costs are varying
with the time, remaining constant within two time intervals. A list of the
input values and the results for the initial fleet are presented in Table 5.3.
In the same table, the approximate and the exact solution for the lay-up

problem are presented.

In Table 5.4, results for the previous fleet but with different route
data are presented. We can see again (compare wth results in Table 5.3) the

dependence between the route data and the global optimum solution.
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Table 5.1

SAMPLE INPUT FOR A FLEET OF THREE SHIPS

3

100

100

165

VESSEL A

100000

7 0.2000.,0.600

2..,24000.

2 ,24000.

5 09,3.0,.227934,-.446968, .635729
3..3.,.228,-.447, .63

3700000. .1

6..16 ,5..20.,25000.

0..0..0.

250000 . , 60000 . , 900000 . , 300000 . .200000. .0.
600..600.

4.

250000 . , 60000 . ,900000. , 300000 . ,200000.,0.
600 .600.

4.

375000 ., 105000 . , 1200000 . . 400000 . . 2300C0. .0.
800 ..800

7.

VESSEL B

50000.

7..1500 . .534

1.25.24000.

1.25,24000.

2.78.3.1,.205141,-.402271, 572156

2.,3.1, 2,-.4,.57

1800000. .1

5.,16.,5..18.,15000

0..0..0.

230000. .45000.,450000. . 130000 , 130000..0.
300..300.

4.

230000 . .45000.,450000. . 130000 ., 130000..0.
300..3C0.

4.

290000 . . 60000 . ,600000. . 140000 , 165C00..0.
400..,400.

T

VESSEL C

50000.

7..1500...550

1.5,24000.

1.5,24000.
2.1,3.2,.216537,~-.424620, .603943
16,3.2,.21,-.42,.6

1300000. . 1

5.,16..5.,18.,15000.

0..0..0.

250000 . , 50000. , 300000 ., 100000 . . 130000 . .0
300..300.

4.
250000 . , 50000. , 300000 . , 100000. , 130000. .0.
300.,300
4.
325000 . ,75000. . 700000. ., 160000 . . 165000. .0
400 .400
7.
4000000.
800

1000
400

o7

11

13
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Table 5.2

SAMPLE OUTPUT FOR A FLEET OF THREE SHIPS

TABLE OF INPUT VALUES

4 OF TIME INTERVALS = 3

TIME INTERVAL # 1: {00 DAYS
TIME INTERVAL ¥ 2: 100 DAYS
TIME INTERVAL ¥ 3: 165 DAYS

SHIP NUMBER ---- 1

SHIP NAME ------ VESSEL A

CARGO CAPACITY - 100000 . 0

RSTSPD -~ 7.0C RSTPWR -- 2000.00 RSTFR --- O 6000
LPDAY --- 2.0C LPFUEL -- 24000.00

UPDAY --- 2.0C UPFUEL -- 24000.00

ALPHA --- 5.08000015 BETA ---- 3.00000000 GAMMA --- 0 22733400
SIGMA --- -0.44696802 DELT ---- 0.63572901

ALPHAB --- 3.00000000 BETAB ---- 3.00000000 GAMMAB --- O 22799899
SIGMAB --- -0.44700003 DELTB ---- 0.63000000

$LAYUP -- 3700000 00

LOWSPD -~- 6.00 HISPD --- 16.00

LBSPD -- 5.00 HBSPD --- 20.00

FULPWR --  25000.00

CCosT --- 0.0 RIN -- 0.0 TR -- .0

VARIABLE SHIP DATA

TIME INTERVAL # 1

$MAN ---- 250000.00 $STORE -- 60000.00 $CAPTL -~ 900000 . 00
$ADMIN - - 300000 .00 $MAINT -- 200000.00 $SAIL --- 0.0
$LP - ---- 600.00 s$UP ----- 600 .00
MRDAY --- 4.00
TIME INTERVAL # 2
$MAN ---- 250000.00 $STORE -- 60000 .00 $CAPTL -- 300000 . 00
$ADMIN -- 300000.00 $MAINT - 200000 00 $SAIL --- 00
$LP ----- 600.00 $UP ----- 600 00
MRDAY --- 4.00
TIME INTERVAL # 3
EMAN - --- 375000.00 $STORE -- 105000.00 $CAPTL -- 1200000 . 00
$SADMIN -- 400000 OO0 $MAINT -- 230000.00 $SAIL --- Q.0
$LP ----- 800.00 3UP ----- 800 .00
MRDAY --- 7.00
SHIP NUMBER ---- 2
SHIP NAME ------ VESSEL B
CARGO CAPACITY - 50000 .0
RSTSPD -- 7.00 RSTPWR . 1500.00 RSTFR --- 0.5340
LPDAY --- 1 25 LPFUEL - 24000.00
UPDAY --- 1.25 UPFUEL -- 24000.00
ALPHA --- 2.77999973 BETA ---- 3. 10000038 GAMMA --- 0 20514101
SIGMA --- -0.40227097 DELT ---- 0.57215601
ALPHAB --- 2 0000000 BETAB - - 3. 10000038 GAMMAB --- 0 19999999
SIGMAB --- -0.39899998 DELTB == 0.56999999
SLAYUP -- 1800000 00
LOWSPD -- 5 00 HISPD --- 16 .00
LBSPD -- 5.00 HBSPD --- 18 .00
FULPWR -- 15000.00

CCOST --- 0.0 RIN -- 0.0 TR -- e
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Table 5.2
(continued)
VARIABLE SHIP DATA
TIME INTERVAL # 1
$MAN ---- 230000.00 $STORE - - 45000 .00 $CAPTL - - 450000 .00
$ADMIN -- 120000.00 S$MAINT -- 130000 .00 $SAIL --- 0.0
$tP ----- 300.00 $UP --~--- 300.00
MRDAY --- 4.00
TIME INTERVAL # 2
$MAN ---- 230000.00 $STORE -- 45000 00 $CAPTL -- 450000.00
$ADMIN -- 130000.00 $MAINT -- 130000.00 $SAIL --- 0.0
$LP ----- 300.00 $UP ----- 300.00
MRDAY --- 4 00
TIME INTERVAL # 3
$MAN ---~ 290000 OO0 $STORE 60000.00 $CAPTL -- 600000 00
$ADMIN -- 140000.00 $MAINT - 165000.00 $SAIL --- 0.0
$LP ----- 400.00 $UP ----- 400.00
MRDAY --- 7 00
SHIP NUMBER ---- 3 -
SHIP NAME ------ VESSEL C
CARGO CAPACITY - 50000.0
RSTSPD -- 7 00 RSTPWR -- 1500.00 RSTFR --- 0.5500
LPDAY --- i1.80 LPFUEL -- 24000.00
UPDAY --- 1.50 UPFUEL -- 24000.00
ALPHA --- 2.10000038 BETA ---- 3.19999981 GAMMA --- 0O 21653700
SIGMA --- ~-0.42461987 DELT ---- O 60394298
ALPHAB -~- 1.60000038 BETAB --- 3 19999981 GAMMAB --- 0.20999998
SIGMAB --- -0.42000002 DELTB ---- 0. 60000002
$LAYUP -~ 1300000 . 00
LOWSPD -~ 5.00 HISPD --- 16 .00
LBSPD -- 5.00 HBSPD -~--- 18.00
FULPWR -- 15000 .00
CCOST ~--- 0.0 RIN -- 0.0 TR -- (e}
VARTABLE SHIP DATA
TIME INTERVAL # 1
$MAN ---- 250000.00 $STORE -- 50000.00 $CAPTL -- 300000.00
$ADMIN -~ 1t00000.00 $MAINT -- 130000.00 $SAIL --- 0.0
$LP ~----- 300.00 $UP ----- 300.00
MRDAY --- 4.00
TIME INTERVAL # 2
$MAN ---- 250000.00 $STORE -- 50000 00 $CAPTL -- 300000 .00
$ADMIN -- 1Q0000 .00 $MAINT -- 130000 OO0 $SAIL --- 0.0
$LP ----- 300.00 $UP ----- 300.00
MRDAY --- 4.00
TIME INTERVAL # 3
$MAN ---- 325000.00 $STORE -- 75000.00 $CAPTL -- 700000 .00
$ADMIN -- 160000 .00 S$MAINT -- 165000 OO0 $SAIL --- 0o 0
$LPp ----- 100.00 $UP ----- 400.00
MRDAY --- 7.00
ROUTE INPUT DATA
ANNUAL CARGO AVAILABLE -- 4000000 .0

BALLAST DISTANCE (NM)----

800.0
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Table 5.2
(continued)
LOADED ODISTANCE (NM)----- 1000 .0
RESTRICTED DISTANCE (NM)- 400.0
FUEL PRICE PER LB
TIME INTERVAL # 1: 0.0700
TIME INTERVAL # 2. 0.1100
TIME INTERVAL # 3: 0. 1300
FLEET # 1 SUMMARY
SHIP *COST cosT ROUND INITIAL/
PER PER TRIPS OP T IMUM
INTERVAL TON PER SPEED
(%) ($) INTERVAL (KNOTS)
SHIP# 1
VESSEL A
6 40
TIME INTERVAL # 1 1 8937 3 2198 5 88 7 40
6.40
TIME INTERVAL # 2 1 9302 3 5863 5 .38 6.06
6.40
TIME INTERVAtL # 3 2 7407 3.0916 8.87 6.05
SHIP# 2
VESSEL B
5 .40
TIME INTERVAL # 1 1.0838 3 6945 5.87 6.35
5 40
TIME INTERVAL # 2 1 0957 4 2800 5.12 5.23
5.40
TIME INTERVAL # 3 1 4731 3.4848 8.45 5 36
SHIP# 3
VESSEL C
9 00
TIME INTERVAL # 1 0.9435 3 1734 5.95 7 52
9 00
TIME INTERVAL # 2 1.0033 3 5295 5.69 5. 11
5 85
TIME INTERVAL » 3 1.6558 4 2167 7 .85 5 09
DURING THE YEAR
*COST/YR COST/TON R.T./YR “TONS/YR
(%) (%)
SHIP# 1
VESSEL A 6 565 3.261 20 129 2 013

INITIAL/

OPTIMUM

BAL SPEED
(KNOTS)

40
.74
.40
.28

40

A NONO

.31

40
77
.40
64
40
52

[$ IS 4IRS e )]

5.40
6 38
9.00
3.95%
9.00
7 16

0. 613,

*TONS
CARRIED
(TONS)

O 5882
0.5382

0.8865

0.2934
0. 2560

0. 4227

0.2973
0.2843

0.3927
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Table 5.2
(continued)
VESSEL B 3.653 3.758 19 4a1 0 972 0 519
SHIPY 3
VESSEL C 3.603 3.698 19.485 0.974. Q.548
-TOTAL ANNUAL OPERATING COSTS (¢millions) = 13.8187
iterations for this run = 495
STOPPING LIMIT EPSI = 200.00

O* - Millions

Number of ships which are eliminated 1

Etiminated ship ¥ 2
Optimum cost (in mittions): 13 7506

SHIP *COST cosT ROUND INITIAL/ INITIAL/ «TONS
PER PER TRIPS 0PTIMUM OPTIMUM CARRIED
INTERVAL TON PER SPEED BAL SPEED (TONS)
(%) (%) INTERVAL (KNOTS) (KNOTS)
SHIP¥ 1
VESSEL A
9 63 12.64
TIME INTERVAL # 2 0562 2 .8628 7 18 9 68 12 .44 0 7182
9.63 12.64
TIME INTERVAL # 2 2.2489 3.1282 7 19 9.39 13. 16 0.7189
9 63 12.64
TIME INTERVAL # 3 3.2534 2.8348 11 48 8.96 12 .19 1 1477
SHIP# 2
VESSEL B
0.0 0.0
TIME INTERVAL # 1 0.0 00 0.0 0.0 0.0 0.0
0.0 0.0
TIME INTERVAL # 2 0.0 00 0.0 0.0 0.0 0.0
0.0 0.0
TIME INTERVAL # 3 0.0 0.0 0.0 0.0 0.0 0.0
SHIPY¥ 3
VESSEL C

13.83 11.04
TIME INTERVAL # 1 1 1348 2.7314 8. 31 13.02 11.21 0.4155

TIME INTERVAL # 2 1.2254 3 1608 7.75 12.53 9.07 0.3877
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Table 5.2
{continued)
. 5.09 15 44
TIME INTERVAL # 3 2.0318 3.8057 10 .68 7 96 14 52
DURING THE YEAR
*COST/YR COST/TON R.T./YR *TONS/YR UTIL.FACTOR
(%) (%)
SHIP# 1
VESSEL A 7 558 2.924 25.848 2.585 0.787
SHIP¥ 2
VESSEL 8 1 800 0.0 0.0 o 0 [O2Ne]
SHIPY¥ 3
VESSEL C 4 392 3.285 26.740 1.337 O 752
-TOTAL ANNUAL OPERATING COSTS ($millions) = 13 7506
Iterations for this run = 303
STOPPING LIMIT EPSI = 200 00
O* - Millions
EXACT SOLUTION FOR THE LAY-UP PROBLEM
Number of ships which are eliminated [
Optimum cost (tn millions): 13. 1574
Number of ships which are eliminated 2
Available cargo exceeds max capacity of any fleet
*e*** GLOBAL OPTIMUM SOLUTI(ON
FLEET # 1 SUMMARY
SHIP *COST COST ROUND INITIAL/ INITIAL/
PER PER TRIPS OPT IMUM OPTIMUM
INTERVAL TON PER SPEED BAL SPEED
(s) (3) INTERVAL (KNOTS) (KNOTS)
SHIP# |
VESSEL A
9.23 12.24
TIME INTERVAL # 1 2.1323 2.8298 7.54 11,11 12.79
9.23 12.24
TIME INTERVAL # 2 2.1653 3 1670 6.84 g9.12 10.78
9. 23 12 .24
TIME INTERVAL # 3 3 1309 2.8417 11.02 8 41 11 09
SHIP¥ 2
VESSEL 8
13.83 10.64
TIME INTERVAL # 1 1 3346 2.9062 g 18 13.34 13.62
13.83 15.44
TIME INTERVAL # 2 1.3054 3.3909 7.70 8.53 10.36
5.06 15.44
TIME INTERVAL # 3 1.7889 3.2979 10.85 7.75 13.08
SHIP¥ 3
VESSEL C
0.0 0.0
TIME INTERVAL # 1 0.0 0.0 00 0.0 0.0
0.0 0.0
TIME INTERVAL # 2 0.0 0.0 0.0 0.0 0.0

*TONS
CARRIED
(TONS)

0.7535%
0.6837

1.1018

0.4592
O 3850

0.5424
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Table 5.2
(continued)
0.0 0.0
. .0 0.0
TIME INTERVAL # 3 0.0 0.0 0.0 0.0 0
DURING THE YEAR
_____________ *COST/YR COST/TON R.T /YR  *TONS/YR UTIL . FACTOR
(%) ¢
SHIPY¥ 1
vé;;EE A 7.429 2.926 25° 390 2.539 0.773
SHIP# 2
véé;éi B 4 429 3 194 27 732 1.387 0 740
SHIPY 3
VESSEL C 1.300 0.0 00 0.0 0.0
-TOTAL ANNUAL OPERATING COSTS ($millions) = 13.1574
Iterations for this run = 1224
STOPPING LIMIT EPSI = 10 00
O* - Millions
INTEGER SOLUTION
SHIP +COST coST ROUND OPT IMUM OPT I MUM *TONS
PER PER TRIPS LOADED BALLAST CARRIED
INTERVAL TON PER SPEED SFEED (TONS)
(%) (%) INTERVAL (KNOTS) (KNQTS)
SHIP# 1
VESSEL A
TIMF [NTERVAL # 1.9025 3 1709 6.00 7 20 8 70 0.6000
TIME INTERVAL # 2 i 8923 3 T7R16 5.00 5 43 6.47 0 5000
TIME INTERVAL # 3 2 7559 3 DR a 00 6.27 7.36 0 9000
SHIP# 2
VESSEL B
TIME INTERVAL # 1.0899 3 6330 & 00 6 47 712 0 3000
TIME INITERVAL # 2 1 1450 3 8166 6 00 6.45 7 15 0.3000
TIMF INTERVAL # 3 1 5043 3.23429 3 00 5. .63 6 32 0.4500
SHIP# 3
VESSEL C
TIME INTERVAL # 1 0 9.135 3. 1451 6.00 6.80 7 42 0. 3000
TIME INTERVAL # 2 0.9421 3 7685 5.00 5 18 5.77 0 2500
TIME INTERVAL # 3 1 8337 4 08”42 R 00 5.01 5 50 0 4000
DURING THE YEAR
*COST/YR COST/TON R T YR ~TONS/YR UTIL FACTOR
(%) (%)
SHIPK 1
VESSEL A 6 551 3 275 20 000 2.000 0.609
SHIPs 2
VESSEL B 3.739 3 561 21 000 1.050 0.560
SHIP# 3
VESSEL C 3.519 3 705 19 000 0 as0 0.534
-TOTAL ANNUAL OPERATING COSTS ($millions) = 13 RO92
-TOTAL TONS CARRIED(MILLIONS)- 10000

o Miltlions
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Table 5.3

SAMPLE OUTPUT FOR A FLEET OF TEN SHIPS

TABLE OF INPUT VALUES
4 QF TIME INTERVALS = 2
TIME INTERVAL # {- 100 DAYS
TIME INTERVAL # 2: 265 DAYS
SHIP NUMBER -- -- 1
SHIP NAME ------ VESSEL A
CARGO CAPACITY - 100000 .0
RSTSPD - - 7.00 RSTPWR - 2000 00
LPDAY --- 2.0C LPFUEL -- 24000.00
UpPDAY --- 2.00 UPFUEL -~ 24000.00
ALPHA --- 5.09000015 BETA - --- 3. 00000000
SIGMA --- -0 ,.44696802 DELT ---- O 63572901
ALPHAB --- 3.00000000 BETAB - ~-- 3. 00000000
SIGMAB --- -0.44700003 DELIB ---- 0. 63000000
sLAYUP -~ 3700000 .00
LOWSPD -- .6.00 HISPD --- 16 .00
LBSPD - - 5.00 HBSPD - - - 20.00
FULPWR - - 25000 00
CcCcosT --- 0.0 RIN - - OO0 TR -- .0
VARIABLE SHIP DATA
TIME INTERVAL # 1
FMAN ---- 300000 OO0 $STORE -- 80000 .00
$ADMIN -- 300000.00 $MAINT - - 200000 00
$LP ----- 800.00 $UP ----- 800 00
MRDAY --- 5 00
TIME INTERVAL # 2
$MAN ---- 575000.00 $STORE - - 145000 .00
$ADMIN -- 700000.00 $MAINT - - 430000 00
$LP ----- 1200.00 $UP -- -~ 1200 Q0O
MRDAY --- 10.00
SHIP NUMBER ---- 2
(Same data as SHIR #1)
SHIP NUMBER ---- 3
(Same data as SHIP #1)
SHIP NUMBER ----
(Same data as SHIP #1)
SHIP NUMBER --- s
SHIP NAME ------  VESSEL B
CARGO CAPACITY - S0000.0
RSTSPD -- 7.00 RSTPWR - - 150C 00
LPDAY --- { 25 LPFURLL - 21000 .00
UPDAY --- 1.2% UPFUFL 24000 .00
ALPHA --- 2 77989973 BETA - - 3 10000038
SIGMA - -- ~-0.40227097 DELT - - Q 57215601
ALPHAB --- 2. 00000000 BETAB =% = 3 10000038
SIGMAB --- -(0.399999898 DELIB ---- 0 56999999
S$LAYUP --  1800000.00 ,
LOWSPD -- 5.00 HISFD - -- 16 00
LBSPD -- 5.00 HBSPD --- 18 .00
FULPWR -- 15000 .00
CcCCOosT --- 0.0 RIN -- .0 TR -- (0]
VARIABLE SHIP DATA
TIME INTERVAL # 1
$MAN ---- 250000 00 $STORE 50000 .00
$ADMIN -~ 150000 00 $MAINT 125000 00
$LPp ----- 300.00 $UP 300 00
MRDAY --- 5.00
TIME INTERVAL # 2
$MAN ---- 500000.00 $STORE 100000 .00
$ADMIN - - 250000.00 $MAINT 00000 . 00
$LPp ----- 700.00 sUP ----- 700 00
MRDAY --- 10.00

RSTFR ---

GAMMA - - -

GAMMAB -

$CAPTL --
$SAIL --

$CAPTL --
$SAIL ---

RSTFR —---

GAMMA - - -

GAMMAB -

%CAPTL --
$SAIL ---

$CAPTL --
$SAIL ---

0.6000

0.22793400

O 22799999

1000000 . 00
0.0

2000000 00
(O ¢]

0 5340

0.20514101

(. 19999999

500000 00
00

1000000 . 0O
o0
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Table 5.3
(continued)
SHIP NUMBER - --- 6
(Same data as SHIP #5)
SHIP NUMBER ---- 7
(Same data as SHIP #5)
SHIP NUMBER ---- R
SHIP NAME ------ VESSEL C
CARGO CAPACITY 50000.0
RSTSPD -~ 7.00 RSTPWR -- 1500 .00 RSTFR --- 0.5500
LPDAY --- 1.50 LPFUEL -- 24000.00
UPDAY --- 1.50 UPFUEL -- 24000 .00
ALPHA --- 2. 10000038 BETA ---- 3.19999981 GAMMA --- 0.21653700
SIGMA - -- -0.42461997 DELT ---- 0.60394299
ALPHAB --- 1.60000038 BETAB === 3.19999981 GAMMAB --- 0 20999998
SIGMAB --- -0 42000002 DELTR - --- 0O 60000002
$LAYUP -- 1300000 00
LOWSPD -- 5 00 HISPD --- 16 00
LBSPD -- 5.00 HBSPD - - 1R 00
FULPWR -- 15000 00
CCOoSsT --- 0.0 RIN 0O 0 TR -- .0
VARTABLF SHIP DATA
TIME INTERVAL #
$MAN - --- 250000 00 $STORE -- 50000.00 $CAPTL -- 300000 . 00
$ADMIN -- 150000.00 $MAINT - - 125000.00 $SAIL --- 0.0
$LP ----- 300 OO $UP ----- 300 00
MRDAY --- 5.00
TIME INTERVAL # 2 .
$MAN ~---- 575000 00 $STORE - - 125000.00 S$CAPTL -- 700000.00
$ADMIN -- 210000.00 $MAINT -- 300000.00 $SAIL --- 0.0
$LP ----- 700.00 3UP ---- - 700 00
MRDAY --- 10.00
SHIP NUMBER ---- 9
(Same data as SHIP #8)
SHIP NUMBER ---- 10
(Same data as SHIP #8) a
ROUTE INPUT DATA
ANNUAL CARGO AVAILABLE -- 4900000.0
BALLAST DISTANCE (NM)---- 3600.0
LOADED DISTANCE (NM)----- 4000.0
RESTRICTED DISTANCE (NM)- 800.0
FUEL PRICE PER LB
TIME INTERVAL # 1: 0.0800
TIME INTERVAL # 2 QO 1200
FLEET # 1 SUMMARY
SHIP “COST coSsT ROUND INITIAL/ INITIAL/ * TONS
PER PER TRIPS OPTIMUM OPTIMUM CARRIED
INTERVAL TON PER SPEED BAL SPEED (TONS)
(%) (s) INTERVAL (KNOTS) (KNOTS)
SHIP# 1
VESSEL A
8.70 9.70
TIME INTERVAL # 2 2025 10 0397 2.19 8.70 9.75 0.2194
. 7.70 8.70
TIME INTERVAL # 2 4 8251 8 9974 S .36 7.70 8.75 0.5363
SHIP# 2
VESSEL A
8.70 9.70
TIME INTERVAL # | 2.2025 10.0397 2.19 8.70 9.7S 0.2194
7.70 8.70
TIME INTERVAL # 2 4.8251 8.9974 5.36 7.70 8.75 0.5363
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Table 5.3
(continued)
SHIP¥ 3
VESSEL A 8.70 9.70
.70 9.75 0 2194
TIME INTERVAL # 1 22025 10.0397 2.19 3 70 2:78
7 0O 5363
TIME INTERVAL ¥ 2 4. 8251 8 9974 5.36 7.70 8 75
SHIP# 4
VESSEL A
8.70 9.70
TIME INTERVAL # 1 2.2025 10.0397 2 19 8.70 9.75 0.2194
7.70 8 70
TIME INTERVAL # 2 4.8251 8 9974 5. 36 7.70 8.75 0.5363
SHIPKy 5
VESSEL B
6.70 7.70
TIME INTERVAL # 1 11919 129207 1.84 6.70 7.75 0.0922
5.70 6.70
TIME INTERVAL # 2 2.4772 11,4096 4.34 5.70 6.75 0.2171
SHIP¥ 6
VESSEL B
6 .70 7 .70
TIME INTERVAL # 1 1 1919 12.9207 .84 & 70 7 75 0. 0922
5 70 6.70
TIME INTERVAL # 2 2 4772 11 4096 4 34 5.70 6 75 0.2171
SKIP# 7
VESSEL B
6.70 7.70
TIME INTERVAL # 1 1 1919 12.9207 1.84 6.70 7.75 0.0922
5.70 6.70
TIME INTERVAL # 2 2.4772 11.4096 4.34 5.70 6.75 0.2171
SHIP# 8
VESSEL C
6 70 7.70
TIME INTERVAL # { 0.9926 10.8643 1.83 6.70 7.75 0.0914
5.70 6.70
TIME INTERVAL # 2 2.2379 103951 4.31 5.70 6.75 0.2153
SHIP¥ 9
VESSEL C
6.70 7.70
TIME INTERVAL # 1 0.9926 10.8643 1.83 6 70 7.75 0.0914
5.70 6.70
TIME INTERVAL # 2 2 2379 10 3951 4.3 5.70 6 75 0.2153
SHIP# 10
VESSEL C
8 .00 7.70
TIME INTERVAL # 1 1 0220 10.3166 1.98 8.00 7.75 0.0991
6.66 8 00
TIME INTERVAL # 2 2.2975 10.8263 4.24 6.05 8.10 0.2122
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Table 5.3

(continued)

DURING THE YEAR

*COST/YR COST/TON R T./YR *TONS/YR UTIL FACTOR
(s) ($)

SHIP# 1

VQ;;;E-;- 7.028 9.300 7.557 0.756 0.576
SHIP¥ 2

V;;;;L-;- 7.028 9 300 7.557 0.756 0.576
SHIP# 3

V;;;;C-;- 7.028 9. 300 7.5%7 0.75€ C.576
SHIP# 4

Vé;;éi_;_ 7.028 9.300 7.557 0.756 0.576
SHIP# S

Vgéggi—é— 3 668 tt 860 6.187 0.308 0.460
SHIP#¥ 6

véééé[_é_ 3.669 11.860 6.187 0.308 0.460
SHIP¥ 7

Vé;;EL_é— 3.669 11.860 6 187 0.308 0.460
SHIP# 8

V;;ééi-éh 3 230 10 535 6. 133 0.307 0.465
SHiPy 9

Vé;;éi—é— 3 230 10 535 6 133 0.307 0 465
SHIP# 10

Vé;;éiﬂé_ 3 320 10.664 6.226 0.311 0 472
-TOTAL ANNUAL OPERATING COSTS ($miltlions) - 48 8983
Iterations for this run = 4

STOPPING LIMIT EPSI = 1000 00

O* - Millions

Number of ships which are eliminated : 1
Optimum cost (in millions): 48 .4261

Number of ships which are eliminated - 2
Optimum cost ({n millions): 48.4466

Number of ships which are eliminated : 3
Optimum cost (in millions): 48 8675

Number of ships which are eliminated : 4
Optimum cost (in millions) 439 9068

Number of ships which are eliminated :© §

Optimum cost (in millions): 51 7453
Number of ships which are eliminated 6
Optimum cost (in millions): 54 .9494

Number of ships which are eliminated : 7
Avajlable cargo exceeds max capacity of any fleet
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tveer GLOBAL OPTIMUM SOLUTION Table 5.3
(continued)
FLEET # 1 SUMMARY
SHIP +COST cosT ROUND INITIAL/ INITIAL/ *TONS
PER PER TRIPS OPTIMUM  OPTIMUM  CARRIED
INTERVAL TON PER SPEED  BAL SPEED (TONS)
(%) (%) INTERVAL (KNOTS) (KNOTS)
SHIPK¥ 1
VESSEL A
7 61 9 76
TIME INTERVAL #» 1 2 1464 10 3812 2 07 7.61 9.81 0.2068
7.61 9 76
TIMF INTERVAL # 9 4 9225 3 8697 5 55 7.61 9.8 0.5550
SHIP# 2
VESSEL A
7.61 9.76
TIME INTERVAL # 2 1464 10 3812 2.07 7.64 9 .81 0.2068
7 61 9 76
TIME INTERVAL # 2 4 22725 8 8697 5.55 7.61 9.81 0.5550
SHIP# 3
VESSEL A
7.61 9.76
TIME INTERVAL # i 2 1477 10 3702 2.07 7.61 9.86 0. 2071
7.61 9.76
TIME INTERVAL # 2 4 3170 8 8749 S 54 7.61 8.76 0 5540
SHIP# 4
VESSEL 4
7. 61 9. .76
TIME INTERVAL # i 2 1450 103923 2.06 7.61 9.76 0.2064
7.61 9.76
TIME INTERVAL # 2 4 9170 8 8749 5 54 7.61 9 76 0.5540
SHIP# 5
VESSEL B
SS 7 24 8 .50
TIME INTERVAL # { 1.2192 12 3005 1 98 7.24 8 50 0 09391
7 24 8 50
TIME INTERVAL # 2 2 7333 10 2733 5.32 7. 24 8 SO 0.2661
SHIP¥ &6
VESSEL B
7 24 8 S50
TIME INTERVAL # 1 1.2192 12 3005 1.98 7 24 8 50 0.0991
7 24 8 50
TIME INTERVAL # 2 2 7333 10 2733 5 32 7 24 8 50 O 2661
SHIPY 7
VESSEL B
7. 24 8.50
TIME INTERVAL # 1 1 2192 12 3005 1 98 7 24 8.50 0.0991
7 24 8.50
TIME INTERVAL 4 2 2.7333 10 2733 5.32 7.24 8.50 0 2661
SHIP# 8
VESSEL C
7. 24 8 50
TIME INTERVAL # 1 1 0206 10 4039 1. 96 7.24 8.50 0.0981
7.24 8.50
TIME INTERVAL # 2 2.4987 9 4898 5 27 7.24 8 S0 0.2633
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Table 5.3
SHIP# 9 (continued)
VESSEL C 1 a4 s 5o
1.1564 9.5831 2 41 11.94 8 50 0.1207

TIME INTERVAL # 1 .8 29
TIME INTERVAL # 2 2.5499 11 7524 4.34 6.21 13.20 0.2170
SHIP¥ 10
VESSEL C | o6 0o

TERVAL # 1 0.0 00 0.0 0.0 0.0 0.0
TIME INTE 00 00
TIME INTERVAL # 2 0.0 00 C.0 0.0 0.0 0.0

“COST/YR COST/TON R T /YR *TONS/YR UTIL FACTOR

(%) (%) o

SHIP#¥ 1

V%ggél_; 7 069 9 280 T 617 0.762 0.581
SHIP# 2

Vé;;gi-;- 7 069 9 280 T BT 0.762 0.581
SHIP¥ 3

Végééi_;— 7 065 9 282 7 611 D 761 0 580
SHIP# 4

Vé;ééi_;- 7.062 9 287 7 604 0. 760 0.580
SHIP¥ 5

Vgé;él—é_ 3 952 10.824 7.303 0.365 0.543
SHIP¥ 6

Vé;;;;-é- 3 952 10 824 7.303 03685 0.543
SHIP¥ 7

Végggi—é_ 3 952 10 824 7 303 0 365 0.543
SHIP# 8

Véé;gi-é_ 3.519 9 738 7 228 O 361 0.548
SHIP# g

Véégé;_é— 3 706 10.977 6.753 0 338 0.512
SHIP# 1O

Vé;;éi—é— t 300 0 0 D0 0 0 0.0
~TOTAL ANNUAL OPERATING COSTS ($mi1lions) - 48 6473
[terations for this run = 37
STOPPING LIMIT EPSI = 1000 00

O* - Millions
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Table 5.4

SAMPLE QUTPUT FOR A FLEET OF TEN SHIPS
(Different Route Data)

ROUTE INPUT DATA

ANNUAL CARGO AVAILABLE - 5400000 O
BALLAST DISTANCE (NM)---- 3600 ©
LOADED DISTANCE (NM)----- 4000 .0
RESTRICTED DISTANCE (NM)- 800 O

FUEL PRICE PER L8

TIME INTERVAL # t: 0O.0600

TIME INTERVAL # 2: 0.1500

FLEET # 1 SUMMARY
;;;;======::======== *COST cosrT

PER PER
INTERVAL TON
(%) (%)

SHIP# 1

VESSEL A

TIME INTERVAL # 1 2 1727 9 3261
TIMF INTERVAL # 2 5.0077 S 4743
SHIP# 2

VESSEL A

TIME INTERVAL # I 2 4229 8 4895
TIME INTERVAL 4 2 4. 9981 9.4852
SHIP¥ 3

VESSEL A

TIME INTERVAL # 1 2.3108 8 7084
TIME INTERVAL # 2 4 .9966 9.4840
SHIP# 4

VESSEL A
TIME INTERVAL # 1 2.2888 8.9351
TIME INTERVAL # 2 5.1850 9.3480
SHIP¥ 5

VESSEL 8
TIME INTERVAL # 1 1.3507 10.0158
TIME INTERVAL # 2 2.6154 11.4924
SHIPY¥ 6

VESSEL 8

TIME INTERVAL # t 1.2889 10.3863
TIME INTERVAL # 2 2 8664 10 8666
SHIP¥ 7

VESSEL B

TIME INTERVAL # ¢ 1 3782 9.9477

TIME INTERVAL # 2 2.5300

.9691

ROUND

TRIPS

PER
INTERVAL

INITIAL/
OPTIMUM
SPEED
(KNOTS)

60

.60
1

~®Wwow
w
®

60
19
.60
.36

~N o -

.60

.60
08

~m® oo
(4
(e

.60
.06

.60

60
.01
.60
.80

noo ®

.60
.83
.60
.76

Mmoo

60
.70
60
.83

[ -NeN.-]

INITIAL/

OPTIMUM

BAL .SPEED
(KNOTS)

O o -

0 wo w

60
57

.60

84

.60

79

.60
.30

60
31
60
81

.60
.37

60
14

60
10
60
12

*TONS
CARRIED
(TONS)

0.2330

0. 5286

0.2854

0 5269

0.2654

0. 5268

0 2562

0.5547

0.1349

0.2276

O 1241

0.2638

0O 1385

0.2114
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Table 5.4
SHIP¥ 8 (continued)
VESSEL C
8.60 8 .60
TIME INTERVAL # 1 1 1194 3.0021 2.49 10.75 10 04 0 1243
8.60 8.60
TIME INTERVAL # 2 2.5787 10 1674 5.07 6 49 8.91 0.2536
SHIP¥ 9
VESSEL C
8.60 8.60
TIME INTERVAL # 1.0670 9.1999 2.32 9.79 9.28 0.1160
8.60 8.60
TIME INTERVAL # 2 2.5114  10.2369 4.91 6.35 8.35 0.2453
SHIP# 10
VESSEL C
9.00 8.60
TIME INTERVAL # 1 1 1676 8 4332 2.77 11.39  12.59 0.1385
6.00 9.00
TIME INTERVAL # 2 2.4398 11 5903 4 21 6.00 9.12 0.2105

*COST/YR COST/TON R.T./YR *TONS/YR UTIL.FACTOR

(%) (%)

SHIP# 1

VESSEL A 7 180 9.429 7 615 0.762 O 580
SHIP# 2

VESSEL A 7. 3121 g 135 8 123 O 812 O 619
SHIP# 3

VESSEL A 7.307 9.224 7.922 0.792 0.604
SHIP# 4

VESSEL A 7 474 9.218 8. 108 O 811 O 618
SHIP¥ 5§

VESSEL B 3 966 10.943 7.249 0 362 0.539
SHIP# ¢

VESSEL B 4. 155 10.713 7.757 0.388 0.577
SHIP¥ 7

VESSEL B 3.908 11 169 6. 998 0.350 0.520
SHIP» 8

VESSEL C 3 698 9 784 7.560 O 378 0.573
SHIP¥ g9

VESSEL C 3.578 3 904 7.226 O 361 0.547
SHIP¥ 10

VESSEL C 3.607 10.338 6.979 0.349 0.529

-TOTAL ANNUAL OPERATING COSTS ($millions) - 52.2961
Iterations for this run = 6394

STOPPING LIMIT EPSI = 500.00

O* - M{llions
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Table 5.4

(continued)

APPROXIMATE SOLUTION FOR THE LAY-UP PROBLEM

Number of ships which are eliminated 5
Eliminated ship #: 5
Eliminated ship #: 7
Eiiminated ship #: 8
Eliminated ship #: 9
Eliminated ship #:10

Optimum cost (in millions): 62.0815

Eliminated ship #: 5
Eliminated ship #: 7
Eiiminated ship #: 9
Eliminated ship #:10
Optimum cost (in millions): 57 .438%

Eliminated ship #: 5
Eliminated ship #: 7
Eliminated ship #:10
Optimum cost (in millions): 54,8970

Eliminated ship #: 7
Eliminated ship #:10
Optimum cost (in millions): 53.3413

Eliminated ship #: 7
Optimum cost (in millions): 52.5683

OPTIMUM FLEET IS THE INITIAL FLEET
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