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[57] ABSTRACT

A method for determining a stowage plan is proposed which
utilizes “genetic” or “evolutionary” search techniques. The
method includes the steps of generating a multiplicity of
“genotypes”, each of which corresponds to one possible
stowage plan. Each stowage plan is then evaluated in terms
of the cost of implementing it. The cost is at least a function
of the weight distribution of the vessel and the number of
restows required. The initial genotypes and the cost function
for evaluating them are provided to the genetic algorithm
which operates to reduce the cost to one below a predefined
threshold.

4 Claims, 5 Drawing Sheets
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METHOD FOR DETERMINING A STOWAGE
PLAN

FIELD OF THE INVENTION

The present invention relates container shipping generally
and to methods for solving stowage problems in particular.

BACKGROUND OF THE INVENTION

Container shipping has designated ports of call and des-
ignated lines (or “trade routes”) between the ports along
which the ships continually run. FIG. 1, to which reference
is now briefly made, illustrates one such line which runs
between New York City (NYC), Savannah, Rotterdam,
Dover and back to NYC.

A container vessel accepts containers at each port of call
which are destined for all of the other ports of call which the
ship is due to visit. Thus, if the vessel is at NYC, it will
accept containers for Savannah, Rotterdam and Dover and,
if the vessel is at Savannah, it will accept containers for
Rotterdam, Dover and NYC. At each port of call, the vessel
first discharges all of the containers destined for that port
and, afterwards, loads the containers which are destined for
the other ports of call on the line.

FIG. 2, to which reference is now briefly made, illustrates
an exemplary container vessel in cut view. The vessel has a
deck 10, which is typically a number of feet above sea level,
labeled 12, an engine 14 powering a propeller 16 and a
superstructure 18. The vessel stores containers above and
below deck in separate bays 20, each bay 20 holding a
multiplicity of containers, each in its own slot 22. The bays
20 typically vary in size to match the shape of the vessel and,
typically, the ship has hatches 24 within the deck 10 which
cover one or two bays.

The smallest container is typically 20 feet in length and is
called a “Twenty Equivalent Unit” (TEU). There are also 40
feet, “double”, containers. Vessels typically carry between
1800 and 4800 TEUs.

FIG. 3, to which reference is now briefly made, schemati-
cally illustrates two exemplary bays, bay 1 and bay N, in
front view. Bay 1 has 36 slots 22 above deck and 18 slots 22
below deck, where two slots, labeled 22a, are for 20 ft
containers only. The slots, labeled 225 and marked with an
‘x’, are twice as long (in the direction into the paper) and,
therefore, hold either two 20 feet containers or a single 40
feet container. The slots, labeled 22c¢, that are just above the
hatches 24 often have electrical outlets 26 which are useful
for containers with refrigeration.

FIG. 3 also illustrates the destinations for the containers
in the slots 22 for the two bays. This arrangement of the
containers is known as a “stowage” plan. The labels N, S and
R stand for NYC, Savannah and Rotterdam, respectively.

The plan for bay 1 is relatively efficient. NYC is the port
before Savannah and the N containers destined for NYC are
on top of each other and separate from the S containers
destined for Savannah. The one exception is in the slot
labeled 22e which is the topmost slot in the “Savannah”
column. In any case, removing the N containers at the NYC
port will be relatively straightforward and will not necessi-
tate any S containers to be removed first.

The plan for bay N is more problematic since the slots are
inefficiently assigned to the destination ports. Thus, if the
first port of call is NYC, then the R containers in slots 22d
and the S containers in slots 22f must all be removed in order
to remove the N containers destined for NYC. All of the
removed containers must be reloaded prior to leaving port.
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2

These reloadings are known as “restows” and they incur an
extra cost equivalent to utilizing the cranes of the port twice,
once for unloading and once for reloading. The restows also
incur extra handling time and also delay the departure time.
This can incur extra costs.

Further stowage considerations include:

a) ensuring that the weight distribution throughout the
vessel inflicts hydrostatic, stress and stability profiles
which are within the safety limits prescribed by the
authorities;

b) ventilated and refrigerated containers are located in the
places which can handle them;

¢) 20 ft containers are stowed in 20 ft slots and 40 ft
containers are stowed in 40 ft slots;

d) 20 ft containers must be stowed beneath 40 ft contain-
ers and the lower slots must be filled before the upper
slots; and

¢) dangerous cargo must be safely placed relative to the
other types of cargo present in the vessel. The plurality
of rules for stowing dangerous cargo are listed in the
International Marine Organization (IMO) code.

To create a stowage plan, one must allocate the slots 22 of
the vessel among the containers known to be waiting at each
port. The weight distribution of the containers deviates the
vessel from its optimal list and trim. The list is the amount
the vessel lists to one side or another. Trim is the amount the
vessel deviates from an even keel. For any given mean draft,
there is an optimal trim where, at the correct trim, the
propeller 16 will perform at its most efficient.

These deviations are corrected by the addition of ballast
(e.g. water) which, in turn, increases the weight of the
vessel. Typically, the increased tonnage increases the fuel
consumption of the vessel, although, if the increased ton-
nage causes the vessel to be better trimmed, the propeller
will be more efficient. The main cost factors for the stowage
plan are thus, minimizing restows, minimizing handling
time, and minimizing the amount of fuel consumed.

A stowage plan must place the incoming containers in
such a way so as to minimize the cost of the trip. However,
optimizing such a plan is difficult and complex since there
are almost infinitely many possibilities. For example, for a
small container vessel of only 20 TEU capacity and 20
containers waiting to be loaded, there are 2.4x10'® possi-
bilities. A standard vessel of 2000 slots and 700 containers
to be loaded has many more possibilities.

Due to millions of possibilities, it is unreasonable to
perform an exhaustive search to locate optimal solutions.
Furthermore, there are numerous constraints, as described
above, complicate evaluation of alternative plans. Finally,
and most importantly, different aspects of the optimization
function interact in a highly non-linear fashion so that it is
impossible to construct a model of the problems a prereq-
uisite to the application of classical, operations research
techniques for optimization.

The Applicant does not know of any computerized tool
which produces the stowaged plan without operator input.
However, there are computerized graphics tools which assist
a human operator in the manual stowage planning process.
Examples of such systems are: SHIPS of Cosmos N.V,
PLANMASTER of Maritime Computer and Technical
Services, EASEACON of Marine Alignment A/S, POWER-
STOW of Navis Corp. and LOADMASTER of Kockuma-
tion AB.

SUMMARY OF THE PRESENT INVENTION

It is therefore, an object of the present invention to
provide a method for automatic stowage plan determination.
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In accordance with a preferred embodiment of the present
invention, the method utilizes “genetic” or “evolutionary”
search techniques for automatically producing reasonable
stowage plans. The genetic algorithm, first described in 1975
by J. H. Holland, Adaptation in Natural and Artificial
Systems, University of Michigan Press, Ann Arbor, 1975,
(article incorporated herein by reference) is a robust search
algorithm based upon the principles of biological evolution.
In essence, the genetic algorithm is a simulation of the
evolutionary process, and makes use of the powerful opera-
tors of “natural” selection, mutation and crossover, to evolve
a solution to any complex design problem.

The present invention generates a multiplicity of
“genotypes”, each of which corresponds to one possible
stowage plan. Each stowage plan is then evaluated in terms
of the cost of implementing it. The cost is at least a function
of the weight distribution of the vessel and the number of
restows required.

The initial genotypes and the cost function for evaluating
them are provided to the genetic algorithm which operates to
reduce the cost to one below a predefined threshold.

The present invention is also contemplated for other
breeding types of search techniques, such as the “simulated
annealing” technique and the Tabu search technique.

Additionally, in accordance with a preferred embodiment
of the present invention, the cost of implementing the
stowage plan includes at least a sailing cost and a port
utilization cost. The sailing cost includes the expected cost
of fuel for sailing between two ports and is a function of the
list, trim and ballast usage of the vessel as a result of the
stowage plan. The port utilization cost is a function of at
least the number of loading, unloading and restow opera-
tions at at least the next port. The cost of implementing can
additionally include a cargo remaining cost due to containers
unstowable in the current stowage plan.

Finally, in accordance with a preferred embodiment of the
present invention, the acceptance criterion is comprised of:

A. the score being below a certain threshold value;

B. the vessel has no list after the addition of ballast;

C. the vessel has a trim of not more than 2 m after the

addition of ballast; and

D. the improvement in score over a period of time is

minimal compared to the time required to determine the
current score.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will be understood and appreciated
more fully from the following detailed description taken in
conjunction with the drawings in which:

FIG. 1 is a schematic illustration of a trade route;

FIG. 2 is cut view illustration of a container vessel;

FIG. 3 is a schematic illustration of a prior art stowage
plan;

FIG. 4 is a flow chart illustration of a method for
automatic stowage plan determination, constructed and
operative in accordance with a preferred embodiment of the
present invention;

FIG. 5 is a schematic illustration of the division of
information within a genotype;

FIG. 6 is a block diagram illustration of the operations
performed to convert a genotype to a stowage plan;

FIG. 7 is a block diagram illustration of the operations
performed to evaluate the quality of a stowage plan; and

FIGS. 8 and 9 are schematic illustrations of crossover
operators utilized by the method of FIG. 4.
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DETAILED DESCRIPTION OF A PREFERRED
EMBODIMENT

Reference is now made to FIG. 4 which illustrates a
method for automatically determining a stowage plan which
is constructed and operative in accordance with a preferred
embodiment of the present invention. Reference is addition-
ally made to FIG. 5 which illustrates the genotype, to FIGS.
6 and 7 which detail portions of the method of FIG. 4 and
to FIGS. 8 and 9 which are useful in understanding the
present invention.

In accordance with a preferred embodiment of the present
invention, the method utilizes genetic search techniques for
automatically producing reasonable stowage plans. Other
types of breeding techniques, such as the “simulated anneal-
ing” technique and the Tabu search technique, are contem-
plated as part of the present invention.

The present invention generates a multiplicity of
genotypes, each of which corresponds to one possible stow-
age plan. Each stowage plan is then evaluated in terms of the
cost of implementing it. The cost is at least a function of the
weight distribution of the vessel and the number of restows
required.

With the cost information, the population of genotypes are
“bred” to select for the better aspects of each stowage plan.
The breeding is weighted towards those plans whose costs
are minimal.

The new set of genotypes (i.e. the new set of stowage
plans) are then evaluated and the process continues until the
cost is below a predefined threshold.

As shown in FIG. 4, the method of the present invention
initially (step 30) collects information regarding the vessel,
the trade route, and the cargo to be loaded at the port, to be
loaded at future ports (e.g. within the next 5 ports) and which
is currently present on the vessel. This information defines
the cost function to be evaluated, as described in more detail
hereinbelow.

In step 32, the genetic algorithm begins by generating a
random sample of genotypes. The number N of genotypes
generated depends on the operator, a typical value being
N=100. The number L of bits in each genotype is a function
of the number of bays in the vessel and the number of bits
desired per bay. For example, the genotype may represent
the allocation of destination ports for the cargo in each bay.
Alternatively, the genotype may represent the slot allocation
for each container over the entire vessel.

As illustrated in FIG. 5, each genotype is divided into
sections 34, where each section describes the general allo-
cation plan for a single bay. In the first example, each bay
holds cargo destined for X of the G ports (for example, for
two of the four ports of the trade route) and the allocation
plan describes what percentage of the total amount of cargo
in the bay is to be allocated for each of the X ports.
Therefore, each section 34 of the genotype is further divided
into G portions, where each portion describes the percentage
of the bay allocated to one of the G ports of the trade route.
Since each bay holds cargo for only some of the ports, some
of the portions have values of 0. The following is an
exemplary allocation plan in which the first bay is to hold
cargo destined for NYC (35%) and Dover (65%), the second
bay is to hold cargo for Savannah (25%) and Rotterdam
(75%) and the last bay is to hold no cargo:

A={(35,0,0,65),(0,25,75,0) . . . (0,0,0,0)}

The allocation plan A is described in a genotype A' as
follows, where each number is represented by 7 bits:
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A = {(01000111, 0000000, 0000000, 1000001),

(0000000, 0011001, 1001011, 0000000) . . .
(0000000, 0000000, 0000000, 0000000) }

In step 36 (FIG. 4), the initial population of genotypes is
evaluated to determine the quality of the plans they repre-
sent. Step 36 includes two substeps performed per genotype,
the decoding of the genotype into a stowage plan (step 38)
and the evaluation of the quality of the resultant plan (step
40). FIG. 6 details the operations performed in step 38 and
FIG. 7 details the operations performed in step 40.

To decode the genotype into a stowage plan, the present
invention first determines (step 42) the allocation plan
defined by the genotype. Thus, the method converts the
genotype A' into the allocation plan A. The present invention
then selects containers from a cargo list and allocates them
to a bay in accordance with their destination and the per-
centage allocation of the destination port within the bay. It
will be appreciated that a bay may already be partially filled
with containers received at previous ports and, therefore, the
number of containers which are added to it must result in a
final allocation in accordance with the allocation plan. It will
further be appreciated that the cargo list is a listing of
containers, their destinations, weight, size and any special
considerations, such as connection to an outlet or type of
dangerous cargo.

The allocation of containers to a bay can either be done by
an operator or, in accordance with the present invention,
automatically. If the operator performs the operation, he
typically does so by a drag and drop operation. If the
allocation is performed automatically, it is typically done by
assigning each container to the first bay which has an
allocation for the container’s destination port. Other
considerations, such as connection to an outlet and compli-
ance with the IMO code, can be accommodated. Step 38
produces a stowage plan, that is, a listing of the containers
already stored in and to be added into each bay. It is noted
that, if a container cannot be stowed, due to the type of cargo
it has or its need for an electrical outlet, the container is left
in the port, to be shipped on the next vessel.

Step 40 (detailed in FIG. 7) involves evaluating the
stowage plan produced, for this port, in step 38 and utilizes
the container information stored in the cargo list and the
vessel information received in step 30. In step 46, the
method determines the vessel state (trim, list and stress and
hydrostatic pressure distributions) which results from the
stowage plan. The calculations of step 46 are the standard
vessel calculations performed for any stress and stability
system and are performed by all of the prior art stowage plan
products.

It is noted that the stress distribution is determined per
section of the vessel. Each section stress distribution is then
compared (as part of step 46) to the maximal stress allowed
for that section, as defined by the builder of the vessel and
listed in the “stability booklet” for the vessel. If the maximal
stress is exceeded at any section, ballast tanks are used to
bring the stress within the safety limits. If, even with ballast,
the stress is outside the safety margins, then the genotype is
labeled “invalid” and no further calculations are performed
for the genotype.

In step 48, the method of the present invention determines
the “sailing cost” associated with the vessel state of step 46.
Step 48 involves first determining the amount of ballast
required to correct the list to a list of 0° and to correct or
modify the trim to one which provides the propeller with the
most efficient operation. The stress distribution is then
recalculated with the extra ballast.
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The stability booklet typically, but not necessarily,
includes a table of fuel consumption at different speeds (in
knots per hour) for a given draft and trim. If such informa-
tion is not available, the values for vessels of a similar type
can be utilized.

Once the draft and trim of the vessel has been determined,
step 48 considers the stability booklet to determine the fuel
consumption of the vessel at the current draft and trim for
the trip between the current port and the next port. The
calculation involves a selection of the average expected
speed, the value listed in the stability booklet for the selected
speed and the distance between the two ports. The result is
the cost of fuel required for sailing the vessel, with the
ballast, to the next port.

It is possible that the ballast causes a section to reach its
maximal stress distribution. If so, the section cannot accept
any more ballast even if such is necessary to properly trim
the vessel. In this case, the vessel may have to sail without
a perfect trim. It is also possible that the weight of the
properly trimmed vessel is so high that the vessel will
consume significant amounts of fuel, even though the pro-
peller is working at its most efficient. Step 48 iterates to
determine the trim which provides the most efficient fuel
consumption.

In step 50, the method of the present invention determines
the “port utilization cost” which is the cost of loading the
containers at the present port and the cost of unloading
containers (and restowing any containers which are in the
way of containers to be unloaded) at the next few (for
example, 5) ports along the trade route. The port utilization
cost is a function of the crane operation cost of each port and
of the number of loading, unloading and restow operations
which must occur at the port. The port utilization cost can
also include the cost of remaining at the port during the
unloading period, a function of the number of containers
which must be moved during the unloading period.

In step 52, the sailing cost and the port utilization cost are
combined to produce the score for the stowage plan. The
combination can either be a simple summation or a weighted
one, where the operator provides relative weights for the
importance of the two costs. Other cost considerations, such
as the cost of storing dangerous cargo, which cannot be
stowed in the current stowage plan, for shipping with the
next vessel, can also be added in the score generation.

The output of the loop of step 36 is a score for each of the
initial stowage plans represented by the genotypes of the
initial population.

The scores of the initial population are provided to the
genetic algorithm of loop 60 which “evolves” the initial
population into further generations which preserve the better
aspects of the stowage plans of previous generations and
which improve upon them to generate a stowage plan whose
cost is acceptably low.

In the genetic algorithm of loop 60, operators work on a
population of genotypes. While the preferred type of genetic
algorithm described herein is of the general type described
as a “steady state” genetic algorithm, it should be understood
that the method of the present invention could also be
utilized with a genetic algorithm of the more common
“generational” type in which entire populations are repeti-
tively replaced.

In order to cause the population of possible solutions to
evolve, the genetic algorithm of loop 60 preferably employs,
in step 62, a form of both crossover and mutation operators.
As is known in genetic algorithm systems, members of the
existing population to which the operators are applied are
selected stochastically based upon their score or ranking
within the population. By the term “stochastically” it is
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meant that a member with a relatively high score has a
higher likelihood of being chosen or selected for participa-
tion in the operation than a relatively low scoring member
but that there is also a randomizing component so that
merely having a high score does not assure selection.

The preferred crossover operator used in the method of
the present invention may conveniently be designated a
“position based” crossover. For the crossover operation, two
members of the existing population are selected stochasti-
cally as described previously. The two selected members are
conventionally referred to as “parents”. A set of positions is
selected randomly. At each selected position, the position of
the corresponding task in one parent are imposed on the
other parent. This position based crossover is illustrated in
FIG. 8. Crossover operations of this type are referred to in
the art as combination or recombination operators.

Another crossover operator effective in the method of the
present invention may conveniently be termed “order based”
crossover. Again, a set of positions is randomly selected. The
order of tasks in the selected positions in one parent is
imposed on the corresponding tasks in the other parent.
Again, tasks in other positions in the list are shifted to
accommodate the changes and maintain a list which is
complete. This form of order based crossover is illustrated in
FIG. 9.

The method of the present invention also contemplates
that a mutation operator will be applied at intervals to a
member of the existing population. Again, the member of
the existing population selected for the operation is chosen
stochastically.

The new genotypes produced by the breeding operation of
step 62 are then evaluated in the loop of steps 36, 38 and 40,
as described hereinabove.

The present invention is also applicable with other breed-
ing search techniques, such as Simulated Annealing and
Tabu search. Simulated Annealing is described in the fol-
lowing article:

Kirkpatrick, S. Gelatt, and Vecchi, M. P.,, “Optimization
by Simulated Annealing”, Science, Vol. 220, 1983, pp.
671-680.

Tabu searches are described in the following articles:

Glover, F., “Tabu Search—Part 17, ORSA Journal on

Computing, Vol. 1, No. 3, 1989, pp. 190-206;

Glover, F., “Tabu Search—Part II”, ORSA Journal on

Computing, Vol. 2, No. 1, 1990, pp. 4-32.

All of the articles are incorporated herein by reference.
Briefly, simulated annealing is a stochastic computational
technique derived from statistical mechanics for finding near
globally-minimum-cost solutions. Breeding a new genotype
through the simulated annealing paradigm is a similar pro-
cess to that of an evolutionary algorithm. In essence, a
‘parent’ genotype which is selected to breed a new genotype
is modified by introducing a random variation to the bit
values, where the variation is limited by some pre-defined
maximal change. The infliction of random changes to geno-
type characteristics is not unlike the mutation operation
described for the genetic algorithm.

The modified genotype is evaluated and accepted to
replace the ‘parent’ genotype according to a probability
function which is known as the Boltzmann probability
distribution. The details of the function as well as back-
ground of the technique and its implementation can be found
in the Kirkpatrick et al. reference.

Tabu search is yet another stochastic sampling method for
locating near-global-minimal-cost solutions. Breeding a new
solution through the Tabu paradigm requires that a group of
variation genotypes be produced from the selected ‘parent’
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genotype. The variations are simply the outcome of the
mutation operator applied once to each of the group mem-
bers. The quality of the group members is evaluated and the
‘parent’ genotype is replaced with the best member of the
group.

Once a new genotype is adopted as the new ‘parent’
genotype, destined to produce the next genotype generation,
its difference from its original parent genotype is recorded.
The recorded difference is labeled as a “taboo” change
which cannot be reversed for a period of time in the creation
of subsequent variations in future generations. The list of
taboo changes is of a limited size so old taboos have to be
discarded to make room for new ones.

The details of the function as well as the background of
the technique and its implementation can be found in the two
F. Glover references.

In these embodiments, these techniques are performed at
step 62. The remaining steps are not changed.

In step 64, the genotypes for the next generation are
selected. They consist of N of the best genotypes from
among the current generation and the previous generation,
where “best” is defined as having minimal scores.

In step 66, the score of the best genotype is reviewed
against an acceptance criterion. One possible acceptance
criterion requires all of the following criteria to be met:

a. the score is below a certain threshold value;
b. the vessel has no list after the addition of ballast;

¢. the vessel has a trim of not more than 2m after the
addition of ballast; and

d. the improvement in score over a period of time is
minimal compared to the time required to determine the
current score.

If the best genotype is below the acceptance criterion, the
method of the present invention finishes and displays, in step
70, the result. Otherwise, the genetic algorithm of loop 60 is
repeated. Typically, loop 60 also contains a condition that it
be performed no more than X times, in order to ensure
producing a final solution.

It will be appreciated by persons skilled in the art that the
present invention is not limited to what has been particularly
shown and described hereinabove. Rather the scope of the
present invention is defined only by the claims which
follow:

I claim:

1. A method for determining a stowage plan, the method
comprising the steps of:

a. representing allocation plans as genotypes and gener-

ating a first population of genotypes;

b. creating stowage plans from said allocation plans and
from a cargo list;

c. evaluating the quality of said stowage plans and pro-
ducing a score for each stowage plan and its associated
genotype;

d. breeding a new population of genotypes from said first
population of genotypes at least partially in accordance
with said scores;

e. repeating said steps of creating, evaluating and breed-
ing until one of said scores achieves a predetermined
acceptance criterion; and

f. producing as output the stowage plan whose associated
scored is the output of step e,

wherein said step of evaluating includes the step of deter-
mining at least a sailing cost and a port utilization cost.

2. Amethod according to claim 1 and wherein said sailing
cost includes the expected cost of fuel for sailing between
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two ports and is a function of the list, trim and ballast usage 4. A method according to claim 1 and wherein said step
of the vessel as result of said stowage plan. of evaluating additionally includes the step of determining a
3. A method according to claim 1 and wherein said port cargo remaining cost due to containers unstowable in the
utilization cost is a function of at least the number of current stowage plan.

loading, and restow operations at at least the next port. ¥ % % % %



