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Abstract

We present an automated ship scheduling system — DUKC®
Optimiser — which selects sailing times for a set of cargo
ships at a port, so as to maximise total cargo throughput while
meeting port operational and safety guidelines, as well as pro-
ducing schedules that are fair to all companies using the port.
The system has been developed by maritime engineering
company OMC International, incorporating elements of the
author’s PhD research at the Australian National University
and NICTA. A prototype of the system has undergone user
testing in late 2010, and is planned to undergo further devel-
opment in order to include additional functionality and incor-
porate results into a web-based ship management system.
DUKC® Optimiser is the first ship scheduling system that
accounts for environmentally-dependent constraints on the
times when ships can enter or leave a port. The sys-
tem uses OMC'’s existing Dynamic Under-Keel Clearance
(DUKC®) software to calculate sailing windows for each
ship. The results of the DUKC® calculations are then con-
verted into a Mixed-Integer Programming model, formulated
in the MiniZinc modelling language, and solved using the
G12 constraint optimisation solver.

Ship Scheduling Background

Ship scheduling deals with assigning sailing times to a fleet
of ships, as well as optionally the amount and type of cargo
that each ship carries. Ship scheduling is a problem with
significant real-world impact, as the majority of the world’s
international trade is transported by sea, so even a small im-
provement in schedule efficiency can have significant bene-
fits to industry (Christiansen, Fagerholt, and Ronen 2004).

One consideration in ship scheduling is that most ports
have restrictions on the draft of ships that are able to safely
enter the port. Draft is the distance between the waterline
and the ship’s keel, and is a function of the amount of cargo
loaded onto the ship. Ships with a deep draft risk running
aground when entering or leaving the port, therefore most
ports restrict the draft of ships allowed to transit through the
port.
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In existing ship scheduling algorithms, draft constraints
have only been considered in trivial ways, for example, as-
suming that a given port will always allow ships with a draft
of 13 metres or less, and never allow ships with deeper drafts
to enter (Fisher and Rosenwein 1989). Other ship schedul-
ing algorithms leave draft constraints entirely up to human
schedulers (Fagerholt 2004).

In practice, most ports restrict ship sailing drafts using
safety rules that estimate the under-keel clearance (UKC) —
the depth of water under a ship’s keel. In recent years, OMC
International has developed algorithms to accurately calcu-
late under-keel clearance using real-time environmental con-
ditions. OMC’s Dynamic Under-Keel Clearance (DUKC®)
software allows significantly more cargo to be loaded safely
onto each vessel compared to the static UKC rules previ-
ously used by most ports, which don’t take real-time envi-
ronmental data into account (OMC 2011). However, ship
scheduling has not been able to take advantage of these re-
cent improvements in UKC estimation, due to not consider-
ing complex time-varying draft constraints.

In this presentation, we demonstrate the DUKC® Opti-
miser software, which is the first ship scheduling system that
can take environmentally-dependent time-varying draft con-
straints into account.

Dynamic Under-Keel Clearance

Figure 1 illustrates all aspects of ship motion taken into
account by the Dynamic Under-Keel Clearance (DUKC®)
software in calculating under-keel clearance. Components
of ship motion taken into account by the DUKC® software
include:

Draft: the distance from the waterline to the bottom of the
ship’s keel.

Squat: a phenomenon caused by the Bernoulli effect
which causes a ship travelling fast through shallow water
to sink deeper into the water than a ship travelling slowly.

Heel: the effect of a ship leaning towards one side, caused
by the centripetal force of turning, or the force of wind on
the side of the ship.



Figure 1: Dynamic Under-Keel Clearance Components

Wave Response: the motion resulting from the action of
waves on the ship. Only the vertical component of this
motion affects under-keel clearance.

Under-keel clearance is computed as follows:

UKC = Tide + Depth - Draft - Squat - Heel - Wave
Response

The Bottom Clearance and Manoueverability Margin
shown in Figure 1 are safety factors that ensure the ship
has sufficient distance from the highest points on the chan-
nel bottom (Bottom Clearance) and that there is sufficient
water around the ship to maintain good manoeuverabil-
ity (Manoueverability Margin). If the under-keel clearance
is below either the Bottom Clearance or Manoueverability
Margin safety limits, then the DUKC® software will advise
the operator not to sail. However, the DUKC® software
only provides navigational advice; the final decision always
rests with the ship’s pilot or captain.

For a more detailed analysis of Dynamic Under-Keel
Clearance methodology, see (O’Brien 2002).

System Architecture

The initial prototype of DUKC® Optimiser is a command
line application which uses Microsoft Excel input and out-
put files as a simple “GUI”. Excel was used in place of a
customised GUI in order to deliver a prototype for user test-

Figure 2: DUKC® Optimiser System Architecture

ing as quickly as possible; the system is planned to be incor-
porated into a web-based under-keel clearance management
system in future development. See Figure 3 for a mockup of
what a future GUI may look like.

The scheduler inputs data about each ship into an Excel
spreadsheet, which is then read by DUKC® Optimiser and
converted into a set of queries to OMC’s DUKC® software.
The DUKC® software reads real-time environmental fore-
casts and measurements from databases, and uses these to
analyse each ship’s motion in response to the predicted tide,
wave and current conditions. The results of this analysis is
used to calculate under-keel clearance — the amount of water
under the ship at each point in the transit — and thus to deter-
mine sailing windows for a range of drafts for each ship.

DUKC® Optimiser then converts the user inputs and the
results of the DUKC® calculations into a Mixed Integer
Programming (MIP) model, implemented in the MiniZinc
optimisation language (Nethercote et al. 2007). This model
is then solved using the G12 constraint optimisation plat-
form (Stuckey et al. 2005).

MIP Formalisation

The MIP formalisation of the ship scheduling problem in-
cludes constraints on the valid range of drafts for each ship,
as well as on the sailing draft allowed at each time for each
ship by the port’s safety rules. Each ship has a minimum
and maximum draft range, determined by physical limita-
tions such as the size and shape of the ship, as well as an
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High Water: [ 2011-02-17 10:51:00 +08 'l Tugs Available: [ 10 (maximum) vl
Vessel Name Beam Length Priority Request Draft Sailing Draft  Origin Destination  Sail Early GMf No. of Tugs
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Figure 3: Example GUI: Output

earliest sailing time, which depends on when the ship fin-
ishes loading.

The model also incorporates other parameters represent-
ing the port’s geometry and operational procedures, includ-
ing locations of significant shallow or narrow points along
the channel, travel times between waypoints, and minimum
required separation times between ships passing a given
waypoint. Constraints on these parameters ensure that ships
do not pass through each other, and stay far enough apart to
meet the port’s safety guidelines.

Objective Function

The objective function for the ship scheduling problem
varies per port. Some ports may have an objective function
that purely optimises throughput; other ports may need to
prioritise fairness to competing clients above optimising the
total throughput for the port.

One example of an objective function optimises the total
cargo throughput at the port by maximising the sum of the
drafts, weighted by the tonnage per centimetre of draft, since

the amount of extra cargo allowed by an increase in draft
varies depending on the size and shape of the ship.

An alternative objective function, for a port with more
complex operating procedures, allows shipping agents to re-
quest minimum drafts for each ship, for example to meet
contractual obligations. Ships are allocated sailing slots
based on priority, which is determined by the port’s fairness
rules.

Future Development

Future development of the system will include incorporating
additional resource constraints to account for tugs, which are
used to assist ships entering or leaving the port. Initial user
testing conducted in late 2010 found that in some situations,
the need to wait for tugs to return from a job constrains the
schedule. Therefore tugs need to be incorporated before the
system can be used in operation.

Another future development will be to incorporate the
system into a web-based under-keel clearance management
system, to improve the usability of DUKC® Optimiser for




operational use. In the demonstration, we will use mockup
screenshots from the future GUI to demonstrate system be-
haviour, even though the GUI itself has not yet been devel-
oped.

A mockup GUI showing input data and an output sched-
ule for a set of six ships sailing on one tide is shown in fig-
ure 3.
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