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Abstract

Ports across the world utilise a wide variety of methods when producing sailing schedules for inbound and
outbound vessel transits in order to best maximize safety, throughput, and efficiency. The task of producing
and updating sailing schedules is usually done manually by a human such as a Vessel Traffic Services Officer
(VTSO), using various tools including whiteboards, spreadsheets, and computer programs.

Regardless of the method used, the VTSOs must give careful consideration to port protocols, vessel movement
guidelines, passage plans and terminal requests which can, and often do, conflict with each other. Changes
in the environmental conditions at a port may also necessitate a re-evaluation of existing schedules. As such,
the production of optimal sailing schedules can be difficult and time consuming for even the most experienced
schedulers.

Assistance for the port operators can be provided by creating the schedules from mathematical optimisation
problems, accounting for environmental conditions and terminal requirements while strictly adhering to port
priority protocols. This paper discusses the semi-automation of port-specific optimal schedules for Port
Hedland, the largest bulk export port in the world with up to 9 tidally constrained vessels departing on a tide.
This case study demonstrates the potential benefits that the resulting optimised scheduling can provide.
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1. Introduction

1.1 Port Scheduling

Critical to the efficient running of any port, sailing
schedules are used to provide port operators and
other key stakeholders with information on when
vessels are sailing and at what draft. While the
creation of these is relatively simple when dealing
with single vessels, when multiple vessels wish to
enter or depart a draft-constrained port
simultaneously it becomes a more difficult problem
to optimise. Careful consideration must be given to
ensure that port safety is maintained while vessels’
drafts, and port throughput, are maximised.

To create these complex sailing schedules, large
ports will often employ dedicated schedulers who
specialise in this field. As part of their role, they use
a variety of tools to assist in creating the schedules,
primarily whiteboards and spreadsheets to assist in
ordering vessels and keeping track of constraints.
Unfortunately, this manual creation method may
generate sub-optimal schedules and allows for the
potential to make mistakes in applying the port
procedures.

To eliminate these risks and simultaneously reduce
manual effort, technology can be used by the
schedulers to assist them in determining the
optimum sailing order, which will ensure port
procedures are followed while each vessel is
assigned its optimal sailing draft. To assist Port
Hedland in producing sailing schedules, OMC
International (OMC) has redesigned the DUKC®

Optimiser (Optimiser) scheduling assistance tool,
making use of new concepts and improved
technology. This paper explains how Optimiser
works to consistently produce optimal schedules
and summarises the results of the evaluation by
Port Hedland.

1.2 DUKC®

One of the most important constraints to consider
when scheduling a vessel is to ensure it has
sufficient Under-Keel Clearance (UKC) for the
entirety of the transit. UKC is defined as the amount
of water between a vessel’s keel and the bottom of
the channel and is directly linked to the vessel’s
draft, which is the distance between the vessel's
keel and the waterline. Accurate modelling of UKC
at draft restricted ports is essential in order to
ensure navigational safety, while also allowing more
cargo to be loaded within UKC constraints.

UKC has been traditionally managed using a static
rule, where the motions of the vessel underway are
largely ignored and covered by a conservative UKC
limit. Previous studies have found that this approach
is overly conservative in most conditions and yet
runs the risk of grounding in extreme conditions [6].
UKC management is improved using scientifically
based tools, such as OMC’s Dynamic Under-Keel
Clearance (DUKC®) system. The DUKC®
determines the expected range of vessel motions
for the predicted conditions, providing a more
accurate understanding of the true UKC. A
simplified version of the core DUKC® calculation is
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provided as Equation 1, which is made up of the
following components (shown in Figure 1) that are
time (t) or time and velocity (v) dependent:

e Tide [T(t)]: the measured or forecast tidal
height.

e Channel Depth [D(1)]: depth of water at
intervals along the channel.

e Vessel Draft [d]: proposed sailing draft of
the vessel.

e Squat [s(t,v)]: downwards displacement of
the vessel caused by the flow of water
around the hull.

e Heel [h(t,v)]: a lateral inclination of the
vessel caused by an external force, such
as wind or inertia around a turn.

e Wave Response [w(t,v)]: the vertical
component of motion resulting from
waves impacting the vessel.

UKC(t,v) = T(t) +D(t) — (d +s(t,v) +
h(t,v) + w(t,v)) €))
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Figure 1: Components of Under-Keel Clearance

The DUKC® system also has the ability to include
other sailing constraints impacting a vessel, such as
restrictions on sailing on ebb or flood tides. Once
these are considered, the DUKC® allows for the
sailing draft of vessels to be maximised, albeit on an
individual basis. In order to schedule multiple

vessels, who may all wish to sail at the same time,
DUKC® results must be collated and considered as
a group.

1.3 Port Hedland

Port Hedland, located in Western Australia’s Pilbara
region and managed by the Pilbara Ports Authority
(PPA), is the largest bulk export port in the world,
achieving a total annual throughput of 538.2 Mt in
FY2019/20 [7]. The port currently has 19
operational  berths, split between multiple
proponents (shown in Figure 2), all of whom wish to
maximise their throughput. The primary export of
Port Hedland is iron ore, with vessels typically laden
to 17.5m-18.5m. Depending on the particulars of a
vessel, each extra centimetre of draft will give an
additional 120-140 tonnes of cargo, which equates
to US $24,000-$28,000 (prices as of June 2021). As
such, any additional draft can quickly add up to
significant amounts of extra cargo for shippers. A
tidal range in excess of 6m is experienced, which is
a significant factor in determining the UKC for
departing deep draft vessels, of which there are
generally 4 to 8 per tide. To assist in providing
sailing advice for these vessels, Port Hedland has
been using a DUKC® system since 1995.

-
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Figure 2: Map of Port Hedland, highlighting the division of
berths. Red berths are managed by BHP, blue by FMG,
purple by Roy Hill, and green by PPA. The Hunt Point
waypoint is marked by a black dot.

PPA employs dedicated Vessel Traffic Services
Officers (VTSOs) to provide impartial vessel
scheduling services for the entire port. These
schedules are based upon several factors, with the
key ones being a vessel’s port allocated Departure
Priority Number (DPN) (1 being the highest priority),
and the requested departure drafts and any
preferences for sailing times (earlier or later on the
tide), specified by the shipping terminals. Vessels
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with a lower priority DPN should only be assigned
more draft than those with a higher priority if doing
so does not impact the assigned draft of a higher
priority vessel.

The VTSOs assign each vessel a 15 minute sailing
slot, trying to meet the DPN requirements and
requested drafts while ensuring the port User
Guidelines and Procedures [8] and Vessel
Movement Protocols [9] are followed. They take
particular care to ensure that:

e Each vessel has a valid DUKC® sailing
window for the entire sailing slot (which
already accounts for all scheduling
constraints applicable to just that vessel),
and

e There is a minimum of 30 minutes between
vessels clearing Hunt Point, the entrance to
the harbour (shown in Figure 2).

Additional resource constraints such as tug and
Marine Pilot availability are also considered,
however there is generally sufficient capacity in
these to ensure that scheduling is not impacted.
Once an initial schedule is created, the VTSOs will
consider change requests for sailing time
preferences and attempt to rearrange if possible,
but only if doing so means no other vessels suffer a
loss of draft as a result.

A shipping program is released by the VTSOs daily,
covering the 3 high water periods to the end of the
next day. Depending on the number of vessels
departing, these programs usually take around 1.5-
2 hours to create, once the terminals have provided
their requested drafts. Refinements to these
programs are made when additional information
becomes available, such as an update to the
requested draft for a vessel or changing
environmental conditions (which may result in
changes to DUKC® sailing windows). Non deep-
draft departing vessels and inbound vessels are not
tidally restricted and are generally scheduled over
the low waters in the shipping program.

Prior work was undertaken by OMC in the early
2010’s to provide an assistance tool to PPA for
creating these schedules [5]. While this tool showed
promise and was actively used for a period of time,
its performance was limited by the available
computing resources and the chosen optimisation
model. By taking inspiration from this initial tool and
implementing these ideas with the technological
improvements of the last decade, OMC has
developed a new version of its Optimiser product.

2. Optimisation Model

Mathematical programming (also known as
mathematical optimisation) is a field of mathematics
focused on finding the input values that give the
optimal solution to a given function. Newton

proposed methods to solve these problems in the
1600s, but the field failed to see much use until
World War 2, which saw it further developed to
reduce logistics costs [3]. This research was
declassified after the war, with modern methods for
solving these problems descending from this.

There are a large number of subfields within
mathematical programming. In our research, the
scheduling problem has been chosen to be solved
using Mixed Integer Linear Programming (MILP).
While this imposes some limits on how the problem
can be modelled, in particular everything must be
represented in terms of linear equations, it is one of
the more well-known subfields, with multiple options
for solving these problems.

The general format of a MILP problem is:

Minimise c"x 2)
Subject to

Ax<b 3)
X€ZUR 4)

where A (2D matrix), b and ¢ (1D vectors) are known
parameters, and x (1D vector) contains the
variables representing the decisions to be made.
Equation 2 is the objective function representing
what we are trying to optimise, while equation 3
represents the constraints that are imposed in the
problem. Both of these expressions must be linear
in terms of x. Equation 4 places further restrictions
on X, allowing some values to take any decimal
value, while restricting others to purely integer
values. This is essential as it allows the creation of
binary variables that can represent yes/no
decisions.

For this port scheduling problem, known parameters
include:
e The vessels to be scheduled on the high
water,
e Their DUKC® windows and transit timings,
and
e Their DPNs, requested drafts and sailing
time preferences.

The decision variables include:
e Binary variables representing if each vessel
sails or not,
e Real variables representing the time that
each vessel commences sailing, and
e Real variables for the draft that each vessel
sails at.

In order to model the port procedures, the
constraints include equations representing the
following:

e Each vessel can only sail once,
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e Vessels can only sail at a specific draft if it
has a sailing window and adheres to the
port’s Vessel Movement Guidelines,

e There must be sufficient time left between
the departure of each vessel, so that the
required separation within the channel is
maintained, and

e Assigned drafts follow DPN orderings.

Finally, the objective function is created to maximise
the sum of the sailed vessel drafts. Additionally, we
want to minimise the total time of the schedule and,
if this is a refinement to an existing schedule,
minimise any differences to the previous result.

Once the mathematical formulation of a MILP
problem has been defined, it is solved by sending it
to a solver program to find the desired optimum
result and return the variables that comprise it.
There are a large number of solvers available, both
open source and commercial, with performance
generally increasing with licensing costs [1].

3. Implementation

To implement this new version of Optimiser, the
programming language Julia was chosen. Julia is a
general purpose language that was first released in
2012 with the goal of being as feature rich for data
analysis in math and engineering applications as
Python or MATLAB, while achieving performance
on par with C or Fortran [2]. In particular we are
using the Julia package JuMP, which provides a
solver independent modelling language to easily
create MILP problems, which can then be sent to
interchangeable solvers [4].

Using Julia and JuMP, Optimiser creates a MILP
formulation for our scheduling problem, interacting
with the DUKC® to retrieve passage plan details.
The optimisation problem is created in a modular
fashion, allowing for updates to the modelling to be
easily made in the future and for the modelling
methods to be easily applied to additional ports.
Optimiser has been designed to be flexible with its
inputs, allowing the potential for other sources of
passage plans to be used, such as static UKC
systems. However, integration with the DUKC® will
produce best results, as this provides optimised
passage plans for each individual vessel.

Optimiser is accessed through an API to allow for
integration with other systems. Through this API,
the DUKC® provides an extension to its user
interface for Optimiser. The current workflow for
using Optimiser is as follows:

1. User creates a passage plan in the DUKC®
for each vessel to be scheduled, covering
the desired high water.

2. User creates an Optimiser plan for the high
water, selecting the vessels to be

scheduled and specifying other required
information (requested drafts, DPNs, etc.).

3. Optimiser creates the MILP problem to be
solved, retrieving data from other systems
as needed (such as passage plan results
from the DUKC?®).

4. The MILP problem is sent to the solver,
which performs the optimisation and returns
the inputs that give the optimal result.

5. The optimal schedule created from the
results is displayed in the DUKC®.

Due to the possible complexity of MILP problems,
the time it takes to solve them can be difficult to
predict. In general, adding additional decision
variables will increase the time it takes to solve, as
more potential solutions are added. Conversely,
adding more constraints will limit the variables
search space which reduces the number of potential
solutions and thus solving time. For this
implementation with typical scheduling of 4-8
vessels on a single high water, Optimiser generally
provides a solution in under a minute. The entire
workflow takes approximately 10 minutes per high
water, from users entering the inputs to viewing the
results.

4, Results and Discussions

41 Summary

The current version of Optimiser was released to
the Port Hedland VTSOs for testing and evaluation
in early March 2021. The VTSOs created Optimiser
schedules for selected high waters to June 2021 in
parallel with generating their manually created
schedules for comparison. The summary of the 27
schedules that were deemed to be directly
comparable (having the same input vessels, DPN’s,
requested drafts and matching in time) is shown in
Table 1.

Table 1: Summary of valid comparisons between 27
sailing schedules, created for high waters from March
2021 to June 2021.

Comparison Result Occurrences
Optimiser gave a more optimal | 1

schedule.
Matching drafts.
Sailing order may have been 11
changed.
Differences due to environmental 7
conditions.
Optimiser gives more draft, due to 8
deliberate cuts in VTSO schedule.

These comparisons show that when Optimiser and
VTSO schedules are produced with the same
passage plan data, the schedules that are created
by Optimiser are either more optimal or equivalent
in terms of total draft sailed. If possible, Optimiser
also reordered vessels to minimise the total duration
of the schedule. A case study of one of these
comparisons is shown in detail in Section 4.2.



Australasian Coasts & Ports 2021 Conference — Christchurch, 30 November — 3 December 2021

Improving Port Scheduling Efficiency at Port Hedland
Samuel Frick and Dr. Adrian Melchiori

In the 7 comparisons where the schedules were
created several hours apart, minor differences were
observed in the Optimiser and VTSO scheduled
drafts. Investigation showed there were differences
in the DUKC® sailing windows available when each
schedule was created, due to updates to the tide
and wave forecasts.

In the remaining 8 comparisons that were
performed the results showed that Optimiser
produced schedules with more total draft, possibly
up to several metres. However, closer inspection of
these differences showed that all of the VTSO
schedules were created at least 5 hours after the
Optimiser equivalents, with at least 1 vessel being
scheduled to sail with a draft less than the
requested. These schedules were determined to
have been created using newer, lower requested
drafts provided to the VTSOs from the shipping
terminals, possibly to allow the vessel in question to
sail at a requested time earlier or later on the tide.
This updated information was not included on the
schedules. If Optimiser had been run with the lower
requested drafts, the schedules are expected to
have matched.

4.2 Schedule Comparison

In the collated schedules, there was one specific
high water where Optimiser was able to find a more
optimal sailing order. This comparison (see Table 2)
shows that Optimiser was able to increase the total
draft by 0.41m. In addition, it was also able to
reduce the total time of the schedule by 30 minutes.
Optimiser has achieved this increase in draft and
reduction in time by adjusting the sailing times for
most of the vessels, with the major change being to
move Vessel B to the back of the schedule and
Vessel G to the front.

In this example, the VTSOs achieved a sub-optimal
schedule as they were unable to find the sailing
order combination that Optimiser chose. This is
understandable given the extent of the problem,
with there being 5,040 permutations for the sailing
order of 7 vessels. This complexity is increased by

the port

procedures

which

impose

further

constraints, all of which impact on each other and
so must be considered simultaneously.

4.2.1 DPN Constraint

The DPN constraint requires that vessels with a
lower priority are only allocated sailing draft once alll
higher priority vessels have been assigned their
desired draft. This is most easily enforced by
allocating sailing drafts so that they decrease as
DPNs increase, as was done in the VTSO schedule
(with the exception of Vessel A, DPN 6, which
requested a much lower draft than it could have
received). Optimiser uses this as a starting point
and then refines the schedule further, giving lower
priority vessels more draft where possible.

In this scenario, Optimiser scheduled Vessel E (with
DPN 3) with more draft than the higher priority
Vessel D (DPN 2) since Vessel D had already
reached the maximum draft of 18m for its sailing
window.

4.2.2 Clearance at Hunt Point Constraint

While at first glance the intervals between sailing
times may seem random, these values are chosen
to ensure that consecutive vessels leave a gap of at
least 30 minutes when clearing the mouth of the
harbour at Hunt Point. As Port Hedland covers a
large area, with each berth at a different distance
from Hunt Point, this is not an easy constraint for a
human to implement when manually creating a
schedule. To assist with this, PPA provide a table
informing the minimum time that must pass between
consecutive vessels departing from specific berths
to provide the required separation at Hunt Point.
Table 3 shows this for the subset of berths in the
schedule shown in Table 2.

Note that in both schedules there is an extra gap
between Vessel A, which sails first, and the second
vessel. This is due to Vessel A requesting to sail at
01:00, which was permitted as it did not impact the
draft of any other vessel.

By reordering the vessels, Optimiser was able to
find a schedule where these intervals between
vessels could be minimised, which is how it was
able to reduce the schedule time by 30 minutes.

Table 2: Comparison of schedules for a high water where Optimiser was able to find a more optimal sailing order.
Sailing order is shown in brackets in the Sailing Time columns. Vessels that have been scheduled by Optimiser to get
more draft have been shaded.

Vessel Origin | DPN | Requested VTSO VTSO Optimiser Optimiser
Draft [m] Draft [m] | Sailing Time | Draft [m] Sailing Time

A PH4 6 14.47 14.47 01:00 (1) 14.47 01:00 (1)

B AP5 4 18.30 17.92 02:15 (2) 17.97 (+0.05) | 04:00 (6)

C SP1 1 18.23 18.04 03:00 (3) 18.04 03:30 (5)

D NPC 2 18.50 18.00 03:30 (4) 18.00 02:30 (3)

E AP1 3 18.39 17.96 04:00 (5) 18.03 (+0.07) | 03:00 (4)

F FIB 5 18.82 17.86 04:45 (6) 17.86 04:45 (7)

G NPD 7 18.32 17.68 05:15 (7) 17.97 (+0.29) | 02:00 (2)
TOTAL 121.93 122.34 (+0.41)
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Table 3: Minimum intervals required between sailing
times of outbound vessels at Port Hedland, to ensure 30
minute separation at Hunt Point [8]. First vessel departs
from the vertical berths, second vessel from the
horizontal. Values are in minutes.

AP1 | AP5 | FIB | NPC | NPD | PH4 | SP1
AP1 30 | 45 30 30 45 30
AP5 45 45 30 30 45 30
FIB 30 30 30 30 30 30
NPC | 30 30 | 45 30 45 30
NPD | 45 30 | 45 30 45 45
PH4 30 15 30 15 15 30
SP1 45 30 | 45 30 30 45

4.2.3 Sailing Window Constraint
The sailing window constraint requires all vessels to
have a valid DUKC® sailing window when scheduled
and for the following 15 minutes, ensuring they have
sufficient UKC for the entire transit. Focusing on
Vessel G, which had the largest increase in draft,
the sailing windows of interest are:

e 17.68m —00:59 to 05:17

e 17.69m —01:00 to 05:14

e 17.97m-02:00to 03:45

4.2.4 Constraint Combination

Considering the sailing windows for Vessel G, we
can see there is potential for it to increase its draft if
it is sailed earlier, though doing so will mean other
vessels may have to be shifted. While doing so is
possible, as shown by the Optimiser schedule, the
other constraints still need to be satisfied for all
vessels. Attempting to do this manually requires
comparing multiple draft vs time graphs, all of which
can change when environmental forecasts are
updated. This is generally too time prohibitive for it
to be performed, which leads to the occasional case
where a sub-optimal schedule such as that in Table
2 is created.

4.3 Optimiser Performance

The comparisons show that, provided it is run with
up-to-date information, Optimiser  produces
schedules that match or improve upon those
created manually by the VTSOs. With 1 sub-optimal
plan found in 27 high water comparisons, this
equates to 1 schedule that can be improved by
Optimiser per fortnight. Applying this over a year
and assuming similar draft improvements can be
recognised, this would result in a cumulative sailing
draft gain of 10.6m, allowing the export of an
additional ~140,000 tonnes of iron ore.

Additionally, Optimiser generates schedules in a far
shorter time period compared to manual generation,
taking around 10 minutes per high water. This
results in a saving of 1+ hours a day of VTSO time
when creating shipping programs covering 3 high
waters, compared to existing practices at Port
Hedland. In the potential event of changes to the
port operational procedures, such as those
associated with the construction of additional berths

or alterations to the DPN system, these time
savings are expected to be even greater, as while it
may take some time for the VTSOs to become
proficient in efficiently incorporating these changes
to their schedules, Optimiser can be easily
reprogrammed to account for the new constraints
immediately.

To date, Optimiser has been well received by the
VTSOs at Port Hedland. The testing and evaluation
of it has been deemed a success, with planning
commencing for it to officially become part of their
procedures and used to assist in creating the
shipping schedules for all high waters. While the
VTSOs will no longer need to manually generate the
schedules, they will still be involved in the
processes of review and approval, with the final
decision to schedule vessels still resting with the
VTSOs.

5. Conclusions

We have demonstrated the design and
implementation of an innovative method of
producing port sailing schedules, which match or
improve upon those produced using traditional
means in a fraction of the time. DUKC® Optimiser is
a program that uses mathematical optimisation
techniques to consistently produce optimal sailing
schedules in an efficient manner. Optimiser also
removes the variable human element from schedule
generation, reducing the chances of producing sub-
optimal results or introducing scheduling errors.

With the assistance of the Port Hedland VTSOs,
Optimiser has been shown to consistently produce
schedules that are either equivalent to, or more
optimal than the corresponding manually created
schedules. Despite this, the VTSO involvement in
the scheduling process is still paramount since the
stakes at play dictate that human operators must
validate and accept responsibility for the schedules
produced.

In this case study, it has been shown that
optimisation methods can dramatically increase the
speed of producing and improve the optimality of
sailing schedules. As a result of this validation of the
new version of Optimiser, Port Hedland are
intending to use it in an operational setting, to further
cement the port’s ranking as the largest bulk export
port in the world.
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