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OPTIMIZATION OF YARD OPERATIONS IN CONTAINER TERMINALS
FROM AN ENERGY EFFICIENCY APPROACH

Pablo Teran Cobo

Abstract

OPTIMIZATION OF YARD OPERATIONS IN CONTAINER TERMINALS
FROM AN ENERGY EFFICIENCY APPROACH

Pablo Teran Cobo

Abstract

Ongoing containerization of maritime transportation has forced container terminals to cope with
unprecedented volumes of containers, making the terminal efficiency a critical factor. In addition,
operators must also face increasing operational costs deriving from the energy crisis and new
regulations enforcing ports to become environmentally friendly. As a consequence, inefficiencies
deriving from congestion require innovative solutions and optimization techniques to improve the

efficiency and productivity of yard operations.
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With that in mind, this thesis introduces a model to characterize energy expenditure of yard
cranes. For each gantry, trolley and hoist crane movement, the model takes into account the
different resistances that must be overcome during the acceleration, constant speed and
deceleration phases of each movement. The energy consumption model is coupled to a discrete
event simulation models of parallel and perpendicular container terminals yard, with the goal to
analyze the handling operations and optimize energy efficiency and productivity. In particular,
the works deal with (1) providing two numerical discrete event simulation models to analyze
parallel and perpendicular terminals, (2) proposing a new stacking algorithm to reduce energy
expenditure and improve crane productivity; (3) optimizing the dimensions of a perpendicular
layout; and (4) analyzing the distribution of containers in the yard layout as a function of the

moment at which space for export containers is reserved while looking at the operational costs.

In the first place, results show the models are capable of characterizing in detail the energy
consumption of the parallel and perpendicular terminals. With respect to perpendicular terminals,
the proposed stacking algorithm is capable of improving the energy efficiency around 20% while
achieving greater productivity at the same time. In addition, results show that the dimensions of
a perpendicular terminal block can be optimized so as to improve the productivity; with respect
to energy consumption, although smaller block induce lesser consumption, the random nature of
housekeeping operations introduce distortion in the results. Finally, considering parallel
terminals, a greater degree of clustering is observed as the reservation is made earlier. When
considering the associated operational costs associated to yard cranes and yard trucks, greater
clustering results in more efficient use of the energy, and therefore reservation may be desirable

when possible to enhance terminal productivity.

Keywords: container terminals, yard planning, storage capacity, allocating strategies, stochastic
analysis, rehandling movements, yard cranes, automatic stacking cranes, operational strategies,

energy consumption.

Sergi Sauri, Ph.D
Assistant Professor of Transportation
School of Civil Engineering—UPC BarcelonaTech

January, 2016
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Foreword

When the possibility of enrolling in a PhD program began to take shape, it had been already a few
years since an issue had gathered my attention: the energy crisis and its relationship with the
physical limits of planet Earth. Two blogs are the main reference for informative articles
concerning this topic: “The Oil Drum” (internationally) and “The Qil Crash” (in Spanish). They
both cover a wide variety of aspects of the energy crisis that range from analysis on scientific
publications to less technical reflections of social character. Also, a great deal of information
sources can be accessed from the abundant links provided in the articles. The fact that my research
could be related somehow to this topic was a big motivation and one of the main reasons that led
me here. This prologue intends to be a summary of what I consider the most relevant data needed
to introduce the energy crisis problem; thus, and it is not meant to be exhaustive. My intention is
not so much to convince the reader of the importance of the energy crisis immediately, but to
grasp his attention and encourage contrasting the evidence provided here on his own, for which

abundant sources of data and literature can be easily found.

If we were to keep a growth rate of energy consumption as the
historical average (2.9 % per year), in less than 400 years we would
have to absorb all the Sun radiation reaching the Earth; in 1300
years, we would have to absorb all the energy emitted by the Sun, and
in 2500 years, we would need to absorb the radiation of all the stars
of our entire galaxy. But there are previous insurmountable limits: in
"only™ 450 years the heat dissipated by our machines would boil the
oceans of the Earth.

Tom Murphy, from his blog “Do the Math!"

At the time of writing this Thesis, it is seven years since the bankruptcy of Lehman Brothers on
September 15th 2008. It is considered the largest bankruptcy in history considering the company’s
assets and debts, and the commencement of a “financial” world economic crisis termed as “the
worst the world has seen since the Great Depression of the 1930s”. Despite the optimistic
forecasts projected year after year by the most important economic institutions in the world, the
reality of the global economy reveals signs of stagnation and/or decline, most pronounced in the

high-income regions (see Figure 1).
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Figure 1. World GDP growth from 2004 to 2014.

Whereas the diagnosis of the crisis from mainstream economists focuses on diverse reasons of
financial nature, a debate is growing among the scientific community regarding the role of the
physical limits of the planet Earth on the economy. Their argument is that, as the human activity
-and therefore the economy- require energy, the shortage or simply a shifting toward lower EROI
forms of energy will necessarily reduce the level and growth of economic output. l.e., the U.S.
Energy Information Administration (USEIA) predicted that implementing the Kyoto Protocol
would reduce U.S. economic output by up to 4.3%in the year 2010 (Impacts of the Kyoto Protocol
on U.S. Energy Markets and Economic Activity” (Washington, DC: U.S. Department of Energy,
1998).
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Figure 2. World GDP vs. energy consumption in millions of oil-equivalent tons (Mtoe). Source:
World Energy Outlook 2014 (IEA).

Figure 2 also illustrates the relationship between the world’s GDP and the utilization of energy,

showing an almost perfect correlation.

The primary energy sustaining human life and activity mainly comes from fossil fuels (oil, coal
and natural gas). le., in 2012, fossil fuels accounted for 87% of global primary energy
consumption. The relative weight of these energy sources shifts with time: natural gas increased
its share of energy consumption from 23.8% to 23.9% during 2012, while coal rose from 29.7%
to 29.9 %, and oil fell from 33.4% to 33.1%. The properties of oil make this source of energy
especially important; the concept oil subsidy expresses the degree of dependence of other sources
to oil in order to be exploited (i.e. mining activities powered by diesel machinery required to
produce uranium, construction materials deriving from oil required by power plants, and so on).
When compared to the others, oil is not only easily manageable and transportable; it has a high
energy density per unit of volume and also a high Energy Return on Energy Investment (EROI,
see Figure 3). In addition, it is very versatile, which makes it suitable for a great variety of

applications.
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Figure 3. EROI of the most common energy sources (Murphy and Hall, 2010).

As it is well known, fossil fuels are a non-renewable form of energy. The first scientific that paid

attention to the durability of these resources was Marion King Hubbert (October 5, 1903 —

October 11, 1989), a geoscientist who worked at the Shell Research Laboratory in Houston

(Texas). Back in 1956, Hubbert looked not only at the oil consumption rate of growth in the USA,
8 Industrial PhD Thesis




Foreword

but also to the volume of oil reserves, and the rate of well discoveries. Based on his theory, he
presented a paper to the 1956 meeting of the American Petroleum Institute in San Antonio, Texas,
predicting that overall USA petroleum production would peak between 1965 (which he
considered most likely) and 1970, which he considered an upper-bound case. Although his

prediction received much criticism, it proved correct in 1970 (see Figure 3).
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Figure 4. USA production from 1900 to 2005.

As time passed, the same phenomenon observed in the USA was reproduced in many other

countries. Out of the 48 oil producer countries, 33 have passed their oil peak, as illustrated in

Figure 4.
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Figure 5. Oil producer countries past peak.

This fact is intimately related to the rate at which new oil is discovered for future exploitation in
the whole world, which is in continuous decline since 1970, as illustrated in Figure 5.
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Figure 6. Global volume of new oil discoveries (in gigabarrels) from 1930 to 2007.

Based on the data shown above, it is not surprising that the total crude oil production should
decline, which already happened in July 2006 at an estimated 85.43 Mbpd. Curiously, Hubbert
predicted the world’s oil peak “about half a century” from his 1956 publication. Even the IEA
indirectly recognized this fact in its World Energy Outlook (2010). Since then, the world’s total
oil production (in volume) has remained constant, and the 6% volume decline in crude oil

production has been compensated with other liquids of diverse nature. Among them, the greatest
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contribution to the global production in terms of volume is the US light tight oil, which is extracted

by the use of fracking techniques (Figure 6). This paradigm shift has been frequently renowned
as the “US energetic revolution”.
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Figure 7. Historical US oil production (WEO 2012).

Although fracking’s first commercially successful application dates from 1950, this technique has
not been extensively utilized until recently, mainly to exploit three types of products: kerogen
(the most abundant), tight oil and shale gas. Besides the severe environmental consequences and
the short life of fracking exploitations (around 5 years, which is one of the main reasons why its
production is transported by trucks instead of building pipelines), products extracted with this
technique have a low EROI. According to Cleveland and O’Connor (2011), kerogen EROEI is as
low as 2, whereas estimations for shale gas yield an even smaller value. Tight oil is not being
exploited yet intensively, and only the Bakken formation has commercial exploitations so far.
Although tight oil seems to have a better EROEI (=12), the total reserves are around a hundred
times smaller than those of the Kerogen, and the peak production is reached very rapidly, as
experienced in the small commercial exploitation in Montana and the new production areas in
North Dakota (Figure 7).
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Figure 8. Left: Bakken (Montana and North Dakota) horizontal well decline curve (3,694 samples)
(source: HPDI, Bernstein analysis) Right: Historical production in Montana (source: EIA,

Bernstein analysis).

Considering this, the production associated to fracking seems distant from being revolutionary.
According to Baker-Huges and other sources, at the time of writing this thesis the total number
of rigs in the US is rapidly declining. As an indication, only the period from since October 2014
to October 2015 the number of rigs in the US declined in 1,154, remaining only 775.

In its last Oil Market report (August 2015) the IEA recognized a declination in the US oil
production: “A sharp decline is already underway, with annual gains shrinking from more than 1
mb/d at the start of 2015 to roughly half that level by July. Rigorous analysis of our data suggests
that US light tight oil supply, the engine of US production growth, could sink by nearly 400 kb/d
next year as oil's rout extends a slump in drilling and completion rates”. Even the industry
foretells a complicated future, and statements like this can be found in the media frequently:
“According to Bloomberg, half of all fracking companies will be out of business or sold by the
end of 2015”". Rex W. Tillerson, the chief executive of Exxon Mobil said, “we are all losing our
shirts today. We’re making no money. It’s all in the red”. Peter VVoser, Chief executive of Shell,
claimed “the failure of Royal Dutch Shell’s huge bet on US shale was a big regret”. Shell has

invested at least $24bn in so-called unconventional oil and gas in North America.
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Figure 9. Historical number of oil rigs in the US (Source: Bakker Hughes).

The major companies’ debt, which kept increasing even during time of high crude prices, keeps
rising. As indicated by the IEA, “cash from operations for 127 major oil and natural gas
companies totaled $568 billion, and major uses of cash totaled $677 billion, a difference of almost
$110 billion. This shortfall was filled through a $106 billion net increase in debt and $73 billion
from sales of assets, which increased the overall cash balance. The gap between cash from
operations and major uses of cash has widened in recent years from a low of $18 billion in 2010
to $100 billion to $120 billion during the past three years.

Financial problems aside, when looking to the medium term future, projections of the IEA (Figure
11) under the optimistic scenario (sometimes referred to as New Policies Scenario, which
considers that all oil reserves not exploited today will be exploited with an optimal throughput),
reveal the production of crude oil in 2035 will approximately be =36% of that in 2005 (dark blue
bar).
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Figure 10. Major energy companies’ cash rom operations and uses of cash in billion 2014 dollars,
annualized values from quarterly reports'. Source: U.S. Energy Information Administration, based

on Evaluate Energy database.

Surprisingly, the IEA forecasts the sharp decline in production will be compensated, reaching
100mbpd in 2035. However, when looking at the rate of new discoveries, such projections seem
unrealistic. The oil production associated to “fields to be found” and “fields to be developed” do

not compare well to historical data from Figure 6.
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Figure 11. World oil supply by type in the New Policies Scenario (Fig 3.15 of the WEO 2014, IEA).

To this extent, we have considered only the volumes of oil produced and consumed, but it is also
important to take into account the concept of EROEI (Energy Returned On Energy Invested). The
EROEI of an energy source is a non-dimensional measure of the amount energy invested (input
Ein) to produce a unit of usable energy (output Eow). The ratio Equ / Ein cOnstitutes a convent way
of expressing the efficiency of the energy production process. Evidently, energy sources with a
high EROI are more convenient: as we approach an EROI of 1:1 (e.g. consuming 1 barrel of oil

to produce 1 barrel of oil), it simply does not make sense to exploit that source.

! Annualized means each point on the graph is the sum of the previous four quarters. Thus, the
first-quarter 2014 results on an annualized basis mean the data represent the sum of the four
quarters ending March 31, 2014. The data above are the aggregate results of 127 global oil and

natural gas companies.
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Figure 12. EROI for discoveries for the US oil and gas industry (Guilford et al., 2011).

According to Hall et al (2009) and others, a minimum EROEI to sustain a society is roughly 10,
including the costs of transporting the energy to the places where it is finally needed for
consumption. As the oil fields are exploited, their EROEI gets drastically reduced. This is not
only because the best fields have already been utilized in the past, but also due to the nature of
the fields themselves. When extraction starts in an oil field the more liquid, more energetically
dense crude flows first. As the field gets mature, denser, poorer quality crude requires more efforts
(energy) to be extracted, leaving extraction curves like that depicted in Figure 4. According to
Murphy and Hall (2010), the EROI’s domestic oil production in the US has decreased from 100:1
in 1930 to 40:1 in 1970, and to about 14:1 today (Figure 10). According to Guilford et al. (2011)
the differences in the EROI from the early oil produced in the US and today’s oil could be even

bigger (Figure 11).

The oil’s EROI reduction exacerbates the consequences of the oil shortage in supply to meet the
world’s increasing demand. The conclusions of the work by the Energy watch Group (an
international network of scientists and parliamentarians that conducts research and publishes
studies on global energy) are overwhelmingly explicit: “the decline of oil production (...) will
lead to a rising energy gap which will become too large to be filled by natural gas and/or coal.
Substituting oil by other fossil fuels will also not be possible in case gas and coal production
would continue to grow at the present rate” 2. The International Energy Agency predicts that by

2017 coal will replace oil as the dominant primary energy source worldwide.

2 Fossil and Nuclear Fuels — the Supply Outlook, 2013
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A more assertive statement about the current level of awareness can be found in Chapman (2013)

and is literally cited here:

The conclusions are that, supported by commercial interests, an
unsubstantiated belief in market and technical solutions, and a
narrow paradigmatic focus, critics of Peak Oil theory have used
unreliable reserve data, optimistic assumptions about utilisation of
unconventional supplies and unrealistic predictions for alternative
energy production to discredit the evidence that the resource-limited
peak in the world's production of conventional oil has arrived,
diverting discussion from what should be a serious topic for energy
policy: how we respond to decreasing supplies of one of our most

important energy sources.

Considering again the production of crude oil in volume forecasted by the EIA and applying the
concept of EROI as a correction factor to obtain the net energy that will be likely available for the
economic activity, under the optimistic scenario, calculations indicate that the amount of energy
in 2035 will be merely 15% of that in 2005. Although oil can be substituted by other sources to
generate electricity, according to Maggio and Giacolla (2012) the natural gas is expected to peak
in 2035, and coal in 2052. Less optimistic forecast, such as the EWG’s, predicts the natural gas

will peak as early as 2019, coal peak in 2020, and uranium sometime between 2020 and 2035.

In summary, the foreseen scarcity of this fundamental energy resource that probably commenced
in 2006 underscores our responsibility to make every effort needed to use energy more efficiently,
not only with the goal to minimize the impact of the emission of CO, and pollutants to the
atmosphere that contribute to climate change, but also to mitigate undesirable economic
consequences in our economies. In this context, from a personal point of view, the most important
objectives of this Thesis is the analysis of the energy consumption of handling equipment in
container terminals, with the aim to identify sources of superfluous expenditure and provide tools
and guidelines to help making an efficient use of the energy without further need for new

investment.
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List of abbreviations and symbols

The following list of abbreviations and symbols is thoroughly used throughout the document.

AGV Automated Guided Vehicle

AM Annual Maxima

AS/RS Automated Storage/Retrieval System
ASC Automatic Stacking Crane

BAP Block Allocation Problem

BFR Beaufort (Wind Scale)

BOL Block Occupancy Level
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EWG Energy Watch Group
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GPD Generalized Pareto Distribution
GRC Gross Crane Rate

IP Integer Programming

IT Internal Truck

ITF International Transport Forum?®

% The ITF is an intergovernmental organization with 57 member countries at the OECD, acting as

a think-tank for transport policy. ITF is the only global body that covers all transport modes.

X Industrial PhD Thesis



List of abbreviations and symbols

KPI Key Performance Indicator

MAE Mean Average Error

MHE Mechanical Handling Equipment

MIP Mixed Integer Programming

Mbpd Mega Barrels per day (oil production)

Mph Movements Per Hour

o() Order of magnitude

OHBC Over-Head Bridge Cranes

OPEX OPerational EXpenditure

OR Operations Research

PDF Probability Density Function

PoT Peaks over Threshold

RMSE Root Mean Squared Error

QC Quay Crane

RTG Rubber Tired Gantry Crane

RMG Rail Mounted Gantry Crane

SSAP, SAP Storage Space Allocation Problem or simply Slot Allocation
Problem

SC Straddle Carrier

SRMG Single RMG

STS Sea To Shore (often to refer to a commonly used type of QC)
TA Transfer Area, also called TP

TEU Twenty-foot Equivalent Unit

TOS Terminal Operationing System

TP Transfer Point

TV Transport vehicle

TRMG Twin RMG

UNCTAD United Nations Conference on Trade and Development

Industrial PhD Thesis Xl



OPTIMIZATION OF YARD OPERATIONS IN CONTAINER TERMINALS FROM AN ENERGY EFFICIENCY APPROACH

YC Yard Crane
YT Yard Truck
Xl Industrial PhD Thesis



1. Introduction

Chapter1

Introduction

1.1 Containerization

Today, containers are the most important mean of intermodal transportation. The perks are
numerous and varied: versatility, standardized sizes that make them suitable for ships, trucks or
trains; safety, ease of management and rapidly interchangeable between different modes of
transportation, etc. The shipping container has revolutionized freight and port operations and has
been a catalyst in the growth of global trade. In 1990, world container port throughput volumes
were around 85 million TEUs, and they have since grown sevenfold to 684.4 million TEUs
(Figure 13) over 20 years (UNCTAD, 2015). This figure represents a 5.1% growth over the 651.1
million TEUS registered in 2014.
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Figure 13. The OECD Industrial Production Index and indices for world GDP, merchandise trade
and seaborne shipments (1975-2014) (base year 1990 = 100). Source: RMT UNCTAD 2015.
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Figure 14. Global containerized trade, 1996-2015 (million TEUs and percentage annual change).
Source: RMT UNCTAD 2015.

Container ships represent approximately one eighth of the total world fleet, but they are essential
for the transport of goods all over the world. As a consequence of the “container revolution”,
vessels’ size has increased rapidly over the last decades, faster than any other vessel type. In one
decade, the average capacity of a container ship has almost doubled (Figure 15). In January 2015

the MSC Maya and her sister Oscar set the new largest container ship world record with 19,200

containers.
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Figure 15. Ship size development of various ship types 1996-2015. Source: The Impact of Mega-
Ships, ITF 2015.
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Looking at the April 2015 order-book, the tendency for the coming years is that both maximum
and average size of containerships will grow, as reflected from the ship orders that have already
been placed for ships with capacity of more than 21,000 TEUs. Such ships are currently under
construction and will be delivered over the years 2015-2017. In addition, many shipping lines
owing no container ships of at least 18,000 TEU are now ordering such ships: the orderbook
included 52 ships with capacity larger than 18,000 TEU: according to the Journal of Commerce,
in the first half of 2015, CMA CGM placed an order for six vessels with capacities of 14,000
TEUSs, after an earlier order of three 20,000 TEU ships. As for Maersk, the company recently
ordered 11 ships with capacities exceeding 19,500 TEUs, and G6 Alliance members MOL and
OOCL have each placed orders for 20,000 TEU ships.
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Figure 16. Development of the container ship size. Source: The Impact of Mega-Ships, OECD/ITF

(based on data from Clarkson Research Services).

While mega-ships keep growing and benefit from the increased economies of scale that produce
a cost reduction per container, they introduce additional pressure on ports, terminal operators and

shippers, i.e.:

e Adaptation of port infrastructure: increase the depths of their navigable channels, quays,
etc. The Organization for Economic Co-operation and Development (OECD) estimates
that megaships are increasing landside costs by up to $400 million per year (one third for
extra equipment, one third for dredging, and one third for port infrastructure and

hinterland costs)
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e Additional operators investments such as larger cranes capable of reaching across these
ships, or changes to operations to provide extra night and weekend shifts of dock workers,
and even face the costly automation of the terminal equipment.

e Congestion problems: mega-ships typically call at fewer ports, causing surges of
unloadings.

e Mega ships force other large ships to relocate on smaller trades

¢ Increased probability of delays due to congestion, which is a concern for shippers.

Although the World Shipping Council states that energy savings of mega-ships and their range of
service coverage makes them inevitable, ultimately at least part of the cost is translated to the port
side of the transport chain. In this context, container terminals become forced to struggle to
maintain quality of service, reduce service costs and increase the cargo throughput. As a result,
storage space into a more limited resource (Steenken et al. 2004), operations are now more
complex than ever before, congestion problems arise, and terminal capacity becomes a critical
issue. In addition, new requirements to reduce port emissions (White Paper on transport, 2011)
put additional pressure on terminal operators, which are facing new challenges to become
environmentally friendly. On top of that, global peak of oil production in volume expected in
2015 (Maggio and Cacciola, 2012) threatens to increase fuel and electricity costs in the short/mid-

term, which already amount to a significant portion of the terminals’ operational expenditure.

In response to those challenges, terminal operators are making efforts to reduce inefficiencies and
increase terminal throughput by introducing significant improvements in operational planning. In
such context, complex strategies are required and particularly, storage location decisions for
incoming and reshuffled containers have a great impact on the overall efficiency of container
terminals since it is considered one of the critical operational problems (Park et al., 2010).

1.2 Future macro tendencies: towards an end of the current maritime
transportation model in the context of the international crisis?

According to the International Transport Forum (ITF), bigger mega-ships will not be needed in
the near future, as the point of optimal ship size is being approached. Latest ITF Statistics Brief
of the Institutions like the Boston Consulting Group point out that the continued economic crisis

has had an impact on the transportation that are summarized here as quick facts:

1) The decrease on the transport infrastructure investment

e Investment in inland transport infrastructure, as a share of GDP, has declined from a peak
in 2009 to a record low (0.8%) in the OECD while the volume of investment has fallen
back to 1995 levels.

e Investment levels in Central and Eastern European countries have nearly halved since
2009 in real terms, accounting for 1.0% of GDP in 2013 (compared with 1.9% in 2009).
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e Western European and North American economies invest increasingly in rail while in
Central and Eastern European countries the focus continues to be on roads.

2) On the decrease of the maritime transport

e Cost savings from bigger container ships are decreasing: it is estimated that increasing
ship capacity from 19,000 TEUs to 24,000 TEUs would only cut costs by five percent,

e Further increase of maximum container ship size would raise transport costs, and so the
transport costs due to larger ships could be substantiall,

e Supply chain risks related to mega-container ships are rising,

e Public policies need to better take account of this and act accordingly,

o Overcapacity in container shipping: carriers are already having difficulty filling the larger
vessels of the fleet; capacity oversupply is estimated to be about 20-30 %. According to
the Boston Consulting Group, newbuilding order book shows overcapacity in the

container shipping sector will last for several years.

Unit Cost
Total Shipping Cost

Non-Ship
Related Cost

Ship Related Cost

Ship Size

Figure 17. The total shipping cost including ship and non-ship related components (Gkonis
and Psaraftis, 2009).

3) On the slow steaming practices

Slow steaming refers to the practice of reducing the container ships speed significantly (typically
from =27 knots to ~18 knots) with the aim to reduce fuel costs at the expense of longer travel
times. The OECD estimates that "between 55 and 63 percent (at least) of the savings per TEU
when upgrading the vessel size from an early 15,000 TEU design to a modern 19,000 TEU design
are actually attributable to the layout for lower operation speeds". This practice was adopted in
2007 as a response to the rising fuel oil prices, but soon became a standard for the industry, to an
extent that the design of new mega-ships is being optimized for lower speeds. Considering that
the typical lifespan of containerships is around 10-15 years, it can be inferred that the mid-long
term evolution of the fuel prices is a major concern for the industry.
P. Teran (2016) 5




OPTIMIZATION OF YARD OPERATIONS IN CONTAINER TERMINALS FROM AN ENERGY EFFICIENCY APPROACH

Summarizing, future macro-tendencies suggest that, in one hand, the industry is shifting towards
environmentally friendly management policies characterized by a more efficient use of the energy
and lower emissions; on the other hand, container terminals are yet to suffer increasing pressure
from the shipping companies to increase throughput and productivity and to cope with increasing

traffic demands.

1.3 Container terminal management
Container terminals are interfaces between different means of container transportation, mainly
maritime, road and railway. As the volume and frequency of container arrivals greatly varies
among ships, trucks and trains, terminals also serve as buffers for temporary container storage to

regulate the different container flows.

Stack
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Figure 18. Container transport chain (Source: www.maersk.com).

1.3.1 Cargo flows

Several types of cargo flows typically coexist within a terminal: outbound (O/B or export),
inbound (I/B or import), and transshipment containers. Import containers are unloaded from the
ship and laid on the operations area (or on an AGV or IT), then transferred to the storage yard,
stacked by a YC in a block, and then retrieved by another YC and delivered onto an external truck
for dispatching. Export containers follow the reverse path: they are carried by trucks or trains to
the terminal with the aim to be uploaded onto ships to be carried to the final port of discharge.
Finally, transshipment containers differ from the previous in that they do not require the use of

external trucks, as they are off-loaded from one ship and then loaded onto another ship.
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Figure 19. STS cranes at quayside.

Inbound, outbound and transshipment containers usually coexist in the same block; however,
operational rules enforce outbound containers to be placed in bays close to the waterside, while
landside bays are preferred for inbound containers. In reality, as a result of the complexity of daily
operations in container terminals, a degree of mixing of bays of import and export containers is

always observed.
1.3.2 Container terminal subsytems

Although import, export and transshipment operations in a terminal occur simultaneously, when
considering each cargo flow individually, terminal operations can be seen as a chain of
consecutive links (Zondag et al., 2010) or independent transport subsystems, that is: ship to shore,
transfer, storage, and delivery/reception. Each subsystem has differences depending on the

terminal layout, size or handling equipment, as described next.
1.3.2.1  Ship to shore subsystem

Ship to shore (STS) operations are carried out by quay cranes (QCs) that interchange containers
between the ships and the so called operational area. Depending on the container terminal,
several types of QCs can be found, among which the STS cranes are the most common.
Containerships are berthed alongside the quays; as several ships can be present at the same time,
the traffic in the operational area can be complex.

1.3.2.2  Transfer subsystem

This subsystem is in charge of transferring containers between the quays and the storage yard and

vice versa. Again, different types of vehicles can carry out these operations: automated terminals
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utilize guided vehicles (AGVs) or lifting vehicles (ALVs); manned terminals make use multi-

trailer systems or straddle carriers (SC).

Figure 20. AGVs from an automated container terminal.

1.3.2.3  Storage subsystem

Containers typically stay for several days at the terminal yard (Zhang, 2003) stored in vertical
piles or stacks. Hence, the storage yard acts as a buffer for containers from the moment they are
delivered to the terminal until they are reclaimed for final departure. Several types of Yard Cranes
('YCs) are usually deployed to perform the stack and retrieval operations required to manage the
containers: parallel terminals utilize rubber-tired or rail-mounted gantry cranes (RTG/RMG),
whereas perpendicular terminals usually deploy SCs or ASCs, which are easily automated. The
level of utilization also determines the type of equipment used to operate the yard: RMGs, RTGs
and ASCs are usually found in highly occupied/ high density yard terminals, whereas SC are

suitable for lower degrees of storage utilization.

Regardless the terminal layout, the storage yard is divided into areas called blocks. Usually,
terminal blocks are of identical size and are composed of around 40-50 bays (in length), 6 to 9
rows (width), and 3 to 6 tiers high stacks. Storage blocks are usually laid either parallel or
perpendicular with respect to the berth line, and so terminals are mainly classified as parallel or
perpendicular. As the majority of container terminals in Asia utilize the parallel layout whereas
the European counterparts prefer the perpendicular one.

Perpendicular yard layouts prevent the external trucks to access the storage area, and so delivery
and receipt operations take place at the transfer point areas, located at the land tip of each block.

One or two YCs manage the containers within each block.
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Contrarily, parallel yard layouts allow internal and external trucks to travel through block aisles.
Transfer lanes alongside the blocks are used by the trucks to interchange the containers with the
YCs. The number of YCs per block may vary depending on the terminal, and under specific
circumstances YCs can move from one block to another. As for the container mixing, very high
throughput terminals mix inbound, outbound, and transit containers in the storage blocks, but
other terminals separate cargo flows in dedicated blocks (no mixed blocks).

P. Teran (2016) 9
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Figure 22. Parallel Container Terminal in Busan, South Korea.

1.3.2.4  Delivery and receipt subsystem

Finally, containers are interchanged with terrestrial modes of transportation such as trucks and
trains. In parallel terminals, external trucks have access to the storage yard, whereas in
perpendicular terminals the container interchange is carried out in designated transfer areas
(TAS). Gates located at the boundaries of the terminal are the main infrastructures for external
truck and cargo control. Railway is often used as terrestrial transportation, and in such cases
internal vehicles are in charge of transferring the containers between the railway RMG crane and
the YCs.

1.3.3 Planning problems and decision making levels in container terminals

The complexity of terminal operations requires careful preparation also with consideration to
processes that take place at different time scales. Operational planning help operators to attain
two conflicting objectives: in one hand, satisfy terminal customers by providing competitive
servicing and pricing, and on the other hand to maximize profit while reducing costs, when
possible. Meersmans and Dekker (2001), Vis and De Koster (2003) and others classify handling
operations according to their time horizon in namely strategic (long-term), tactical (mid-term) and

operational (short-term), as described in subsequent sections.
1.3.3.1  Strategic planning

Strategic planning refers to decisions made at design stages of the terminal: degree of
automatization, terminal layout and capacity, handling equipment selection, etc. Terminal design
is one factor affecting handling operations and their productivity (Wiese et al., 2011). These
decisions are based on economic and technical feasibility studies, which help determining the
optimal solution for the trade-off existing between the CAPEX, OPEX and projected sources of

revenue.

At this stage there is a considerable degree of uncertainty (Saanen, 2009; Schitt, 2011), and the
data needed for these studies must be estimated and projected: traffic composition and volume,
revenue models, etc. In addition, important stochastic effects concerning the traffic data are
difficult to estimate: annual workflow of the terminal, seasonal variations, peak factors, dwell

time, etc.

10 Industrial PhD Thesis
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Operations System Required equipment | Stacking Tiers | Yard Capacity
per Quay Crane?+3) [1-over-n-high] [TEU / ha]

Reachstacker & TTU 3-4 Reachstackers 3 350
+4-5TTUs

4 500

5 950-1,000*

Pure SC 4-5 2 500

3 750

RTG & TTU 2-3 RTGs 4-5° 1,000
4-5TTUs

RMG & TTU (blocks 2 RMGs 4-5 1,000° (or more)
parallel to quay) 4-5TTUs

RMG & ShC (blocks 2 RMGs 4-5 1.000° (or more)
perpendicular to quay) 2-3 ShCs

RMG & AGV | 5-6 | 45 | 1.000° (or more)

Figure 23. Yard capacity as a function of the MHE (Brinkmann and Bdse, 2011).

1.3.3.2  Tactical planning /Operative planning

At the operational level, decisions affect operations on a time horizon ranging from days to weeks,
involving logistic processes such as resource allocation problems or equipment deployment, as
illustrated in Figure 18. As indicated by Murty et al. (2005) operational decisions inherit the
uncertainty of the information available at the time terminal operations are adopted, and so they

will be likely modified by real-time decisions adopted later on.
1) Schedule and stowage plans of vessels

The stowage plan describes the exact position of each outbound container in the vessel once
terminal operations commence, as well as the loading sequence of containers. Stowage plans must

ensure vessel stability while minimizing operational costs and vessel turnaround times.
2) Berth allocation

Berth allocation refers to the allocation of vessels to berthing positions with the goal of
minimizing ship waiting time (queues), operational costs, etc., and maximizing utilization of

seaside resources (berths and QCs).
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Schedule and stowage plan of vessels

Berth allocation (allocating vessels to berths)

QC allocation (allocating QCs to vessels)

ET management

Storage Space Allocation

Slot Location Assignment

YC development (deploying YC in real time)

IT deployment (deploying ITs in real time)

Figure 24. Hierarchical structure of operational decisions in a container terminal (Zhang et al.,
2003).

3) QC allocation

Decision problems deal with the allocation and scheduling of QCs to work on berthed vessels.
QC allocation greatly influences the turnaround time of the vessels and the throughput rate of the

terminal.
4) ETs management

Management of external trucks involves the resolution of several decision problems. Arrival of
external trucks is not usually well know, as customers do not always call beforehand to make
appointments, hence online rules must be used to generate appointment times when they call to
minimize ET waiting time and congestion in the road network. In addition, ETs (and ITs) routing
and dispatching inside the terminal must be dealt with to minimize congestion on the terminal

aisles.
5) Storage space assignment

This problem, which constitutes one of the main research topics of this Thesis, deals with the
assignment of space in the storage yard for inbound and outbound containers. The goal is to place
the containers in the optimal position in order to maximize yard productivity and minimize

operational costs (reduce rehandling, YC deployment, inefficiencies, road congestion, etc.).
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6) YC deployment

YC deployment aims the determination of the number of YCs allocated to each block in the

working period, or determining the best time to move a YC from one block to another. Lastly,
7) IT/IAGV/SC deployment

A number of ITs are allocated to each QC to ensure minimization of QC waiting times, and
maximize vessel turnaround time. IT requirements are usually estimated in half-hour intervals,
hence a plan is needed to minimize the total number of ITs hired each day, and to maximize their

utilization.
1.3.3.3  Real-time planning

Container terminals are highly dynamic environments in which many operations are characterized
by a significant degree of uncertainty, and therefore many decisions cannot be planned in advance.
Hence, real time decisions are required in many circumstances, for example to assign vehicles to
transportation orders, assign storage slots to stack containers, etc. Real planning decisions are
often made by computers that carry out calculations based on real time data by means of complex
algorithms built into Terminal Operation Systems. TOS are commonly implemented in modern
terminals to help operators managing activities and allow recording terminal data for posterior

analysis.
1.3.4 Characterization of terminal performance

As of today, the characterization of physical parameters that describe the performance of a
container terminal is an essential task, and involves the acquirement of data regarding
simultaneous events by sensors that send the real-time data to the TOS. The post-processing of
data is used to describe the overall efficiency and performance of a terminal, which depends
directly on the individual performance of the individual links of the transport chain (Figure 18).
With respect to the storage yard, which constitutes an intermediate link of that chain, all upstream
and downstream processes (container interchange between blocks and quay cranes, vessel upload
and discharge performance, and external trucks and train operations) are strongly affected by the
productivity of the yard cranes. As point out by Chen et al. (2003) yard performance alone is an

indicator of a terminal’s competitiveness.

Terminal management is usually quantified by the measurement of different key performance
indicators (KPIs). One of the most common KPIs is the vessel turnaround time (in hours), which
is intimately related to other KPI, the QC throughput rate (in movements/hour) and berth

productivity (in movements per ship and per hour).

Container terminals are rated according to berth productivity (Figure 25), and therefore resources

devoted to other subsystems are oversized to ensure berth operations are not constricted by other
P. Teran (2016) 13
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links of the transport chain. Regardless the capacity of each subsystem, berth productivity
indirectly depends on the performance of YCs, and also on the transport handling equipment that

interchanges the containers between the QCs and the YCs.

TERMINAL PORT COUNTRY 2013 BERTH PRODUCTIVITY
APM Terminals Yokohama Yokohama Japan 163
Tianjin Xingang Sinor Terminal Tianjin China 163
Ningbo Beilun Second Container Terminal Ningbo China 14
Tianjin Port Euroasia International Container Terminal Tianjin China 139
Qingdao Qianwan Container Terminal Qingdao China 132
Xiamen Songyu Container Terminal Xiamen China 132
Tianjin Five Continents International Container Terminal Tianjin China 130
Ningbo Gangji (Yining) Terminal Ningho China 127
Tianjin Port Alliance International Container Terminal Tianjin China 126
DP World-Jebel Ali Terminal Jebel Ali United Arab Emirates 19
Khorfakkan Container Terminal Khor al Fakkan  United Arab Emirates 19

Figure 25. Top ten container terminals in 2013 according to berth productivity.

In addition to KPIs that characterize terminal productivity in global terms, specific aspects of the
handling operations are also accounted for. With respect to yard operations, several common
indicators are extensively used in this thesis. First, YC throughput rates measure the number of
containers transiting through the transfer areas per hour. In addition, block performance is
measured as the Container Exit Times (CET), which accounts for the time between the moment
an import container is requested (and therefore added to the crane’s workload list) and the moment
the crane places that container on the external truck. Finally, with respect to export containers,
block performance is calculated by the Vessel Service Time (VST), or the time it takes to load all

the containers in the vessel.

It is worth noticing that CET is preferred over YC throughput rates to characterize block
productivity. In reality, the BAP is a real-time decision problem, and therefore the arrival of
containers to the sea TP may depend on the situation of the block at a given moment, i.e. sea ASC
workload. In such case, the state of the block has an upstream effect, meaning that processes that
goes first in the transport chain are affected by subsequent processes. However, the perpendicular
model setup described Section 3.2 is such that the BAP is solved in advance; the arrival of
containers to the TPs is deterministically given by the traffic generator. Therefore, the rates at
which import and export containers are dropped on the TPs for final departure, which is
considered a downstream effect, derive from the performance of the stacking algorithms.
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Chapter 2

State of the Art

This chapter presents a general summary of the scientific literature regarding various aspects of
storage yard optimization, including state-of-the-art models, methodologies, strategies and other
contributions. Those studies constitute the basis and starting point of the research presented in
this thesis.

Throughout time, research on topics related to container terminals have focused on analytical
models, deterministic optimization methods, stochastic optimization model, and more recently

discrete event simulation methods.

2.1 Literature reviews

Several literature reviews are worth the mention as they have a close relationship to the research
presented in this Thesis. Literature reviews analyzed here do not only provide a useful general
overview of the state of the art, but also provide a critical analysis of the work done until the
publication date. This analysis helps inferring conclusions on diverse aspects of the state of the
art, such as the evolution of the research and past research tendencies, or the identification of lack

of research on determined areas and future lines of research.

Literature on container terminals is abundant and encompasses a wide variety of aspects; the
problem approach can range from very specific - short term operational aspects to large-scale —
long term generic aspects such as yard planning. Thus, when analyzing the main contributions

found in the literature, it is important to point out not only the problem approach and methodology
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used to solve it, but also to pay attention to three different aspects that constrict the behavior of

the terminal:

e Terminal layout (parallel/perpendicular) and equipment (quay and yard),
o Container traffic typology (import, export, transshipment) and magnitude

e Operational strategies.

By classifying the work according to these criteria, it will be easier for the reader to position the
contribution of the work in the general picture, and will also help establishing comparisons

between the different contributions.
2.1.1 General reviews

Steenken (2004) provides a thorough review with more than two hundred references covering a
wide range of issues: from terminal structure and handling equipment, to logistics, optimization
methods, simulation, etc. One of the main conclusions of his work is that few studies consider
‘integrated problems’, that is, ship, berth, yard, and gate and utility agents for quay crane, gantry
crane and transport, despite their importance for enhanced terminal performance. He also points
out that major research is needed regarding the topics in the area of stochastic optimization and

scenario based planning.

In their own words, Stahlbock and Voss (2008) present an extension and update of Steenken
(2004), reviewing research works on operations and methods applied on maritime container
terminals. Their work investigate a number of aspects of container terminal operations, including
berth allocation, stowage planning, crane optimization, terminal transport optimization, and

storage and stacking logistics.

Carlo et al. (2013) provide another thorough overview of storage yard operations, for which they
propose and use a classification scheme for scientific journal papers published between 2004 and
2012. The review also includes the material handling equipment used, current industry trends and
developments, and discusses and challenges the current operational paradigms on storage yard

operations.
2.1.2 Layout design

The review by Carlo et al. (2013) includes an analysis of the works on layout design. As they
point out, the storage yard layout to be implemented is determined after deciding the level of
automation and mechanical handling equipment to be used. Once this decision is made, the layout
design is divided into two stages: first, the overall yard layout design, which aims to determine
relative positioning of blocks in the yard and the required number of blocks; and second, block
yard layout design, which focuses on the optimization of the block size dedicated to either import

or export containers.
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2.1.3 Storage Space allocation strategies

Many researchers have investigated operations efficiency in container terminals by optimization
methods and operations research models such as storage and stacking logistics. Outstanding
surveys of research into container terminal operations and decision problems can be found in the
literature: Meersmans and Dekker (2001), Steenken (2004), Vis and De Koster (2003), and
Gunther and Kim (2006). Murty et al. (2003) provide a thorough description of terminal
operations and strategies while providing the formulation needed to help developing decision
support system (DSS). For a concise overview of storage and stacking logistics problems and

decisions, refer to (Luo et al., 2011).
2.1.4 Simulation on container terminals

An outstanding review of simulation on container terminals is given by Carteni and de Luca
(2009). One of the main conclusions of such effort is that half of works reviewed adopt a
stochastic approach to produce the numerical inputs for the model. Another interesting review
can be found in kemme (2004). The work by Petering and Murty (2009) also provides an

exhaustive review on simulation studies, containing thirty-eight citations.
2.1.5 Yard cranes deployment

The crane deployment problem has gathered less attention in the literature. The review by Kemme
(2012) cites eight papers in total, out of which six are directly applicable to the perpendicular
layout crane system and the other two to the parallel layout. Stahlbock and Vos (2008) provide

another useful review on crane transport optimization.

2.2 Yard design
2.2.1 Yard space

Few studies deal with the determination of yard space (capacity) and handling equipment needed
to operate a terminal, a topic on which more literature may be found in books (Thorensen, 1998,
Kemme, 2013) or PhD thesis (Sharif, 2011). Kim and Kim (2002) proposed a cost model for
import container yards that includes the space cost, the investment cost of transfer cranes, and the
operating cost of transfer cranes and trucks. The authors provide the optimal solution in terms of
the amount of space (slots in a bay) needed and the number of transfer cranes, and a sensibility
analysis to assess the sensibility of the solution with respect to handling costs, arrival rate of ETs
or yard cranes speed. The numerical examples showed that the optimal number of slots per bay
was 22 and 17 for minimizing terminal operator cost and integrated total cost, respectively. No

stochasticity is introduced in the parameters.

As simulation and emulation DES models became the trend, the use of these tools is extended to

the planning and designing of container terminals (Veeke et al., 2003). With regard to the
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calculation of yard capacity, Boll (2004) created a simulation model to determine the capacity of
the container stacking area as well as the quay. Sgouridis et al. (2003) simulated a medium-size
terminal in which containers are handled with SCs. The model is utilized to optimize various yard

parameters (number of cranes, yard layout, stacking techniques and working shifts).

Complementarily, Brinkmann (2005) developed a study in which the required storage capacity
was approximately calculated for different types of handling equipment with consideration of the
main traffic characteristics such as the annual container turnover, average dwell time and hourly
peak factor. Chu and Huang (2005) follow a similar approach by deriving a general equation that
relates the total number of container ground slots for different yard sizes to the type of handling
system (SC, RMG and overhead bridge cranes (OHBC)), the equipment dimensions, the

transshipment ratio, and the average container dwell times.
2.2.2 Yard layout

Once determined the capacity, the next step in container yard design is the layout design.
According to the literature review by Carlo et al. (2013), layout design studies can be divided into
two streams: (1) overall yard layout design, including determining the number of blocks, and (2)

block design in terms of length, width and height.
2.2.2.1  Overall yard layout

Several studies on container terminal design compare the parallel and the perpendicular yard
layouts by means of numerical simulation. Liu et al. (2004) emphasized the effect of the yard
layout on the terminal performance. They utilized a numerical simulation focused on automated
import/export container terminal and concluded that the perpendicular layout yields better
performance regarding QC moves and amount of horizontal transport equipment required. On the
contrary, Petering (2008) stated that the parallel layout is preferable to the perpendicular layout,
although in some cases a perpendicular layout outperforms a parallel one considering the QC rate.
Further.

Kim and Park (2008) compared parallel and perpendicular terminal layout designs in terms of
number of blocks and aisles. They elaborate a cost objective function that includes both the travel
cost and the relocation cost. As external trucks can access the blocks in both layouts, travel
functions are customized to account for the differences in traveling patterns. The parallel layout
results in shorter expected travel distance for the same layout parameters, as well as for the best
set of parameters, although no stochasticity is introduce in the model either. The optimal layout
of an entire container yard, specified by the dimensions of a block and the number of aisles, was
investigated again by Lee and Kim (2013). An optimization model is developed including the

construction cost of the ground space, the fixed overhead cost of yard cranes, and the operating
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costs of yard cranes and transporters. The total cost of the terminal is minimized under certain
constraints related to road truck turnaround time and transporter cycle time. Results showed that,
regardless the layout, wider blocks yield a better performance and a lower total cost in the yard.
With respect to the comparison between the two types of layouts, the parallel layout is preferable

to the perpendicular layout in terms of total cost.
2.2.2.2  Yard block design

Regarding the design of the storage block, Petering (2009) and Petering and Murty (2009) studied
the optimal block width and length (measured as numbers of bays). A numerical simulation was
used to assess the performance of a parallel and a perpendicular terminal for pure transshipment
traffic. Both studied since account for the influence of the YC cycle times as well as the travel
distance of road trucks and transport vehicles on the QC movements per hour. The results showed
that the optimal block width ranges from 6 to 12 rows and block length between 56 and 72 since

these values guarantee the highest QC work rate and greater YC mobility.

Lee and Kim (2010a) determined the optimal size of a single block (given as the number of bays,
rows and tiers) of parallel and perpendicular terminals by considering the throughput requirement
of YCs and block storage requirements. according to the following objective functions and
constraints: minimizing the weighted expected YC cycle time for various operations subject to
the minimum block storage capacity provided, maximizing the storage capacity subject to the
maximum expected cycle time of a YC, minimizing the weighted expected truck waiting time for
various operations subject to the minimum block storage capacity provided, and maximizing the

storage capacity subject to the maximum expected truck waiting time.

2.3 Yard management
A significant proportion of the literature has dealt with the strategies to operate the yard.
Chronologically speaking, as the bottleneck of the terminal operations is usually the at the quay
cranes, most of the literature focused on this particular issue. With time, other subsystems of the
container management sequence such as the yard management gathered more attention, and an

increasing amount of studies on this particular research topic can be found in the literature.
2.3.1 Space planning principles

Regardless the type of planning strategy, widely accepted principles of space planning of export
operations are implemented to optimize the space allocation process, that is, minimize the

operational costs and improve the service level.

The first of such principles is the Container Grouping. According to Murty (2007), outbound
containers of the same length, destination port, same liner service, and same weight class can be

loaded into the same hatch of the vessel in any order. Therefore, such containers (up to 20 or more
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in practice) can be stored in a single stack in any order as they will be retrieved from the stack
without any reshuffling. Other common planning principles are described by Woo and Kim
(2010). The Nearest Location Principle (NL) prioritizes the bays closer to the target vessel berth,
thus minimizing the travel time of Yard Trucks (YTs). The Least Relocation Principle (LR)
prevents from mixing groups of containers in the same stack, thus avoiding reshuffle movements
needed to retrieve containers. The Concentrated Location Principle (CL), however, enforces
containers belonging to a group to be placed on bays or stacks located as near as possible, in order
to decrease the gantry travel of yard cranes during the ship loading operation. Finally, since
excessive concentration may lead to interference among yard cranes during ship loading, the Least
Congestion Principle (LC) favors the dispersion of container clusters among the blocks. Thus,
the number of blocks among which the work is distributed depends not only on the existing yard

layout, but also on the number and type of available handling equipment.
2.3.2 Types of yard operational strategies

Steenken et al. (2004) distinguished between two types of yard operational strategies regarding
the use of space reservation. Storage Planning reserves areas of the yard for the containers bound
to a determined vessel prior to its arrival. Conversely, other terminals make use of Scattered
Planning when yard areas are no longer assigned to a specific ship’s arrival but to a berthing
place. Instead, the position of an arriving container in the yard is determined in real time according
to the container grouping. Scattered planning leads not only to greater container scattering over
the yard, but also to larger ground occupation, which reduces the number of reshuffles. According
to Taleb Ibrahimi et al. (1993), storage planning may require the terminal to dedicate large
amounts of empty space (up to 50%) awaiting future arrivals, and so they proposed a Dynamic
strategy to improve the use of yard space made by the Static strategy. Thus, instead of reserving
space prior to the arrival of export containers by truck, the Dynamic Strategy (often referred to as
Segregation Strategy) makes use of a temporary storage area to rough pile containers until vessel
assignment takes place and space is actually reserved in the yard. From that moment on, incoming
containers are sent to reserved slots, and rough piled containers are then transferred to the assigned
slot at their best convenience. This way, the dynamic strategy requires less ground space, virtually

eliminating wasted space, at the expense of greater handling costs.
2.3.3 Container allocation problem (CAP)

Import and export containers bound to a vessel are respectively unloaded and loaded in a sequence
determined by the so-called loading plan (Figure 26). A load profile (an outline of a load plan) is
usually sent by an agent to the terminal operating company several days before the ship's arrival.
The load profile specifies only the container groups that are stowed in each ship cell. For export

containers, ship's cells are filled with any containers from its assigned group, and so the loading
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operation can be eased by sequencing containers in the marshalling yard, hence optimizing the

handling effort.

# of export
containers of a
given vessel in

yard

|
|
|
|
!
o h T 3

# of import
containers of a
given vessel in ﬁ\
yard I

Figure 26. Export (top) and Import (bottom) containers in the yard associated with a vessel versus

time (Zhang et al., 2003). to = start unloading EC, t: = start time of downloading IC, t2 = end time of
download IC and start loading EC, t3 = end time of loading EC, t4« = end time of I1C pickup.

When space is reserved for a vessel, the planning process is usually broken down into a two-stage
problem (Murty, 1997): Block Allocation, which aims to determine the amount and location of
bays devoted to for a given number of containers for a time horizon of hours or days, and Slot
Allocation, in which a bay, stack and tier for a container is found within the block, and thus can
be considered as a real-time problem. When considering the Block Allocation Problem, optimal
solutions are sought while considering several factors: yard crane (Y Cs) workload balance, which
in turns depends on the current distribution of containers in the yard, and the deployment of ITs
and ETs to avoid congestion in the roads. A different approach is followed to solve the Slot
Allocation Problem, for which the aim is to reduce the number of container rehandling in one bay

or within a group of bays.

Different strategies are adopted to address the CAP for import and export flows, as well as for
conventional and automated container terminals; therefore, several types of stacking strategies
are followed. The next sections describe the main contributions to the slot and the block allocation

problems, as well as literature that deal with both problems at the same time.
2.3.3.1 Slot allocation problem (SAP)

The Slot allocation problem may not be considered a stage of the planning process itself, but as a
real time decision made to determine the best slot for the container among a target bay or a number
of pre-allocated bays. In general, the main objective of slot allocation is to minimize the overall

rehandling effort needed to retrieve all the containers in a bay. As inbound and outbound
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containers have different departure patterns and are not mixed in the same bay, strategic decisions
need to be made in advance to determine the ideal bay configuration. To this matter, the
availability of departure information and the loading sequence of the ship stowage plan play a

significant role in how the inbound and outbound container stacks are configured.

Two main aspects of the slot allocation problem are usually considered: the number of rehandling,

and stacking strategies to reduce the amount of rehandling.

Regarding the calculation of rehandling moves, few methodologies and algorithms are available
to evaluate the number of unproductive moves. In general, these studies base their formulations
on probabilistic methods and expected values, and relate directly the average height of the stacks
to the expected replacements. Sculli and Hui (1988) developed the first relation between stacking
height and reshuffles by using a simulation model. Later, Watanabe (1991) developed a more
conventional method to quantify the overall amount of replacements called Index of Selectivity
(10S). Later, Ashar (1991) pointed out that Watanabe’s 10S should take into account the storage

density and handling convenience.

Later, considering the random retrieval of import containers in a bay, Kim (1997) proposed a
methodology, based on an exact procedure and a regression analysis, to calculate the expected
number of unproductive moves to retrieve a container and the total number of rehandles required
to pick up all containers. The total number of unproductive moves directly depends on the
stacking height and number of rows; hence, it can be concluded that higher stacks increase

handling effort because the number of unproductive moves increases proportionally.

However, retrieval of import containers is not usually random, as some information regarding the
container dwell time or arrival time is always available. DeCastilho and Daganzo (1993) extended
the analysis to an entire bay, presenting a method to measure the amount of handling effort for
two different strategies for stacking import containers. The first strategy tries to keep all stacks
the same size (allowing containers to be stacked on top of containers bound to other vessels),
while the other segregates containers according to arrival time. The strategies are compared in an
idealized situation.

Kim et al. (1999) also analyzed the slot allocation of outbound containers, and a methodology is
proposed to determine the best location for the container considering three weight categories and
reduce the number of relocation movements during the loading operation of a vessel. The work
by Chen (1999) and Chen et al. (2000) on import containers related the available storage capacity

and stacking height, which ultimately depends on the operational efficiency.

Kim et al. (2000) introduced the container weight information to analyze the SAP in the first

stage. Dynamic programming was then used to solve the problem with the objective minimize the
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number of relocation movements during the loading operations of a containership. They also
assume that containers are relocated no more than once; however this assumption may not be

always correct, as analyzed in Chapter 5.

Kang et al. (2006) proposed a stacking strategy based on uncertain weight information for export
containers, with containers being classified in three categories (heavy, medium, light). They
applied a simulated annealing search algorithm to find a good strategy and developed a

methodology to calculate the expected number of container rehandles.

As the relocation of containers may produce additional handling effort, Kim and Hong (2006)
proposed two methods for determining the sequence of relocation movements inside a bay,
considering the order of retrieval of export containers is known. The branch-and-bound (B&B)
algorithm outperforms the decision rule based. Unlilyurt and Aydin (2009) also find exact
locations of relocated containers while retrieving all the containers from a bay according to a
predetermined order. Two versions of the problem are solved considering whether the retrieval
order applies to individual containers or groups of containers. The model is formulated and first
solved via a branch and bound search with the objective of minimizing the number of relocations.
Imai et al. (2002, 2006) introduce the constraints imposed by the vessel stowage plan to generate
a vessel loading plan sequence that satisfies the ship’s stability requirements (metacentric height,

list and trim) to minimize the number of rehandles.

Huynh (2008) evaluated the effects of storage policies and import container dwell time on the
terminal throughput and rehandling productivity. The study considered two storage strategies for
import containers regarding the possibility of mixing new containers on top of old ones or not.
Monte-Carlo simulations were conducted to evaluate the effect of dwell time on throughput and
rehandling productivity. Results indicate that increasing container dwell time lowers throughput
and average stack height for the non-mixed storage policy, increasing rehandling productivity. As
for the mixed storage policy, increasing container dwell time raises throughput and average stack
height — resulting in a decrease in rehandling productivity.

Wan et al. (2009) also studied the allocation problem considering an entire sub-block composed
of several bays. The static version of the problem is solved with a integer program formulation,
and then propose a heuristic method to reduce the computational time, with variants of the IP*

4 (Wikipedia) An integer programming problem is a mathematical optimization or feasibility
program in which some or all of the variables are restricted to be integers. In many settings, the
term refers to integer linear programming (ILP), in which the objective function and the

constraints (other than the integer constraints) are linear.
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model embedded and run in the rolling horizon fashion. Then they consider a dynamic version of
the problem, with containers being stacked and retrieved from the block, concluding that the

heuristic approach is capable of reducing reshuffles within a reasonable computation time.

Kozan and Preston (2006) developed a genetic algorithm model, a tabu search and a tabu
search/genetic algorithm hybrid to solve the storage location in order to minimize the turnaround
time of all the containerships in a yard with marshalling area. Their results indicate that reducing

the maximum storage height results in lower turnaround times.
2.3.3.2 Block allocation problem (BAP)

One of the first contributions is due to Teleb-lbrahimi et al. (1993), who focused on the
determination of the amount of space to be allocated for outbound container bound to each vessel,
based on a cyclic space requirement in container terminals, but did not consider the storage
locations of containers in the yard. In their work, yard, ground space for a ship must be reserved
as soon as containers for that ship start to arrive, and so almost 50% of the space may be empty
awaiting future arrivals. The authors proposed two different handling and storage strategies (static
space allocation and dynamic strategy) and developed an operating procedure and a heuristic
algorithm to determine the minimal storage space needed to implement both strategies. In
addition, their procedure was capable of minimize and predict the amount of handling work, but

their model does not specify the terminal configuration.

Kim and Kim (1994) proposed a methodology to determine the amount of space allocated for
export containers to be loaded in a ship, which is then released by the actual loading sequence. A
guadratic programming model is developed to minimize the YCs handling cost under the several
space-related constraints. Later, Kim and Kim (1999) focused on the stacking of inbound
containers using a segregation strategy, considering also the case of a dynamic space requirement,

and provide a formula that relates the stacking height and the number of rehandles.

Zhang et al. (2003) developed a rolling-horizon approach in order to solve the BAP for import
and export containers in a RTGCs parallel terminal of 10 blocks of 6-stacks, 5-tier bays. The
number of bays in each block is different, ranging from 7 to 42. The 3 day planning horizon is
decomposed into six 4hour periods. The solution to the problem for each period is decomposed
into two stages. The first stage seeks to determine the number of containers bound to each vessel
to be placed in each storage block by balancing the workloads among blocks. The second stage
aims to determine the number of containers associated with each vessel that constitutes the total
number of containers in each block. It is worth noticing that departure time for import containers
is known in advance, and therefore the exact workload for each YC can be accurately estimated
during the planning period. Only the first day of the plan is executed and a new three-day plan is
formed at the end of the first day (beginning of the second day) based on the latest information.
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A mathematical programming model is proposed to solve each stage, and the numerical
simulations show the workload imbalance in the yard is reduced, hence helping avoid possible
bottlenecks in terminal operations. As Zhang et al. (2003), Bazzazi et al. (2009) considered the
allocation of the inbound/outbound containers to the storage blocks at each time period with aim
of balancing the workload between blocks in order to minimize the storage/retrieval times of
containers, but they also consider the container typology at the time of making the decision on
the allocation of containers to the blocks using a meta-heuristic approach (that is, a genetic
algorithm) to solve the programming model. The work by Nishimura et al. (2009) also analyzed
this problem in a pure transshipment terminal by proposing a heuristic method whose solution is

based on a Lagrangian relaxation technique®.

Kim and Park (2003) analyzed the BAP for outbound containers. They proposed an analytical
model to compare two dynamic allocation methods: the least duration of stay, and the sub-gradient
optimization heuristic algorithm® (SGHA). The objective function seeks to minimize the travel
cost between the apron and the marshalling yard, which depends on the position of the allocated
space. The duration of stay based decision rule performs almost as good as the sub-gradient

optimization, but requires much less computational time.

Lim and Xu (2006) proposed a new metaheuristic procedure to determine the minimum required
space, but they do not specify the type of container traffic, where space requests are allocated
according to their priority, from the highest to the lowest. The so-called critical-shaking
neighborhood search (CSNS) starts from an initial random sequence, by picking some critical

requests, then shaking their priorities randomly, and finally exploring a local search.

Up to this point, the amount of space reserved for each planning period is equal to the number of
containers to be stacked in the yard during that period. Woo and Kim (2011) investigated
allocation strategies for outbound containers in which the amount of space is allocated taking into
account the arrival rates of containers, or the length of the planning period. Irregular vessel
arrivals and numbers of containers downloaded are used to feed the model. Best results are
obtained when considering the square root of arrival rates, which reserves empty stacks for a

container group in proportion to the square root of the arrival rate of containers in that group. The

5 Lagrangian relaxation is type of relaxation method, which approximates the solution to a
difficult problem of constrained optimization by solving a simpler version of the problem. The

approximate solution provides useful information about the original problem.

® The SGHA is a well-known solution procedure for solving integer programming problems.
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study also indicates that more detailed simulation models are needed to assess the impact of

different reservation rules and values of parameters of each rule.

As for pure transshipment terminals, space is consigned in entire sub-blocks. This way, containers
are unloaded and stored according to their destination vessel, reducing the number of reshuffles
and enhancing terminal productivity. Optimization methods are thoroughly employed to solve an
objective function with multipurpose constraints. l.e., Lee et al. (2006) minimize the number of
yard cranes to deploy with a high/low workload balancing protocol used to reduce the potential
traffic congestion of prime movers and determine the location where unloaded containers should
be stored. Han et al. (2008) extended the previous study by considering not only the number of
incoming containers and the smallest number of yard cranes to deploy in each shift, but also the
storage locations of incoming containers. Jiang et al. (2012) proposed a space-sharing yard
template to reduce the under-utilization of space while ensuring the efficiency of yard operations.
Later, another meta-heuristic method was developed by Zhen (2014) to investigate the yard
template of a pure transshipment parallel terminal. The number of containers downloaded and
loaded onto vessels fluctuates, making the number of sub-blocks bounded to each vessel
uncertain. The study reveals that the proposed meta-heuristic algorithm outperforms two different

strategies in terms of the associated space and handling equipment costs.

Especially in large terminals or terminals with low workloads, export containers arriving too early
(i.e., before the vessel stowage plan is available or the berthing position is known) may be stored
(pre-marshalled) in separated areas, and then stacked in the yard in order to minimize vessel
loading times. The location assignment problem with the utilization of marshaling areas has been
also addressed in several studies. To this regard, Kim and Bae (1998), Imai et al. (2002),
Hirashima et al. (2006), Lee and Hsu (2007), Lee and Chao (2009), Han et al (2008) and Fan et
al. (2010) are some of the most significant contributors.

2.3.3.3 Simultaneous Block and Storage Position Assignments

Fewer studies analyze the BAP and SAP problem as a whole. Murty et al (2003) points out that
the space planning process is highly inter-related to the ETs and ITs dispatching and routing, and
need to be studied together. Considering planning periods of 4 hours (the beginning or the ending
half of a shift), they propose a three stage approach to solve the CAP: first, solve the block
assignment problem at the beginning of the period with the objective of minimize the differences
in occupation of the blocks at the end of the planning period, which is solved by linear
programming; second, a dispatch policy with the double goal of minimizing congestion at the
blocks (YCs) and the on the roads (ETs and ITs), and third the slot allocation problem, which is

made with the objective of minimizing the total amount of reshuffling in this block.
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Dekker et al. (2006) created a simulation model based on the ECT’s DDE terminal. This
perpendicular automated terminal has one ASC per block, and import and export containers can
be mixed in the same blocks, but not in the same bays. The average utilization of the base stack
configuration is 50%. Block allocation is made by balancing the workload among ASC, or random
to evenly spread the workload among the blocks. They distinguish two types of stacking
strategies: category stacking and residence time stacking. The former strategy assumes that
containers of the same category (e.g., having the same size, destination, weight, etc.) are
interchangeable, and can thus be stacked on top of each other without the risk a lower container
in a stack is needed before the ones on top of it have been removed. The latter strategy does not
use categories, but instead looks at the departure times of the containers: a container can only be
stacked on top of containers that all have a (planned) departure time that is later than the departure
time of the new container. They concluded that category stacking performs better than random
stacking, but information on the departure time of containers needs to be known in order to create

ordered piles.

Since the evaluation of offline search algorithms require quite a heavy computation involving a
detailed operational simulation, Park et al. (2011) investigate an online search algorithm to stack
containers. They utilized a single-berth, seven blocks perpendicular ASC terminal, with each
block consisting of 41 bays, 10 rows and 5 tiers of 20 ft. containers. Two non-cross over ASCs
are deployed in every block, and the yard is initially occupied to 70% of its maximum capacity.
They evaluate the stacking policy represented as a vector of weight values for the cost of (1)
stacking an incoming container, (2) retrieval of the container, (3) rehandling, and (4) the waste of
space for the stacks. The stacking policy in each period is dynamically adjusted to optimize QC
delay time, AGV waiting time, and truck waiting time. Each simulation period is followed by an
evaluation period in which the optimal values of the weights given to each criterion are calculated,
and then used in the next simulation period. Results from the simulation support the conclusion
that online search is a good option in dynamic settings where there is not enough time for
computation before taking actions. However, the cost model is deterministic and the simulation
model does not take into consideration the effects of YC interference, inventory size, etc. that can
be reproduced by a DES model.

Chen and Lu (2012) analyzed the problem for outbound containers in a parallel terminal. 10
blocks are used for stacking outbound containers, each consisting of 20 bays. Each bay has 6
stacks, 4 containers high. Import and export traffic containers are considered, although the
volumes of traffic or the block occupation are not explicitly indicated. For each simulation
interval, the block allocation problem is solved using a mixed integer programming model, while
the slot allocation problem is dealt with by means of a hybrid sequence stacking algorithm whose

performance is compared with random and vertical stacking algorithms. In the study, weight
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distribution of containers arriving to the terminal on each plan period is assumed to be know. The
performance of the proposed dispatching algorithm, measured as the amount of rehandling,

outperforms the benchmarking algorithms.

Borgman et al. (2010) utilizes a DES model that reproduces 6 blocks of the EDT perpendicular
terminal, which is operated by single RMGs. The simulation considers the detail motions of the
cranes, and import/export traffic is pre-generated and fed into the model. The inventory size is
not directly indicated, although a value of 42.1% is specified for one of the experiments, which is
relatively low. As a consequence, the conclusions are difficult to extrapolate to higher degrees of
inventory occupancy. Several stacking algorithms are used to investigate the efficiency of the slot
allocation problem and reduce rehandling. One algorithm uses knowledge about container
departure times by stacking containers leaving shortly before each other on top of each other.
Thus, the algorithm makes use of container departure time information. The second algorithm is
used to analyze the trade-off between stacking further away in the terminal versus stacking close
to the exit points and accepting more reshuffles. Unlike other studies, no space reservation is
made to solve the block allocation problem. Instead, two online approaches are compared: (1) a
random block allocation, in which the block is randomly selected, and (2) a leveling algorithm,
in which preference is given to lowest stacks, and then to the stack closest to the sea side TP.
Results show that even rules with a limited number of classes for the remaining residence time
work very well. In addition, the single RMG system may improve its performance when stacking

further from the TP (longer travel times) to reduce the incidence of reshuffling.
2.3.4 Segregation stategies

Segregation strategies were further investigated by Kim and Kim (1999) for inbound containers
in a parallel terminal with 20-30 bay-long blocks of 6 stacks width and 3-4 tiers height. They
develop a cost objective function that includes the total cost of space, yard cranes, and internal
trucks, and they determine the best combination of space and number of yard cranes, although the
level of occupation in the blocks is not explicitly indicated.

2.3.5 Yard Cranes deployment

Several common types of crane systems for parallel terminal can be found depending on the
number of cranes deployed and their crossability. According to Stahlbock and Vos (2008) most
of the literature focus on single crane operations (i.e., Ng and Mak, 2005a,b), while less attention

is paid to the routing or scheduling algorithms for multiple cranes.

The thesis by Zyngiridis (2005) presents IP models to prescribe routes for SRMG and TRMG,

concluding that block length and occupancy of the block significantly affect the performance of
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the SMRG, while the TRMG performance is only influenced by the block length. However, the

RMGs seem to spend little time in the trolley and hoist movements.

Saanen and Valkengoed (2005). They compare four types of YC systems for automated
perpendicular terminals: single RMG, Cross-over RMG, Twin RMG. Y C control operates in two
ways: FIFO rule (handling the orders in the order of the order list as created) and “nearest neighbor
search”, a heuristic which aims to reduce empty travel distance. Every time a RMG finishes a
task, an order is chosen from the first five orders available in the order list, with its pick up location
closest to the current location of the RMG. With regard to the traffic, the study also analyzes two
scenarios, an average scenario and peak scenario, differing in the number of external truck moves
per hour (20 and 80 mph respectively). The inventory size is 70%. Results indicate that the twin
RMG is more productive, although the CAPEX and OPEX are also higher.

Choe et al. (2007) consider crane a deployment strategies for TRMG based on a local-search-
based real-time scheduling method in an automated container terminal, and conduct simulation

experiment in which their algorithm outperforms a heuristic-based method.

The single block twin-crane scheduling problem with both storage and retrieval jobs was also
investigated by Vis and Carlo (2010) developed a mathematical model to minimize the makespan
for both cranes. An algorithm to derive a lower bound for the makespan was then introduced and
a simulated annealingbased heuristic was proposed to solve the problem. Stahlbock and Vol
(2010) provide a simulation study of a DRMG system based on operational data from Container
Terminal Altenwerder (CTA) to investigate the effectiveness of different online algorithms for

the sequencing and scheduling of jobs at a storage block.

The crane scheduling problem for the innovative TriRMG is first regarded by Dorndorf and
Schneider (2010), who proposed a scheduling approach combined with a crane routing algorithm
to compare crane productivities measured during the simulation of an isolated yard block.

The review by Carteni and de Luca (2009) provide gantry crane operation times from other works,
as indicated in Table 1. However, the parameters used to characterize such distributions do not
depend on the block configuration, crane speed and acceleration, or cargo weight.

Yun and Choi (1999) exponential mean = 1.00 (min)
40’ loading :
mean = 6.00 (min)
40’ unloading :
mean = 4.00 (min)

Merkuryeva et al. (2000)

triangular s.d. = 0.41 (min)
mean = 1.55 (min)

Lee and Cho (2007) s.d. = 0.08 (min)
Bielli et al. (2006) deterministic mean = 1.50 (min)

Table 1. Gantry crane operation time distributions.
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Park et al. (2010) proposes a method of optimizing a stacking policy using a multi-objective
evolutionary algorithm (MOEA). Their stacking policy takes account of both the locations for the
incoming containers and those for temporary movement within the yard. Although details on the
simulation model are not provided, the authors show that the obtained Pareto set of stacking

policies provides satisfactory service levels on both the seaside and the landside.

Park et al. (2010b) also provide a realistic simulation model of an automated block of 40 bays
with twin RMGs. As soon an RMG finishes a job, the algorithm schedules a new job based on
two real-time methods for a given fixed-length look-ahead horizon: a heuristic-based and local-
search-based. In addition, rehandling operations are treated as independent jobs to reduce the
delay of the crane operations. Results show that AGVs and ETs waiting times are significantly
reduced due to the increased utilization of RMGs through cooperation. The probability of

interference of RMGs is also provided.
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o
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Figure 27. Interference probabilities of RMGs depending on the pickup/drop-off bay
locations. Bay 1 and Bay 41 are the seaside and landside ends of the block, respectively
(Park et al., 2010b).

Speer et al. (2011) develops a procedure to deploy twin ASC of the Container Terminal
Altenwerder (CTA) in Hamburg, Germany. Each block is composed 37 bays of 10 stacks and 5+1
tiers. They utilize a branch and bound algorithm to create the sequence of jobs for each crane,
minimizing delays for the jobs and the cycle times of the cranes. In addition to in-motion times
also other parts of the cycle time, as waiting and blocking times resulting from other cranes, are
taken into account in the scheduling approach.

The work by Kemme (2012) investigates the design of rail-mounted-gantry-crane systems. He
conducted a simulation to evaluate the effects on the yard and terminal performance of four rail-
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mounted-gantry-crane systems (single, twin, double, and triple crane) and 385 yard block layouts
differing in block length, width, and height. One of the conclusions of this work is the strong
relation found between the stacking height and the average waiting time of SCs for waterside
retrievals. This correlation is found for all crane systems. The triple crane system performs better
than its counterparts. Double and twin crane systems showed intermediate performances for most
layouts, and the single crane system performs worst. The performance of the two cranes system

improves as the block increases.

Works on the deployment of multiple cranes in parallel terminals can be found in Cao et al. (2008)
and Bohrer (2005), who present MIP models for a DRMG and RMG crane systems respectively.
In the second case, the author presents two models for crane scheduling and shows that the
problems are NP-hard in the strong sense; hence heuristic solution procedures are developed and

evaluated by numerical simulation.

2.4  Simulation

As indicated by Brinkman (2005), the design and planning of a container terminal depends on a
large number of constraints and boundary conditions like the area layout, the operational
requirements, or even legal restrictions that vary from on location to another. For this reason, each
container terminal requires an individual solution. To this respect, Dekker et al. (2006) indicated
that not only the performance but the design of container terminals can be drastically improved
through detailed simulation. As a consequence, during the last years advanced simulation-based
modelling is being extended to the terminal planning and design process, and hence detailed
simulation is also becoming more and more relevant in the literature. The main advantage of
simulation compared to traditional approaches is that models enable designers or planners to
investigate the subject in a cost-efficient way and allows for the consideration of the dynamics in
the system (Saanen, 2011). Vis and de Koster (2003), Steenken et al. (2004), Stahlbock and Vo
B (2008), and mainly Angeloudis and Bell (2011) are extensively cited studies that follow the

simulation approach.

Another good example can be found in Liu et al 2002 and Liu et al 2004. The authors consider a
single-berth facility, but their simulation model is very complete as it provides measurements
related to several performance indicators: QC throughput, average vessel turnaround time; yard
utilization, truck productivity, and YC productivity. In addition, they analyze the sensibility of
the performance indicators with respect to the input parameters (e.g. the type of handling

equipment used, the vehicle fleet size, or the layout of the terminal).

Numerical models also have restrictions; as indicated by Petering et al. (2009) most simulation
models on container terminals are limited, as are restricted to only one vessel at the same time

and to simulation periods in the order of one day. Their work, in addition to Petering and Murty
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(2009), overcome these limitations and provide a complete DES model to analyze the layout of
parallel multi-berth container terminals. However, it is often said that most common disadvantage
is that results generated through model simulation have a strong dependence on the experimental
setup. In reality, this fact strengthens the idea that, as terminal operations comprise a multitude of
highly interrelated processes, the complex interactions between the transport systems may have a
significant influence on the upstream and downstream processes. As a consequence, simulation
techniques are considered more suitable than optimization methodologies or analytical
formulation, as they easily introduce stochasticity in the analysis or reproduce intricate handling

procedures.

2.5 Energy expenditure
Although abundant literature analyzes the operational cost associated with yard operations and
some works include the fuel as part of the variable cost related to equipment deployment, little

work is found on the specific analysis of energy consumption.

Discussion on energy consumption and efficiency of container terminals at the strategic level is
found in Rijsenbrij, 2011; or Wijlhuizen, 2008, while more analysis may be found about the
overall electrical consumption of Terminals. For example, Thanh (2012) provides a method to
estimate the electrical usage and demand at container terminals, and provides values for the
electrical consumption of the handling equipment. However, the utilization of the terms “peak
demand” and “maximum demand” for cranes may be misleading, as the values shown differ

greatly.

At the operational level, the first contribution to energy consumption in container terminals is
found in Chang (2010), who focuses on the berth allocation and the quay crane assignment
problem by introducing a multi-objective function which was formulated as a programming

model and solved by a genetic algorithm.

Container weight was also considered by Hussein et al. (2012) so as to minimize fuel
consumption using a genetic algorithm in order to solve the so-called block relocation problem.
Later, Xin et al. (2013a, b and 2015) proposed several models to achieve optimal performance of
QC, AGV and ASCs, balancing the handling capacity and energy consumption. Although they
assume fixed travel distances for the equipment, especially for the ASCs, and therefore the setup

is somehow simplistic.

2.6 Objectives and methodology of the Thesis
As a general objective, this thesis aims to continue research topics related to the optimization of
the container terminal operations with the focus on the storage yard. As previously indicated, a

terminal yard is a complex subsystem that acts like a buffer for storage, handling and transport
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operations of import, export and transshipment flows. As in previous studies, this work takes into
consideration two different aspects of yard operations which constitute a primary concerns for
operators: the efficiency, by accounting the energy consumption of yard cranes, which is
intimately related to the OPEX, and the productivity, which indicates the quality of service of the
terminal as perceived by clients. Efficiency and productivity often come at the expense of the
other, therefore optimization often relies on decisions of strategic nature. Anyhow, both concepts
depend not only on productive movement stack and retrieve containers in a block, but also

secondary operations needed to rearrange containers, i.e.:

e Unproductive movements during retrieval of import and export containers,
o Inefficient handling of heavy containers,
o Inefficient housekeeping operations,

¢ Inefficient crane management, etc.

As it is obvious, operational inefficiencies may lead to significant cost increase and higher engine
emissions from yard equipment, and so this Thesis aims to characterize and quantify such

inefficiencies.

In addition to the efficiency and productivity of yard operations, a second general aspect has been
inferred from the review of the state of the art: as time passes and the literature tackles with
problems of increasing complexity, more sophisticated simulation models are adopted as study
approach. As a consequence, a second objective is to adopt a methodology of analysis based on
the realization of extensive numerical computations, for which two custom Discrete Event
Simulation (DES) models have been built from scratch in Matlab to reproduce the yard operations
in detail. In addition, as this Thesis belongs to the pilot program of the Industrial PhD, one of the
main objectives is to contribute to the development and the innovation of the industry. Hence, the
development of these two models can be used both for research and industrial purposes directly.

DES models have several advantages over optimization models frequently used in the literature
(Carteni and de Luca, 2009), i.e.:

o Allow a very high detailed and realistic representation of terminal processes and
characteristics, and make -computer-generated strategies/policies more understandable.

e Overcome mathematical limitations of optimization approaches, i.e. study the effects of
stochasticity in the analysis,

e Support decision makers in daily decision processes through assessment of “what if”

scenarios.

On the other hand, DES simulations usually require the characterization of large volumes of input

data, and therefore results are more sensitive to the experimental setup, and complicate the
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realization of sensitivity analyses. More details on the advantages of DES models can be found

in Section 3.1.
With all that in mind, more specific objectives of this Thesis are drawn next:

e In perpendicular semi-automated terminal, while introducing energy costs into the
analysis, two particular problems are studied with the focus on the optimization of yard
operations:

o First, the so called storage location assignment problem in stacking inbound and
outbound containers. An efficient stacking algorithm is introduced for deciding,
in real time, the optimal position in the corresponding block for each arriving
container in order to minimize the energy consumption of yard cranes and, at the
same time, maximize cranes’ productivity.

o Secondly, we study the optimization of the block size (in length and width) while
maintaining the height and total capacity.

¢ In parallel terminals, the influence of the time at which the space for outbound containers
in the yard template is reserved in a container terminal. Space reservation can be made at
any time with respect to the period during which outbound containers arrive to the
terminal by truck (delivery period). Containers arriving prior to/after the reservation are
allocated following an online/offline manner, respectively, inducing differences in the
yard template in terms of the number and size of clusters of containers bound to each
vessel.

e Transversally to the abovementioned objectives, one last objective is to assess the
influence of traffic volumes —and therefore yard occupation- Numerical simulations are
conducted on an import/export parallel terminal under two levels of yard occupancy in
order to evaluate each strategy.
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Chapter 3

Discrete Event Simulation Models for Terminal
Yards

The present chapter describes the two main DES models elaborated from scratch to reproduce the
parallel and perpendicular terminal layouts. The design of these models is one of the objectives
of the Thesis, as they are intended to serve as a tool to help supporting the yard design process or
optimizing operational procedures deployed in a terminal. This chapter is organized as follows:
first, a general description of the DES models and their main characteristics is given in Section
3.1; Section 3.2 describes the characteristics of the perpendicular terminal model, and finally the

parallel layout model is analyzed in Section 3.3.

3.1 DES models

Discrete-Event Simulation (DES) models reproduce the operation of a complex system as a

sequence of individual events in time. The logic beneath the model is that, at each time step, an
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event takes place and marks a change of state in the system (Figure 31). l.e., the arrival of a
container to the land transfer area of an ASC block triggers the operation of the land ASC, causing
the crane to move. Between two consecutive events, no changes in the system properties occur,

and so the simulation can directly jump in time from the previous event to the next one.

SYSTEM STATE

System
initialization

Random # Generator

Next Event Calculation State O (initial)

System
Update

State 1

Next Event Calculation

B e T L e e

Staten

End condition Summary of Statistics

Figure 28. DES model logic.

In addition to the logic of the simultaneous actions when system events occur, DESs include a

number of components of the two main DES models that are described next.
3.1.1 System state

The system state is the set of variables that gather information on the system properties. As this
information changes over time, state trajectories can be acquired and reproduced by a discrete
function whose values change in correspondence of discrete events. The most important system

state variables are:

e Containers
o0 Physical features (Flow type, weight, etc.)
0 Positions occupied along the block
0 Rehandles:
= Suffered along the lifecycle

= Height of the pile when the container is retrieved
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= Induced to other containers during retrieval processes
o0 Events: arrival to Transfer Areas (TAs), picked by the crane, dropped in a block,
rehandled, “housekept”, picked by the second crane, dropped in opposite TA.
o Movements:
= Type: productive and unproductive gantry, trolley, hoist/lower.
= Duration of each movement
= Energy associated to the realization of each movement by the crane
o Dwell time
e ASC/RTG cranes:
o0 Position occupied along the simulation
o0 Status (idle, busy, waiting for another crane to perform a task)
0 Workload (container list, time, etc.)

0 Operation being executed: stacking, delivery, housekeeping.

0 Buffers
o Ground slots:
= Number, type (import/export), height.
0 ASC dedicated areas, which coincide with the housekeeping bay limits (sea and
land)
o Bays
= Containers IDs
= Traffic type (import/export)
= QOccupation
e Berths:
o Position
o0 Occupation
o External Trucks:
o0 Type: import, export, dual
o Arrival time, exit time
e Vesssels:
0 Arrival and exit time

0 Number of containers of each type
3.1.2 Clock

Both models track the current simulation time, in units of seconds. At each time step, after the
system is updated, the time left for each pending task is computed. The next task to be completed
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is the one having the minimum pending time. Then again, the clock skips to the next event start

time as the simulation proceeds by an amount of time different for each step.
3.1.3 Events list

Simulation models make use of a list of simulation events. The two models are single-threaded,
with just one current event. Single threaded engines are simpler than multi-threaded engines
because they avoid synchronization problems between multiple current events. Simultaneous
events are avoided by artificially adding a small amount of time to the less urgent event of the
list, which helps the system not to skip them when the current event takes place and the system is

ready to advance to the next time step.

An event is described by the time at which it occurs and a code that will be used to identify and

simulate that event. The list of main events is provided next:

e Arrival of vessels to the terminal: when a vessel arrives to the terminal, the vessel
downloading process starts.

e Arrival of import/export/dual trucks: trucks arrive to the land transfer point to drop export
containers or retrieve import containers. As soon as a container arrives to the TP, it is
incorporated to the last position of the land ASC task list.

o Arrival of containers to the land/sea transfer areas: in parallel terminal, the containers are
placed at the berth location, whereas for perpendicular terminals, the containers are

dropped at the sea transfer point by straddle carriers at a given rate.

Sometimes events are pending, as they need previously simulated events to be completed before

they can be simulated themselves. Pending events are listed next:

o Vessel loading process: upon completion of the discharging process, the system is ready
to start delivering export containers to the sea TP for vessel loading.
e Crane movements: crane will start stacking or retrieving containers as soon as the task

list has containers in it.

Events can be also classified as instantaneous or not instantaneous. Activities that extend over
time are sometimes modeled as sequences of events, i.e. the crane movements when stacking a
container. Sometimes, the time of an event is specified as an interval, giving the start time and the

end time of each event. Crane translations due to interferences fall into this classification.

Typically, crane events are scheduled dynamically as the simulation advances. l.e., in the
perpendicular terminal model, the event “land crane gantry” at time t would, if the sea crane has
greater priority, include the creation of the subsequent event “translate” to occur at time t+s, where

s is a number generated by the calculation of new crane movement.
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3.1.4 Random-number generators

The simulation needs to generate random numbers in order to create model inputs with
stochasticity. This is accomplished by Matlab’s number generator. The use of a seed to generate
pseudo-random numbers (as opposed to true random numbers) allows the user to create and
replicate the same random number list, which is very helpful for debugging purposes, should a

simulation need a rerun with exactly the same behavior.
3.1.5 Initialization

One of the difficulties that need to be dealt with discrete-event simulation is the system
initialization. The objective is to obtain a steady-state situation that is representative of the real
phenomenon to be simulated. In this case, models overcome this issue by allowing the execution
to run enough time to reach the steady state. Starting from an empty terminal, new events schedule
additional events of the simulation, and as the simulation progresses, their time distribution

approaches the steady state, in which the terminal or block inventory size is stable.
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Figure 29. Example of the evolution of the inventory size during one simulation experiment.

In gathering results, events that occur before the steady state is reached are disregarded.
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3.1.6  Statistics

The simulation keeps track of the system's state with respect to time. In a simulation model,
performance metrics are obtained as averages over replications, that is, different runs of the

model.
3.1.7 Ending condition

The ending condition determines the end of the simulation. In this Thesis, the choice in both
models is “at time t”, where “t” is the desired duration of the simulation. The criterion to determine

the value of t is described in subsequent sections.

3.2 Perpendicular layout model: ASC block model
The perpendicular layout DES model is a fully user configurable model designed reproduce an
isolated yard block from a perpendicular terminal, operated by two non-crossable ASCs. Figure

33 illustrates an example of the yard block simulated by the model.
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Figure 30. ASC block model with import (green) and export (blue) containers. Sea (green) and land

(blue) cranes are depicted as horizontal bars.

The model does not include the simulation of other terminal processes occurring in the terminal
such as the land gates system, transfer vehicle system or QC system (Figure 24), although they
are indirectly considered and simplified in the model. As previously mentioned, this methodology
simplifies the simulation without loss of generality as, under normal circumstances, it can be
hypothesized that blocks can operate independently from one another. This approach is also found
in Saanen et al. (2005), Speer et al. (2011) or Xin et al., (2015) and it is justified since slot
assignment algorithms are applied within a storage block due to the assumption that the block is

already chosen.

The DES model of the block is coded in Matlab. The program has the capability of reproducing
in detail different simultaneous operations, including the complete lifecycle of containers being
stacked or retrieved. As previously indicated, both import and export flows take place at the same

time.
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It is worth noticing that stochastic distributions are utilized to generate traffic inputs for the model.
This way, random properties that characterize traffic can be reproduced in the model using
statistical distributions and event generators. When doing so, for simplicity events in the model
take values of entire seconds. Examples of stochastic generated variables in the model are external
truck arrivals, vessel berthing events, or ASC operations already in progress such as the spreader

positioning on top of the container by the crane operator.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Land Gates ASC Simulation '| Transfervehicles QC Simulation
Simulation Model | Model (twin RMG) '| Simulation Model - Model

Truck t i ! ' aE

priority rules

Slot assignment
algorithms

Figure 31.Semi automated container terminal simulation model scheme.

3.2.1 ASC block characteristics

The block is fully configurable, and can be modeled with standard 20feet or 40feet slots. The
block total length, width, and height results from the user configurable variables, which are

indicated next:

e Dimensions:
0 Length: number of bays, slot size for each bay (20feet or 40feet), and longitudinal
spacing
o0 Width: number of stacks per bay, and transversal spacing.
0 Height: number of tiers

e Minimum working spacing between two ASCs (by default, 2 TEUs or 20-foot containers)
3.2.2 Transfer areas or transfer points

Differentiated import and export two-container-high transfer areas are located at the sea end of
the block to allow the interchange of containers between the straddle carriers and the ASC cranes,
whereas a simple transfer area at the land side allows for the interchange between the land ASC

and the ETs. The number of lanes per TA can be configured by the user.

3.2.3 ASC modelization

The ASCs are modeled as entities that move back and forth along the block, either “laden”

(carrying a container) or “empty”. Upon container arrival to the transfer area, the ASC places the
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container’s ID on the last position of its workload. Once all previous tasks have been completed
in the order of arrival (FIFO rule), the ASC crane calculates the stacking cycle for that container
according to one of the stacking algorithms described in subsequent sections. Before taking
action, the system calculates each individual movement of the cycle taking into account not only
the speed but also the periods of acceleration and deceleration. The values of speed and
acceleration used in the simulation are obtained from a commercial make of ASCs; with the speed
being a function of the container weight. Also, the weights of the crane itself and its moving parts
are obtained from real ASCs (see Section A.1.1).

Delivery operations are triggered either by the arrival of import trucks or the loading sequence of
a vessel. If reshuffling movements are necessary to retrieve a container, the energy consumption
is used as criterion to relocate the containers above within the same bay. Export containers to be
loaded onto a vessel are stacked in uniform piles to minimize the secondary movements during
the ship loading operation.

ASC user-defined characteristics are listed next:

e Crane movements
0 Speed at both fully laden condition and empty for gantry, trolley and hoist
movements.
0 Acceleration at both fully laden condition and empty for gantry, trolley and hoist
movements.
e Weights of the moving parts associated to each type of movement: total ASC weight for

gantry, spreader weight for hoist, and spreader plus cabin weight for trolley.

Dimensions of the crane are automatically calculated taking into account the height and width of
the block in which the ASC is located. As for the fine positioning of the spreader, a Poisson

random generator is utilized with the values indicted in the next table:

. Poisson’s A Standard deviation
Spreader Positioning Parameter (secs) (secs)
Sea side TP 10.0 3.17
Land side TP 30.0 5.50
Yard block 7.0 2.66

Table 2. Values of the . Parameter (in seconds) used to generate values for the fine

positioning of the spreader.
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Figure 32. Positions occupied by an Export Container during its transit along the block.

3.2.4 Stacking algorithms

Different stacking algorithms are implemented to operate the ASCs. These algorithms are

described next:
3.2.4.1 Logic stacking assignment (LSA)

The logic stacking assignment algorithm, currently used in a container terminal, is used to stack
import and export containers by evaluating all the candidate slots according to several quality

criteria.

The categorization of the candidate slots considers three different levels of quality. Thus, provided

the ground slot under evaluation pertains to the desired import/export category (otherwise the slot
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is directly disregarded), the height of the stack and bay occupancy are used to classify the slots
into three quality levels: high, medium and low (H, M, and L, hereinafter). The thresholds of stack
height and bay occupancy are not provided as this information is confidential. Candidate slots of
greater quality (H > M > L) are preferred over those of lower quality. In case no ground slots
qualify as H quality, the algorithm will search among those with quality M, and so on. Among
candidates of the same quality, preference is given to the ground slots closer to the transfer point

(landside for imports and waterside for exports).
3.2.4.2 Random stacking assignment (RSA)

In random stacking there is no preference for particular places, and it is used to spread containers
evenly over the block. Basically, and as it is stated in Dekker (2006), new containers will be
placed at a randomly chosen allocation in which each candidate location has an identical

probability of being chosen.
3.2.4.3 Pseudo Random stacking assignment (PRSA)

A different version of the random stacking algorithm is also evaluated in which a previous
classification of containers is made assigning them into piles according to category groups. Thus,
upon container arrival, the PRSA gives preference to slots located on piles of the same category
as the new container and then it is placed at a randomly selected location among the candidates.
Piles of a different category are only considered when no piles of the same category are found.
This algorithm has been also used in the real terminal to evaluate and compare the performance
of the LSA.

3.2.5 Housekeeping algorithms

Housekeeping is a common practice in container terminals, and consists on the execution of
additional ASC movements to improve the quality of the block piles. The goal is to relocate
containers as close as possible to the transfer areas to enhance faster retrieval movements,
especially for vessel loading. As these operations have no priority over regular stacking or
retrieval of containers, they can only take place only when an ASC is idle. By default, two types

of housekeeping movements are implemented in the model:

« Prior housekeeping movements: when a container is known to be retrieved in the near

future (30 min for import containers and 24h for export containers).

» Non-prior housekeeping movements: for containers whose retrieval time is not

known yet.

Import and export housekeeping movements can be indistinctly executed by both cranes. Hence,
every time an ASC becomes idle, the system randomly searches into the import/export worklists

taking into account the priority rules indicated above. A container in the list with priority is
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randomly selected, and its new position in the block determined using the same stacking
algorithm. However, a minimum leap of 6 slots is required by the model to consider worth the
execution of a housekeeping movement. In addition, no housekeeping movements are allowed
for containers belonging to the 8 bays located nearest to the final TP. When the terminal gates are
open (7:00 to 21:00) priority is given to import operations, whereas export operations are left for
the night shift. In addition, export containers bound to a vessel are also given priority if the

vessel’s arrival is due within the following 24 hours.

As with other procedures, housekeeping can be configured by the user too by simply modifying

the input parameters:
« Stacking algorithm (random, random with container grouping, user defined)
e Minimum leap length of housekeeping movements
» Bay limits (areas in which containers cannot be relocated anymore)
» Priority time intervals for import and export containers.
3.2.6 Crane interference

As the two cranes move simultaneously to perform stack or retrieval operations, interference may
take place at any location along the block. In order to avoid such scenarios, the complete ASC
stacking or delivery operations are calculated before the actual crane movements take place to
detect whether the crane trajectories intersect or approach in excess. A complex algorithm
manages the different intersection scenarios based on heuristic rules and decides whether, for
instance, an idle ASC simply recedes just enough to allow the other crane accessing the position

in conflict.

However, when the two cranes have tasks to complete, priority is given to the sea ASC to provide
the fastest possible service to the vessel, unless the land ASC has initiated a task before the sea
ASC initiates the next.
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Figure 33. Example of the resolution of a conflict between ASCs. The trajectory of the land ASC
(blue line) experiences a delay at bay 31 to allow the sea ASC (green line) to stack a container on
bay 36.

3.2.7 Model assumptions and limitations

In this section, the most important model limitations are summarized. First of all, only one yard
block is modelled. Hence, interdependencies between this block and other processes of the storage
yard are neglected. Secondly, QCs and horizontal MHE are not explicitly modelled. As indicated
in section 3.2, it is assumed that the processes taking place at the interfaces of these subsystems
are deterministic, and that a sufficient number of transport equipment is always available, so that
no waiting times for the ASCs are induced due to late arrivals of SCs. As a consequence, usual
performance indicators like the Gross Crane Rate (GCR) cannot be obtained, and therefore

productivity will be assessed by means of ASC throughput rates.

Only 20feet containers are utilized, disregarding 40feet units for simplicity. Containers of other
sizes (45feet long, foldable, etc.) and boxes for special goods (refrigerated goods, liquids,
dangerous goods, etc.), are normally accountable for a limited amount of the total container traffic

volume.
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3.3 Parallel terminal model

The parallel terminal model is a fully user configurable model designed to reproduce a yard
terminal in the same fashion as that depicted in Figure 22. All blocks in the terminal are modeled
as having the same dimensions, which are ultimately given by the number of standard 20feet slots
in length, width, and height. As in Section 3.2, container spacing needs to be defined both in
longitudinal and transversal directions. In addition, the parallel layout will need the width of the

vertical and horizontal aisles, as well as the width of the operations area.
3.3.1 Transfer points

Transfer lanes of one standard 20 feet slot width are located at the sea side of the blocks to allow
the interchange of containers between the ETs and the RTG cranes. This free lane is dedicated to
the ETs to carry out the maneuvering and wait for the crane to interchange the containers, as
depicted in Figure 34.

i
L

Figure 34. Example of a RTG in a 6 stack and 5+1 tiers block.

3.3.2 Operational strategies

Following the two stage approach for allocating containers in the yard, several different
operational strategies can be selected by the user in order to solve the block allocation problem

and the slot allocation problem, as indicated next.
3.3.2.1 Block allocation problem

As previously indicated, the block allocation calculates the amount of space needed in the yard,
as well as the exact stacking positions to be occupied by the containers. The strategy can be
configured to select the time at which space for a vessel is reserved with respect to the moment
containers start arriving to the terminal. The main criterion to allocate containers is the

minimization of the distance to the berth, enforcing the Nearest Location principle. By default,
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the import allocation is configured to take place upon vessel arrival to the port, and so the
algorithm also takes into account the Y C workload as second criterion to evaluate candidate stacks
in the yard. The user can also configure the weight given to each criterion, which by default is set

equal to 0.5.
3.3.2.2 Slot allocation problem

Since the BAP consigns entire sub-blocks to containers that will be allocated in the future, the
system will need to evaluate all the candidate stacks so as to determine the best position to allocate
an incoming container. The way the model handles this problem is by adopting a strategic
decision: the system shall stack containers in a way that each bays in the sub-block shall match

the so-called ideal bay configuration, which is different for import and export containers.

For import containers, the user may choose whether departure information is known or not. If the
answer is yes, the system will prevent new containers to be stacked on top of older containers.
However, if no departure information is available, the system will evaluate the quality of the
stacks taking into consideration the amount of time the containers in that pile have spent in the
yard. In addition, as import containers are downloaded sequentially from the vessel in a limited
amount of time, the YC workload is taken into account to evaluate the quality of each pile. The
system will then estimate what YC is more likely to serve a stack based on the current position.
Finally, for each candidate stack, both criteria are non-dimensionalized and summoned according

to equation (Equation 22. The best scoring candidate according to that equation will receive the

container.
s,=qWt.—Ei | ep. WD (Equation 1)
max(WL) max(WD)
Where:
e i =subindex denoting the candidate stack, 1 <i<n,withn=B xS

e B =number of bays

e S = number of stacks

e S;=score assigned to each candidate stack

o WL =workload of the crane assigned to that stack

e WD = weight class difference between the container and the candidate stack

e ", gq"P = weights assigned to each criteria, satisfying the following condition:

gWl-+q? =1 (Equation 2)

For export containers, weight information is used by the system to determine in real time the

weight difference between the available stacks of each candidate bay. Among the stacks with a
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smallest weight difference, the system will choose the candidate whose location is closest to the
vessel berth. Weight differences are computed utilizing a simple ideal bay configuration (see
Figure 3). In this bay, since nine diagonals can be drawn in a 6x4 matrix, containers are classified
from 1 to 9 according to their weight class. Ideally, the system will try to stack an export
containers in a bay slot that matches perfectly its weight class; when not possible, the position
that minimizes the absolute difference of weight classes is sought. This diagonal arrangement has
several advantages (Chen and Langevin, 2009): it reduces the handling effort associated with
unproductive movements during ship loading sequence, because containers can be retrieved
sequentially from the heaviest to the lightest, and containers on the left are retrieved earlier, which
eases future YC retrieval operations of containers placed on the right. Additionally, less energy
expenditure associated to heavier containers is needed with respect other ideal arrangements, as
more stacking positions are available at the time of stacking. In the end, heavier containers tend

to be close to their ideal position.

5
5| 4

514 |3 |2 1
Figure 35. Ideal bay configuration. Container weight classification goes from 1 (lightest) to 9

5| 4
4 | 3
3|2

(heaviest).

3.3.2.3 Retrieval procedures

The retrieval of import and export containers differs in many ways. In the first case, ET arrive to
the terminal and request an import container, and the order is transferred to a YC. The specific
YC is selected according to its proximity to the stack, and also the YCs workload. In this case, it
is assumed the arrival time of ETs is not known, and so rehandling is a common practice when
the container position is not at the top of the pile. As for export containers, the retrieval process
follows the loading plan, and so containers in a bay are retrieved in order of weight, with heavier

containers being retrieved first.
3.3.3 Terminal equipment
3.3.3.1 RTG modelization

Parallel terminals usually deploy several YCs per row of blocks. In this case, the model can be
user-configured so as to select the desired number of RTGs. As before, RTGs are modeled as
entities that move back and forth along the block, either “laden” (carrying a container) or “empty”.
The YC stack and retrieval operations are calculated similarly to the perpendicular DES model
described in section 4.2. When an ET or IT arrive to the side transfer lane of a block to either

delivery of retrieve a container, the RTG calculates the stacking or retrieval cycle for the container
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according to one of the algorithms described in subsequent sections. The model calculates each
individual movement of the cycle taking into account not only the speed but also their periods of
acceleration and deceleration. The values of speed and acceleration used in the simulation are
obtained from a commercial make of RTGs. Again, the value of the speed is a function of the

container weight. The weight of the crane and its moving parts are specified by the user.

As for the retrieval of containers from the blocks, whenever rehandling is required the system will
seek a solution always within the same bay, for which enough space must be left empty in the
bays to allow these operations. The system will calculate the energy consumption and the time
needed for each container being relocated as criteria to select among the best candidate stacks,
and repeat this process as many times as needed until the desired container can be finally
delivered. Export containers to be loaded onto a vessel are stacked in uniform piles to minimize

the secondary movements during the ship loading operation.
3.3.3.2 RTG control

For simplicity, in this case the movement of YCs is not simulated as discrete events. Instead,
movements are directly executed as soon as an ET arrives to the transfer lane. This approach is
different from the parallel terminal DES model, but can be also found in other studies of parallel
terminals such as Dekker et al. (2006) or Lee and Kim (2013). As YC events are driven by the
continuous arrival of trucks to the block transfer lanes, the system assumes that one YC will be
immediately stack or retrieve interchange a containers between the block and the truck. The first
consequence is that tasks are handled by YCs on a FIFO (First In, First Out) basis. More
sophisticated policies than the FIFO rule are implemented in practice to optimize travel times,
which may even lead to different distribution of containers in the yard when YCs position is
considered in the allocation. In this case, the order of the tasks in the YC workload cannot be
managed with respect to time, hence the operational costs deriving from YC movements along
the blocks may be considered as an upper bound limit of YC performance under the proposed YC
management policies. However, since no maximization of the YC productivity is attempted, the
workload split among the YCs and their performance does not constitute a constraint to the

system.

The second consequence is that no control is implemented in the model to handle YC interference.
In general, interference among Y Cs highly depends on the efficiency of the operating algorithm,
but in the parallel layout interference is not considered critical, as opposed to that in the
perpendicular layout. As this model aims at supporting the yard design process and the quality of
the yard template as a function of the container clustering, interference among YCs is assumed to

be negligible.
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3.3.3.3 YC performance

As a consequence of the lack of YC control, it is not possible for the model to assess YC waiting

time or throughput rates, and so the YC quality of service cannot be measured directly.

However, the model is capable of measuring the size of the workload of each YC at any given
time as the number of jobs assigned to any YC in the last hour. If the workload surpasses 25
movements per hour (mph), which is a usual value in the industry, the system will consider that
YC overloaded until the number of assignments fall below the threshold. As crane overload will
produce waiting times for the pending assignments, it can be considered as an indirect measure
of the quality of service. A similar approach is followed by Dekker et al. (2006), who determined
ASC workloads every quarter of an hour as the proportion of time the ASC are busy. Their
simulation program allows workloads to exceed the capacity, i.e., workloads of more than 900 s
per quarter. Likewise, the purpose of the parallel model setup is the evaluation of the stacking
algorithm, and not on ASC scheduling; hence, these overloads are allowed and considered as one

of the criteria to indirectly measure the performance of the algorithm.

Provided the number of YCs is sufficient to handle the yard operations, the system will produce
no overloads if container clusters are well distributed over the yard, whereas a poor distribution
will result in unequal distribution of tasks among the Y Cs and consequently, overloads. Whenever
overload occurs, the terminal is considered to be capable of assuming the delays resulting from

YC overload.

The model will also evaluate YC performance by calculating the electric consumption associated
to crane movements. To this matter, the amount of gantry travel will be determined by the
distribution of container clusters, which is given by the reservation strategy adopted to solve the
BAP. As for the operational cost associated to hoisting, it will be determined by the strategy
adopted to solve the slot allocation problem, as indicated in Section 4.3.3.2.
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Figure 36. Example of the distribution of containers in the yard layout. Bays allocated to one vessel

are highlighted in green. The height of the stem represents the bay occupation.

In any case, in addition to gantry travel, the model will measure the quality of the yard distribution
be directly by accounting the number of sub-blocks and their size (measured as the number of

bays and containers per sub-block).
In addition, the following assumptions are made regarding the YCs:

1) YCs are not explicitly dedicated to one QC nor a vessel or flow (imp/exp), allowing the
provision of service to operations of different kind if that fits better the terminal needs.
Likely, terminal blocks are not dedicated to a single (import or export) type of traffic.

2) Asaconsequence of the previous, crane overload is measured as the number of containers
assigned to the YCs with respect to a time window of one hour duration. When the
workload is greater than 25 mph, the YC is considered to surpass its theoretical
throughput, and thus the crane is said to be overloaded for as long as the arrival rate of
new containers assigned to that crane does not make that value fall below the threshold.

3) The evaluation of the rehandling effort under this approach is also possible by quantifying
the number of containers piled on top of the container being delivered. Reshuffles are

done within the same bay relocating the containers back on the original stack.

3.3.3.4 Yard Tractors
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Yard Tractors are not simulated in detail as they are not considered the bottleneck of the yard
system. Borgman et al. (2010) and many other studies utilize a similar approach considering that
one YT is always available every time a container needs to be transported from the quay to the
yard and vice versa. This simplification eases the simulation computational effort and has no

influence on the evaluation of the way containers are distributed among the blocks.

YTs and also ETs travel through vertical and horizontal aisles to transport containers in single
cycle mode, carrying a CT and back empty. YTs are allowed to circulate freely among the blocks
in a clockwise direction, whereas External Trucks travel counterclockwise, and their vertical
displacements are confined to the left and rightmost aisles of the terminal. This scheme results in
unidirectional flows in horizontal aisles and bidirectional flows in vertical aisles, which are the
most popular in real-world container terminals. No traffic interferences among the yard equipment

are simulated.

Similar to the YCs, the performance of the reservation algorithms is measured for the YTs in
terms of the operational costs, which are considered as proportional to the sum of the distance

travelled between the berths and the bay for all the vessel loading/unloading operations.
3.3.3.5 Quay cranes

In order to provide efficient service to the vessel, quay cranes are assumed to work without
downtimes during the vessel loading and unloading operations, delivering 25 containers/hour.
Along with the arrival of pattern of containers to the sea side, this value is used to characterize

the rates at which SCs arrive to the sea TP to interchange containers with the YC.
3.3.4 Model assumptions and limitations

In this section, the most important model limitations are summarized. First of all, YCs are not
discrete event simulated. This assumption is based on the hypothesis that crane interference is
small. The second consequence is that no control is implemented in the model to handle YC

interference.

As in the Perpendicular Terminal Model, QCs are not explicitly modelled here. It is assumed that
the pace at which QCs deliver and pick up containers are deterministic, and also that a sufficient
number of YTs is always available, so that no late arrivals can induce waiting times for the YCs.
As a consequence, the performance indicators of productivity used in the analysis will be the

Vessel Service Time, the Container Exit Time, and the YCs throughput rate.

As before, only 20feet containers are utilized, disregarding 40feet units for simplicity. Containers
of other sizes (45feet long, foldable, etc.) and boxes for special goods (refrigerated goods, liquids,
dangerous goods, etc.), are normally accountable for a limited amount of the total container traffic

volume.
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Chapter 4

An Efficient Stacking Strategy for Perpendicular
Terminals

4.1 Introduction

Modern container terminals rely on the so-called Terminal Operating Systems to manage and
monitor activities within the terminal premises in an automatic way. These systems provide a set
of computerized procedures to help the MHE managing the cargo. In this context, slot allocation
strategies are coded in algorithms and then built into TOSs to calculate the optimal position of
incoming containers in the yard and increase storage productivity and density. As container traffic
keeps growing and yard occupancy increases, some negative effects on the YC performance arise.
Higher stacks increase the incidence of rehandling movements, hence decreasing the productivity

(operating costs) and efficiency (delays) of the handling process.

The nature of the location assignment problem is both combinatorial and dynamic. Decisions
must consider the procedures to empty the stacks or place reshuffled containers, combined with
the original placement operation. As is shown in the literature, storage location assignments differ
from import and export flows and for conventional and automated container terminals; therefore

several types of stacking strategies are observed.

Regarding the type of flow, export containers are usually stacked according to groups specified
in the outline of the vessel loading plan. From that moment on, incoming containers are stacked
in the block in piles of uniform category. The final loading plan will indicate the specific sequence
of containers to be loaded in the ship and so rehandling may occur when containers listed onward
in the loading plan are piled higher than the container being retrieved. For import containers, truck
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arrival time and thus container departure time are unknown at the moment of stacking, hence

rehandling is more frequent than for export containers.

From an energy cost perspective, unproductive movements during retrieval of import containers
and inefficient handling of heavy containers are some of the most significant causes of operational

inefficiency, which leads to dramatic cost increases and higher engine emissions from yard cranes.
In such context, stacking

The remainder of this chapter is organized as follows: section 4.2 analyzes previous storage
strategies. Section 4.3 introduces a new strategy and its operating procedure. Next, Section 4.4
presents the DES model used to simulate the operations in a perpendicular block. Results and
discussion is provided in Section 4.5, while Section 4.6 provides conclusions of the work and

guidelines for future research.

4.2 Overview

Research topics on operations efficiency by means of optimization methods and operations
models, such as storage and stacking logistics, has been a major trend in the last years. The
problem approach usually varies depending on the type of flow (import/export) and also the type
of terminal (parallel/perpendicular). In addition, some researchers consider the allocation problem
for one bay, whereas a more general approach gives considers allocation of each container in a

whole subset of blocks previously reserved as a solution to the BAP.

For outbound containers, Kang et al. (2006) considered the problem of export containers with
uncertain weight information, and solved the allocation problem in a single bay by applying a
simulated annealing algorithm for finding a good stacking strategy. When dealing with the
allocation in a subset of bays, most of the literature focuses on transshipment terminal, in which
the arrival time of export containers is known and thus a solution can be found for each of the
planning periods. l.e., Wan et al. (2009) also studied the allocation problem in a bay for export
containers, but their approach can also handle the location problem for blocks. Following the
same research line, Park et al. (2011) proposed an online search algorithm which dynamically
adjusts the stacking policy represented as a vector of weight values for automated container
terminals. They support the fact that online search is a good option in dynamic settings where

there is not enough time for computation before taking actions.

For inbound containers, the study of rehandling problem for import containers, was firstly
analyzed by Castilho and Daganzo (1993). They developed a method for estimating the expected
number of moves required to remove a single container from a bay, and also extend the formula
for estimating the expected number of moves needed to retrieve several containers from a group

of bays. For the second, two different realistic operating strategies are used to stack import
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containers: non-segregation and segregation strategies. Under the second strategy, containers
from different ships are separated in the stacks. Kim (1997) also proposed an exact procedure and
a regression analysis to calculate the expected number of unproductive moves to retrieve a
container from a bay in a random way. Later, Kim and Kim (1999) analyzed the effect of constant,
cyclic, and dynamic arrival rates of import containers to a block. A segregation strategy is used

to find the optimum stacking height that minimizes rehandling.

With respect to automated container terminals, several studies investigate segregation strategies.
Duinkerken (2001) Dekker et al. (2006) and Borgman (2010) evaluated different stacking
strategies in the EDT Terminal. They conclude that, if container departure time is known at the

time of stacking, segregation strategies are more efficient.

With respect to the particular topic of energy consumption, as indicated in Section 2.5, little work
is found in the literature, none of which is related to the slot allocation problem. Hussein et al.,
(2012) consider the container weight to minimize fuel consumption in order to solve the so called
block relocation problem for container retrieval within a bay. Xin et al. (2013, 2013b and 2015)
investigate the energy expenditure in a simplified way, as a first step to introduce this issue in the

operational research literature.

In contrast, the objective of this work is to develop a stacking algorithm to improve the energy
efficiency and the productivity of yard cranes, for which a detailed energy consumption model is
introduced to fill the gap existing in the literature. The previous studies just consider as an
objective the minimization of the number of rehandlings but none of them consider the energy

efficiency of handling processes.

In addition, literature usually pays little attention to the performance of stacking algorithms with
respect to block occupation. In the long run, yard occupancy is determined by the inflow and
outflow of containers, which in turn are forced by the inter-arrival patterns of containerships and
external trucks and the container dwell times for import and export trucks, respectively. The
greater the number of containers in a block, the more restricted the container stacking operation,
and the more inefficiencies (i.e. re-handles) expected in the retrieval process. Thus, a secondary
objective of this Thesis is to evaluate the role of block occupancy in the ASCs performance, and
to assess the sensibility of the proposed stacking algorithm to the yard occupancy with regards

the benchmarking algorithm.

4.3 An Efficient Storage Stacking Algorithm
This section describes an Efficient Storage Stacking Algorithm (ESSA) to minimize energy
consumption and unproductive movements of all those stacking processes which take place in the

storage yard when an import container arrives at the block yard.
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Let’s assume an export container has arrived to the TP and the land ASC is ready to stack it in the
block. The next step is to identify all the candidate slot positions to receive the incoming container
when the stacking crane is ready to initiate this task. The identification of candidate stacks
requires the searching algorithm to disregard stacks or even bays based on a number of safety and
operating reasons. The following restrictions, which commonly used in the industry, will be taken

into account:

o Containers of different size, weight category and/or type of cargo cannot be mixed
together in the same stack (often referred to as container grouping).

o Refrigerated containers must be placed together in a reserved area and dangerous goods
must follow safety rules in the storage yard.

e Import and export containers are not stacked on the same stacks/bays to prevent
incurrence of rehandling jobs.

e Bay capacity and stacking height is limited to allow reshuffles to take place within the
same bay.

In addition to the above-mentioned criteria, the candidate slot selection procedure will also take

into account the stack and bay occupation, and pile composition, as illustrated in Figure 39.

Once all the candidate slots are identified, the ESSA algorithm proceeds to evaluate the slot
quality according to the objectives of the ESSA algorithm. The scoring process requires
evaluating the pick-up and drop-off processes for any incoming container in all the candidate slot

positions available at the job starting time, as described next.
4.3.1 Efficient stacking algorithm sequence

The ASC duty cycle can be divided into two main different processes or operations: stacking and
retrieval. In order to estimate the energy consumption and the time needed for a container to
complete its transit along the block, the ESSA takes into account both stacking and retrieval
operations when selecting the candidate slot. This approach is innovative compared to other
scheduling algorithms found in the literature, as they in general they focus on the minimization

of stacking times only.

Thus, at the time of stacking a new container, the ESSA evaluates each candidate slot by
characterizing the energy consumption and the time needed to complete the transit of that
container along the block. As previously indicated, a container typically experiences one stacking
operation, one retrieval, and a different number of intermediate housekeeping movements, and
each of this movements are characterized in a different way. The stacking algorithm procedure
executed after each container arrival is indicated in section 4.3.3.
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43.1.1 Stacking

When an ASC is about to start the stacking operation of a new container, all the information
needed by the system is available (ASCs position and workload, block layout, etc.) or can be
readily calculated (such as crane interference). As a consequence, the ESSA can accurately
characterize the energy consumption for both cranes and duration of the stacking operation for

each candidate pile to receive the container.
4.3.1.2 Retrieval

Contrarily, the retrieval process will take place in the future; since the arrival and departure of
containers change the configuration of the block continuously, retrieval cannot be defined
accurately at the stacking time. As explained next, hypothetical housekeeping operations are not
considered in the analysis for simplicity, and therefore the ESSA assumes that any container will
be retrieved from the position where the container was originally stacked in the block. As a
consequence, the ESSA algorithm calculates the movement of the ASCs considering the

probability of the cranes to be located at any particular bay of the block.

e Sea ASC
e and ASC

35 —— Polindmica (Sea ASC)

Polinémica (Land ASC)
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Figure 37. Probability of finding the sea (green) and land (blue) ASCs in the block bays.

The probability distribution of the ASCs is depicted in Figure 37. Both probability distributions
fit well to polynomial curves, which are used to calculate the retrieval times and energy
consumption at the time of stacking, including the possibility of interference. As is readily

apparent, the location of import and export containers can be inferred by the peaks and troughs of
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the curves at complementary bays. The fact these peaks exist indicates that bays don’t easily
change from one type of traffic (import to export) to another. As a consequence, results may show
a great degree of dependence on the initial block setup, and so several initial states must be

simulated to eliminate that effect from the final results.
4.3.1.3 Housekeeping

Finally, with respect to housekeeping, no consideration is given to this type of operation, as the
complexity of estimating these operations at stacking time are paramount. The estimation of
housekeeping movements, provided they could be useful to improve the performance of the
ESSA, is left for future research. However, a methodology is suggested in Appendix B that may

be used as guideline for the development of such procedure.
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Figure 38. Selection process and scoring method through ESSA algorithm to determinate the target

slot (slot assignment).
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Contrarily, housekeeping and retrieval processes take place much further in time, and cannot be
accurately defined at stacking time since the block yard will continue to change due to the

continuous arrival and retrieval of containers.
4.3.2 Scoring formula

In this section the scoring formula which allows choosing the best candidate location to stack the
incoming container is introduced. The main criteria to choose the target slot is, on one hand,
minimizing energy consumption and, on the other hand, maximizing ASC productivity. Then,

each candidate slot (Q;,j € {1,n}) will be scored according to the following expression:

E ti
z ¥4
where:
. Min [(ej)] (Equation
4= (ej) 4)
q° = Min [(tj_l)] (Equation
! ;™ 5)

In this case, e; (energy consumption) is calculated according to the Potential Energy Consumption
Model described in Section 3.5 with respect to ¢; (ASC productivity) it will be calculated by

implementing Equation 7 and Equation 8. The variable w? is the weight associated to each criteria,

that is energy consumption (z=e) or ASC productivity (z=p).
Finally, the selected slot (j*) will be the one satisfying the next expression:

j* = argmin;{Q;(e, p)} (Equation 6)
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Figure 39. Storing/stacking operational framework of ASCs at the block yard
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The following notations are used in describing the stacking algorithm procedure:
i: ASC sub index in the block yard (ASC tag)

j: Candidate slots sub index (j € {1, n}, n is the total number of candidates). Result from the
selection process of Figure 38 (Slot tag).

[k]: Indicates the type of procedure which is being proceed: pick up ([a], [c]), drop-off ([b],
[d]), rehandling move ([r]) or crane conflict move and repositioning ([cc])

AX[

for candidate slot j.

kjlasc, Gantry crane distance alongside axis “x” run by ASC; during procedure [k] and
Ay[kj]ASCi: Spreader distance alongside axis “y” run by ASC; during procedure [K] and for

candidate slot j.
Az; . Hoisting/lowering distance alongside axis “z” run by ASC; during procedure [K]

and for candidate slot j.

kilasc;

Zywn: ASC working height (m).

(X2sc, Yasc;» Zasc,): Initial coordinate position of ASC; (i=1,2) before starting pickup
process during storing/stacking procedure (at time to).

(XAsc, Yasc;» Zasc,): Initial coordinate position of ASC; (i=1,2) before starting pickup
process during repositioning procedure or crane conflict solving movement (at time t;).

(XZsc, Yasc;» Zasc,): Initial coordinate position of ASC;, (i € {1,2}) before starting pickup
process during retrieval procedure (at time t).

(Xesj» Yes ;2 Zes;): Coordinates of the candidate slot j, j € {1,n}.

(Xas) Yas, Z4s) - Coordinates of the auxiliary slot used for repositioning

(er,-' Vs er,-)i Coordinates of the slot which receives a rehandled container from slot j,
j € {1,n}.

(Xwrp, Ywre, Z1rp) - Coordinates of the waterside transfer point

(Xirp, Yirp, Zirp) - Coordinates of the landside transfer point.

To sum up, Figure 41 shows the different processes included in the evaluation process of each
candidate slot are depicted schematically.
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Figure 41. Pickup and drop off schematic procedures in the block yard. Crane conflict movements

and reposition procedures.

4.3.3 Algorithm sequencing for ASC

The algorithm sequencing is given by the following steps:
Step 1: Select the total number of candidate slots (n) from selection procedure (Figure 38).

Step 2: For each candidate slot assign a sub-index j,j € {1,n} (onwards from waterside to
landside and from left to right side) and determine its location coordinates (Xcsj, ch,-'chj)-

Step 3: Determine the waterside transfer point position where new incoming container is
placed (Xyrp, Ywrp, Z1p)-

Step 4: Update the ASC; tasks list and determine the coordinate position(X2sc,, Yasc,» Z8sc;)

at that time (¢,) just before starting new incoming job (an import container is being picked up
from the waterside transfer point).

Step 5: Calculate the rectilinear distance from WTP to initial position of ASC, (pick up
procedure [a]) as:

— |y0 —_ |yo i
Ax[aj] o |XASC2 - XWTPl Ay[aj]ASCZ = |YAsc2 - YWTP| Az[aj] (Equation 7)

ASC,

= |ZWh - ZWTPI

It should be notice that this distance is the same for all those candidate slots since the pickup
procedure just depends on the initial position of ASC, (ASC task responsible) and the
waterside transfer point position.
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Step 6: Calculate energy consumption required by ASC, to perform task [a],e[aj], by using the
results from step 5 and expressions (X-Y). That is:

_ _ (Equation
Claj) = e[af]Ascz = (Ax[af]Ascz) tes (Ay[aj]ASCZ> ten (AZ[aJ]Ascz) 8)
te (Az[ai]Ascz)
Since ASC; does not participate in this particular task, the energy required will be zero
(e[a]A561 = 0)
Step 7: Calculate the time spent by ASC; to perform pick up process [a] as:
Ax[aj]ASCZ Ay[aj]ASCZ 1 1 (Equation
tap = Hajlyee, = + v + AZ[aJ]Asc v + v 9
2 g s 2 Lempty h,loaded
Step 8:

e If ASC interference does not exist, determine rectilinear distance for each candidate
slot j,j € {1,n} during drop-off procedure [b] as:

(Equation 10)

ch]- — Ywrp AZ[bf]ASCZ

= Xcsj_XWTP| AY[bj] =

ASC,

Ax(y)

ASC,

= |ZWh - chj

o If ASC interference exists (since the two ASCs are non-crossable) several different
situations must be considered and solved efficiently (see deadlock rules at Section
4.3.4) as they have a negative effect on the productivity of the stacking yard and on
the energy consumption.

The additional travelling distance in each case is:
1. An ASC has to wait until the other finishes its job: no distance is travelled
2. An ASC needs to move to the edge to keep clear the claimed area:

(Equation

- 1 — —
AX(ecslasc, =2 |Xeage = XA5C1| AYiceslase, =0 BZec)pse, =0 11)

3. A repositioning procedure is required and the container must be stacked
temporarily in an auxiliary slot:

(Equation

— 1 — 1
Ax[Ccz]Ascl - |Xa5 _XA5C1| Ay[CCS]ASC1 - |YaS - YA5C1| 12)

AZ[CCS]ASC1 = |ZWh - ZaS| + |ZWh - ch]-

In such particular case (repositioning procedure) the above additional travelling distance
must be added to the following one:
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AX(ecy)psc, = |Xas — Xwrp| AYiecslasc, = |Yes — Yrpl DZ{ce)asc, (E;]uatlon
= |ZWh - Zasl
Step 9:

o If ASC interference did not exist in the previous step, calculate the energy
consumption required by ASC, to perform task [b] by using the results from step 8
and expressions (X-Y) for each candidate slot j, j € {1, n}.

_ _ (Equation
€1 = e[bf]Ascz = (Ax[bf]Ascz) tes (Ay[bj]Ascz) ten (AZ[bi]Ascz) 14)

te (Az[bi]Ascz)

e If ASC interference exists, the energy consumption in each situation is:
1. An ASC has to wait until the other finishes its job: the same as before

(e = ®l] usc,

2. An ASC needs to move to the edge to keep clear the claimed area:

€1 = €[p * €leczlasc, (Equation

15)
- e[bi]ASCZ * (eg (Ay[CCZ]AS(,'1> Tes (Ay[CCZ]Ascl ))

j]ASCZ

Where e; p, is calculated in eg. X and the second and third terms shows the
i.[blasc,

additional energy consumption due to ASC; needs to be moved to an edge to clear
the claimed are by the other ASC.

3. A repositioning procedure is required and the container must be stacked
temporarily in an auxiliary slot:

Deriving from results from eq. (X), the total energy consumption to drop-off the
incoming container in such situation is:

€bj) = €lecslasc, + Clecslasc, (Equation
16)
=e, (Ax[cc3] Ascl) +e, (Ax[cc3]ASCZ) + e (Ay[CC3]ASC1)

+ € (Ay[cc3]ASCZ> + en (AZ[CC3]ASC1> + en (AZ[CC3]ASC2)

+e (AZ [CC3]A5C1> ey (AZ[CC3]ASC2)

Step 10:

o If did not exist ASC interference in step 8, calculate the time required by ASC, to
perform task [b] by using the results from step 8 and ASC kinematic characteristics
for each candidate slot j, j € {1,n}.
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A .

Axpogle, AVl 1 1 (Equation

tp) =ty = + + Az + 17)
J Hascy vy Vg 74sC; \Vijoaded  Vhempty

e If ASC interference exists, the time spent in each situation is:
1. An ASC has to wait until the other finishes its job:

Since ¢ is the waiting time that the blocking crane has to wait until the

cc1lascy
other crane finishes its job, it will not be considered within the time required to
finish the procedure [b]. Therefore the time required is:

tw,) = t[bj]ASCZ (Equation 18)

where tb]asc, is calculated according to eq. (X).

It should be mentioned that the ¢ ; asc, does not decrease vessel discharging

productivity since waterside ASC is continuously working and operations are not
stopped. Nonetheless, block yard productivity is affected since an ASC is stopped
due to crane conflict. The waiting time could be approximate to the length of time
that ASC; requires to drop-off the container and finish its job.

2. An ASC needs to move to the edge to keep clear the claimed area:

The time required to move to an edge will just depends on the distance and the
gantry crane system speed (v,), that is:

Ax[CCZ]ASC1 (Equation 19)
t[CCZ]Agcl = v

g

On the other hand, the time required to drop-off the container will be the same
than in the case where it does not interference exists, as ASC, task is not
interrupted. Therefore, the time required to achieve procedure [b] is:
ty) = t[bj]ASCZ (Equation 20)
3. A repositioning procedure is required and the container must be stacked
temporarily in an auxiliary slot:

In such situation the time required to finish procedure [b] will be the addition of
the both ASC tasks, given that the procedure is interrupted and both ASC
participate in.

w1 = Yeeslasc, T Heeslasc, (Equation
21)
Ax[CC3]A561 Ax[CC3]Ascz Ay[cc3]ASC1 Ay[ccslAscz
= + + +
Ug Ug Vs Vs

1 1
+ (AZ[CC3]ASC1 + AZ[CC3]ASC2) +

vl,empty vh,loaded
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Due to ASC: finishes its task before, as it stacks the incoming container closer,
this ASC is going on with next job. Therefore, vessel turnaround time might be
reduced and waterside productivity increased, although block yard productivity is
reduced.

Repositioning technique is usually applied during pick times, since it is advisable
to reduce loading and discharging time of vessels.

Step 11: Calculate the expected number of rehandles (E;[R]) for each candidate slot j,j €
{1, n} using expression X (procedure [r]).
Step 12: Determine the coordinates of an arbitrary slot where a rehandled container will be

placed from candidate slot j, (erj, Vs er,-)-

In order to characterize an arbitrary rehandled movement, first we determine the coordinates
(erj, Vs erj) by assuming the following hypothesis:

o Rehandled containers will be moved to stacks within the same bay or closer ones.

¢ Rehandled containers will be temporarily stacked in the highest stacks with the aim
of reducing energy consumption in hoisting and lowering movements.

e Secondary rehandles have not been taken into consideration, since it is assumed that
rehandled containers are moved back to their original stack once the target container
was retrieved from the block yard as assumed also in Imai et al. 2002 and Imai et al.
2006.

Step 13: For each result obtained in step 11 and 12, calculate the rectilinear distance between
(XCS]" YCS]" Z(,‘Sj) and (XT‘S]" YT‘S]" ZTSj) as:

Xes: — Xrs;
CSj TSj

Yes. — Yys.
(2] TSj

Axlr) e =

ASC;

Ay, =
VJASQ (Equation

22)

+ |ZWh - erj

AZ[Tj]ASCL- = |ZWh - ZCS]'
Step 14: For each result obtained in step 11-13, calculate the energy consumption required to
move E;[R] rehandled containers as:

(Equation
e[rf]Asci = € (Ax[rf]Asci) tes (Ay[T/]ASC) ten (Az[rf]Asci> te (Az[rf]Asc) 23)

In such case we will considered the container weight of the incoming container, since it
will be rehandled in case that E;[R] would be higher than zero.

Step 15: Calculate the total energy consumption required for each candidate slot j, as:

Equation
E[R] (Eq

Elep 1= e[rj]ASCi ' 24)

Step 16: Calculate the working time an ASC requires overcoming E;[R] rehandle movements.

Assuming that time required to do a rehandled movement from candidate slot j is:
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AX[T}']ASCi Ay[r]']ASCi 1 1 (Equatlon
rilase, = * + (825, ) + 25)
ASC; Ug Vg J ASC; ‘ULEmPty vh,loaded

The total expected working time of procedure [r] will be:

el (Equation
E [t[r/]AsCi] = ER] t[rj]ASCi 26)

Step 17: Estimate the ASC; task list at future time t; and determine the coordinate position
X jsci, Y}SCi,stci)at that time (t2) just before starting pick up process of retrieval procedure

[c].
Step 18: Calculate the rectilinear distance from the candidate slot j, j € {1, n} to initial position
of ASC: (pick up procedure [c]) as:

(Equation
ASCy 27)

Mol ase, =

2
Xcsj - XASC1
ASCq

Ay[cj] = chj - YAZSCl

ASC,

Az[g)
= |ZWh - Zﬁscll
Step 19: Calculate energy consumption required by ASC1 to perform task [c], that is:

_ _ (Equation
e[cj] - e[cj]Agcl - eg (Ax[cj]AS{,'1> + es (Ay[cj]Ascl) + eh (AZ[Cj]ASC1> 28)

+ e (AZ[C].]A561)

Step 20: Calculate the time spent to perform pick up process [c] as:

A .
Ax[,,.j]ASC1 y[cj]Ascl 1 1 (Equation
e = t[c ] = + + AZ[C 1 + 29)
J Jascq Uy Vs 1348C1 \Viempty  Vhloaded

Step 21: Determine the landside transfer point position where external truck is placed waiting
for the retrieved container (X,rp, Yirp, Z11p)-

Step 22: Calculate the rectilinear distance from the candidate slot j, j € {1, n}, where the ASC;
has just picked up the container, and the LTP as:

(Equation
ASCy 30)

Axpg) = |Xirp — Xesj| DY = |YLTP — Yo,

ASC,

di]ASC]_ AZ[di]
= |ZWh - ZLTPl
Step 23: Calculate energy consumption required by ASC; to perform task [d], that is:

_ _ (Equation
Cla) = e[df]Ascl = € (Ax[df]Ascl) tes (Ay[dj]Ascl> ten (AZ[di]Ascl) 31)

te (Az[df]Ascl)
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Step 24: Calculate the time spent to perform drop-off process [d] from candidate slot j, as:

A .
Axpq) asc, Yla ase, 1 1 (Equation
L) = Yl yse, = + Az + 32)
] J ASCl vg US J ASCl vl,loaded vh,empty

Step 25: Determine the total energy consumption required for each candidate slot j, j € {1, n}
as:

. . Equation
e E 1, ) E 1;2 ) k E ) b; ’ d; ’ (
ej Z Z e[kj]ASCL- je{1,n}, ie{1,2} {a,b,c,d,r,cc} 33)

Step 26: Determine the total time required to perform the stacking and retrieval process,
rehandling movements and additional movements due to crane interference. That is:

= i ' (Equation
g z zk: t[kf]Asci je{Ln}, i€{12}, k€ {ab,cdrcc} 34)
L

The above expressions include the energy consumption (38) and the time (39) required doing
all ASC movements for both working cranes in a block yard when an incoming container goes
through it. That is, it takes into account useful working movements ([a], [b], [c] and [d]
procedures) and, on the other hand, unproductive moments and waiting times due to
inefficiencies ([cc] and [r] procedures).

Step 27: Calculate the score of each candidate slot (@, j € {1,n}) according Equation 1 from
section 4.3.2.

4.3.4 Crane interference

It is worth noticing that in some cases the resolution of crane conflicts (see section 3.2.6) may not
be aligned with the priorities given to the productivity/energy consumption of the ESSA. For
example, the ESSA may be set to minimize energy consumption; however the sea ASC may claim
a slot located behind the land ASC and, instead of waiting and penalizing productivity, the

algorithm may force the land ASC to move backwards at greater energy expenditure.

4.4 Experimental setup
This section provides the specific details of the configuration of the DES model for the
perpendicular layout.

4.4.1 Block characteristics

The block is modeled with standard 20feet slots, with a total length, width, and height of 40x9x5

slots respectively. A summary of block module dimensions is given next:

e Typical length: 40 TEUs (20-foot containers)
e Span: 32.5 m for 9 container rows

e Typical container spacing: 500 mm end-to-end, 400 mm side-to-side
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¢ Minimum working spacing between two ASCs: 2 TEUs (20-foot containers)

Figure 42. Example of the ASC block model with import (green) and export (blue) containers. Bay
numbers range from 1 to 40. Longitudinal distances are indicated in 50 m intervals. Sea and Land

cranes are depicted as green and blue horizontal bars.

4.4.2 ASC characteristics
4.4.2.1 ASC specifications

The ASC dimensions are provided next:

e Working height: 1-over-5 high-cube containers
e Working span: 9 containers
e Track gauge: 28 m
e Length:13.5m
o Weights:
0 Whole crane: 185 tons
0 Cabin (trolley): 25 ton
0 Spreader (hoist): 10 ton

The next kinematic characteristics are used for the calculation of the crane movements.

e Gantry travel: 200 - 240 m/min (full — empty)

e Cross travel: 60 m/min

e Hoisting/lowering: 39 - 72 m/min (full — empty)
e Gantry acceleration; 0.4 m/s?

e Trolley acceleration: 0.4 m/s?

e Hoisting/lowering acceleration: 0.35 m/s?
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4.4.2.2 Dispatching rules

As previously indicated, containers in the ASC workload are dispatched in the order of arrival.
The FIFO rule (or earliest due date priority rule) is preferred in this study because the utilization
of more sophisticated crane deployment strategies may increase enormously the computational

cost of the efficient stacking algorithm in the simulations.
4.4.3 Container traffic generation

Data from a real container terminal was utilized to generate the traffic inputs for the simulation
model, resulting in different sequences of containers arriving to both transfer points of the block.

Poisson distributions were used to introduce stochasticity into the analysis.

The distribution of container weights (Figure 41) is also taken from data from a real container

terminal, although variations are introduced so as to maintain the confidentiality of the data.

x10°

Probability Density
w
T
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0 | L | | L | | | L | 1 | |
0 02 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 22 2.4 2.6 2.8 3 3.2

x10*

Container weight
Figure 43. Probability density function of the container weights used in the simulation.

With respect to the ETs, arrivals take place only when terminal gates are open. Again the
generation of ET daily arrivals is stochastically generated from the probability density function

illustrated in Figure 42. The actual number of containers arriving to the terminal per day is
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calculated taking into account the dwell time so as to produce a stable inventory with the desired

level of occupancy.
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Figure 44. Probability density function of the Import, Export and Dual ET arrivals used in

the simulation.

4.4.4 Calculation scenarios

This way, two levels of block occupancy, low and high, are tested in the experiments, as indicated
in Table 4. The first set of tests cause the block inventory size to fluctuate around 40% of its
capacity, which is considered a low degree of occupancy. In contrast, the second set of tests
increases the average occupancy up to 60% which further restricts ASC operations. The different
arrival pattern of containers from sea and land causes the block occupancy to fluctuate around the
average value around + =20% during the simulation period, and so the simulation reproduces peak
situations that bring the block close to its maximum capacity. Note that since stacks are limited
to five slots and container reshuffles are forced to take place within the same bay, four slots must
remain empty in each bay to allow the relocation of a complete pile to recover a container when
stacked in the lowest position. This constraint implies that at least =9% of the block must always

remain empty in order to make container re-handling possible.

The duration of the experiments was set to 28days, starting from an empty block. A warm-up

period of 10 days allows the block inventory to grow until the desired value of occupancy. Warm-
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up is followed by an additional 18-day period for data collection. This duration of this period is
established so that no significant fluctuations are observed in the average value of the key

performance indicators after that time.

Traffic scenario Units Low traffic High traffic
Average block occupancy % 40 60
Import trucks Number per day 90 120
Export trucks Number per day 150 250
Dual trucks Number per day 4 8

Table 3. Definition of traffic scenarios.

The block layout, defined as the distribution of import and export bays in the block, is important
at the beginning of the data collection period because it determines not only the relative distance
travelled back and force by the two cranes carrying out stacking and retrieval operations, but also
the occurrence of crane trajectory intersections. The dedication of bays to import or export
containers does not change frequently during the simulation, and so the block layout at the 10th
day of the simulation may bias the final results. As a consequence, several measures shall be taken
to avoid this effect. First, for each simulation experiment, the different stacking algorithms carry
out operations after day 10 starting from a common initial layout, and so differences in results
will be due only to the stacking rules of each algorithm. For stacking algorithms with a random
component, the generation of random numbers in Matlab is seeded to ensure that the same random
sequences are always used. As for the initial layouts, import and export bays are assigned
randomly. This way, segregation of import and export containers arising from the utilization of

the LSA from an empty block was avoided.

With respect to the container traffic, pre-generated arrivals are fed into the model in order to
provide the same data to all the stacking algorithms. Container characteristics include flow
(import/export), weight (or equivalently, weight category), port of destination and traffic line. The
combination of such factors results in 24 different categories to be considered for export container
stacking. As for the import container dwell time, it follows a Weibull distribution with an average

stay of 3 days.

As indicated above, the daily arrival pattern for external trucks is generated from real data
pertaining to a container terminal, where the gates operate from 7 am to 9 pm. Dual traffic is also
considered, meaning that some external trucks bring an export container to the block and then

take in import container in the same service.

As for the vessel traffic arrivals, one vessel berthing per day is stochastically generated. The vessel
discharges a number of import containers per block according to Table 4. Upon discharge of the
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last container, the simulation model performs a block search reserving between 70% and 90% of

the export container inventory to be sequentially uploaded onto the vessel later on.

4.5 Results and discussion
Simulations are carried out using a single-core 2.7 gigahertz personal computer with 8 gigabytes
of RAM. Each run typically consumes 6-32hrs depending on the stacking algorithm, with the

ESSA being the most time consuming of all.

The stacking algorithms are analyzed with the focus on two main aspects, with several key
performance indicators (KPIs) will be used to characterize both energy efficiency and
productivity. First, efficiency is examined by computing the average energy expenditure per

container; second, productivity is evaluated by looking at the time needed by the ASCs and block

performance.
40% Block Occupancy
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Figure 45. “Ec in kWh per Import (green) and Export (blue) for the stacking algorithms. Top:

40% Block Occupancy Level (BOL); bottom: 60% BOL.

Results prove the capability of the ESSA to improve significantly both efficiency and
productivity of the operations compared to other algorithms. With respect to the energy
efficiency, the ESSA improves the efficiency about 20% when considering export operations. For
import operations, the ESSA is 15% more efficient under low occupancy level, while the similar
performance is observed for higher levels. The weight combination We = 0% / Wr = 100%
provides the best results for the ESSA, therefore no trade-off is observed between the weights

assigned to the criteria and the energy consumption.
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With respect to productivity, the weight combination We = 0% / Wp = 100% minimize duration
of the ASC retrieval and housekeeping operations, while the We = 100% / Wp = 0% yields better
results when considering stacking operations and CET. VST is also improved, but the best weight

combination depends on the block occupancy level.
In the next sections, results are analyzed in detail.
4.5.1 Energy consumption

Average energy consumption per container is evaluated by adding the energy associated to the
ASCs movements needed to carry out the container transit along the block, which will typically
comprise one stacking operation, a number of housekeeping operations, and a retrieval operation.
In addition, the container may be relocated within the same bay in order to retrieve a container
buried underneath.

4511 General

The evolution of the energy expenditure per container with respect to time is depicted in Figure
49. Regardless the stacking algorithm, the average energy expenditure for import and export
containers becomes rapidly stable, and the average value after day 24 varies within a small

percentage, and so the duration of the experiments is considered adequate.
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Figure 46. Average energy consumption per Import (green) and Export (blue) container with

respect the date of entrance of the container in the terminal.
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From the figure it is evident that, as expected, more energy is required to handle export containers
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Figure 47. Example of the Ec per Import (green) and Export (blue) container weight.
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Figure 48. Example of the Ec per Import (green) and Export (blue) container weight class.
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With respect to the average energy consumption per container weight (E_c hereinafter), the value

increases as container weight (Wcr) increases (Figure 44). Although this result is somewhat
obvious, it validates and quantifies an essential assumption used by the ESSA, which is that
weight information is important at the time of stacking a container. The relationship between
container weight and container energy consumption is more evident when computing the energy

with respect to the container weight class (Figure 45).

From this point of view, the Potential Energy Model is capable of capturing the influence of the
container weight on "Ec , which is around 5% for import containers and 8% for export containers.
Since containers of weight category 6 are six times heavier than those of category 1, the influence

of Wer on E_c is somehow limited.

This fact already suggests that gantry displacements, which the mobilization of the much greater
ASC mass compared to Wcr, plays a significant role in the total E_ccompared to the expenditure
due to container lifting movements.

4.5.1.2 Composition of the energy consumption

Table 15 and Table 16 summarize the results with respect to the average energy consumption per
container (E_c) for the 40% and 60% occupancy scenarios respectively. The results can be

summarized in the following statements:

e Contrarily to intuition, Ec decreases as the occupancy increases, mainly because, as

more containers arrive to the TPs, ASCs devote more time to prior tasks, having less time
to carry out housekeeping operations, which are responsible of a significant portion of
the total expenditure. This outcome suggests that further improvement in the energy
efficiency must focus on the optimization of housekeeping operations.

e When comparing import and export operations, more housekeeping is observed for export
operations, hence Ec is always smaller for import containers.

e With respect to the strategy, the ESSA performs better than the benchmarking algorithms
for the export operations. For import operations, the ESSA is more efficient under low
block occupancy, and almost as good when occupancy is high.

e Overall, the ESSA is capable of improving the efficiency around 20%, which is a
considerable amount. To put this in context, considering the ASC characteristics and the
annual volume of traffic of the present study (around 2 Million TEUSs), with the day /
night industrial price of around 0.1/0.05€ per kWh, the potential savings could be in the

order of magnitude of one hundred thousand euros (O(1075€)).
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- - Algorithm
S 2 ESSA (We / W5p)
gﬁ g L RSA PRSA LSA 0%/ 50%/ 100%/
o s 2 100%  50% 0%
IMPORT CONTAINERS
Gantry P 093 098 1.00 0.82 0.84 0.79
U 001 003 002 0.06 0.03 0.03
é Trolley P 0.01 001 001 0.01 0.01 0.01
& ] 000 000 000 0.00 0.00 0.00
Hoist P 140 143 136 1.36 1.35 1.36
] 000 000 000 0.00 0.00 0.00
Gantry P 096 091 083 0.86 0.89 0.90
- ] 006 006 003 0.04 0.05 0.05
a;» P 002 002 002 0.1 0.01 0.01
= Trolley
5 ] 000 000 000 0.00 0.00 0.00
o Hoist P 179 167 167 115 115 1.29
U 117 1.09 135 112 1.08 1.01

Total Import 6.36 6.20 6.59 5.47 5.39 5.47
EXPORT CONTAINERS

Gantry P 073 075 095 102 0092 0.97

U 003 003 004 010 007 0.07

—é Trolle P 0.01 001 001 0.01 0.01 0.01
& y U 000 000 000 000 0.0 0.00
Hoist P 146 139 138 139  1.38 1.38

U 000 000 000 000 0.0 0.00

Gantry P 140 132 108 081 097 0.97

- U 007 006 002 002 003 0.03
a;» Trolley P 004 004 005 002 003 0.03
5 U 000 000 000 000 0.0 0.01
o Hoist P 390 350 403 210 243 0.26
U 232 228 259 154 171 1.73

Total Export 9.98 9.41 9.49 7.04 7.59 7.73
Table 4. Average energy expenditure per container in kWh. 40% Occupancy. Best score for each

indicator algorithm is highlighted. BOL = Block Occupancy Level. CET = Container Exit Time,
WE: weight assigned to the energy criterion. WP: weight assigned to the productivity criterion. P =

Productive, U = Unproductive.
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- - Algorithm
= 2 ESSA (We / W5p)
§ = 2 RSA PRSA LSA 0%/ 50%/ 100%/
le) s i 100%  50% 0%
IMPORT CONTAINERS
Gantry P 089 088 089 08  0.85 0.82
U 001 001 001 001 0.0 0.00
—é Trolle P 001 001 001 001 001 0.01
& Y U 000 000 000 0.00 0.0 0.00
Hoist P 137 140 138 136 134 1.33
U 000 000 000 000 0.0 0.00
Gantry P 091 09 078 091 093 0.94
> U 004 004 001 006 0.06 0.06
£ Trolley P 001 001 001 001 001 0.01
T U 001 001 002 002 0.02 0.02
o Hoist P 115 121 112 111 112 1.22
U 1.01 1.00 098 108 110 1.14

Total Import 5.42 5.48 5.22 5.44 5.45 5.55
EXPORT CONTAINERS

Gantry P 0.71 0.70 0.74 0.81 0.77 0.70

U 0.02 0.01 0.00 0.03 0.03 0.02

_:4‘-’5 Trolle P 0.01 0.01 0.01 0.01 0.01 0.01
& Y U 0.00 0.00 0.00 0.00 0.00 0.00
Hoist P 1.40 1.35 1.38 1.37 1.38 1.37

U 0.00 0.00 0.00 0.00 0.00 0.00

Gantry P 1.34 1.34 1.21 1.07 1.17 1.22

> U 0.04 0.05 0.02 0.02 0.03 0.03
< Trolley P 0.03 0.03 0.04 0.03 0.03 0.02
T U 0.03 0.03 0.05 0.03 0.02 0.02
o Hoist P 2.90 3.23 3.00 2.06 2.27 2.43
U 2.33 2.25 2.81 1.79 1.79 1.86

Total Export 8.80 9.00 9.27 7.02 7.51 7.71
Table 5. Average energy expenditure per container in kWh. 60% Occupancy.

Comparing the results of the ESSA algorithm according to the three weight combinations
for We and W, it is worth noticing that favoring efficiency or productivity through the
assignment of weights may not conduce to better efficiency or productivity respectively;
the fact the results are not aligned with the criteria for weight assignment underscores the
complexity and the dependence of the handling processes in the block: when benefiting
dependence of the different processes characterizing inside the block.

With respect to crane movements, hoist consumes the majority of the energy in the
average duty cycle regardless the stacking algorithm or the inventory size. To this respect,
it is worth noticing that unproductive hoist is of the same order of magnitude as
productive hoist, which is the reason why optimization of stacking strategies focus mostly

on rehandling operations.
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¢ Regarding gantry movements, relatively less energy is consumed, but on the other hand
they consume relatively more time than hoisting. The incidence of unproductive gantry

is small compared to productive gantry.
4.5.1.3 Rehandling

With respect to rehandling, they include the operations needed to recover a container buried in
the pile when the container is being delivered for final departure, and also when the ASC is
carrying out a housekeeping movement. Figure 46 illustrates the PDFs of retrieval of an import
container depending on the number of containers on top (or equivalently, the number of induced

rehandles), and also with respect to the duration of its own stay at the terminal.
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Figure 49. CDF of the probability of an import container being relocated with respect to the
position it occupies in the stack and the time. X = time in days. Each curve corresponds to the

number of containers placed on top of the pile being retrieved.

The figure is descriptive of the development of import container rehandling; upon container
arrival, it is stacked in the top of a pile, and therefore containers retrieved short after are more
likely to occupy a higher position in the pile. As time passes, containers tend to suffer rehandling;
after day two, the probability of being retrieved is approximately the same regardless the number

of containers on top, or equivalently, the position the container occupies in the pile.

This information is utilized by the stacking algorithm at the time of placing a container in the
block to evaluate the probability of all the containers of a candidate pile to be retrieved from the

stack, and adjusts well to Equation 35.
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p = 2E—05-d* — 0,0006-d3 + 0,0093-d? — 0,0702-d + 0,2197  (Equation
35)

Where d is the duration of container stay in the block (in days).

Table 8 provides an insight on the incidence of rehandling obtained in the numerical simulations.
As expected, export containers experience greater rehandling import containers due to
housekeeping operations. When considering the total rehandling for each strategy, the ESSA (We
/ Wr = 100% /0%) outperforms the benchmark algorithms; performance is especially superior for
export operations. Results also indicate that when the occupancy increases, the amount of

rehandling increases in a greater proportion, as indicated by Kim (1997).

With respect to the amount of secondary rehandling, to the best of the author’s knowledge, this
question has not been thoroughly addressed in the literature, and so it is worth the analysis.
Secondary rehandling measures the number of unproductive movements suffered by a container
that has been relocated more than once. While some authors like Imai et al. (2002) and Imai et al.
(2006) assume that rehandled containers are moved back to their original stack once the target
container is retrieved, in practice that is not the case, and therefore rehandling will likely disrupt
the uniformity of containers in the block piles stacked under the container grouping principle.
Kim et al. (2000) assume that export containers are relocated no more than once to simplify the

problem, expecting that the amount of secondary rehandling is negligible.

Algorithm
S
Average @
Performance S o ESSA (We/ W5p)
indicators o@ 55 RSA PRSA LSA 47 50%/  100%
nme O
100% 50% 0%
40% IMP 2,148 1,967 2,451 2,021 1,999 1,421
Total EXP 5,219 4,521 6,490 3,033 3,407 1,926
Rehandling (#) 609 IMP 2,824 2,692 2,834 2,915 2,988 2,549
° TEXP 6,084 4,756 8,083 3,873 4,190 3,589
40% IMP 25.09 24.15 25.01 25.04 25.66 22.87
Secondary ° TEXP 21.82 22.76 24.17 25.59 25.33 28.95
Rehandling (%) 609 IMP 24.72 27.09 22.97 25.01 25.67 25.11
° TEXP 20.99 26.77 18.20 24.17 24.94 29.17

Table 6.Container rehandling. BOL = Block Occupancy Level.

For export containers, the stacking strategy and the nature (static or dynamic) of the setting
constitute important factors affecting the incidence of secondary rehandling. Recall that in this
model setup the arrival of containers is not known in advance, and so the implementation of
optimization methods such as Kim et al. (2000) to reduce rehandling is not feasible. Another
source of secondary rehandling is the uncertainty in the elaboration of vessel uploading plans: at
the time of retrieving containers to be uploaded on the vessel, the loading plan may have

experience changes from that at the time of stacking those containers. This phenomenon is taken
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into account by the model by selecting 80% of export containers in a random way among all the

candidates bound to that containership.

However, results clearly indicate that the proportion of secondary rehandling represents around
20-30% depending on the case; in conclusion, secondary rehandling is significant enough so as

to be considered in any analysis.
4.5.2 ASC performance

In addition to energy efficiency, Table 8 presents the experimental results regarding block
performance. In this case, the KPIs container exit time (CET) and vessel service time (VST), as
described in Section 1.3.4, are used to characterize block productivity, and results discern import

and export containers.

Recall CET measures the time needed for the land ASC to place the container on the external
truck for departure relative to the moment the container is requested, and so it characterizes the
retrieval operation of containers individually. Contrarily, VST performance indicator is global, as
it accounts for the time needed to complete the uploading of all export containers bound to a
vessel. Although in reality containers bound to a vessel are usually distributed over several blocks,
we can assume in this case that results from a single block are representative of the whole

uploading process.

Algorithm
Average E 5
Performance = © ESSA (We / W)
indicators oe £5& & RSA PRSA  LSA 0%/  50%/  100%/
a< OF O 100% 50% 0%
Vessel Upload [40% .o o 6.80 6.30 6.59 6.25 539 6.64
Service Time (h) | 60% 9.03 8.67 10.80 8.40 8.58 8.76
. 40% 759 756 8.30 8.02 759 7.08
CET (min) 6% 'MP R 19.02 16.27 15.38 21.66 16.83 14.60
mMp S 14521 14595  160.76 12655 12045  117.09
0% R/H 26391 24833 24410 19821  203.98  198.06
exp S 13449 12741 12888  131.75 12514  123.39
ASC time per R/H 49734 47849 44917 30666 34627  350.05
operation (sec) mMp S 15204 15193 17218 13854 13282 12506
50% R/H 22078 21963 21514 21633 21931 21952
exp S 136.10 12471  131.78 12539 13223  114.76
R/H 45297 44661 47804 34980  373.78  370.73

Table 7. Summary of results. Best score for each indicator algorithm is highlighted. BOL = Block
Occupancy Level. CET = Container Exit Time, WEe: weight assigned to the energy criterion. We:

weight assigned to the productivity criterion. S = Stack, R = Retrieval, H = Housekeeping.

Table 8 also includes ASC time per type of operation as an indirect measure of the ASC
performance. They account for the average time needed by the ASC to carry out the stacking (S)
and retrieval/housekeeping (R/H) operations. As R/H operations are very similar (both may

produce rehandling containers when retrieving another that is buried in the pile), they are
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considered together in the table for simplicity. As it is obvious, the duration of retrieval and

housekeeping are much longer than stacking operations.

The numerical experiments confirm that the ESSA outperforms the benchmarking algorithms
when delivering import and export containers, although again results from this algorithm are not
always consistent with the weight assigned to the decision criteria. Conclusions drawn from the

results are summarized in the following statements:

e Increasing occupancy level produces greater VST and CET times, as expected.

e Regarding average ASC operation times, stacking times increase with the occupancy
level; however when considering retrieval and housekeeping operations, that is not the
case, mainly because less occupancy level allows for a greater number of housekeeping
operations.

e Housekeeping rules have a strong random component during the selection of candidate
containers; thus, these operations seem to introduce disturbance in the results;
optimization of the housekeeping operations is an interesting topic for future research as
it may lead to further improvement in the performance of the algorithms.

e Regarding the comparison of the stacking algorithms, the ESSA performs better in terms
of productivity than the benchmarking counterparts, especially when considering the
VST and CET at the same time. This tendency is preserved regardless the volume of
traffic, although greater differences are observed as the size of the inventory increases,
but the behavior is not consistent when considering the weight assigned to We and Whe.
The combination We = 100% / We = 0% produced the best results from the point of view
of the import trucks. Considering the vessels, We = Wp = 50% gives better VST for the
low occupancy level, and We = 0% / Wr = 100% for the high occupancy level.
Considering the overall processes, the ESSA seems capable of saving a significant
amount of time, especially under high traffic conditions.

o In terms of ASC times, the ESSA with We = 100% / We = 0% outperforms the
benchmarking algorithms for stacking operations, it indicates that further improvement
could be achieved in the upstream process. The ESSA We = 0% / Wp = 100% outperforms
the benchmarking algorithms for all the retrieval and housekeeping operations,

e Asexpected, worse results are achieved by the algorithms with a random basis compared
to the ESSA.

e It is also worth noticing the similar behavior observed between the reference stacking
algorithms used in the terminal, the RSA and the LSA, which is consistent with the

terminal observations.
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e VST is slightly better when utilizing the PRSA instead of the LSA, but when considering
the import CET, the algorithms exhibit just the opposite behavior, with the LSA being
more efficient in the low traffic tests, whereas the PRSA is more capable when the

inventories are of larger size.
4.5.3 Summary of results

Table 9 provides a visual summary of the KPIs in the analysis. In general, the ESSA with Wg =
100% / Wp = 0% provides better results for Export containers, while We = 100% / Wp = 0% is

preferred for import containers.

N c Algorithm
Average o S
Performance gy T o IS ESSA (We/ Wp)
indicators og 5% 8 RSA PRSALSA Toe7 50%/ 100%]/
< ©oF © 100%  50% 0%
Energy 40% v
consumption  60% EXP v
per container  40% v
60% IMP v
9 v
VST g’goﬁ EXP S —
40% v
CET 50% IMP R %
S v
IMP R/H v
40%
EXP — i
ASC time per R/H v
i v
operation IMP S
R/H v
60%
EXP — i
R/H v

Table 8. Summary of best scores results.

4.6 Conclusions
This work introduced an efficient stacking algorithm (ESSA) to address the location assignment
problem with the goal to minimize energy consumption and maximize ASC productivity in yard
handling operations. A sensibility analysis was conducted to understand the relationship between
the volume of traffic and the performance of the ESSA. When compared to other benchmark
algorithms, the ESSA produces significant better results not only in terms of vessel turn-around
and container exit times, but also crane productivity and energy expenditure. These results
indicate that the ESSA has potential for improving terminal handling policies even under

congested situations.

The analysis of the energy consumption confirms that hoist movements consume the majority of

the energy in the cycle, whereas gantry account for a greater proportion of the ASC cycle times.
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Further research may focus on the optimization of the housekeeping operations in order to reduce

amount of gantry need to handle the containers.
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Chapter 5

Optimization of the ASC Block Dimensions

5.1 Introduction

As explained in the literature review, the design of container terminals in early stages mainly
depends on the desired level of automation, which in turns determines the type of MHE to be
used. At the same time, designers must rely on estimations of the traffic forecasts (volumes and
type of containers, etc.) and the desired terminal throughput, which determine the numbers and

type of MHE selected, the capital investment, and the operational costs.

Once established the strategic basis of design, it is time to address design detailed aspects such as
the yard layout and configuration. The resulting number of blocks, rows and bays and stacking
height needs to be established and the type and amount of MHE need to be decided
simultaneously. l.e., given the availability of yard space (equivalently the number of ground slots)
and the stack height, designers can estimate the amount of rehandling during retrieval operations;
the number of YCs will determine the travel distances and the time needed to stack and retrieve
the containers, and ultimately the terminal throughput. As it is obvious, availability of abundant
space is always desirable in terms of productivity and operational costs (less rehandling), but on
the other hand space has a significant impact on the amount of investment needed to construct the
yard as well as on other running costs. In summary, trade-offs are frequently found between

design related decisions, productivity and terminal costs.
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5.2 Overview

Kim and Kim (2002) focused on the amount of space required in a terminal for import containers,
but the yard layout is not provided. They proposed a method of determining the optimal amount
of storage space and the optimal number of transfer cranes for handling import containers. The
cost model considers the space cost, the investment cost of transfer cranes, and the operating cost

of transfer cranes and trucks.

Kim and Park (2008) proposed a design method to determine the layout type, the outline of the
yard, and the numbers of vertical and horizontal aisles. Transfer cranes and yard trucks are used
for handling the containers. They compare the performance of parallel versus perpendicular
layouts with a static, equation-based approach and a simulation methodology, concluding that the

parallel layout is more productive.

Petering et al (2009), and Petering (2009) conducted simulation study to analyze the influence of
the block dimensions in a multiple-berth parallel terminal using a complete DES model that
considers the detailed movement of individual containers passing through a vessel-to-vessel
transshipment terminal over a several week period. Experiments consider four container terminal
scenarios and several different yard crane deployment systems. Quay and yard performance
indicators are evaluated (quay crane rate, YC rate, etc.) the trade-offs between the block
dimensions and the terminal throughput. The authors found that a block length between 56 and
72 (20-ft) slots and 6 to 12 rows yields the highest quay crane work rates. In addition, they
concluded that higher QC throughput rates are obtained when the deployment system restricts
YCs movements instead of allowing greater yard crane mobility.

The first study that addresses the influence of the block size on the performance of perpendicular
automated terminals is given by Kemme (2012). A simulation study was carried to assess the
effects of four rail-mounted-gantry-crane systems and 385 yard block layouts that differ in block
length, width, and height. In this study, yard performance is evaluated only in terms of SC and
ET waiting times, but the cranes throughput is not considered. Results show that the performance
of the RMG yard blocks depends greatly on the layout. They concluded that high stacking has to
be avoided, and also that wider blocks are preferable. The DES model, as described in Kemme
(2010), can basically implement two stacking strategies: a random stacking strategy (RaS) and a
greatly parametrizable combined cost function stacking strategy (CCFS), which is based on the
ideas of the category, the retrieval time and the positional stacking concepts. In their work,
category stacking of export containers is preferred, and so it does not provides a sensibility

analysis on the RMG performance with respect to the stacking algorithms.

As in Kemme (2012), the present work also deals with the study of the ASC block dimensions in
relationship with the cranes performance. In this case, the analysis of the block productivity does
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not take into consideration the waiting times of ETs and SCs. Instead, performance is measured
though indicators that characterize the ASC productivity directly. Besides, the efficiency of the

operations is measured as a function of the energy consumption of the ASCs.

The reminder of this chapter is organized as follows. Section 5.3 introduces the problem, section
5.4 describes the experimental setup; later, section 5.5 presents the results from the simulation
and provides a discussion, and finally section 5.6 brings together the main conclusions from this

work.

5.3 Block size optimization
The goal of the present study is to evaluate a strategic decision, the layout of the yard block, in
the long-run performance of ASC storage yards of an automated container terminal. Although the
influence of the stacking height is well known and has been subject of exhaustive evaluation in
the literature, the performance of a twin ASC system is also highly influenced by the floor plan
dimensions. Comparing containers blocks of the same total capacity, a block of greater length
(and therefore, smaller number of stacks per bay) will experience longer gantry distances for the
cranes (Figure 52). Reduced crane productivity and efficiency may be expected as more time is
required to execute the stacking or retrieval operations, and more energy is required to move the

crane.

500

Figure 50. Example of two ASC blocks of different length and width: 24x15 (up) and 60x6 (down).

Increasing block length has also an effect on rehandling operations. As depicted in Figure 53, the
gross capacity of a bay of stacks s and height h is C9°* = s « h, However, not all the stacks can be
fully occupied as a minimum amount of space (empty slots) is needed to relocate containers when
buried at the bottom of a full pile. That minimum handling space is equal to h-1 slots, and thus
independent of the number of stacks per bay, and the net capacity is C*® =seh - (h-1) = (s-
1)sh+1. Now, considering two blocks of equivalent gross capacity but different lengths, as the

number of stacks s decreases, C™, and so the net block capacity diminishes. As a consequence,
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for any given volume of containers in the block, the average stacking height will be higher for the
longer block, resulting in greater amounts of rehandling despite the shorter trolley distances for

such operations.

9x5 Bay (45 slots) 5x5 Bay (25 slots)
Space for handling = 4/45 = 9% Space reserved = 4/25 = 16%
7l 4 7\ 4
v /7 & 7 3
N N2
N \ 1

Figure 51. Minimum number of empty slots (white) required to relocate other containers (grey) on
top of a container buried in the bottom of a full pile (dark grey). Light gray indicate containers

present in the bay.

Conversely, reducing block length will result in greater crane interference, mainly because a
shorter block will force the two ASC to work closer to each other. The fact that more time will be
required by the ASCs to perform rehandling operations may be counterbalanced by the fact that

less rehandling operations are expected due to the smaller average stacking height.

In summary, there is an economic trade-off between reducing block length to minimize gantry
travel and reduce rehandling incidence, and accept more crane interference and thus greater

waiting time, which reduces the ASC throughput.

A new simulation study is conducted in this work by means of a discrete event simulation model
that is capable of reproducing the multi-objective, stochastic, real-time environment of an ASC

yard block at a multiple-berth facility.

5.4 Experimental setup

In this section, the simulation model that was presented in Section 4.4 is customized to reproduce
a freely scalable container yard block, along with the corresponding seaside and landside TPs,

over a user-defined period of time. The length of the simulation period is set to 28 days.
5.4.1 Experimental cases

As the experimental setup is almost identical to that proposed in Chapter 4, we refer to that chapter

for details on the simulation parameters, while the differences are described next.
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First of all, block dimensions are variable in this case. While the stacking height is constant, the
number of bays and stacks per bay is modified as to maintain a gross block capacity of 1,800
TEUs (see Table 10). The number of TPs varies accordingly to the number of stacks, as more

space is available on both sides of the block.

Length Stacks

Case TP lanes
(207slots)  (207slots)
1 24 15 12
2 30 12 10
3 36 10 8
4 40 9 7
5 45 8 6
6 60 6 5
7 72 5 4

Table 9. Summary of experimental cases with respect to the block dimensions.

A second difference in the model setup is the energy model deployed in this analysis. In this case

the Electric Consumption Model will be used in the calculations.
5.4.2 ASC modelization

Crane modelization and crane operational procedures used in the present work are the same as
those explained in Section 5.4; otherwise they will be explicitly detailed in this chapter. ASC
specifications utilized in the experiments are provided in Table 11. In addition to the dimensions
and weight of the moving parts, crane motor characteristics are given in order to fulfill the
parameters needed for the Electric Energy Consumption model. As indicated in the table, the
movement is sensitive to the container weight, and therefore the crane will travel at a lower speed
in laden condition. Under this assumption, speed will vary linearly between the maximum speed

at empty condition and the minimum speed when laden at maximum capacity.

Units Gantry Trolley Hoist
Mass kg 185,000 25,000 10,000
Acceleration m/s? 0.4 0.3 0.6
Speed Laden m/min 240 70 45
Empty 270 70 90
Motor rpm Laden 200 140 180
Empty  Revs/min 225 140 360
Moment of inertia kg m? 2.0 8.0 46.0
Motor efficiency - 0.95 0.9 0.85
Friction coefficient - 0.005 0.006 1.0

Table 10. Summary of ASC specifications needed to feed the electrical model.

Another important difference in this case is that the Logic Stacking Algorithm used in this work
introduces a restriction in the number of bays that can be assigned to import and export flows.
This limit is imposed as the stacking algorithm by itself leads to situations in which the unequal

share of space between import and export flows make difficult the stacking of new containers.
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The limit is imposed so that the total number of bays devoted to import or export flows compared

to the total number of bays is ranges between 40% - 60%.

5.5 Results and discussion

This section summarizes the main results obtained in the numerical experiments. Experiments are
carried out using a single-core 2.7 gigahertz personal computer with 8 gigabytes of RAM. Each
run consumes 6 hrs. typically. As in the previous chapter, optimal block dimensions are sought
based on two main criteria. First, efficiency is examined by computing the average energy
expenditure per container; second, productivity is evaluated by looking at the time needed by the

ASCs to carry out the handling operations.

Regarding energy, results indicate that efficiency increases as blocks get shorter and wider. With
respect to productivity, as block length increases a trade-off is observed between the travel times
of the cranes along the block and the container delivery times. As a consequence, service levels
show an optimum around 30-36 bays. Overall, for the parameters employed in the simulation,
such interval of block length would be considered as the optimal solution. A comprehensive

description of the results is provided in the next sections.
5.5.1 Incidence of rehandling

An analysis of the incidence of rehandling is provided here, as it will help explaining some of the
results obtained later on. As is known, rehandling is considered an unproductive type of
movement executed by the ASCs to retrieve a container buried in a pile. Two main sources of
container rehandling are observed in the simulations: regular retrieval operations to place the
container in the TP for final departure, and intermediate relocations due to housekeeping. Two
important factors have a significant effect on the incidence of rehandling: the size of the inventory
and the slenderness of the block. First, inventory size plays a double and opposite role with respect
to rehandling: on the one hand, more containers increase the average stacking height, augmenting
the number of rehandling operations; on the other hand, more containers reduce the amount time
available for the ASCs to carry out housekeeping movements; hence the amount rehandling
operations associated to such movements tends to be lower. Second, block slenderness also has a
double effect on rehandling. Firstly, as indicated before, longer blocks have less net capacity and
therefore higher stacks, increasing the incidence of rehandling. Secondly, considering that much
of the rehandling is directly caused by housekeeping operations, longer blocks have longer ASC
cycles, therefore leaving less time to carry out housekeeping operations; consequently container
grouping is more likely to be preserved, reducing the amount of rehandling when retrieving the

containers.

The effect of these trade-offs is observed in the somehow complex behavior seen in the results
summarized in Table 12, which underscores the complexity of the housekeeping operations

94 Industrial PhD Thesis



5. Optimization of the ASC Block Dimensions

depending on the amount of traffic and the type of flow. In the table, rehandling operations exhibit
a maximum value at some intermediate value of the block slenderness, with the exception of the
export containers under low occupancy of the block, for which the amount of relocation

movements due to housekeeping reveals as the hegemonic effect.

Block slenderness (L/W) 1.60 2.50 3.60 4.44 563 10.00 14.40
Length (20” containers) L 24 30 36 40 45 60 72
Width (20” containers) W 15 12 10 9 8 6 5

Minimum handling space (%) 5.3 6.7 8.0 8.9 10 133  16.0
40% OCCUPANCY

Import 136 145 157 159 148 145 142

Export 363 383 391 393 399 420 424
60% OCCUPANCY

Import 139 142 148 141 143 134 -

Export 371 395 390 388 371 313 -

Table 11. Average number of rehandling operations per container with respect the block

dimensions.

A summary of housekeeping operations is provided in Table 13. To this matter, the amount of
time that the ASC cranes can dedicate to housekeeping (tuxk hereinafter) and also the distribution
of containers in the block play a very important role. As expected, housekeeping operations are
mainly affected by several interrelated factors: block occupancy, amount of rehandling, and block
length. Higher block occupancy increases the rate at which containers arrive to the TPs; as a
consequence tux decreases because of greater ASCs workloads. With respect to the amount of
rehandling, a similar effect is observed: greater incidence of rehandling necessarily reduces ty.
Finally, larger block length increases gantry times while reducing trolley times in a smaller

proportion, subsequent longer duty cycles times per container will also reduce tyk.

Block slenderness 1.60 2.50 3.60 4.44 5.63 10.00 14.40

40% OCCUPANCY
Import 0.28 0.26 0.24 0.22 0.20 0.19 0.08
Export 2.23 2.26 2.40 241 2.53 2.60 2.65
60% OCCUPANCY
Import 0.00 0.00 0.00 0.00 0.00 0.00 -
Export 1.91 1.83 1.77 1.67 1.52 1.12 -

Table 12. Average number of housekeeping operations per container with respect to block

dimensions.

From the results, the following conclusions can be drawn:
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e As expected, the amount of export housekeeping operations is greater than import’s;
priority is always given to O/B containers over I/Bs’ to speed up the vessel loading
operations.

e As pointed out above, under high level of occupancy tuk is smaller; as a consequence,
more housekeeping operations per container are undertaken when the block inventory is
smaller. When the block occupancy increases, priority is first given to housekeeping of
export containers, and there is little or no time to carry out such operations for import
containers.

e With respect to block length, less housekeeping is generally observed as the block length
increases, with the exception of export containers under low block occupancy. This result
underscores the complexity of housekeeping procedures and their influence on other
processes.

e Tothis extent, it is also worth noticing that shorter blocks tend to produce a greater degree
of segregation of import and export containers in the yard. As a consequence, the
geometrical center containers of both types is located closer to the final TPs, which in

turn reduces the travel times of ASCs during housekeeping.

5.5.2 Energy expenditure

Again, average energy consumption per container (E_c) is the KPI used to evaluate the efficiency

of the ASCs. As before, the container transit along the block typically comprises one stacking
operation, a number of housekeeping operations, and one retrieval operation. In addition, the

container may be relocated within the same bay in order to retrieve a container buried underneath.

Table 23 and Table 24 summarize the Ec with respect to the block occupancy levels. Several

tendencies can be inferred from these results:

e Export containers require more energy than import containers due to the fact that export
housekeeping has priority over import.

e Gantry movements consume as much energy as hoist movements. This result is relevant
because optimization usually focuses on the avoidance of rehandling, which is
responsible of the unproductive hoist movements, which are comparatively larger than
productive hoist. Hence, at the light of these results, it may be reasonable to attempt to
investigate the optimization of productive gantry. To the best of the author knowledge,
no literature addresses this particular topic, although the work by Speer et al. (2011)
provides indirect consideration to gantry travel as it is intimately related to the
optimization of the duration of RMG cycle times. In addition, they do not include

housekeeping operations in their analysis.
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e With respect to hoist, the unproductive component exceeds the productive component,
which indicates a significant incidence of rehandling. The block length has little influence
on the amount of energy expenditure.

e Trolley movements are of little significance.

e As ageneral rule, less energy consumption is observed as blocks get shorter and wider.
However, housekeeping operations can introduce a significant degree of distortion to this
rule. As indicated before, the incidence of housekeeping depends on the block occupancy
and block length, and consequently on the efficiency of the operations. l.e., fewer
housekeeping events observed for the import operations under low block occupancy and
export operations under high block occupancy produce a negative slope in the curve for

larger blocks. To this extent, it is also worth noticing that, as no import housekeeping
operations are observed under high block occupancy, the "Ec also follows a positive

slope, and the same happens for obvious reasons for export containers when the size of

the inventory is small.
5.5.3 ASC performance

Table 16 summarizes ASC performance results from the experimental setup. As in section 5.5.2,
in addition to the average time per ASC operation (stacking, retrieval and translation), two overall
performance indicators are considered regarding the quality of service provided: container exit

time (CET) for import containers and vessel service time (VST) for export containers.

The effect of block length on the ASC cycle duty times is twofold: whereas shorter blocks reduce
gantry times, trolley and translation (unproductive) movements increase significantly. As a
consequence of this trade-off, ASC operation times are not always minimal for the smallest block

length considered in the experiments, which in turn has a reflect on the CET and VST as well.
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- Block dimensions (L x W) in 20” slots
o &
gj S g 245 A2 360 400 45E 606 726 - Block dimensions (L x W) in 20” slots
o = o = =
P ORT CONTAINERS % 2 3 2415 30x12 36x10  40x0 45x8  60x6
ant P 36 39 41 42 44 47 50 o =2 ~
antry g o2 0.2 0.2 02 01 01 01 IMPORT CONTAINERS
% Trolley P01 0.1 0.1 01 01 01 01 Gantry P 38 4.0 4.0 42 43 47
£ U 0.0 0.0 0.0 00 00 00 00 U 0.1 0.1 0.1 01 01 00
ot P18 18 18 18 18 18 18 ¥ Trolley P 0.1 0.1 0.1 01 01 01
U 0.0 0.0 0.0 00 00 00 02 2 U 0.0 0.0 0.0 00 00 00
Gantry P39 40 49 47 46 45 43 Hoist P 18 18 18 18 18 18
> U 02 0.2 0.2 02 02 01 01 U 0.0 0.0 0.0 00 00 00
g roney P01 0.1 0.1 01 01 01 01 Gantry P 31 31 33 34 34 36
= U 01 0.1 0.2 01 01 01 01 > U 0.0 0.0 0.1 01 00 01
Mg P21 20 24 23 21 21 18 S Tolley P 0.1 0.1 0.1 01 01 01
U 25 25 29 26 25 24 22 = U 0.1 0.1 0.1 01 01 01
Total IMP_| 145 166 168 163 160 159 155 O i p 15 15 15 15 15 15
EXPORT CONTAINERS U 2.1 21 21 22 21 21
Gantry P36 37 4.0 40 41 43 45 Total IMP 128 130 132 134 134 140
U 03 03 03 02 02 01 01 EXPORT CONTAINERS
3 Trolley P01 0.1 0.1 01 01 01 01 Gantry P 34 35 36 36 37 40
£ U 0.0 0.0 0.0 00 00 00 00 U 0.0 0.0 0.0 00 00 00
P ¥: 18 18 18 18 18 18 ¥ Tolley P 0.1 0.1 0.1 01 01 01
U 0.0 0.0 0.0 00 00 00 00 £ U 0.0 0.0 0.0 00 00 00
cantry P84 8.9 9.2 95 99 105 11.0 Hoist P 18 18 18 18 18 17
> U 03 03 04 04 04 04 04 U 0.0 0.0 0.0 00 00 00
oy P03 03 0.2 02 02 02 02 Gantry P 76 78 8.2 84 81 13
= U 03 03 03 03 03 03 03 o U 0.2 0.2 03 03 02 02
al P 44 46 47 48 49 50 51 s P 0.2 0.2 0.2 02 02 01
Hoist = Trolley
U 56 6.1 6.2 61 63 64 66 = U 04 04 03 03 03 02
Total EXP | 251 263 267 274 281 291 299 O i p 38 37 38 39 37 31
Table 13. EC in kWh. 40% Occupancy. U 5.9 5.9 5.8 5.9 5.8 5.0
Total EXP 234 236 240 244 238 226
Table 14. EC in kWh. 60% Occupancy.
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Block dimensions (L x W) in 20” slots

c
()
S
% % 24x15 30x12 36x10 40x9 45x8 60x6  72x5
[ =
40 % OCCUPANCY
Stack 130.0 154.1 156.9 160.0 179.4 2231 2347
Import Delivery 210.6 191.4 209.4 2272 2269 2347 253.1
Translation 9.0 8.2 6.2 9.9 6.2 4.2 6.1
Stack 148.8 135.9 1489 159.2 163.8 190.7 192.3
Export Delivery 497.9 496.8 487.0 4927 506.3 517.4 541.8
Translation 11.1 9.7 11.2 12.0 10.7 12.4 11.6
CET (min) 12.0 8.7 7.9 8.3 9.1 13.1 17.5
VST (hrs) 7.5 7.3 6.7 6.8 6.9 7.0 7.2
60 % OCCUPANCY
Stack 152.5 157.3 162.7 171.1 1809 181.7 -
Import Delivery 211.0 196.1 2128 2282 232.2 256.8 -
Translation 2.8 2.6 3.1 2.7 2.5 3.3 -
Stack 120.9 113.4 122.7 126.7 1359 144.0 -
Export Delivery 479.2 478.3 4743 477.7 480.5 4835 -
Translation 4.1 4.7 4.9 5.9 5.3 4.7 -
CET (min) 14.3 12.5 13.6 15.2 20.8 32.6 -
VST (hrs) 9.8 9.0 8.6 9.2 9.4 10.9 -

Table 15. Average time per operation in seconds. Minimum values related to delivery operations and

block quality of service are highlighted.

From the results, a number of conclusions can be drawn:

e With respect to block occupancy level, higher traffics lead to longer CET and VST, as

expected.

e With respect to ASC operation times, stacking is very sensitive to housekeeping, hence

longer stacking times per container are observed under low volumes of inventory.

Retrievals entail slight longer times for the low occupancy scenarios, mainly due to

hoisting. The incidence of rehandling plays an important role to this matter.

o Small differences in ASC retrieval times indicate that the distribution of export containers

along the block also plays an important role on the time required to complete the vessel

upload operations.

5.6 Conclusions

This work analyzes the effect of block dimensions in a perpendicular terminal with the focus on

efficiency and productivity of the twin ASCs. From the discussion, several conclusions can be

drawn:

e Both energy expenditure and productivity are sensitive to block occupancy. While energy

expenditure due to gantry movements is proportional to the block length, hoist associated

consumption is dominated by the incidence of housekeeping operations, which introduces

P. Teran (2016)
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a significant amount of distortion in the results. With respect to productivity, shorter
blocks reduce gantry times and thus the overall duration of the duty cycle; on the other
hand, shorter blocks increase the frequency of crane interference, and also the duration
of trolley movements required to retrieve containers. For the particular settings of the
experiments, 30-36 bay-long block is optimal from the productivity point of view,
providing the best results for ASC cycle duration, CET and VST. These results seem
coherent with those obtained by Kemme (2012), who indicates the productivity of the
block increases as the number of stacks increases. However, the maximum block width
in his work is 12 slots, and the SC and ET waiting times do not reveal a trade-off with
respect to this parameter.

The behavior of the ASC block is complex for many reasons. In addition to simultaneous
yard processes, results are also sensitive to the experimental setup: crane specifications
(i.e. weight, motor rpm, hoist speed, or acceleration), friction coefficients, etc. Changes
in input variables may lead to different results in terms of both efficiency and
productivity. As the number of tunable parameters of the model is quite large, sensibility
analyses are too extensive for the scope of this Thesis. In this context, although results
are coherent with the literature, no general statements about the optimal values of the
block are given; tailored models reveal as the most convenient solutions to study each
particular case.

In the same line, the stacking algorithm plays an important role in the distribution of
containers in the block, and therefore the optimization of the block layout must take into
account the operational procedures, which are usually not defined at the time of design.
As observed in reality, the amount of housekeeping plays an important role on the overall
performance of the block; future research may focus on imaginative solutions to further
optimize the efficiency and productivity of the block housekeeping operations with the
help of heuristic rules or even optimization methods when possible. Such techniques may
be of help reducing the aleatory search of containers in the block, or to find a global
solution for a subset of containers (i.e. those in the ASCs workload list) that represents a
local or absolute optimum of the cost function.

The somehow complex system behavior supports the fact that energy consumption
depends on a multitude of factors in constant interaction (feedback) with each other;
therefore, besides the general tendencies inferred from this study, the optimization of
energy consumption in a more realistic scenario will require a tailored analysis
considering the specific characteristics of the ASCs and the composition of container

traffic (weight distribution, relative amount of import/export units, etc.).
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Chapter 6

Allocation strategies for export containers as a
function of space reservation time in parallel
terminals

6.1 Introduction
As indicated in previous chapters, container handling activities in a terminal happen in a sequence.
Each terminal subsystem in the transport chain can be characterized by the size of its buffer
(capacity) and the rate at which containers are interchanged (throughput). To this respect, it is
important to remark that every link in the chain depends on the others; as a consequence, the
performance of any given link has a downstream effect (i.e. a crane delay is likely to produce
congestion in the TP), but also an upstream effect (increase waiting time of trucks delivering

containers to the terminal).

When considering the yard of a parallel terminal itself, it entails several of such links in the
transport chain, and so its storage capacity (volume of import/export containers) and throughput
(number of containers transiting through the quays and the terminal gates) depend on a large
number of parameters: QC throughput, container dwell time, vessel inter-arrival time, etc.
Consequently, yard performance is conditioned by the aggregate performance of all these
subsystems determines and, correspondingly, yard management strategies have an effect besides

the inventory’s size and fluctuations (peaks) over time: the overall terminal performance.

Space reservation in storage yards for containers bound to a vessel is a common exercise among

terminal operators to ensure efficient yard management. Reservation can be considered as a key
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practice when dealing with the so called Block Allocation Problem (BAP), for which the operator
needs to calculate first both the amount of space needed and the location of bays for containers in
advance to the vessel arrival. The objective of this approach is threefold: balance the workload
among Y Cs, minimize road congestion within the terminal, and minimize ET and IT delays while

interchanging containers with the YCs.
6.1.1 Complexity of the BAP

The BAP is a multifactorial problem for which feasible solutions must consider not only problem
constraints (terminal configuration, availability of handling equipment), but also container traffic

in the terminal, which is the primary driving forcing of the logistic system.

The complex nature of traffic plays a fundamental role on the development of terminal operations.

That complexity can be summarized in a number of factors listed next:
a) Flow type

Depending on the destination, three types of flows coexist simultaneously: export (EXP or
outbound), import (IMP or inbound), and transshipment (although the latest can be assimilated to

outbound containers); the stacking procedures differ in each case,
b) Nature of the cargo

Containers can be of different sizes (20", 40, 45”, etc.), type (reefer, dangerous goods, etc.), and

so the relative share of each type may also change greatly the way each terminal is operated.
¢) Uncertainty of traffic

The uncertain nature of traffic is double: not only volumes are variable, but also arrivals and
departures of inbound and outbound containers (with a dissimilar degree of the uncertainty). On
the sea side, vessels arrive on a different time basis, and they load and discharge different volumes
of containers every time; in addition, loading plans are not always met, or last hour changes are
frequent. On the land side, External Trucks, arrivals vary on an hourly, daily, monthly, and
seasonally basis, and appointments are not always made, so their characterization is far from being

deterministic.

The consequences of traffic variability on space reservation are readily apparent: both the size of
the space reserved and the period of time for which space is reserved are variable. Therefore,
terminal operators must decide whether reserve space for just few hours or for several days. For
export operations, after the vessel notification of arrival (Ty) to the port, space may be reserved
in the yard at any time (Tgr). Outbound containers arrive to the terminal in a stochastic manner for
several days in advance to the actual vessel arrival (Tx), typically 3 to 5days on average (Zhang

et al., 2003), until the so-called cut-off time (usually coincident with the gate closure of the day
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before departure, Tg). The opposite pattern applies for import containers; although the arrival date
is known, the time of delivery is hardly foreseeable, and so containers to be retrieved early are
often stacked underneath other containers, generating rehandling movements. In addition, dwell

time of import containers (5-7 days on average) is usually longer than that of export containers.

# CTsin the yard

A
Vessel upload
EXP container | IMP container
arrival i delivery
€--------- > | e mmmmmm e >
| K Vessel download
Time (days)
1 H - >
y v / W
Ty Tr Te T,

Figure 52. Scheme of the yard inventory associated to a vessel considering export (blue)

and import (red) containers.

The distribution of containers in the yard and the total yard occupancy at any given instant results
from all the above-mentioned factors. In turn, container distribution will determine the efficiency
and productivity of the MHE (i.e. a greater number of relocations due to the higher average
stacking height according to Kim, 1997), associated operational costs, etc. A review of the usual

rules for distributing containers over the storage yard is given next.
6.1.2 Allocation principles

As indicated in Section 2.3.1, in general container yards are managed according to several
widespread principles to ensure future containers will be placed in optimal positions in the yard
(Woo and Kim, 2010). In the long run, along with the characteristics of the traffic, these principles
will determine the distribution of containers, which can be characterized by the number of clusters

and their size in terms of bays and number of containers per cluster.

Ideally, containers bound to a ship are allocated in bays as close as possible to its berth (NL
principle). This sole practice enforces compliance with both the CL and NL principles at the same
time. However, under congested situations, concentration may not be always possible. If yard
occupation is high, the amount of space available may be smaller than the number of containers

discharged by the ship, and thus reservation will be possible for a limited number of containers.

On the other hand, when space for a vessel is reserved, new containers arriving to the terminal

are prevented from using that space for a significant amount of time (= O(days)), which may be
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seen as wasteful. As a consequence, terminal capacity becomes “smaller” and current operations
are somehow penalized. In the end, there is a tradeoff between reserving space to make future
operations more efficient at the expense of punishing ongoing operations; conversely, when no

space is reserved, the layout is less optimal, but the terminal capacity increases.
6.1.3 Objective

The objective of this chapter is to characterize the distribution of containers in the yard layout of
a parallel terminal resulting from the use of a stacking strategy that makes use of space
reservation, which is a well investigated practice in the literature under certain scenarios.
However, little is known about the consequences of deploying such strategy in the distribution of
containers in the yard. This study also introduces, for the sake of comparison, one online stacking
strategy .Although online stacking is a common practice, to the best of the author knowledge
literature has only addressed problems in which departure information is known, and so space
could be reserved for whatever the length of the “planning horizon”. In such cases, the allocation
problem can be solved to near optimality, including the YC scheduling, and regardless the
complexity of the container traffic within the considered planning periods. In addition to online
(no reservation) and offline (reservation) stacking strategies, the study proposes the use of mixed
strategies that make use of both online and offline stacking by modifying the value assigned to
Tr. The strategies are analyzed so as to determine the productivity of YCs and their efficiency in

terms of electric consumption.

One additional contribution of this work is the consideration of both types of traffic at the same
time. In contrast to other studies that focus on pure transshipment terminals, in which the arrival
of containers by vessel, this work takes into consideration the continuous arrival of External
Trucks (ETs) for both import and export flows, introducing an uncertainty that arises from the
truck arrival and departure times. This assumption poses a new constraint to the utilization of yard
space and, thus, on the resulting yard template. In summary, the simulation setup of the present
analysis, although common for many container terminals of medium size, and the problem

approach, have not been dealt with in the literature.

The remainder of the chapter is organized as follows: Section 6.2.1 presents a literature review
on works related to reservation strategies and allocation strategies, Section 6.2.2 introduces the
proposal of reservation strategies and operating procedures utilized of this work. Section 6.3
describes the numerical setup for the DES model, as well as the traffic modelization and
generation of traffic inputs. Section 6.4 presents the experimental setup, and Section 6.5 provides

a summary of results of the numerical cases. Lastly, conclusions are drawn in Section 6.6.
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6.2 Allocation strategies

6.2.1 Overview

As indicated in the literature review, many authors decompose the allocation problem into a two-
stage problem (Kim and Park, 2003). The first stage is referred to as the Block Allocation, seeking
the determination of both the number of bays (or stacks) and their exact location within the
terminal yard. The second stage is the so-called Slot Allocation, in which the exact slot in a sub-

block for a container is found.

Regarding the BAP, Steenken et al. (2004) distinguished between two different strategies to
allocate containers bound to a vessel that differ on whether space is reserved before the specific
ship’s arrival. First, Storage Planning a reserves areas of the yard, with containers are grouped
according to their port of destination (POD) and size. Heavier containers are piled on top of lighter
ones assuming they are loaded earlier to ensure ship stability. Conversely, other terminals make
use of Scattered Planning, an online procedure that requires no space reservation. Upon arrival
of a new container, the system selects the berthing place of the ship from the ships schedule and
automatically searches for a good stack location within the area assigned to the berth. The position
of an arriving container in the yard is determined in real time, stacking the container on top of
other containers of the same category. Scattered planning leads not only to greater container
scattering over the yard, but also to larger ground occupation, which reduces the number of
reshuffles.

Zhang et al. (2003) developed a rolling-horizon approach in order to solve the BAP for import
and export containers in a RTGCs-operated parallel terminal of 10 blocks with 6-stack, 5-tier
bays. A mathematical programming model is proposed to solve each 3 day long planning stage:
the first stage seeks to determine the number of containers to be placed in each storage block by
balancing the workloads among blocks, and the second stage aims to determine the number of
containers associated with each vessel that constitutes the total number of containers in each
block. The numerical simulations show the workload imbalance in the yard is reduced, hence

helping avoid possible bottlenecks in terminal operations.

More recent studies focus on the organization of the yard template for pure transshipment
terminals considering reservation strategies where space is consigned in entire sub-blocks. This
way, containers are stored according to their destination vessel, reducing the number of reshuffles
and enhancing terminal productivity by using an optimization method to solve an objective

function with multipurpose constraints. While Lee et al. (2006) minimize the number of yard
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cranes to deploy; Jiang et al. (2012) propose a space-sharing yard template to reduce the under-
utilization of space while ensuring the efficiency of yard operations at the planning level. Zhen
(2014) developed a model for yard template planning considering a random number of containers
to be downloaded and loaded onto vessels, which makes the number of sub-blocks bounded to

each vessel uncertain.

With respect to the Slot allocation, Kim et al. (2000) analyzed the SAP by considering weight
information. Dynamic programming’ was used to solve the problem with the objective to

minimize the number of rehandling movements that occur during the ship loading operations.

When no departure information is known, category stacking is used by Dekker et al. (2006) to
pile containers of the same category on top of each other. If departure information is provided,
then residence time strategy allows stacking a container on a pile if its departure time is earlier

than that of all containers below.

Wan et al. (2009) also studied the allocation problem considering an entire sub-block composed
of several bays. The static version of the problem is solved with an integer program formulation,
and then they propose a heuristic method to reduce the computational time, with variants of the
IP model embedded and run in the rolling horizon fashion. Then they consider a dynamic version
of the problem, with containers being stacked and retrieved from the block, concluding that the

heuristic approach is capable of reducing reshuffles within a reasonable computation time.

Summarizing, to the best of the author’s knowledge, no literature investigates trade-offs existing

between online vs offline procedures.
6.2.2 Reservation strategies

In this section, reservation strategies for export containers are proposed in order to evaluate the
influence of Tr in the yard distribution of containers. Attention must be paid first to the flow of
import and export containers bound to one vessel. Inbound and outbound containers do not only
have different dwell times, but also different arrival and departure rates. For the case of outbound

containers, the arrival rate during the delivery period (Figure 50) can be adjusted to an exponential

" (Wikipedia) Dynamic programming (also known as dynamic optimization) is a method for
solving a complex problem by breaking it down into a collection of simpler subproblems, solving
each of those subproblems just once, and storing their solutions. The next time the same
subproblem occurs, instead of recomputing its solution, one simply looks up the previously
computed solution, thereby saving computation time at the expense of a (hopefully) modest

expenditure in computer storage space.
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function (Zhang et al., 2003). According to this, fewer containers will arrive at the terminal at the
beginning of the delivery period compared to those at the end. As a consequence, fewer clusters
may be obtained when reserving yard space in early stages of the delivery period, but a greater
amount of empty space will remain untapped. As less space will be available in the terminal, more
rehandling may be experienced in the remainder of yard operations. On the other hand, when Tr
approaches the ship arrival time Ta, more dispersion in the yard clusters may be expected, hence
incurring in different YC travel distances to retrieve the containers and greater rehandling effort.
Hence, three main types of strategies are proposed depending on the time at which space
reservation is made with respect to the delivery period or, equivalently, the number of containers
stacked in an online or offline mode: (1) Early Reservation, when space for a vessel is reserved
prior to the arrival of the first export container and thus all containers are stacked in an offline
mode; (2) No Reservation, when no space is reserved for the ship and thus all the containers are
stacked online; and finally (3) Intermediate Reservation, when some containers are stacked
online, and after some time space is reserved for the ship and thus the remainder of containers are

stacked offline.

All the reservation strategies used in the analysis observe the following planning principles

commonly found in the literature:

e Nearest (berth) Location Principle (NL) prioritizes the bays closer to the target vessel
berth, thus minimizing the travel time of Yard Trucks (YTs).

e Concentrated (bays) Location Principle (CL) enforces containers belonging to a group
to be placed on bays or stacks located as near as possible, in order to decrease the gantry
travel of YCs during the ship loading operation.

e Least (YC) Congestion Principle (LC) favors the dispersion the groups of containers
among the blocks, since excessive concentration may lead to interference among yard
cranes during ship loading. Thus, the number of blocks among which the work is
distributed depends not only on the existing yard layout, but also on the number and type
of available handling equipment.

e Least Relocation (rehandling) Principle (LR) prevents containers belonging to different
groups from mixing in the same stack, thus avoiding reshuffle movements needed to

retrieve containers.

Although the model makes use of these principles, their application is not always straight away
(some principles may interfere with each other), and sometimes it depends on the type of flow
(import/export). l.e., when space is reserved early (equivalently, small Tr), the NL principle is
observed by selecting bays or stacks for export containers as near to the target berth as possible,

which also enhances bay concentration (CL principle). However, if yard occupation is high,
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vacant locations may be widely spread over the terminal, and so selecting bays near to the berth
(NL) may be contrary to CL principle if fewer but greater vacancies are available at further

distances.

With respect to the LC principle, the model takes into consideration the workload of RMG cranes
to evenly distribute the containers in the yard. For export containers, however, at the time of
reserving space, the future YC workload upon arrival of a new export container it is hardly
foreseeable. Hence the LC will only be considered when stacking import containers. In this case,
when the number of containers assigned to a YC exceeds that threshold (25 containers per hour),
the systems considers that the cluster is overloading that yard crane, and then searches for a new
cluster that can be attended by a different yard crane. In some cases, however, it may not be
possible to find a better candidate, and then the system will produce an overload. Finally, the LR
principle is observed when dealing with the Slot Allocation Problem. In this case, export

containers are stacked by taking into consideration its weight, as described in Section 3.3.2.2.

The case of import containers differs from the export counterpart. First, the system will reserve
space for import containers upon vessel arrival. Import containers do not need to be categorized
in groups according to port destination or weight, and therefore the CL does not apply to this case.
Although stacking import containers also obeys the NL and LC principles, under the assumption
that no departure information is known at the time of stacking, the system can only enforce
containers from the same vessel to be stacked close to each other, and take enforce newer

containers not to be stacked on top of older containers.
6.2.3 Reservation and Stacking algorithms

As previously indicated, three Reservation Strategies are tested in the model for export stacking:
Early Reservation, No Reservation, and Intermediate Reservation. Since the delivery period is set
to three days in the simulations, Intermediate Reservation will be tested by reserving the space at
the beginning of the second and the third day. In such scenarios, the yard space needed for a ship
will calculated as the outbound containers in the stowage plan minus the number of containers

that have already arrived at the terminal.

The space allocation policy is based on entire bays (not stacks). The priority is given first to bays
with containers belonging to the same group, second, to empty bays, and third, stacks within bays
assigned to different groups. Note that therefore, bay mixing is allowed in high occupation
situations, although mixing is not permitted to containers bound to different vessels in the same

stack.

6.3 Experimental setup
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Reservation strategies proposed in the previous section are tested by means of numerical
simulations conducted on a parallel terminal model described in Section 3.3. The simulation
reproduces the distribution of container groups over the yard according to the stacking strategies
and operational rules defined in previous sections, which in turn determine the operational costs
associated to the yard. The simulation also allows evaluating the trade-off between the efficient
use of space under each strategy and the operational costs associated to YC productive and

unproductive movements.

Specific characteristics of the model setup are described in subsequent sections. A flow diagram

of the container operations is given in Figure 52.
6.3.1 Terminal layout

The layout of the container terminal analyzed in this work (see Figure 51) is of rectangular shape,
with a quay length of approximately 1350m and a width of 360m. Blocks are distributed in five
rows and five columns, and they are composed of standard 20feet slots. A summary of block
module characteristics is given next:

e Typical length: 32 TEUs (20-foot containers)
e Width: 6 stacks

e Height: 4 tiers

e Span: 25.25 m for 6 container rows

e Typical container spacing: 500 mm end-to-end, 400 mm side-to-side

Par == = S
L

i l|I|I|I|l|]||||||||I|l|[|l|l||||| Il l|[|I|I|I|I|l|]|1||||||I|[|l|I|I|l|I| ||I|l|l|I|l|]|||||||I|[|I|I|l|l|l L
i

—
N === S
e N eer—
[ Ha——

Gates
e Figure 53. Sketch of a 5x5 block terminarrayourwrurtwotontainerships at the berth line.

As for the terminal layout itself,
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e Number of berths: 3 (centers at thirds of the quay length)
e Aisles:
o Vertical aisles:
= Terminal sides: 60 m
= Intermediate aisles: 50 m
0 Horizontal aisles:
= Top:80m
= Intermediate: 15 m
= Bottom:35m

e Gates are located in the center of the landward side of the yard.
6.3.2 Container retrieval procedures

Whenever a container is about to be retrieved, one YC needs to be selected is selected according

to the two following criteria:

e YC workload measured as the number of containers in the look ahead horizon WL,
e Distance from the target container (C) and the container that occupies the last position

of crane workload (C"4y), denoted as di(CT,CLy.).

Before evaluating the candidate YCs, both criteria are nondimensionalized and the scoring

formula is applied according to the next equation:

WL,

dyc(CT: C;VL) (Equation 36)
- max(WL,,) max(d,,)

C

Q,.

In the equation, YCs are overloaded when they surpass a threshold of 25 containers per hour, and
so max(WLyc) = 25. The YC with the minimum score will add the target container to the last

position of its workload.
6.3.2.1 Export containers

After the vessel download operation has ended, export containers bound to that ship are removed
sequentially from the yard. When a YC is recovering containers from a bay, retrieval is
accomplished in descending order of weight class (from 9 to 1), and so containers from the sea
(left) side of the bay are retrieved first (Figure 51). Rehandling movements will be needed if a

container of superior weight is piled underneath lighter ones.
6.3.2.2 Import containers

On the other hand, upon arrival of an import ET, one inbound container will be randomly

retrieved. The probability of a container being picked up is directly proportional to the duration
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of the container’s stay in the yard. Therefore, the longer the duration of the stay, the higher the

container’s probability of departure will be.
6.3.3 Container traffic

Traffic is generated based on the total volume of containers in the year. The annual number of
container is set to 1.2, 1.6, and 1.8 million TEUS depending on the experiment. This variability is
used to analyze the effect of traffic on yard operations. Import and export containers are bound to
a determined ship, meaning that the arrival and departure of containers over time is triggered by

vessel arrival events.
6.3.4 Vessel arrivals

Vessels operate on a regular schedule characterized by an inter-arrival time (Ta) that is generated
according to a Poisson distribution. The mean Ta results from dividing the annual volume of
traffic of each scenario by the number of containers bound to the vessel for the import and export
operations, which is set to an average of 1000 (with a variation of £10%) for each ship. Upon
arrival, vessels occupy one of the three berthing positions of the quay alternatively, therefore
shifting the center of gravity of the container distribution in the yard for the containers bound to

that vessel.
6.3.5 External trucks arrivals

External truck arrivals to the terminal take place the days before the vessel arrival event. Trucks
bringing export containers follow an exponential distribution during the so called delivery period.
The delivery period starts several days before the ship arrival (a value of 3 days is used in the
simulation) and extends until desired by the terminal operator, at the so called cut-off time, T, set

to the gate closure time on the day prior to the vessel arrival.
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Figure 54. Flow diagram of the Parallel Terminal model.
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Figure 55. ET arrivals with respect to time. Vertical lines indicate vessel arrival time (blue) and

vessel call to port (red).

On the other hand, inbound operations commence with the ship downloading operations, after
which external trucks retrieve containers from the terminal following a decaying exponential
arrival pattern that usually lasts longer than the delivery period (a limit value of 9 days is used in
the experiments). The short term distribution of ET arrival is obtained from real data and stretches
over the open gate period from 7:00 to 21:00 hours, observing two traffic peaks around 11:00 and
16:00 hours.

6.4 Numerical experiments

The total number of experimental cases arises from the combination of values adopted by two
variables: traffic volume and reservation strategy. Whereas traffic volumes can be “low”,
“medium” or “high”, the so called reservation time Tr adopt values of entire days, and cover
uniformly the delivery period, which is set to 3 days. Therefore, reservation times Tr range
ranging from O to 3 days: Early Reservation (Tr = 3, and so space is reserved before the arrival
any EXP containers to the terminal), Intermediate Reservation (Tr = 2 and 1 days), and No

Reservation (Tr =0).

As summarized in Table 17, the combination of inputs for simulation results in twelve (12) basic

scenarios. Each simulation case is repeated five and average results of the simulations provided.
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The duration of the simulation period is two weeks. The size of the inventory stabilizes after one
week, after which results are collected for evaluation. Simulations are run on a CPU @ 2.7GHz
and 8GB RAM, typically lasting about 4-8 hrs.

Reservation Strategy Traffic volume (million TEUS /year)
Early reservation 1.2 1.6 1.8
Intermediate (1 day delay) 1 5 9
Intermediate (2 days delay) 2 6 10
No reservation 3 7 11
Early reservation 4 8 12

Table 16. Experimental cases setup.

6.5 Results and discussion
This section summarizes the main results obtained in the numerical experiments. Experiments are
carried out using a single-core 2.7 gigahertz personal computer with 8 gigabytes of RAM. Each

run typically consumes 4-6 hrs.

The proposed stacking strategy with different reservation times is evaluated with regard to the
distribution of containers in the yard, and also with respect to the efficiency and productivity of
the MHE.

In general, results indicate that reservation strategies improve the distribution of containers in the
terminal yard compared to online strategies, as the layout exhibits a greater degree of
clusterization. As a consequence, the efficiency in the use of energy is improved. With respect to
productivity, YCs also benefit from higher degrees of clusterization as the overload time is

reduced.
A summary of the results and an in-depth analysis is provided in the next sections.
6.5.1 Distribution of containers in the layout

The performance of the algorithms in terms of yard space utilization is shown in Table 20. It is
noticeable that under Early Reservation (ER) the terminal has not enough capacity to reserve
space when the annual traffic is equal or exceeds 2.0 million TEUs, and so the traffic ranges from
1.2 million TEUs to 1.8 million TEUs.

Results confirm that the distribution of containers in the yard greatly depends on the moment at
which the reservation is made (Tg). A clear tendency reveals that, as Tr is deferred, the amount of
container spreading (measured as the number of groups of containers bound to the vessels)
increases. As more clusters of bays are needed when delaying the reservation, the size of the
average cluster (considering both the number of bays or containers in the group) tends to be

smaller.
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The volume of traffic in the terminal also has a significant influence on the amount container
clustering in the yard template. Greater traffic not only introduces larger numbers of containers
in the yard, but also increases the number of vessels to which the clusters are bound to. This way,
when the traffic increases from 1.2 M TEUs to 1.8 M TEUs, the number of clusters increases

roughly between ~24% for the NR strategy to ~57% in the ER strategy.

With respect to the amount of space blocked for export containers (relative to the gross terminal
capacity) results indicate that it is very significant when utilizing Early Reservation, up to 16% in
the 1.8M TEUs scenario. To this extent, it is worth noticing that, as the volume of export and
import containers is the same in the experiments, the amount of inventory devoted to export
containers must be approximately 50%, and so the net capacity of the inventory for export

containers is 34%. In addition, a minimum of 12,5% of the space must remain empty to allow
rehandling. On the other hand, RS decreases as Tr increases and more online stacking is

performed by the algorithms, until the amount of space reserved is null under the No Reservation

strategy.
Reservation Strategy TU (%) RS (%) NC NB NCTs
1.2 Million TEUS
Early 10.0 8.04 3.91 23.92
Intermediate (1 day delay) 46.0 5.6 9.92 2.02 12.77
Intermediate (2 days delay) ' 1.7 1277 143 10.11
No reservation 0.0 14.42 1.22 9.13
1.6 million TEUS
Early 14.2 10.81 2.70 22.02
Intermediate (1 day delay) 54.4 5.7 13.97 1.72 13.37
Intermediate (2 days delay) ' 1.9 16.66 1.48 9.97
No reservation 0.0 17.57 1.34 8.77
1.8 million TEUS
Early 16.5 12.63 2.05 15.31
Intermediate (1 day delay) 69.3 5.8 15.53 1.57 10.32
Intermediate (2 days delay) ' 2.1 17.63 1.44 9.13
No reservation 0.0 17.92 1.20 8.48

Table 17. Clustering of containers as a function of the volume of traffic. TU : Average Terminal
Utilization, RS : Reserved Space for export containers relative to the Terminal Gross
Capacity, "NC : Number of Clusters, NB : Number of Bays per cluster, "NCTs : Number of
Containers per cluster.

The amount of space reserved under ER is similar to that from Taleb-Ibrahimi et al. (1993),
although consideration must be given to the fact that the total amount of spaced blocked for
reservation ultimately depends on the combination of parameters that characterize the distribution

functions of the ET arrivals and the vessel inter-arrival times (Sauri and Martin, 2011).
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With respect to the operational costs, Table 18 shows the average distances travelled by the YTs

from the berths and the block TLs for the vessel discharge and unloading operations. Several

conclusions are readily evident:

As expected, greater distances are traveled by the YTs as traffic volume increases. As
expected, the average distance per container increases as more containers in the yard force
the occupation of bays located further away from the target vessel. Also greater distances
are traveled for import operations in general, as export containers are arranged in clusters
following the nearest location principle.

A greater degree of clustering observed as TR is deferred produces longer travel distances
for export containers; the opposite effect is observed for import (download) operations.
Overall, deferring Tr produces higher travel distances, between ~4% and ~6% for the 1.8
M TEUs and 1.2 M TEUs respectively, which may also have an effect on the productivity
of the yard.

The cost associated to YTs can be easily estimated. Considering a YT consumption of
around 301/100km and a fuel cost of = 1.0€/I for the diesel, and the average distances to
carry out a container from the berth to the block and back in Table 18 (811.1m for the
shortest and 1554.1m for the longest trip), the total cost per trip ranges from around 0.24
€ and 0.47 €. This cost is of the same order of magnitude than that of the RMGs when

handling a container, as analyzed later on.

Algorithm Traffic volume: million moves/year
1.2 1.6 1.8
Flow type IMP EXP IMP EXP IMP EXP
Early reservation 1,471.3 811.1 1.582,1 9149 | 15541 864.1
1 day delay 14654  867.7 14918 8715 | 1,369.0 9945
2 days delay 13340 1,057.3 | 1,368.3 1,069.8 | 1,242.7 1,148.9
No reservation 1,246.0 1,1719 | 1,338.2 1,258.0 | 1,2045 1,306.0

Table 18. Operational costs associated with the Yard Truck (traveled distances, in meters).

Table 20 shows the experimental results relative to the YCs operational costs and productivity. A

number of conclusions can be inferred from the table:

The number of reshuffles per import or export container is almost the same regardless the
volume of traffic, as the height of the stacks is approximately the same regardless the
reservation strategy.

Conversely, earlier TR produces a smaller number of reshuffles per export container. The
reason is that as TR decreases, the number of candidate bays among which the individual
slot allocation of the container can be made is larger, and the higher the probability to
find a suitable slot according to the weight classification indicated in Figure 40. This
availability ultimately reduces the number of reshuffles as the order in which export

containers are retrieved depends on their weight.
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e With respect to rehandling, online stacking (equivalently, NR) is less restrictive as it does
not impose as many constraints to the stacking operation. In contrast, later reservation
worsens the individual slot allocation problem as indicated by the greater the number of
rehandling jobs incurred when retrieving export containers.

e In average, expenditure associated to gantry represents around ~20% of the total
consumed by the RTG, while hoisting accounts for ~73% and trolley the remainder ~7%.
Although small variations around these percentages are obtained among the experimental
cases, this outcome indicates that YCs require relatively less gantry travels to handle
containers in parallel terminals than in perpendicular terminals. As a consequence, YCs
in parallel layouts also spend less energy per container. On the other hand, the
contribution of rehandling to the efficiency of the operations is much greater.

e The energy expenditure reveals that more efficient use of the YCs (under the FIFO rule
for dispatching) is achieved as more container clustering is present in the yard. Greater
efficiency is achieved for two main reasons: first, strategies that favor container grouping
will experience fewer crane movements when retrieving containers from the stacks to be
uploaded to the vessel; and second, less rehandling effort is required for export

operations.

Reservation N° Reshuffles/ CT Ec (kWh) Overload
Strategy IMP EXP IMP EXP (% of time)
Low traffic volume: 1.2 million moves/year

Early reservation 0.86 0.03 2.35 1.14 12.2

1 day delay 0.82 0.04 2.36 1.16 12.9

2 days delay 0.84 0.10 2.37 1.21 16.0

No reservation 0.83 0.13 2.39 1.27 18.2
High traffic volume: 1.6 million moves/year

Early reservation 0.88 0.03 2.41 1.15 18.5

1 day delay 0.82 0.05 2.42 1.20 19.1

2 days delay 0.88 0.10 2.45 1.27 21.8

No reservation 0.89 0.14 2.46 1.34 27.8
High traffic volume: 1.8 million moves/year

Early reservation 0.87 0.03 2.43 1.17 21.7

1 day delay 0.87 0.06 2.44 1.21 25.0

2 days delay 0.87 0.10 2.46 1.28 31.6

No reservation 0.86 0.13 2.47 1.35 37.1

Table 19. Operational costs associated to the Yard Cranes: IMP/EXP container reshuffles. Ec =
Average Energy Consumption in kWh.

Finally, YC overload is provided as a manner to evaluate the compliance of the reservation

strategies with the Least Congestion principle. As indicated earlier, YC overload is indirectly
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measured as the amount of time the workload surpasses a threshold of 25 moves/hour. The

following statements summarize the conclusions drawn from the YC overload results:

e With respect to the volume of traffic, YCs overload increases as traffic increases in all
cases, as expected.

¢ Regarding the reservation strategy, greater YC overload is also observed as Tr is deferred.
The variation in crane overload is very significant within each traffic scenario, revealing
the influence of Tr on the number of YCs required. In reality, the amount overload a
terminal considers assumable is set in advance, and the number of MHE is set
accordingly. In this work, for comparison purposes, one YC per block is considered.

e As no YC control is implemented in this case, further research may contribute to
providing deeper insight into the effect of the yard template on the YCs when deployed
by a real YC control.

6.6 Conclusions and future research
This work analyzes the Bay Allocation Problem considering the role of Tg, defined the time at
which space in a container terminal is reserved for the arrival of export containers. Resulting yard
templates are compared when stacking containers under Early Reservation and No Reservation
strategies, and also with a proposed Intermediate Strategy in which some containers bound to a
vessel are stacked on an online basis, after which space is reserved for the remainder of containers.
Reservation strategies are evaluated under three traffic scenarios representing low, medium and
high volumes of yard inventory. The objective of this setup is to assess the performance of the
strategies in producing a more efficient yard template measured not only in terms of space
utilization and organization, but also in terms of operational costs associated to YTs and YCs.
Productivity is also evaluated indirectly in terms of YC overloading under the assumption that, in

this case, crane interference is not significant.

Several experiments using a simplified DES model were conducted in an import/export parallel
terminal. As expected, as Tr is deferred results reveal a tradeoff between the amount of space
unused for reservation and the productivity of the terminal: the earlier the reservation, the more
significant the amount of terminal space is steadily unused, an unwanted effect due to the usually
high CAPEX and OPEX related to the terminal yard. The empty space required by offline stacking
strategies represents a physical constraint that could only be assumed in terminals operating under
particular circumstances, or under a small level of occupancy. In addition, small Tr produces
longer average YTs displacements for import operations (during vessel downloading). On the
other hand, the earlier the reservation, the shorter YT travel distances (vessel uploading

operations), and less YCs energy expenditure when moving along the blocks to deliver the
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containers. Smaller Tr also induces greater terminal productivity in terms of rehandling effort of

export containers and Y Cs throughput (lower overload).

Summarizing, although reservation is a frequently ignored practice for a number of reasons, it
may be desirable when possible to enhance terminal productivity. Even in congested situations,
when the amount of space available for reservation is relatively small, reservation with a certain

amount of time delay may be worth considering in practice for the abovementioned reasons.

Overall, the results reveal a strong influence of Tr in the yard template, and so it may be an
important factor to consider in the short term planning of terminal operations. The limitations of
the simplified DES model in the simulation of YTs and YCs may provide a more comprehensive

understanding upon the preliminary evaluation of the associated costs.
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Chapter 7

Conclusions and future research

7.1  Overview
Tendencies in container transportation observed in the last years reveal that the sustained growth
in the amount containerized cargo will continue in the near future. Despite the foreseeable
overcapacity in the containership fleet, the average size of the carriers continues to increase and,
as a consequence, more pressure is put on the terminal operators, who must find new ways to

handle operations efficiently and, if possible, increase terminal productivity.

In such context, the first objective of this thesis is to provide two low cost simulation tools for the
analysis and evaluation of terminal yard operations. The tools are very flexible and easily
customizable, and so they can be utilized to reproduce any type of parallel or perpendicular yard
layouts. In addition, the YCs are simulated in detail, and therefore both models allow testing
solutions and optimization techniques to improve the efficiency and productivity of yard handling
processes. The second objective of this Thesis is to develop and test a model for YCs energy
consumption, with the aim to improve the efficiency of YC operations. Letting alone the
consequences of climate change, this topic is relevant as more and more terminals turn to
electrification as a way to reduce emissions and costs. As a consequence, the demand for electric
power is becoming a concern for the terminal operators, as they represent a significant port of the
running costs. The third objective is to propose and analyze several operational problems related
to the allocation of storage space in the container yard. In these analyses the energy cost is utilized
to evaluate the efficiency of the operations. The final goal is to provide some insight into practices

that may help reduce operating costs while improving the yard productivity.
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In order to achieve these general objectives, this Thesis addressed the following particular issues:

1)  The slot allocation problem for export containers in a perpendicular terminal in order
to improve the efficiency of the operations and, at the same time, improve the ASC
throughput; and finally

2)  Optimize the dimensions of a perpendicular block with regard to energy costs.

3)  The reservation of space in the yard as a design/operational problem, in which several

trade-offs are identified and evaluated:;

The structure of this Thesis corresponds to the abovementioned topics, in which the proposed
problems are analyzed separately. The main findings and conclusions of this research derive from

contributions of each chapter, as described next.

7.2 Main findings and conclusions

A summary of the most important conclusions from the analyses of this Thesis is presented here.

Appendix A describes the duty cycle of YCs, and provides specifications two common types of
cranes: RMGs and ASC, which are used in parallel and perpendicular terminals respectively.
More importantly, the chapter includes the mathematical formulation of two YC energy
consumption models. Both models give consideration to individual characteristics of hoist, trolley
and gantry crane movements. Weights of both container and crane moving parts and are also
considered. Chronologically speaking, a simpler model was developed first based on the potential
energy required to mobilize a weight in the horizontal and vertical directions, where coefficients
account for the friction and efficiency of the mechanisms. Later on, a more sophisticated approach
was adopted taking into account both the motor characteristics and the duration of the different
resistances encountered by the gantry, trolley and hoist movements of the crane. To the best of
the author knowledge, this is the first time that such a model have been considered to evaluate the

energy consumption of yard cranes.

Moreover, this chapter also includes a simple example with the aim to compare the two energy
consumption models. Results indicate that energy consumption from both models is of the same
order of magnitude. This is important since, as the particular characteristics of the cranes and their
motors may be difficult to obtain for a particular case, a simpler model can produce practical
results that can be useful in different applications. However, it must be noted that the more
sophisticated electric model produces higher absolute values of electric consumption than the

potential model.

More importantly, regardless of the model, energy consumption of gantry and hoist movements
are of the same order of magnitude; therefore, the relative importance of the energy consumption

associated to gantry and hoist movements required to handle containers will depend on the
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characteristics of each particular setup (crane duty cycle, such as the distances traveled by the
cranes to pick the container, the height of the target container in the stack, the amount of
rehandling needed, etc.). As a consequence, the operational strategies (i.e. housekeeping
operations) utilized to manage the terminal yard will have a strong influence on energy

consumption.

Chapter 3 is devoted to the description of two DES models utilized to analyze two types of
terminal yard layouts: parallel and perpendicular. Both models are fully configurable and can be
used to simulate yard handling operations with a high level of detail; therefore they provide the

capability to be used with both research and industrial purposes.

In Chapter 4 an Efficient Stacking Storage Algorithm is proposed and evaluated. This algorithm
is applied to the stacking operations of export containers in a single block of a perpendicular
container terminal with two non-crossable cranes. Contrarily to other algorithms, the ESSA
estimates the total energy consumption and travel time required for a single container in its transit
along the block; thus, it makes use of the system state information at the time of stacking the
container, but it also estimates information regarding the future container leaps along the block
based on a probabilistic analysis. This way, the ESSA takes into account both the efficiency of
the operations (in terms of energy consumption) and the productivity of the ASC (measured as
the amount of time needed to execute a stacking operation). Each stacking operation is calculated
in advance so as to take into account the additional energy expenditure and delays deriving from
crane interferences when the two ASC operate in the block. Results indicate that, for the
experimental setup and two levels of average block occupancy, the ESSA outperforms several
benchmarking algorithms (including the stacking algorithm utilized in a real container terminal)
not only in terms of an efficient use of the energy, but also in terms of productivity. Block
performance is also evaluated as the average time needed by the land ASC to retrieve an import
container from the moment it is requested, and also as the amount of time needed by the sea ASC
to retrieve all the containers bound to a vessel. In these cases, the ESSA is also the most efficient
algorithm.

Chapter 5, Optimization of the ASC block dimensions deals with a decision at a tactical level,
which is the determination of the optimal length and width of a perpendicular block with two non-
crossable ASCs. While the gross block capacity is kept constant, block length is varied from 24
to 72 bays of 20” length. A sensibility analysis is carried out with consideration to the block
occupancy level. While the simulation setup is similar to that of Chapter 5, the Logic Stacking
Algorithm is used in this case to analyze the energy expenditure and crane productivity, as the
algorithm is used in reality. Results indicate that shorter blocks benefit from the reduction in

energy consumption and increasing productivity; however, a trade-off is found with respect to
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productivity: wider blocks induce longer trolley travel times, which in turn may reduce crane
productivity, despite the shorter gantry displacements. As a consequence, the optimal block
dimensions resulting from the experimental case are in the 30-36 bays range. The analysis also
reveals that results are strongly influenced by housekeeping operations; to this extent, the need
for optimization of such procedures, such the limitation of housekeeping movements during night
shifts to benefit from lower prices of the electricity, may be an interesting topic for further

research.

In Chapter 6, the block allocation problem in a parallel terminal is analyzed by means of a DES
model. The objective is to analyze the distribution of containers in the yard depending on the
moment at which space is reserved in the yard to allocate export containers arriving several days
after. Such container distributions have an impact on the operational costs in terms of travel
distances and amount of unproductive movements. The study provides a sensibility analysis with
respect to both the volume of traffic in the terminal and the moment in which space for containers
is reserved in the yard relative to the 3 day period in which export containers arrive to the terminal.
The stacking strategies are primarily evaluated with respect to the amount and size of the clusters
of containers bound to each vessel. In addition, the model calculates the operational costs incurred
under each strategy not only for the YCs (in terms of energy consumption) but also for the YTs
and ETs (in terms of distances traveled). In addition, various indicators of yard performance are

given such as the amount of rehandling and the YC overload.

Results from the numerical experiments indicate that a higher degree of clustering is obtained as
terminal traffic increases, as expected. The initial hypothesis is also confirmed: the amount of
dispersion increases when the decision of reserving space is delayed relative to the moment at
which containers bound to a vessel start arriving to the terminal. As anticipated, a greater degree
of clustering (or equivalently, the amount of dispersion of containers bound to a vessel over the
yard) has an impact on the operability of the terminal, which unveils several trade-offs when
considering the deployment of YCs and YTs. First, YTs experience lower travel distances as Tr
is differed, the average distance travelled increases when the growth in terminal traffic volumes.
Conversely, when considering the YCs, the overall energy consumed increases as Tr is differed,;
however, as the terminal traffic increases, the increase of energy expenditure is only evident for

export operations.

Interestingly, the order of magnitude of the energy expenditure of electric YCs and diesel powered
YTs are similar; therefore the best strategy may also depend on the fuel and electricity prices at
each particular location. Again, the analysis indicates that complex systems require taylor-made
simulations and the use of stochasticity in the definition of the simulation inputs to account for

the real world variability. Finally, as expected, crane overload follows an analogous trend to
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energy consumption: it increases when the reservation is delayed, and also when the volume of
container traffic increases. Fom this point of view, strategies that reserve space in the yard for
export containers are preferred over online stacking. However, online stacking is a common
practice in terminals with high occupancy levels; in these cases, delaying reservation whenever
possible may still be a good practice in order to reduce the amount of rehandling and thus crane

overload.

7.3 Future research
From current trends observed in the literature review and the experience acquired from the results
of the work and the collaboration with a container terminal, it is clear that DES models are a
worthwhile tool to investigate operational practices, including a wide number of topics related to

the yard management. Hence the following lines for future research are suggested:

o As the electric powered YCs have the capability to regenerate energy during the
deceleration phase of each type of movement (gantry, hoist and trolley), this energy
can be exerted back in the electric network to feed other terminal’s MHE, which will
depend on factors as the amount of energy that could be harnessed by the YC during
deceleration periods, or the simultaneity factor of YC duty cycles. To this matter, the
DES simulation can be used to characterize the aggregated demand and the amount of
energy recovered with respect to time. Energy recovery may came not only from YCs,
but also from other electric MHE such as QCs. This would help dimensioning the
equipment needed to manage the storage and distribution of electricity within a

terminal.

« As indicated in the conclusions, the incidence of housekeeping operations depends on
the logic of the stacking algorithm and the amount of traffic experienced in the
terminal. Although housekeeping operations are not subject to the same priority rules
as stacking or retrieval operations, they constitute a significant portion of the energy
consumption, and therefore heuristics and optimization techniques can be can be

applied to improve not only the efficiency but also the productivity of the ASCs.

» Regarding housekeeping operations, they are based on heuristic rules that could be
subject of extensive analysis to elucidate, i.e., whether such operations can be delayed
until nighttime hours and benefit from reduced price of electricity. In addition, the
characterization of the energy and productivity of the ESSA at the time of stacking a
container could be further improved by considering housekeeping operations in a

probabilistic way.

« More sophisticated YC control and deployment systems can be proposed and utilized

to evaluate their effect in the different analyses realized in the present Thesis. In the
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case of perpendicular terminals, the YC control is usually oriented to the scheduling of
the ASCs so as to minimize the time required to complete the jobs in the workload
including waiting times. This approach could be also extended to account for the
efficiency of the stacking operations and future housekeeping or retrieval operations.
This way, the crane interference can be minimized according to the proposed efficiency
and productivity criteria. With regards the parallel terminal model, the YC control will
help determining the effect of crane interference and crane overload in the distribution

of containers in the yard.
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Annex A

Crane Duty Cycle and Energy Consumption

This annex is dedicated to the description and analysis of the cranes used in the DES models, as
well as the two different energy models utilized to estimate their consumption. The annex is
structured as follows: first, a description of yard cranes is provided; second, are duty cycle of a

real crane is

A.lL Description of a yard crane
Yard cranes are gantry robots over rails with a rigid guiding beam and fixed legs that perform
high-precision storage and retrieval of containers (Figure 27). Several types of yard cranes can be
found in the market depending on the type of wheels (rails or tires), the power source, or the level
of automation. As previously indicated, this thesis considers two types of fully electrified cranes:
ASC and RMG. These type of cranes and are becoming predominant in the market as they have

several advantages over gasoil powered cranes:

e Lower noise, contaminant emissions, or spills
e Lower power consumption, with the possibility of regenerating power through gantry
braking or hoist lowering.

e Lower maintenance costs,

Main power supply and data transmission of electric cranes are managed by motor driven cable
reels. These cranes are also provided with automated functionalities and onboard monitoring

equipment. Energy and data transmission to the trolley is managed by guiding chain systems.
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Head block

Spreader

Crane Structure

Container

Figure 56. Automatic Stacking Crane (Courtesy of Kone Cranes).

There are several types of mechanisms that carry out the hoist and trolley movements. Figure 54

illustrates an RMG bridge on which the trolley movement takes place.

Figure 57. Crane bridge (left) RMG crane (right) and (Courtesy of Kone Cranes).
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Annex A. Crane Duty Cycle and Energy Consumption

A.1.1. ASC Specifications

In this section, we provide a summary of the crane characteristics required to feed the energy

consumption models.

A.1.1.1. Dimensions

The ASC dimensions are provided next:

e Working height: 1-over-5 high-cube containers
e Working span: 9 containers
e Track gauge: 28'm
e Length: 185m
o  Weight: 180 tons
A.l1.1.2. Crane kinematics

The next kinematic characteristics are used for the calculation of the crane movements.

e Gantry travel:
O Speed: 240 m/min
0 Acceleration: 0.4 m/s?
e Cross travel
O Speed: 60 m/min
0 Acceleration: 0.4 m/s?
o Hoisting/lowering speed (winds up to force 10 Bft):
O Speed: 39 — 72 m/min (full — empty)

o Acceleration: 0.35 m/s?

A.1.2. RMG Specifications

The next crane specifications are utilized in the parallel terminal model.

A.l1.2.1. Dimensions

The RMG dimensions are provided next:

e Working height: 1-over-4 high-cube containers
e Working span: 6 + 1 containers
e Track gauge: 22m
o Length: 16.5m
o  Weight:
0 Whole crane: 116 tons
0 Trolley cabin: 16 tons
0 Spreader. 2 tons
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Al2.2.

Crane kinematics

The next kinematics are used for the calculations

Gantry travel
0 Speed (empty - laden):
0 Acceleration:

Cross travel:
O Speed:

o Acceleration:

135 - 90 m/min
0.35 m/s2?

70 m/min
0.4 m/s?

Hoisting/lowering (empty - laden), winds up to force 10 Bft:

0 Speed:

o Acceleration:

A.2. Crane Duty cycle

35-72 m/min
0.35 m/s?

The crane characteristics described above are utilized to calculate the individual gantry, trolley

and hoist movements that compose the representative crane duty cycle.
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Figure 58. Kinematics of the ASC gantry movement.
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Annex A. Crane Duty Cycle and Energy Consumption

A.2.1. Characterization of the crane individual movements

ASC or RTG perform three main types of movements, as indicated in the next table:

Movement | Direction Crane moving parts
Gantry X (Longitudinal) | Whole crane

Trolley Y (Transversal) Spreader + headblock
Hoist/lower | Z (vertical) Spreader

Table 20. Types of individual crane movements.

The kinematics of each movement comprise a phase of acceleration, a phase of constant speed,

and a phase of deceleration, as illustrated in Figure 8.

A.2.2. ASCcycle

A typical duty cycle of an ASC can be represented by the following steps:

© 0 N o g &~ w

Gantry to the bay position where the target container is located.

Start of duty cycle with the spreader in the default position and trolleying towards target
container.

Lower hoist to pick up first container.

Lift the first container.

Trolley the first container to the end of the stack.

Lower hoist to land first container within the stack.

Lift the spreader only

Trolley toward the target container location.

Lower the spreader towards the target container.

. Lift the target container.
11.
12.
13.
14,

Gantry to the next bay position awaiting the container.

Trolley the target container to the target lane.

Lower the target container onto the trailer of the truck/AGV/SC.
Lift the spreader to the default position.

A.2.3. RMG cycle

A typical duty cycle of an RMG can be represented by the following steps:

Gantry to the bay position where the target container is located.

Start of duty cycle with the spreader in the default position and trolleying towards target
container.

Lower hoist to pick up first container.

Lift the first container.

Trolley the first container to the end of the stack.
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© © N o

Lower hoist to land first container within the stack.
Lift the spreader only
Trolley toward the target container location.

Lower the spreader towards the target container.

10. Lift the target container.

11. Trolley the target container to the truck lane.

12. Lower the target container onto the trailer of the truck.

13. Lift the spreader to the default position.

14. Gantry to the next bay position awaiting the container.

A.S.

models

Electric consumption of YCs and energy consumption

As the industry is shifting towards electrically powered YCs, operators are becoming increasingly

concerned by the growth in demand for electric power of their container terminals. For instance,

according to Le (2012) a single YC can have a peak demand of around 700 kW (Figure 55), which

is important to determine the overall electric demand of the terminal.

1000 T
:° " l p—r—
-500 B
1885 1905 1925 1945 1965 1985 2005 2025 2045

Time [seconds)

ID | Movement Consumption | Generation
a | Acceleration to maximum gantry without container | 500 kW

b | Gantry without container 250 kW

¢ | Deceleration without container 200 kW
d | Lower spreader down without container 50 kW
e | Hoist spreader up with container 400 kW

f | Acceleration to maximum gantry with container 50 kW

g | Gantry with container 300 kW

h | Deceleration with container 350 kW
i | Lower spreader down with container 300 kW
j | Hoist spreader up without container 100 kW

Figure 59. Electric power demand YC duty cycle (Le, 2012) with notation.

An approximate idea of the YCs overall consumption can be inferred when considering that an

average crane duty cycle requires =10 kWh per container. This value can be easily used to

estimate the order of magnitude of the relatively large amount energy required by the yard cranes

in a terminal. For example, the power consumption of a single YC in a mid-size terminal is in the
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order of magnitude of 100.000 kwh. It is also worth noticing that electric powered YCs have the

capability to recover energy during the deceleration part of the cycle, which amounts to ~3 kWh.

Two energy consumption models are utilized throughout the analyses of this Thesis.
Chronologically, a simple potential based model was developed first to study the parallel terminal
DES model; later on, a more sophisticated electric model was provided to analyze the

perpendicular block DES model.

For both models, the energy consumption associated with each movement is formulated with

consideration to the weights of the container being carried and the moving parts of the crane.
A comparison between the outputs from both models is given in section 3.6.9.

AA4. Potential model

The energy consumed by the ASC crane on each gantry, trolley or hoist/lower movement is

calculated according the nominal resistance to the movement, which is described by equation (1):

M, +Mc)-g-X, 1, (Equation 37)
e Thm
Where:
e mdenotes the type of individual movement (gantry, trolley or hoist);
e Mp is the mass associated to the moving parts of the crane,
e Mc is the mass of the container,
e g isthe gravitational acceleration,
e Xmis the distance traveled by each movement, and finally
* Umand ym are coefficients that account for the friction between surfaces and the engines

efficiency, respectively. Values utilized are given in Table 2.

Coefficient Gantry Trolley Hoist
am 0.005 0.006 1.0
Pm 0.95 0.90 0.85

Table 21. Friction and efficiency of the potential model.

The estimation of the energy spent not only depends on the distance traveled by the container
on the three axes (Ax, Ay, Az) but also on the combined weight of the container and the moving

parts of the YC (mcont and ms respectively), according to the flowing equations:

Gantry (9): (Equation 38)
m,+m AX
eg (WS) — AEmec — /ug( g t)g
ur e

con
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(Equation 39)
es (WS) — AEmec — luS(mS + mcont)gAy

Spreader (s):
s UB
HoistLift (W) e, ()= AE _ (m, +m,,,)gAz (Equation 40)
Thn TThn
A.5. Electric model

The electric consumption model is more sophisticated as it takes into account the kinematics of
the crane individual movements for the various crane components involved in the execution of

the movement.
A.5.1. Types of crane moving systems and resistances
Next, crane movements in the three axes (hoist, trolley and gantry) are described. As the cranes
usually have different types of hoist and trolley mechanisms, which are described next.
A5.1.1. Hoist

Several hoisting mechanisms can be selected in the model:

a) Hoisting winch on the trolley (Number of rope sheaves: minimum),

b) Hoisting winch fixed on the bridge (Number of rope sheaves: depending on wire rope

layout), or

¢) Stacking crane with ‘rope tower’ (Number of sheaves: depends on rope system in trolley).

Hoisting crum

Figure 60. Hoist mechanisms a (left), b (center) and c (right). Source: Cranes, Design Practice and

Maintenance.

From now on, the preferred hoist mechanism is the winch on the trolley.

A5.1.2. Trolley
There are three general types of trolley systems, each of them with a specific type of calculation:
a) Direct driven trolleys or motor trolleys

b) Trolleys, which are pulled by wire ropes

¢) Rope driven trolleys for grab-unloaders with a main- and an auxiliary trolley
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From this moment on, we will assume that the ASCs utilize the first option “direct driven trolleys

or motor trolleys; wheel slip control”.

A.5.2. Components of the crane movements

For each individual movement, the electric model of energy consumption comprises several types

of resistances that must be overcome during the duty cycle of the crane, namely:
« Resistance due to normal travel of the crane or its parts,
» Resistance due to the current supply / festoon systems,
e Resistance due to wind,
» Resistance due to acceleration of the rotating masses, and
» Resistance due to acceleration of the linear moving masses.

Formulations for each resistance will be provided in subsequent sections. For each
gantry/trolley/hoist movement, not only the values of the variables in the formulation are

different, but also the type of resistance to be considered, as indicated in Table 2.

Type of resistance Gantry Trolley Hoist
Normal travel v v v
Current supply v
Wind v v
Rotating masses ve v v
Acceleration of linear moving masses ./ v v

Table 22. Types of resistances to consider in each movement.

A.5.3. Resistance due to nominal traveling

The required motor torque M (in Nm) to raise the maximum nominal load is:

_ P1-9,550 (Equation 41)

1 n

Where:
e n=rotating speed of the motor (in revolutions per minute, rpm)

The power (in kW) required to overcome the resistance due to nominal travel can be generally
calculated according to the following expression:

Fi-v (Equation 42)

Where:
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e P1=required power in KW.

e F1 =Force or resistance due to nominal travel in kN, which is different for each

movement, as described later on.
o v = Speed of the crane or its moving parts.

o 1 = the efficiency of the system mechanism, which can be different for each case, as

indicated later on.
A.5.3.1. Nominal force F1
The calculation of the nominal force F; is different in each type of movement
1) Hoisting
The nominal force F; (in kN) is given by:
Fi=N=m-g (Equation 43)
e N =maximum nominal permissible lifting force (in N)

For the hoisting mechanism shown in Figure 10 the influence of the angles a have to be taken

into account, as the forces and the motor power are multiplied in this wire rope system, with

1
cosa

f=
Where:

e o = half of the biggest angle between the wire ropes when the load is in the highest
position.

2) Trolley and gantry
Fi=W-f (Equation 44)

Where:
« f=wheel resistance of the trolley wheels (in kN/t): 5 kg/t = 0.05 kN/t

« W =weight of the moving crane structure of the trolley system (kg)

A.5.3.2. Efficiency of the mechanism

Again, the efficiency of each mechanism is different, as described next
3) Hoist
Only the efficiency of gearings and rope sheaves need to be considered, therefore n=0.9.

4) Trolley
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a) For a full rope trolley or semi-rope trolley of a container crane with the hoisting

mechanism on the bridge, it is given by:
1N = Nsh + Ngearings = 0.85 t0 0.87 (Equation 45)
b) Full motor trolley of a crane with the hoisting winch on the trolley:
1 = Ngearings = 0-90 (Equation 46)
5) Gantry
In this case, the efficiency of gearings is n = 0.90.

A.5.4. Resistance due to current supply or festoon system

For this resistance, the following values are adopted:
« F2=1.5KkN for arope driven trolley
e F2=3-4 kN for a motor trolley

As before, the required power is:

Fy, v (Equation 47)

n
The formula can use the same notation as before

P2=

A.5.5. Resistance due to wind

The force required to overcome the wind is:

(Equation 48)

e Fisthewind load in N,

« A = effective frontal area of the part under consideration (in m?)

» i = shape coefficient in the direction of the wind for the part under consideration
« i =wind pressure corresponding to the appropriate design condition (in N/m?)

Approximate

Height above Out of service design equivalent out of service
ground level wind pressure design wind speed
(m) (N/m?) (m/s)
0to 20 800 36
20 to 100 1100 42
More than 100 1300 46

Table 23. Out of service wind.
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The torque needed on the motor shaft to drive the crane against the wind is:

D (Equation 49)
F3 " 7

M3 == —
i'n

Where:

e D =diameter of the driven wheel

» 1 =reduction of the gearings between the driven wheel and the driving motor, given
by:
i— Ninotor (Equation 50)
Nypeel

e  Nmotor = revolutions per minute of the motor shaft
e Nmotor = revolutions per minute of the driven wheel, given by

_ v (Equation 51)
Nyheel = ﬁ

« v =trolley travelling speed, given in m/min to make it coherent
o 1 = efficiency of the mechanism
Again the power (in kW):

Fz;-v (Equation 52)

A.5.6. Resistance due to accelerating the rotating masses

In this case, the expression for the motor torque (in Nm) becomes:

Jior @ . (Equation 53)

M, =
4 t,

Where:
e Jot = moment of inertia of the rotating masses (in kg m?), including:
o0 Motors
0 Break sheaves and couplings
o Gearbox, reduced
e o =angular speed (in radians/sec)

2'm-n (Equation 54)
0 = :
60
e t; =acceleration time (secs)

e n = motor revolutions per minute
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From here, we can evaluate the power in kW:

N. = My'n (Equation 55)
* 7 9550
A.5.7. Resistance due to accelerating the linear masses

The force needed to mobilize the body is:

W-v (Equation 56)
F3 =
tq

Where:

o W =weight of the linear moving mass, which can be a sum of the following

depending on the movement (kg)
o W, =rated lifting load
o Wsn = weight of spreader and the headblock (hoist)
« Ws = weight of the bridge (trolley)
o W = weight of the crane (gantry)
« v =movement speed with or without load (m/s)
» G =gravitational acceleration
o ty=acceleration time (secs)
And the power:

F;-v (Equation 57)

n
In this case, the torque M3 can be calculated according to Equation 2.

P3=

A.6. Calculation example
For illustration purposes, if we considering a crane duty cycle composed of on gantry, one trolley
and one hoist (lower) movements of a 65 ton container as part of a stacking cycle. The calculation
will be then repeated considering the crane does not carry a container to illustrate the influence

of the weight in the relative importance of the consumption associated to each type of movement.

A calculation example is conducted in the next subsection according to the two consumption

models to illustrate the differences between them.

P. Teran (2016) 155



OPTIMIZATION OF YARD OPERATIONS IN CONTAINER TERMINALS FROM AN ENERGY EFFICIENCY APPROACH

Movement Gantry Trolley Hoist
Mass (kg) 185,000 25,000 10,000
Acceleration (m/s?) +0.40 +0.30 +0.6 full
Speed (m/min) 240 full 70 45 full
270 empty 90 empty
Motor rpm 200 full 140 180 full
225 empty 360 empty
Moment of inertia (kg m?) 0.16 0.06 2.30
Efficiency 0.95 0.9 0.85
Table 24. Crane characteristics.
The next table summarizes the kinematics of the crane movements:
Kinematics Gantry Trolley Hoist
Distances travelled (20 slots) 25 4 4
Length of the 20 slot + margin (m) 6.058 + 0,4 2438+0.4 2.591+0.0
Acceleration time (s) 10.0 full 3.89 1.25 full
Total movement time (s) 60.36 full 13.62 15.07 full
Table 25. Characteristics of the example movement.
A.6.1. Potential model
The next table summarizes the results from the example:

Resistance Gantry Trolley Hoist

Loaded movements  Eig =0.522 kWh Eir =0.015 kWh Eiy = 1.800 kWh

Relative 22.3% 0.6% 77.0%

consumption

Unloaded E1=0.387 kWh  E:=0.004 kWh  Ein=0.240 kWh

movements

Relative 61.3% 0.7% 38.1%

consumption

Table 26. Energy consumption calculation.

As shown in the table, hoist movements consume comparatively more energy than trolley or
gantry when the crane is loaded. On the other hand, when no container is being moved, gantry
can be proportionally higher than hoist, although in the end the total consumption will depend on

both the distances traveled by the crane and the number of movements of each kind.

A.6.2. Electric model

Results for the electric model are provided next.
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A.6.2.1. Laden crane
Resistance Gantry Trolley Hoist
Pic =51.6 kW Pit=5.5 kW Py = 605.9 KW
gtorrn“;?(?r!qu;)”egeé‘;”" load 1 =24629Nm  Mir=3758Nm My =32,147.0 Nm
Eic =0.736 kWh Eir = 0.022 kWh Ein=2.717 kWh
Por = 3.9 kW
Current supply - Mot = 265.3 Nm -
E,r = 0.015 kWh
Wind - - -

o = 20.94 rads/s

o = 14.66 rads/s

o = 18.85 rads/s

Accelerating the rotating ~ Msc = 4.2 Nm Mar =30.2 Nm Man = 693.7 Nm

masses Psc = 0.1 kW Psr = 0.4 KW Psi = 13.1 kW
Esc = 0.000 kWh E4r = 0.000 kWh Esn = 0.005 kWh
Fsc =98.0 kN Fsr=25.5kN Fsu=42.0 kN

Accelerating the linear ~ Pso=4126KW  Psr=33,1kW Py = 37.1 KW

masses

Msg = 19,703.2 Nm
Esc = 1.170 kWh

MsT = 2,254.9 Nm
Est = 0,038 kWh

Msy = 1,966.2 Nm
Esy = 0.014 kWh

Total energy consumption Etc=1.906 kWh Err=0.075kWh  Ety=2.736 kWh

Relative consumption 40.4% 1.6% 58.0%

Table 27. Hoist movement power calculation for a loaded crane.

A.6.2.2. Unladen crane

The same calculation can be readily done for the crane with no container load.

Resistance Gantry Trolley Hoist
Total energy consumption Etg=1.517 kWh  E7r=0.032kWh  Ety=0.354 kWh
Relative consumption 79.7% 1.7% 18.6%

Table 28. Hoist movement power calculation for the crane unloaded.

A7. Conclusions

A brief comparison between both models and their results lead to some immediate conclusions:

e The electric model is more sophisticated than the potential model, as it takes into
consideration physical aspects of the mechanisms and the duration of each resistance to
the movement.

o Compared to the potential model, the electric model produces higher values of electric

consumption, as expected.
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e For both models, when the crane is loaded, the consumption associated to hoist is more
important than that to the gantry; conversely, when no container is present, the gantry
consumption is more important than that to the hoist. As a consequence, when considering
the energy consumption associated to a container, the proportion associated to gantry and
hoist movements will depend on each particular duty cycle.

e The electric model produces greater values for gantry movements compared to hoist

movements.
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Annex B

Parallel Terminal model code

The Matlab code for the Parallel Terminal DES Model used throughout this Thesis is provided

here.
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function [P,n] = addposition(P,move,nP)

% copy previous position
%keyboard

m = length(P.bay); n = m+1;
P.bay(n) = P.bay(m);
P.stack(n) = P.stack(m);
P.tier(n) = P.tier(m);
P.time(n) = P.time(m);

switch char(move)
case 'gantry’
P.bay(n) = nP;
case 'trolley’
P.stack(n) = nP;
case 'hoist'
p.tier(n) = nP;
end



function [asc] = ASC_move(asc,newposition,ct,writing)
% This function changes the position of the YC

global ASC

[pos]= length(asc.position.time);
%t_act = asc.tasks.time(asc.tasks.no);
t_act = asc.position.time(end);
t_min = min(asc.position.time(2:end));
ift min==
disp(‘Position Error’)
%keyboard
elseif newposition.time ==
disp(‘Position Error’)
%keyboard
elseif t_act > newposition.time
disp(‘Position Error’)
t_act - newposition.time
plot_ ASC trajectories(10)
%keyboard
end

asc.position.bay(pos+1) = newposition.bay;
asc.position.stack(pos+1) = newposition.stack;
asc.position.tier(post+1) = newposition.tier;
asc.position.time(post1) = newposition.time;
asc.position.ct(pos+1) = ct;

if writing ==
%keyboard
switch char(asc.id)
case 'seal
ASC.sea.position.bay(post+1) = newposition.bay;
A SC.sea.position.stack(pos+1) = newposition.stack;
ASC.sea.position.tier(pos+1) = newposition.tier;
ASC.sea.position.time(pos+1) = newposition.time;
ASC.sea.position.ct(post1) = ct;
case 'land’
ASC.land.position.bay(pos+1) = newposition.bay;
ASC.land.position.stack(pos+1) = newposition.stack;
ASC.land.position.tier(pos+1) = newposition.tier;
ASC.land.position.time(pos+1) = newposition.time;
ASC.land.position.ct(pos+1) = ct;
end
end

check pos=1,;

if check_pos==
LP=ASC _act pos(ASC.land);
SP=ASC_act pos(ASC.sea);

if LP.bay <= SP.bay
disp("Warning: there may be crane intersection’)



%plot_ASC_trajectories(25)
%keyboard
%old_ASC interference()
end
end



function BAY _change_reservation(bay,port,no_cts)
% This function adds or remove reservationsin a bay

global BAYS BL
%keyboard
if no_cts>0

BAY S(bay).R.slots = BAY S(bay).R.slots + no_cts,
oldports = BAY S(bay).R.ports;
newports = ones(1,no_cts)* port;

if oldports==
ports = newports,
else
ports = sort([oldports newports]);
end
BAY S(bay).R.ports = ports;
if BAY S(bay).R.dlots > BL.capacity -BL .tiers
disp(['Bay(' num2str(bay) ') Overloaded)
BAY S(bay).R
keyboard
end
elseif no_cts<0
pos = find(BAY S(bay).R.ports == port);
if isempty(pos)
disp('Warning: Trying to remove a reservation not present in the bay')
%keyboard
else
BAY S(bay).R.dots= BAY S(bay).R.dots + no_cts,
BAY S(bay).R.ports(pos(end)) =[];
end
end

if abs(BAY S(bay).R.dlots -length(BAY S(bay).R.ports)) >0
'Error when reservating slots
keyboard

end

if sum(sum(BAY S(bay).matriz)) > BAY S(bay).R.slots
disp([BAY S(bay).id 'BAY (" num2str(bay) 'has more cts than reservations])
keyboard

end



function [c_bay found] = BAY_check id(BAY ,mix_id,VS)

global BL
¢ _bay found="Y";
switch mix_id
case'U’
disp(‘error’)
keyboard
case 'N' % Bays with asingle port
[positions, empty_ports] = Port_empty_slots(BAY); % return the # of Port empty slots and positionsi,|
port_id = sum(sum(BAY .port))/(BL.capacity - empty_ports);
if port_id ~=VS.port
c_bay found ="N’;
end
case'S % Bayswith port CTs arranged in stacks
if BAY.mixing~="'S
c_bay found ="N’;
end

case'Y' % bays with
if BAY.mixing ~="Y"
c_bay found ="N’;
end
end



function [fs,bs] = BAY_ES(bay,ct_stack)
% ths function cal culates the number of free slots and reserved slots

global BAYSBL

% Calculate the number of free dots
%keyboard
fs = zeros(1,BL .stacks);
0s = zeros(1,BL .stacks);
bs = zeros(1,BL .stacks);
for stack = 1. BL .stacks
if stack ~= ct_stack
for tier = 1:BL .tiers
if BAY S(bay).port(tier,stack) > 0
if BAY S(bay).matriz(tier,stack) ==
bs(stack) = bs(stack) + 1,
else
os(stack) = os(stack) + 1;
end
else
fs(stack) = fs(stack) + 1;
end
end
end
end



function [cts_cols,e_cols] = BAY _find_port_col(BAY ,port)
% find empty slotsin columns with port reserved
global BL

e cols=0; cts_cols=0;

for col = 1: BL.stacks
sum_ports = sum(BAY .port(:,cal));
sum_cts = sum(BAY .matriz(:,col));
if and(sum_ports> 0, sum_cts < BL.tiers)
heights = 0;
for tier = 1:BL .tiers
if BAY .port(tier,col) >0
heights = heights +1;
end
end
column_port = sum_ports/heights;

if column_port == port
e colsse cols+ 1,
cts_cols(e_cols) = col;
end
end
end



function [col_ids,no_cols] = BAY_find_Port_empty_col(BAY)
% This function cal cul ates the empty colums

[rows,cols|= size(BAY .port);
no_cols=0; col_ids=0;

for col = 1: cols
if sum(BAY .port(:,col)) ==
no_cols= no_cols+ 1;
col_ids(no_cols) = cal;
end
end

if no_cols==
disp('BAY _find_empty_col Error: no empty staks)
BAY

end



function [ports] = BAY _find_Port_reserved(BAY)

% This funciton cal culates the number of reserved spaces for all the ports
% we search for dots reserved and but not having aCT

global BL TRF

ports = zeros(1, TRF.PARAM.no_ports);

for tier = 1:BL.tiers
for stack = 1:BL .stacks
bay _port = (BAY .port(tier,stack))* (1 - BAY .matriz(tier,stack));
if bay port>0
ports(bay port) = ports(bay_port) + 1;
end
end
end



function [ports] = BAY_find_reservations(bay,bos)
% This function counts the number of slots with containers assigned to each port

global BAYSBL CT TRF

% Search bay reservations
ports =zeros(1, TRF.PARAM.no_ports);

if stremp(bos,'B") ==
for p=1:BAY S(bay).R.dlots
bay port = BAY S(bay).R.ports(p);
if bay port >0
ports(bay_port) = ports(bay_port) + 1;
end
end
elsaif strcmp(bos,'S) ==1
for s=1:BL.stacks
for t=1:BL.tiers
ct = BAY S(bay).R.S.cts(t,9);
if ct>0
p = CT(ct).vs,
ports(p)= ports(p)+1;
end
end
end
elseif strcmp(bos,'C) ==
for s=1:BL.stacks
for t=1:BL .tiers
ct = BAY S(bay).ct_id(t,s);
if ct >0
p = CT(ct).vs,
ports(p)= ports(p)+1;
end
end
end
end



function [positions,no_ceros] = BAY _find_slots(BAY ,flow)
% This function gives the number of empty ports

globa BL T

positions = 0;
no_ceros = 0,

if stremp(flow,'EXP) ==
max_h = T.stack.exp;
elseif stremp(flow,' IMP) ==
max_h = T.stack.imp;
end

for stack = 1:BL .stacks
pile= BAY .matriz(:,stack);
if sum(pile) < max_h
for tier = 1:BL.tiers %omax_h
if BAY .port(tier,stack) ==
NO_ceros = no_ceros + 1;
positions(no_ceros,1) = tier;
positions(no_ceros,2) = stack;
end
end
end
end
%keyboard
no_ceros = min(no_ceros,20);
positions = positions(1:no_ceros,:);



function [list, i] = BAY _get_port(bay,vs)
% Thisfunction gives alist of the ports of the containers within it

global BL CT BAYS

list=0;
% pos = find(BAY S(bay).ct_id>0);
% ctlist = BAY S(bay).ct_id(pos);
i=0;
for s= 1:BL.stacks
fort=BL.tiers-1:1
ct = BAY S(bay).ct_id(t,s);

if ct >0
if CT(ct).vs==vs
i =1+1;
list(i) = ct;
wlist(i) = CT(ct).class;
end
end
end

end

% for i = 1:length(ctlist)

% if CT(ctlist(i)).vs==vs

% Ncvs = ncvstl;

% list(ncvs) = ctlist(i);

% end

% end

%

% for i = 1:length(list)

% wilist(i) = CT(list(i)).class;

% end

ifi>0
[wlist,ord] = sort(wlist,'descend’);
list = list(ord);

end



function [tier,stack] = BAY _individual_allocation(ct)
% This function finds a slot within the matrix to placeaCT
% It will be replaced with an algorithm to take into account CT weights

global BAYSBL CT TIME VS
%keyboard
stack = O; tier = 0; bay = CT(ct).P.bay; vs = CT(ct).vs,

old_bay = BAY S(bay);
check _bay es(bay);

for s= 1:BL.stacks
%altura_pila(s) = Pile_height(bay,s,'M");
a=find(BAY S(bay).ct_id(:,9)>0);
h(s)=length(a);

if stremp(CT(ct).type, IMP) ==1
if h(s) == BL.tiers
peso(s) = TIME.smul*1.1*BL tiers;
else
% NOT mixing
if stremp(BAY S(bay).mixing, 'N")==1
nc = length(find(BAY S(bay).ct_id(:,5)>0));
peso(s) = nc* TIME.t - sum(BAY S(bay).ct_arrival(:,9));
% STACK MIXING

else
low_ct = BAY S(bay).ct_id(1,s);
if low_ct ==
peso(s) = 0;
else
if CT(low_ct).vs~=vs
peso(s) = 2* (h(s)* TIME.t-sum(BAY S(bay).ct_arrival(:,s))); %TIME.simul* 1.1* BL .tiers;
else
peso(s) = h(s)* TIME.t-sum(BAY S(bay).ct_arrival(:,s));
end
end
end
end

elseif stremp(CT(ct).type,'EXP) ==

if h(s) == BL.tiers
peso(s) = 10000000;

else
% NOT mixing
if stremp(BAY S(bay).mixing, 'N)==1

peso(s) = abs(BL .idealbay(h(s)+1,s)- CT(ct).class);

% STACK MIXING

else
low_ct = BAY S(bay).ct_id(1,s);
if low ct==0

peso(s) = abs(BL .idealbay(h(s)+1,s)- CT(ct).class);
else



if CT(low_ct).vs~=vs
peso(s) = 1000000;

else
peso(s) = abs(BL .idealbay(h(s)+1,s)- CT(ct).class);

end

end
end
end
end
end

[weight_dif,stack] = min(peso);
if weight_dif == 10000000
keyboard
else
tier = h(stack)+1;
%tier = Pile_height(bay,stack,' P)+1;
if tier > BL.tiers
BAY S(bay).ct_id
keyboard
elseif tier==
keyboard
end
end

% INDIVIDUAL SLOT ALLOCATION
disp([char(CT(ct).type) ' CT(' num2str(ct) ) Allocated in BAY (' num2str(bay) ')
CT(ct).P.tier = tier; CT(ct).P.stack = stack;

bay = CT(ct).P.bay;

BAY S(bay).matriz(tier,stack) = 1;

BAY S(bay).ct_id(tier,stack) = ct;

BAY S(bay).ct_arrival(tier,stack) = TIME.t;

% Empty slots are accounted for when the crane calculates the cycle for the CT
BAY S(bay).empty_slots= BAY S(bay).empty_dlots- 1;

CT_addevent(ct,'stacked',0);

if stremp(BAY S(bay).idNAS) ==1
BAY S(bay).id = CT(ct).type;
end

% Check bay

[ports] = BAY_find_reservations(bay,'C’);

if BAY S(bay).R.slots < ports(vs)>0
keyboard

end

if stremp(BAY S(bay).mixing,'U’) == 1
keyboard
end

check_bay es(CT(ct).P.bay);



if BAY S(bay).empty_slots < BL .tiers
termina_state
if stremp(CT(ct).type, IMP)==1
imp_bays= zeros(1,length(V S(vs).plan.IMP.bays));
for i = L:length(V S(vs).plan.IMP.bays)
b =V S(vs).plan.IMP.usedbays(i);
imp_bays(b) = imp_bays(b) +1;
end
end
disp(['Too much occupation in' BAY S(bay).id ' Bay(' num2str(bay) ")); keyboard
end

check_port_occupation(bay);



function [iscomplete,C_slots,CB_ISD] = BAY_mixing_stack(bay_id,VS,slots_needed)
% This function searches for emtpy stacksin the terminal bays
% CB means Candidate Bays

global BAYSBL BT T

% if stremp(bay_id,'IMP)==1
% keyboard
% end
nb = 0; CB_ISD = zeros(1,3);
max_ocup = BL.capacity - BL .tiers;
% Search bays with empty stacks
for bay=1:T.bays
if BAY S(bay).R.slots == max_ocup
continue
end
if BAY S(bay).id == bay_id % EXP, IMP or NAS
% If there are emtpy stacks
e_cols = length(find(sum(BAY S(bay).ct_id(:,:)) == 0));

%free_slots = floor((max_ocup - BAY S(bay).R.dlots)/BL .tiers)*BL .tiers;

free_slots = max_ocup - BAY S(bay).R.dots;

if free_slots > 0 %and(isempty(e_cols) == 0, free_dots >0)
nb=nb + 1,
CB_1SD(nb,1) = bay;
CB_1SD(nb,2) = free_dlots, %min(length(e_cols)* BL .tiers,free_sots);
CB_1SD(nb,3) = distance_calculator(BT(V S.berth).position,BAY S(bay).position);

end

end
end

available dots=sum(CB_ISD(:,2));
C_dots = min(slots_needed, available_slots);

if available slots >= slots needed
iscomplete = true;

else
iscomplete = false;

end



function [iscomplete,C_slots,CB_ISD] = BAY_mixing_total(bay_id,VS,slots_needed)
% This function calcul ates the bays that can have mixing in them

% There isonly one criteria: port matrix has to have zeros

% CB means Candidate Bays

global BAYSBL BT T
nb=0;

ids = 0; empty_slots = 0; distances = 0;
C dots=0; CB_ISD =[0 0 1000000]; available slots=0;

% Search bays with empty slots
for bay = 1:T.bays
% Compare bay idsto search for export bays
if BAY S(bay).id == bay_id
% This calculates the bays with zeros in port matrix
%][positions,no_ceros] = Port_empty_slots(BAY S(bay));
no_ceros = BL.tiers*BL.stacks - BAY S(bay).R.dots;
if no_ceros > BL .tiers
nb=nb+ 1;
CB_1SD(nb,1) = bay;
CB_1SD(nb,2) = no_ceros,
CB_1SD(nb,3) = distance_calculator(BT(V S.berth).position,BAY S(bay).position);
end
end
end

if nb>0
available slots=sum(CB_ISD(:,2));
C_dots = min(slots_needed, available dots);
end
if available slots >= dots needed
iscomplete = true;
else
iscomplete = false;
end



function BAY _remarshall(target_bay,s _needed)
global BAYSBL COST CT SYC
% 1. Find the Y C to get the asssignment

slots _liberated = 0;
i_stack = 0;
old_bay = BAY S(target_bay);

% Y C initial position and update the workload of the YC
[target_yc] = YC_select(target_bay);

x0 =Y C(target_yc).P.bay;

yo = Y C(target_yc).P.stack;

% Initialize the work adding the initial gantry movement

%work = zeros(1,BL .stacks) + (xo - BAY S(target_bay).position(1)) * S.I * YC_consumption('G','U’,0);
work = zeros(BL .stacks,2);

ycwork = zeros(BL .stacks,1);

% Calculate the number of stacks that will be moved.
no_cts = BL.capacity - BAY S(target_bay).empty_dlots;
work(:,1) = ST_work(BAY S(target_bay));

work(:,2) = 1:BL.stacks;

sortrows(work,1);

whilei_stack <'s needed
keyboard
stack_cts = sum(BAY S(target_bay).matriz(:,:));
i_stack =i_stack + 1;
% evaluate the work
work = ST_work(target_bay);
[min_work,g_stack] = min(work);
% Sort the Y C required work in descending order
% work = sortrows(work,1);
% Perform the redistribution operation

cstack_cts = stack_cts;
for h = 1:stack_cts(g_stack)
% ldentify the best position for the CT
ct_h = stack_cts(g_stack) - h +1;
%g_tier = BL.tiers- ct_h +1,
g _tier=ct_h;
ct_id=BAY S(target_bay).ct_id(g_tier,g_stack);
c_wc = 100* ones(1,BL .stacks);

for r_stack = 1:BL .stacks
%top_tier = BL.tiers - cstack_cts(r_stack);
top_tier = cstack_cts(r_stack);
if and(BAY S(target_bay).matriz(top_tier,r_stack) == 0, r_stack ~= g_stack)
c_wc(r_stack) = abs(BL .idealbay(top_tier,r_stack) - CT(ct_id).class);
end
end



% The best position is the one with less difference
% Among the possible candidates, choose the one with higher
[wmin,r_stack] = min(c_wc);
if r_stack < BL.stacks
for s=r_stack+1:BL.stacks
if wmin ==c_wc(s)
if and(cstack_cts(s) > cstack_cts(r_stack), cstack_cts(s)<BL.tiers)
r stack =s,
end
end
end
end
r_tier = BL.tiers - cstack_cts(r_stack);

% Compute the effort
port = BAY S(target_bay).port(g_tier,g_stack);

CT _drop(ct_id);
%target_bay,g_tier,g_stack
CT_remove(ct_id);
% Update stacks
cstack_cts = sum(BAY S(target_bay).matriz(:,:));
% go to slot
ycwork(g_stack) = ycwork(g_stack) + YC_consumption('H','L",ct_id)* (BL.tiers+1-g_tier)*S.h +
Y C_consumption('S,'L",ct_id)*abs(r_stack-g_stack)* S.w;
end
% need to reevaluate the work
end

disp('‘Remarshalling ended’)

COST.remarshall = COST.remarshall + slots liberated;



function [cts_reserved,t_cts,VS] = BAY _reservation(cts_left,t_cts,bay,mix_id,VSlabel,free_cols)
% This function puts label and port on a given bay

global BAYSBL T
%keyboard

if stremp(label, EXP) ==
max_h = T.stack.exp;

elsaf strcemp(label,'IMP) ==
max_h = T.stack.imp;

end

% 1. Calculate the number of bay slots that will be reserved for a port
O mm e o
max_ocup = BL.capacity - BL .tiers;
free_slots= max_ocup - BAY S(bay).R.dots;
%if stremp(mix_id, 'S) ==
%available slots = free cols*BL.tiers;
%cts reservable = min(free_dlots, available _dots);
%used_cols = ceil(cts_reserved/max_h);
%else % Strategy 'N' or 'Y"
%][positions,no_ceros] = Port_empty_slots(BAY S(target_bay));
%[positions,no_ceros] = BAY _find_slots(BAY S(target_bay),label);
cts reservable = min(free_slots,max_ocup);
%end

cts reserved = min(cts_left,cts reservable);
t cts=t cts+ cts reserved;

% 2. Port assignation to the slots
0/ mm e e
if BAY S(bay).mixing =='S
disp(['Overwriting Stack reserved matrix. Bay ' num2str(BAY S(bay).no)])
end
BAY S(bay).mixing = mix_id;

BAY _change reservation(bay,V S.no,cts reserved);

BAY S(bay).id = labd!;



function [R,BAY ,solution] = BAY _reshuffles(yc,ct)

% Given abay "BAY" and act "ct", this function cal cul ates the reshuffles
% needed to move the containers on top of ct whithin the same bay

global BAYSCT

pos = CT(ct).P;
bay = CT(ct).P.bay;

R=0;

%R.time=0; R.E=0; Rmoves="; R.bay = 0; R.stack = 0; R.tier =0; R.ct = 0;
solution = 0;

%pos = CT_act_pos(t_ct);

no_reshuffles = sum(BAY S(bay).matriz(:,pos.stack))-CT(ct).P.tier;

%keyboard
% Calculates the emtpy and stack reserved slots in the bay
%[fdots,rdots] = BAY_ES(pos.bay,pos.stack);
%keyboard
fdots= BAY S(bay).empty_dlots;
h =sum(BAY S(bay).matriz(:,pos.stack)); % no cts on the target stack
%keyboard
BAY=BAY S(bay).ct_id;
if sum(fslots) >= no_reshuffles
%keyboard
CT(ct).R.provocked.no = no_reshuffles;
for r = 1:no_reshuffles
tier=h-r+1;
rct = BAY (tier,pos.stack);
CT(rct).R.suffered.no = CT(rct).R.suffered.no + 1,
% if CT(ct).cnr>4
% keyboard
% end
%[BAY ,ETM] = CT_reshuffle(tier,pos.stack,BAY ,yc,W);
if BAY S(bay).ct_id(tier,pos.stack) ==
keyboard
end
[BAY ,ETM,T] = CT_reshufflel(tier,pos.stack,BAY ,yc);
CT(ct).R.provocked.T(r).tier = T tier;
CT(ct).R.provocked.T(r).stack = T.stack;
CT(ct).R.provocked. T(r).ct = rct;
if r==
R=ETM;
else
R.time =[R.time,ETM.time];
R.E=[R.E,ETM.E];
R.moves = [R.moves,ETM.moves];
R.bay = [R.bay,ETM.bay];
R.stack = [R.stack,ETM.stack];
R.tier = [R.tier, ETM. tier];
R.ct =[R.ct,ETM.ct];
R.ctmove= [R.ctmove,ETM.ctmove];
end
end



solution = 1;
else
disp(num2str(BAY S(bay).ct_id))
disp('BAY Reshuffles warning: No space in bay for Reshuffles. CTs should be moved to other bays);
keyboard
end



function [col,row]= select_dlot(bay,idealbay,c_class,c_weight)

% This function takes a vector of weightclass and placesit on the best
% possible row and column

% Initialize
[no_tiers,;no_rows]=size(idealbay);

diference=zeros(1,no_rows);

toptier=zeros(1,no_rows);

for row=no_rows:-1:1 % buscar la col en laque megjor encga
O6row;
tier=no_tiers,

while bay(tier,row)>0 & & tier ~=1
if tier>1
tier=tier-1;
end
end
if tier==1 & & bay(tier,row) >0
diference(row)=100;
else
diference(row)=ideal bay(tier,row)-c_class(cont);
end
toptier(row)=tier;
end
%now choose the position with the smallest difference
% this function will be further improved
[J,min_row]=min(abs(diference));
j=sort(abs(diference));
i=2; equals=l,
whilei<no_rows
ifj()==i(2)
equals=equals+1;
end
i=i+1;
end
if equals>1
There is more than one option'
% Now find the alternative with lower tier'
end



function [CB_glots|=BAY _search_ed_strategy(BAY ,mix_id,VS)
% This function calculates empty slots of abay depending on the mix strategy
global BL

CB_dots=0;

if or (mix_id=="N', mix_id=="Y")
for col = 1:BL.stacks
for row = 1:BL .tiers
if BAY .port(row,col) ==
CB _dlots=CB_dlots + 1;
end
end
end
elsaf 'S
% Find an empty stacksinthe BAY
[target_col,e_cols] = Port_empty_cols(BAY);
% Change the bay port
CB_dlots=e cols* BL.tiers;
end



function [slots|=BAY _search_ports _strategy(BAY ,mix_id,port)
% This function searches port and empty slots at the same time
global BL

dots=0;

if or(mix_id=="N',mix_id=="Y")
for tier =1:BL .tiers
for stack = 1:BL .stacks
if and(BAY .port(tier,stack) == port,BAY .matriz(tier,stack) == 0)
dots=dots+ 1;
end
end
end
elseif mix_id=='S
% Find an empty stack inthe BAY
[target_col,e_cols] = BAY _find_port_col(BAY ,port);
% Change the bay port
dots=e cols* BL.tiers,
end



function BAY _selection_NR(ct,CB,stackmode)

% This function selects abay among alist with two criteria
%NO RESERVATION

global BAYSBL COUNT CT T TRFVS

arrived_cts = COUNT.inventory.exp(CT(ct).vs);
b dots=0;

nb = length(CB);

vs= CT(ct).vs,

if stremp(CT(ct).type,'IMP) ==1
ocup_limit = T.limits.bay.imp;
elseif stremp(CT(ct).type,'EXP) ==
ocup_limit = T.limits.bay.exp;
end

% 1. EVALUATE THEBAYS
fori_bay = 1:nb
bay = CB(i_bay);
slots=0;
peso = ones(1,BL .stacks)* 100;
if stremp(stackmode,'S) ==
%keyboard
ocup = sum(BAY S(bay).matriz);
positions = find(ocup==0);
if isempty(positions)==1
dots=0;
else
%I p = length(positions);
slots = length(positions)* BL .tiers;
available dots=BAY S(bay).R.dots-BL .tiers;
if available dlots>0
slots = min(slots,available_slots);
else
dots=0;
end
peso(positions) = BL .idealbay(1,positions);
end

else %if strcmp(stackmode,'N")==1
% Find the ports already there
%[ ports] = BAY_find_reservations(bay, C');
ocup = BL.capacity - BAY S(bay).empty_dlots;
%rp = find(BAY S(bay).R.S.cts > 0); r = length(rp);
%if ocup < ocup_limit
%if BAY S(bay).R.B.dots <= ocup_limit
if BL.capacity - BAY S(bay).empty_slots < ocup_limit
for stack = 1:BL .stacks
atura pila= Pile_height(bay,stack);
if altura_pila< BL.tiers
peso(stack) = BL.idealbay(altura_pila+1,stack);
slots = dots + BL . .tiers - altura pila;
end



end
end
%end
end
slots(i_bay) = min(slots, BL.capacity-BL .tiers);
[weight_dif(i_bay),position(i_bay)] = min(abs(peso - CT(ct).class));
end

% 2. SELECT THE BAY WITH MINIMUM COEFICIENT

if stremp(TRF.PARAM .idealbay option,MIN_OCCUPATION') ==
[empty_dlots,bay index] = max(b_dots);
target_bay = CB(bay_index);

elsalf stremp(TRF.PARAM .ideadbay_option,'PESO’) ==
[mincoef,t_bay] = min(weight_dif);

bay = CB(t_bay);
end

% 3. MARK THE BAY AND THE CT
CT(ct).P.bay = bay;

if BAY S(bay).empty_slots<=BL.tiers

keyboard
end

if strcmp(BAY S(bay).idNAS)==1
BAY S(bay).id = 'EXP;
end
% Change the reservation status of the bay
if stremp(stackmode,'S) ==1
BAY S(bay).mixing ='S;
end
BAY _change reservation(bay,CT(ct).vs,1);

disp([char(CT/(ct).type) ' CT(' num2str(ct) ) BAY (' num2str(bay) ') Selected. # Bay reservations'
num2str(BAY S(bay).R.slots)])

check _bay es(bay);

check_port_occupation(bay);



function [bay] = BAY_selection_R(plan,ct)
% This function searches for a candidate bay among the list
global BAYSBL CTTIMEYCT

CB = plan.bays; ncb = length(CB);

vs = CT(ct).vs; vsocup=zeros(1,nch);

m1 = 10000; WL P = m1* ones(1,ncb);

m2 = 1000000000; TT = m2* ones(1,nch);

fori_bay = 1:ncb
bay = CB(i_bay);
R(i_bay) = BAY S(bay).R.dots;
O(i_bay) = BL .capacity - BAY S(bay).empty_slots;

% a) Now check if dlots reserved have been occupied
pos = find(BAY S(bay).ct_id>0); ctlist = BAY S(bay).ct_id(pos);

vdlist = 0;

for i = 1: length(ctlist)
valist(i) = CT(ctlist(i)).vs;

end

vsocup(i_bay) = length(find(vdlist == vs));

othervsocup(i_bay) = length(vdlist)-vsocup(i_bay);

if O(i_bay) > BL.capacity - BL .tiers
keyboard

end

if vsocup(i_bay) >= plan.cts(i_bay);
continue

end

% b)If too much occupation, disregad

if O(i_bay) >= BL.capacity - BL.tiers
continue

end

% c) else: Calculate the workload

[target_yc] = YC assign_ct(bay);

crane(i_bay) = target_yc;

WLP(i_bay) = YC(target_yc).WL.cwl;

%WLN(i_bay) =Y C(target_yc).WL.normal.n;

% Calculate the number of time

ctsinbay = length(find(BAY S(bay).ct_arrival>0));

TT(i_bay) = TIME.t*ctsinbay-sum(sum(BAY S(bay).ct_arrival));
end

% 3. Select abay according to the given method
metodo = 2;
if metodo == % Option 1) randomly
keyboard
i_bay =1 + fix(random('unif',0,1) * bay);
bay = CB(i_bay);
elsaif metodo == 2 % Option 2) Usin weight criteria



%
if sum(TT) ==
mtt = 1;%keyboard
else
mtt = max(TT);
end
baycoefs = 0.5* WLP/25 +0.5* TT/mtt;
maxval =0.5*m1/25 +0.5* m2/mit;
if max(baycoefs) == min(baycoefs)
if max(baycoefs) == maxval
figure; subplot(2,1,1); stem(plan.bays,R,'bo"); hold on; plot(plan.bays,O,'go’);
axis([O T.bays 0 BL.capacity]);title('Occupation vs. total reservation’)
subplot(2,1,2); stem(plan.bays,plan.cts,'b."); hold on; plot(plan.bays,vsocup,'ro’);
axis([0 T.bays 0 BL.capacity]); title("Vessel Occupation vs. Vessel reservation’)
disp([CT(ct).type ' BAY s select: All the coeficients are the sameT)
keyboard
end
end
[peso_min,i_bay] = min(baycoefs);
bay = CB(i_bay);
if bay >0
CT(ct).P.bay = bay;
else
keyboard
end
end

disp([char(CT(ct).type) ' CT(' num2str(ct) ') BAY (' num2str(bay) )'])

% Check the number of reservationsis not surpassed
if vsocup(i_bay) >= plan.cts(i_bay);
keyboard
end

if BAY S(bay).R.dlots <= sum(sum(BAY S(bay).matriz))
keyboard
end

% Check that the reservation is ok
if BAY S(bay).R.dots < BL.capacity - BAY S(bay).empty_slots
for i=1:length(CB)
d(i)=BAY S(CB(i)).R.dots;
end
disp('Warning searching for bay: highly occupated bay")
end

% Check that occupation is ok

if sum(sum(BAY S(bay).matriz)) > BL.capacity - BL.tiers
disp(['Choosing bay ' num2str(bay) ' with too ocupied]); keyboard

end



function BAY _unreserve(port)

global BAYSBL T
for bay = 1.T.bays
for tier = 1:BL .tiers
for stack = 1:BL .stacks
if BAY S(bay).port(tier,stack) == port
BAY S(bay).port(tier,stack) = BAY S(bay).port(tier,stack) .* BAY S(bay).matriz(tier,stack);
BAY S(bay).vs(tier,stack) = BAY S(bay).vs(tier,stack) .* BAY S(bay).matriz(tier,stack);
end
end
end
end



function [cts] = BAY_wilist(bay,vs)
global BAYSBL CT

clist=zeros(1,3);
i=0;
for s=1:BL.stacks
for t=BL.tiers-1:1
ct = BAY S(bay).ct_id(t,s);
if ct >0
if CT(ct).vs==vs
i =i+1;
clist(i,1) = BAY S(bay).ct_id(t,s);
clist(i,2) = s;
clist(i,3) = t;
clist(i,4) = CT(ct).class,
end
end
end
end

clist = sortrows(clist,-4);
cts=clist(:,1);



function BAY S_check_empty(bay)
% This function checks whether abay is emtpy

global BAYSBL

if BAY S(bay).R.dlots==0
%keyboard
if BAY S(bay).empty_slots > BL.capacity
disp(‘"Uncomplete bay empty’)
keyboard
end
if sum(sum(BAY S(bay).ct_id(:,:)))>0
disp(‘"Uncomplete bay empty’)
keyboard
end
% if sum(sum(BAY S(bay).weightc(:,:))) >0
% disp("Uncomplete bay empty’)
% keyboard
% end
if sum(sum(BAY S(bay).ct_arrival(:,:))) >0
disp("Uncomplete bay empty’)
keyboard
end
if sum(sum(BAY S(bay).matriz(:,:))) >0
disp("Uncomplete bay empty’)
keyboard
end

disp(['The' num2str(BAY S(bay).id) ' bay ' num2str(BAY S(bay).no) ' has been emptied1)

BAY S(bay).id = 'NAS;
BAY S(bay).mixing = 'N’;
BAY S(bay).R.slots = 0;
elseif BAY S(bay).empty_slots > BL.capacity
keyboard
end



function BAY S_check_repeated(ids_vect)
% This function checks wether bays are used twice for aVS Plan
ids_vect=sort(ids vect);
for i=2:length(ids_vect)
if ids_vect(i)==ids_vect(i-1)
figure; plot(ids_vect(3,:),.")
disp('BAY S _check_repeated Error: abay has been used two times)
keyboard
%close
end
end



function [iscomplete,C_slotsnewCB_NSD] = BAY S find_slots(bay_id,mix_id,V S,operation,slots_needed)
% This function analyzes the bays and returns a vector with the identity of

% those bays that have a number of emtpy slots less or equal to the given

% value

global BAYSBL BT TTRFYC

% initial values

CB_NSD =[0; 0; 1000000];
WL =0;

i_bay =0;

for bay = 1:T.bays
% Initial values
cts found ="'Y";
% Bay Occupation: if bay has more CTsthan allowed, bay not valid
bay occup = BL.capacity - BAY S(bay).empty_slots;
if strcmp(BAY S(bay).id,NAS) ==
if stremp(BAY S(bay).id,'IMP) ==1
ocup_limit = T.limits.bay.imp;
elsaf stremp(BAY S(bay).id,'EXP) ==
ocup_limit = T.limits.bay.exp;
end
if bay_occup >= ocup_limit
cts found ='N'; continue
end
end
% Check bay reservation
if BAY S(bay).R.slots >= BL .capacity - BL.tiers
continue
end
% Bay ID Comparison
if strcmp(BAY S(bay).id,bay_id) ==
cts found ='N'; continue
end

% Port Comparison:
% If we look for spaces, we must pay attention to the allocation strategy
dots=0;
if stremp(BAY S(bay).id, 'NAS) ==
slots = BL.capacity;
else

switch operation

case 'V Splan' % Strategy: Yes, BAY .Matriz: No, BAY .Port: Yes
% 1) Arethere containers of the same port within the bay?
if stremp(BAY S(bay).mixing,mix_id) ==
%keyboard
continue
end
[nports] = ports_howmanyofeach(BAY S(bay).R.ports);



%

if nports(VS.no) >0
if BAY S(bay).R.slots< BL.tiers
continue
else
if sum(nports) > nports(V S.no)
disp(‘Thisisanas bay)"); keyboard
else
reservables = BL.capacity -BL .tiers- BAY S(bay).R.dots;
slots = min(reservables, BL .capacity-BL .tiers);
end
end
else
continue
end

case 'ETdrop' % Strategy: yes, BAY.matriz: 0, BAY .Port: yes
[cts found] = BAY_check_id(BAY S(bay),mix_id,VS);
if cts found =="Y"

[slots] = BAY _search_ports _strategy(BAY S(bay),mix_id,V S.port);

end
case 'ETdroprand' % Strategy: yes, BAY .matriz: O, BAY .Port: yes
%keyboard
if stremp(BAY S(bay).mixing,mix_id) ==0
%keyboard
continue
end

% Two requisites. there are vts of the same vessel
% a)Number of dslots for each port
if BL.capacity - BL.tiers <= BAY S(bay).R.dlots
continue
end
%keyboard
ports = BAY _find_reservations(bay,'B");
reserved_glots = ports(V S.no);
if sum(ports)-reserved_slots==0
cts found ="Y";
slots = BL.capacity - reserved_dlots;
end

case 'ETdroprandstacks % Strategy: yes, BAY .matriz: O
if stremp(BAY S(bay).mixing,mix_id) ==
continue
end
if BL.capacity - BL.tiers <= BAY S(bay).R.dots
continue
end
%keyboard
ports = BAY _find_reservations(bay,'B');
if sum(ports) < BL.capacity - BL.tiers
cts found ="'Y";
slots = BL.capacity -BL .tiers- sum(ports);
end
ocup = sum(BAY S(bay).matriz);



% positions = find(ocup==0);

% if isempty(positions)==1

% slots=0;

% else

% slots = slots + length(positions)* BL .tiers;
% available slots=BAY S(bay).empty_slots-BL .tiers;
% if available dlots>0

% dlots = min(dlots,available_slots);

% else

% slots=0;

% end

% end

case 'V Supload' % Strategy: no, BAY.matriz: 1, BAY .port: yes
for tier =1:BL .tiers
for stack = 1:BL .stacks
if and(BAY S(bay).port(tier,stack) == VS.port, BAY S(bay).matriz(tier,stack) == 1)
slots=slots + 1;
end
end
end
case 'V Sdownload' % Strategy: No, BAY .matriz: 1, BAY .port: No
%][positions,slots] = Matriz_empty_slots(BAY S(bay),V S.no);
a=find(BAY S(bay).R.ports == V S.no);

if isempty(a) == 0
slots= BAY S(bay).R.dots-sum(sum(BAY S(bay).matriz)); %before: BAY S(bay).empty_slots;
end

case 'ETpick' % Strategy: No, BAY.matriz: 1, BAY .port: no
for tier =1:BL .tiers
for stack = 1:BL.stacks
if BAY S(bay).matriz(tier,stack) ==
dots=dots + 1;
end
end
end
end % switch operation
end
if and(cts found =="Y", dots> 0)
% We have candidate slots but we need to check the YC WI
[yc] = YC_assign_ct(bay);

% If this condition is passed, then evaluate the candidate bay
i_bay =i_bay +1;
CB_NSD(1,i_bay) = bay;
CB_NSD(2,i_bay) = min(slots,BL .capacity-BL .tiers);
if stremp(operation,’VSdownload) == 1
CB_NSD(3,i_bay) = distance_calculator(BAY S(bay).position, T.gate.position);
else %if or(strcmp(operation,'ETdrop’) == 1, strcmp(operation,'ETdroprand’) == 1) % AL SO ETDroprandstack
CB_NSD(3,i_bay) = distance _calculator(BAY S(bay).position, BT(V S.berth).position);
end
%CRANES(i_bay) = yc;
WL(i_bay) = YC(yc).WL.n;
end
end
%keyboard



baycoefs = 0.5*CB_NSD(3,:)/max(CB_NSD(3,:)) + 0.5* WL/TRF.PARAM .overload;

[a sorted, a order] = sort(baycoefs);
newCB_NSD = CB_NSD(:,a_order);

available dots=sum(CB_NSD(2,));
C_dots= min(slots _needed,available _slots);

if available slots >= dots needed
iscomplete = true;

else
iscomplete = false;

end

% Final step, evaluate the bays according to the distance and yc wi



function [type]=BAY S_impexp(initial_emtpy_bays)
% THis function generates a type of operation to be associated to a CT, an
% ET, etc.

port=0;

pl = initial_emtpy_bays,
p2 =initial_emtpy bays+(1-initial_emtpy bays)/2;
%p3=1-pl-p2;

aux=random(‘unif’,0,1);
if aux<pl
type ='NAS;
elsaf aux<p2
type ="'EXP;
else
type="IMP;
end



function [ct] = BAY S_init()
% This fucntion generates the terminal initial situation

global BAYSBL CT ST TRF
% 0. Parameters

num_cts = T.dots* T.initial_occupation;
num_bays = T.bays* (1-T.initial_emtpy_bays);
target_occupation = fix(num_cts/num_bays);

% 1. Create bays features
b =0; % for bay
bl = O; bb = zeros(T.blocks,BL .bays); % for block
fort_col = 1:T.cols
fort_row = 1:T.rows
bl =bl + 1;
for b_bay = 1:BL .bays
b=b+1;
% UNVARIABLE bay features
BAY S(b).no = b;
BAY S(b).block = bl;
BAY S(b).row =t_row;
BAY S(b).col =t _col;
% BAY Position
BAY S(b).b_bay = b_bay;
BAY S(b).T_col =t_col;
BAYS(b). T _row =t_row;
BAY S(b).position(1) = T.aisles.sides.width+(BL .length+T.aisles.vertical .width)* (t_col-1)+(b_bay-1)*S.l;
BAY S(b).position(2) = T.aisles.bottom.width-T.aisles.horizontal .width+
(BL.width+T.aisles.horizontal .width)*t_row;

% Locatio at block

bb(bl) = bb(bl) + 1;

BL .baylist(bl,bb(bl)) = b;
BL.rowlist(t_row,t col) = bl;

% VARIABLE bay features
BAY S(b).id ='NAS;
BAY S(b).mixing ='N"; % Can be N (None), U (Uniform), S (Stack), Y (Yes)
BAY S(b).empty_slots = BL.capacity;
% BAY Matrices
BAY S(b).matriz = zeros(BL .tiers,BL .stacks);
BAY S(b).ct_id = zeros(BL .tiers,BL .stacks);
BAY S(b).ct_arrival = zeros(BL .tiers,BL .stacks);
%BAY S(b).port = zeros(BL .tiers,BL .stacks);
%BAY S(b).weightc = zeros(BL .tiers,BL .stacks);
BAY S(b).R.dlots=0;
BAY S(b).R.ports = 0;%cts = zeros(BL .tiers,BL .stacks);
% BAY S(b).R.IMP.dlots=0;
% BAY S(b).R.IMP.ports = 0;
end
end
end



% Assign an IMP or EXP ID to the bays

% for bay=1:T.bays

% % BAYS(b).port(:,:) = 1 + fix(random('unif',0,1)* TRF_PARAM.no_ports); % No vessel associated yet
% [BAYS(bay).id] = BAYS impexp(T.initial_emtpy_ bays);

% end

% 2. Create the dot_exist vector and fill it with containers

ct=0;
max_no_ct=fix(T.dots* T.initial_occupation);

% 2.1 Create alist of IMP and EXP bays
no_bays=0;
for bay=1:T.bays
if BAYS(bay).id ~='NAS
no_bays = no_bayst+1;
bays vector(no_bays) = bay;
end
end

while ct <max_no_ct

% a) Generate a random bay
bay = bays vector(fix(random('unif',1,no_bays+1)));
%bay = fix(random(‘unif',1,T.bays+1));
% b) Check the bay occupation
bay occupation = BL.capacity - BAY S(bay).empty_slots;
if bay_occupation < ceil(target_occupation*1.2)
slot_found="N";
while slot_found=="'N’
stack = fix(random(‘unif',1,BL.stacks+1));
cts in_row = sum(BAY S(bay).matriz(:,stack));
if cts_ in_row < BL.tiers
dot_found="Y",
% Then find the position of the empty slot
tier_found="N";
Optier = BL.tiers+1;
tier = 0;
whiletier_found=="N";
% tier=tier-1;
tier = tier +1;
if BAY S(bay).matriz(tier,stack)==
ct=ct+1,
CT(ct).weight = CT_weight(random('unif', TRF.CT.cdf(1),1));
CT(ct).class= CT_class(CT(ct).weight);
BAY S(bay).matriz(tier,stack) = 1;
BAY S(bay).ct_id(tier,stack) = ct;
BAY S(bay).weightc(tier,stack) = CT(ct).class;
% generate the CT arrival timein days
if BAY S(bay).id =="EXP
ct_arrival = 1 + fix(random(‘unif',0,100)* TRF.PARAM .daysinadvance)/100;
elseif BAY S(bay).id =="'IMP



ct_arrival = 1 + fix(random('unif',0,100)* TRF.PARAM .daysof discharge)/100;
end
BAY S(bay).ct_arrival(tier,stack)= ct_arrival/100* 24* 60* 60; % In seconds
BAY S(bay).empty_slots=BAY S(bay).empty_dots-1;
tier_found="Y",
end
end
end
end
end
end

% Assign a Port to the bays
for bay=1:T.bays
if BAY S(bay).id ~="'NAS
% Generate a port
port = 1+fix(random('unif',0,1)* TRF.PARAM.no_ports);
for tier = 1: BL . .tiers
for stack = 1:BL .stacks
if BAY S(bay).matriz(tier,stack) ~= 0
[BAY S(bay).port(tier,stack)] = port;
end
end
end
end
end

% 3. Check again for empty bays

% for bay=1:T.bays

% if BAY S(bay).empty_slots == BL .capacity
% BAY S(bay).id ='NAS;

% end

% end

ploting = 0;
if ploting >0
figure(40)

disp('Initial bay configuration plot’)
plot_bays
pause(1)

end



function [no_reshuffles,h_reshuffles,;no_ct_col] = BAYS reshuffles(ct)
% This function calcul ates the number of reshuffles and the height that the
% containers must be elevated. The dimension is therefore [CT* heights]

global BAYSBL CT

%keyboard
% initialize outputs
no_reshuffles= 0; h_reshuffles=0;

bay = CT(ct).P.bay;
tier = CT(ct).P.tier;
stack = CT(ct).P.stack;

% Number of containersin that pile
no_ct_col = sum(BAY S(bay).matriz(:,stack));

% The number of CT to be reshuffled will be:
no_reshuffles=no_ct_col - tier;

% The height to which CT will be elevated:
h=BL.tiers+ 1,

% The magnitude of resufflesis
for r = 1:no_reshuffles

ct_height =no_ct col - r + 1,

ct_elevation = h - ct_height;

h_reshuffles = h_reshuffles + ct_elevation,
end



function [esl,b_edl] = block_analyze()
% This function analyzes the terminal block to see the empty slots and

global BAYSBL T

esl=zeros(1,T.bays);

b_ed = zeros(1,T.blocks);
b res= zeros(1,T.blocks);
b_ocup = zeros(1,T.blocks);

for bay = 1. T.bays
if stremp(BAY S(bay).id,'EXP) ==
block = BAY S(bay).block;
for tier = 1: BL . .tiers
for stack = 1:BL .stacks
% Empty slots and slots per block
if BAY S(bay).matriz(tier,stack) ==
if BAY S(bay).port(tier,stack) ==
esl(bay) = esl(bay) + 1;
b_ed(block) = b_ed(block) + 1;
elseif BAY S(bay).port(tier,stack)> 0
b_res(block) = b_res(block) + 1;
end
else
b_ocup(block) = b_ocup(block) + 1,
end
end
end
end
end

figure;

plot(b_edl,'b."); hold on
%plot(b_res,'g.");
%plot(b_ocup,'m.”);
y=b ed +b res,
plot(y,'r.);



function BT _initialization()
global BT T

for bt = 1:T.berth_no
BT(bt).position(1) = bt * T.length/(T.berth_no+1);
BT(bt).position(2) = T.width;
BT(bt).status = 'empty’;
BT(bt).QC_no =4;
BT(bt).active =0;
for j = 1:BT(bt).QC _no
BT(bt).QC_id(j) = (bt - 1) * BT(bt).QC_no + j;
end
BT(bt).vessel = 0;
BT(bt).active=0;
end



function [target_ct]= cdf_stay(vs)
% This function cal cul ates the cumulative density function of the CT stay
% time

global BAYSBL CT TIMEVS
%keyboard

CB =V Y(vs).plan.IMP.bays;

nb = length(CB);

ct_no=0;
ct_list = zeros(1,2);
fori_bay = 1:nb
bay = CB(i_bay);
for stack = 1:BL .stacks
for tier = 1:BL.tiers
ct = BAY S(bay).ct_id(tier,stack);
if ct >0
if CT(ct).vs==vs
ct no=ct_no+ 1,
ct_list(ct_no,1) = BAY S(bay).ct_id(tier,stack);
ct_list(ct_no,2) = TIME.t + TIME.delt - BAY S(bay).ct_arrival(tier,stack);
end
end
end
end
end

% 1.3 Sort the list according to the time (coordinate 2
%ct_list = ct_list’;

ct_list = sortrows(ct_list,2);

%ct_list = ct_list’;

% 1.4 Make a vector of accumulated times:
if ct_no>1

ac_time(1) = ct_list(1,2);

ct_list(:,2) = ct_list(:,2) - ac_time(1);

ac_time(1) = ct_list(1,2);

for i=2:ct_no

ac_time(i) = ac_time(i-1) + ct_list(i,2);
end
sum_times = sum(ct_list(:,2));

% 1.5 Generate a random number and find the position of the target CT
target_time = 1 + fix(random('unif',0,1)* sum_times); target_time = min(target_time,sum_times);
ict=1;
while target_time > ac_time(ict)
ict=ict + 1;
end

target_ct = ct_list(ict,1);
else

target_ct = ct_list(1,1);
end



if target_ct ==
keyboard
else
if CT(target_ct).R.readytogo >0
%keyboard
else
CT(target_ct).R.readytogo = CT(target_ct).R.readytogo+1;
end
end

if CT(target_ct).vs~=vs
disp(‘error in CT pick’)

it=0;

while CT(ct).vs~=vs
it =it+1;
pos = find(CB == CT(ct).P.bay);
CB(pos) = [I;

VS(vs).plan.IMP(pos) = [];
[ct] = cdf_stay(CB);
if it>12
keyboard
end
end
else
CT(target_ct).vspick = vs,
end



function [xf,top_xf,cdf]=cdf_x2(no_wc,wcl,min_weight,max_weight)

no_c=length(wcl);
swcl=sort(wcl); % sorted weight container levels

% Calculate the new cdf

ndelx=(max_weight-min_weight)/no_wc; % Intervals at x axis (weight)
top_xf=(ndelx:ndelx:ndelx* no_wc)+min_weight;

xf=top_xf-ndelx/2;

cont=1,
i=1; % index for the whole lenght of weight list
whilei<=no_c && cont<no_wc
if swcl(i)<=top_xf(cont)
i=i+1;
else
cdf(cont)=i-1;
cont=cont+1;
i=i+1;
end
end
cdf(no_wc)=no_c;
cdf=cdf/no_c;



function check_bay_es(bay)
global BAYSBL

a=find(BAY S(bay).ct_id >0);

if abs(BL .capacity -BAY S(bay).empty_slots- length(a)) >0
disp([num2str(BAY S(bay).empty _slots) * Empty slots and ' num2str(length(a)) ' CTs])
BAY S(bay).ct_id

keyboard

BAY S(bay).empty_slots = BL.capacity - length(a);
end



function check_bay _types()
% This function checks the yard inventory, bays and cts

global BAYSBL T

no_nas=0; no_imp=0; no_exp=0;
ct_imp=0; ct_exp=0;

for bay=1:T.bays
% Not assigned bays
if BAY S(bay).id =="'NAS
Nno_nas=no_nas+1;
elseif BAY S(bay).id =='EXP
Nno_exp = no_exp +1;
ct_exp =ct_exp + BL.capacity - BAY S(bay).empty_slots,
elseif BAY S(bay).id =="'IMP
no_imp =no_imp + 1;
ct_imp =ct_imp + BL.capacity - BAY S(bay).empty_dlots;
end
end

occup_imp = ct_imp/no_imp;
occup_exp = ct_exp/no_exp;

disp(['NAS bays: ' num2str(no_nas) |)
disp(['IMP bays: ' num2str(no_imp) ])
disp(['EXP bays:. ' num2str(no_exp) ])
disp(['Imp CTs: ' num2str(ct_imp) ])

disp(['Exp CTs: ' num2str(ct_exp) ])

disp(['Cts per Imp bay: ' num2str(occup_imp) ])
disp(['Cts per Exp bay: ' num2str(occup_exp) ])



function [diff,row,tier]= check_class_diff(comp_bay,idealbay,c class)

% This function takes a vector of weightclass and placesit on the best
% possible row and column

% Initidlize

[no_tiers,;no_rows]=size(idealbay);
%comp_bay=flipud(comp_bay);
diference=zeros(1,no_rows);
toptier=zeros(1,no_rows);
for row=no_rows:-1:1 % buscar la col en laque megjor encga
O6row;
tier=no_tiers,

while comp_bay(tier,row)>0 & & tier ~= 1
if tier>1
tier=tier-1;
end
end
if tier==1 & & comp_bay(tier,row) >0
diference(row)=100;
else
diference(row)=idealbay(tier,row)-c_class,
end
toptier(row)=tier;
end
%now choose the position with the smallest difference
% this function will be further improved
[diff,row]=min(abs(diference));
tier=toptier(row);



function check_cts vs()

global BAYSBL BT CT COUNT MACTVSYC

for bt=1:3
vs= BT(bt).vessd;
if vs>0
ci = 0;ce=0;
ctlisttheory=0; yclisttheory=0; cts_theory=0;
pbays=zeros(1,T.bays);nyc_bays=zeros(1,MAC.Y C.n);yc_bays=zeros(T.bays MAC.Y C.n);
% Analyzethe list of ctsand seeimp and exp cts
for ct=1:COUNT .ct
if CT(ct).vs==vs
yc = CT(ct).P.yc; b = CT(ct).P.bay;
if stremp(CT(ct).type,' IMP)==1

ci=ci+1;
ese
ce=cetl;

pbays(b) = pbays(b)+1;
ctlisttheory(ce) = ct;
yclisttheory(ce) = yc;
nyc_bays(yc) = nyc_bays(yc)+1;
yc_bays(nyc_bays(yc),yc) = b;
end
end
end

bay ids= find(pbays>0);
nb=Ilength(bay _ids);
ctsfound = 0;
pct=0;
forb=1:nb
bay = bay_ids(b);
bc=0;
for s=1:BL.stacks
for t=1:BL.tiers
ct = BAY S(bay).ct_id(t,s);
if ct>0
if CT(ct).vs==vs
bc = bc +1;
ctime(bc)=CT (ct).events.time(1);
pct = pct+1;
cts_theory(pct)=ct;
end
end
end
end
ctsfound = ctsfound +bc;
end

% Mirar elementos repetidos
absentct = 0; ec = 0; ec2 =0; nec = 0; Ic = 0; lostcts = 0; yclostcts = 0;



%
%
%
%
%
%
%

fori=1:ce
cct = ctlisttheory(i);
if isempty(find(cts_theory ==cct)) == 1
nec = nec+1;
absentct(nec) = cct;
yc = CT(cct).P.yc;
if isempty(find(Y C(yc).WL.prior.cts == cct))==0
lc=Ilc+1;
lostcts(lc)=cct;
yclostcts(lc)=yc;
elseif isempty(find(Y C(yc).WL.normal.cts == cct)) ==0
lc=Ilc+1;
lostcts(lc)=cct;
yclostcts(lc)=yc;
end
else
ec=ec+1,
presentct(ec) = cct;
if stremp(CT/(cct).events.event(end),'stacked’)==1
€c2 = ec2+1,;
a(ec2) = CT(cct).events.time(1)/3600/24,
f(ec2) = CT(cct).events.time(end)/3600/24;
end
end
end
keyboard
figure(vs+1000); plot(presentct,a,’.b"); hold on
figure(vs+1000); plot(presentct,f,".m’);
figure(vs+1000); plot(V S(vs).arrival .time/3600/24,*r');
title(['VS ' num2str(vs) 'EXP cts])
%keyboard
yclist=unique(yclisttheory): ¢ yc = 0;
% List of present containers
for i = L:length(yclist)
yc = yclist(i);
c_yc(i)=length(find(yclisttheory == yc));
if and(Y C(yc).WL.prior.n + Y C(yc).WL.normal.n > 0, Y C(yc).active==0)
disp(['Error the Y C(" num2str(yc) ') should be active' ])
end
end
disp([num2str(ci) /' num2str(ce) ' IMP/EXP han llegado alatermina parae V(' num2str(vs) ') out of '

num2str(V S(vs).1C) '/' num2str(V S(vs).OC)])

disp(['Distributed in ' num2str(nb) * bays])
disp([num2str(ctsfound) ' cts are present and ' num2str(lc) ' cts are not assigned'])
disp([' The Y Cswith assigned cts are ' num2str(yclist)])
disp(['The WL of those cranesis' num2str(c_yc)])
% List of lost containers
yclostlist=unique(yclostcts);
%keyboard
for i=1:length(yclostlist)

Ic_yc(i)=length(find(yclostcts == yclostlist(i)));
end
disp(['The Y Cswith cts pending is ' num2str(yclostlist)])
disp(['The WL of those cranesis' num2str(Ic_yc)])



%figure; plot(ctime/3600/24)

%keyboard

tyc=7,
bdyc=unique(yc_bays(:,t_yc));bdyc(1)=[];
plot_bays candidates(bdyc,'g*");

%keyboard
end
end



function [no_dlots,distance] = check_port_bays(bay,port)
% This function checksif there are lotsin a bay that belong to a port

global BAYSBL BT CT VS

no_slots=0; distance=0; calc =1,
for stack = 1. BL .stacks
for tier = 1:BL .tiers
ct = BAY S(bay).ct_id(tier,stack);
if ct >0
if CT(ct).vs==port
no_slots=no_slots+ 1,
vs= CT(ct).vs;
if vs>0
berth = VS(vs).berth;
ifcac==1
distance = distance_calculator(BAY S(bay).position,BT(berth).position);
cac=0;
end
end
end
end
end
end

if length(BAY S(bay).R.dlots) > 1
disp(‘too long slots)
keyboard

end



function check_port_occupation(bay)

global BL BAYS

if BAY S(bay).R.slots > BL .capacity - BL.tiers
disp('Excessive port occupation’)
keyboard

end



function check_port_reservation(bay)

% This function checksif a cero is present in a position where it should
% not exist.

global BAYSBL

for stack = 1:BL .stacks
for tier = 1:BL .tiers-1
if and(BAY S(bay).port(tier,stack) == 0,BAY S(bay).port(tier+1,stack) > 0)
disp('Error @ port reservation matrix’)

keyboard
end
% if stremp(BAY S(bay).id,'EXP) ==
% it and(BAY S(bay).port(tier,stack) > 0,BAY S(bay).matriz(tier,stack) == 0)
% disp('Error 2')
% keyboard
% end
% end
end

end



function [pure_ports,stack_ports,mixed_ports| = check reserve()
% This function cal culates the number of slots resereved for the different
% types of mixing strategies and ports

global TRF T BAYS

pure_ports = zeros(1, TRF.PARAM.no_ports); pp = 0; pbays=0;
stack_ports = zeros(1, TRF.PARAM.no_ports); sp = 0; shays = 0;
mixed_ports = zeros(1, TRF.PARAM.no_ports); mp = 0; mbays = 0;

for bay = 1. T.bays
if stremp(BAY S(bay).id, 'EXP) ==
%[ ports] = BAY_find_Port_reserved(BAY S(bay));

ports = ports_howmanyofeach(BAY S(bay).R.ports);

if stremp(BAY S(bay).mixing, 'N') ==1
pure_ports = pure_ports + ports;
pp = pp +1; pbays(pp) = bay;

elseif stremp(BAY S(bay).mixing, 'S) == 1
stack_ports = stack _ports + ports;
Sp = sp +1; shays(sp) = bay;

elsaf stremp(BAY S(bay).mixing, 'Y") ==
mixed_ports = mixed_ports + ports,
mp = mp +1; mbays(mp) = bay;

end

end
end

%keyboard



function check_terminal_ocupation(label,VS)
global BAYSBL T
plot_bays

% Choose the plot
if stremp(label,'EXP) ==

=1

no ct vs=VS.0OC,

texto="EXP CT from V S going to ports;;
elsaif strcemp(label,'IMP) ==

P=2;

no ct vs=VSIC;

texto="IMP CT Download: Ctswill be distributed among all IMP bays;
end
figure(30); subplot(2,1,sp); hold on
plot(VS.port,no_ct_vs,'r."); title(texto)



function [no_ct]=checkbays(T,bays,id)
no_ct=0;
no_bays=0;
for i=1:T.bays
if bays(i).vs_plan==id
no_bays=no_bays+1;
no_ct=no_ct+sum(sum(bays(i).matriz));
end
end
no_bays,



function close_figure_ifexists(fig_number)

[fig_exist]=figure _ckeck(fig_number);

if fig_exist==1 % thereisafigure, closeit
close(fig_number)

end



function closure()
global BL COST COUNT GROUPSMACRT TIMETRFYC

clc

close al
s )
termina_state();

% Calculate fix costs

%1.0of YC

COST.Y C.total.fix = COST.Y C.fix * MAC.Y C.ycsprow * TIME.t/24/3600;
% Bays cost

COST.BAY =T.bays* COST .bay * TIME.t/24/3600;

disp(['Tota cost bay: ' num2str(COST.BAY)])

R.occupation = (T.state.EXP.no.cts + T.state.lMP.no.cts)/T.bays/BL .capacity;
disp(['Final occupation (%): ' num2str(100* R.occupation)])

TIME.end = clock;
TIME.duration = TIME.start - TIME.end;

ct = COUNT.ct;

plot_evolution()

disp(['Total IMP/EXP # CTs' num2str(COUNT.IMP.ct) /' num2str(COUNT.EXP.ct)])
disp(['Mean IMP ET Cost ' num2str(mean(COST.ET.IMP.tota))])
disp(['Mean EXP ET Cost ' num2str(mean(COST.ET.EXP.total))])
disp('--mmmmmmmmm oo )

disp('Mean IMP YT Cost ' num2str(mean(COST.Y T.IMP.total))])
disp('Mean EXP YT Cost ' num2str(mean(COST.Y T.EXP.totd))])
% disp(['Total IMP ET Cost ' num2str(COST.ET.IMP.total)])

% disp(['Total EXP ET Cost ' num2str(COST.ET.EXP.tota)])

% digp('-=-=-=n=nmmmmmmmmmm e e )

% disp(['Total IMP YT Cost ' num2str(COST.Y T.IMP.total)])

% disp(['Total EXP YT Cost ' num2str(COST.Y T.EXP.total)])
disp('---mmmmmmmmmmm oo )

disp(['IMP Reshuffles' num2str(sum(COUNT.R.IMP.nr))])
disp(['EXP Reshuffles' num2str(sum(COUNT.R.EXP.nr))])

S )
disp(['IMP R height ' num2str(sum(COUNT.R.IMP.sheight))])

disp(['EXP R height ' num2str(sum(COUNT.R.EXP.sheight))])

foryc=1.MAC.YC.n
n = length(find(Y C(yc).WL.time<7* 3600* 24));
startover = 1; oe = 0; O =0;
wlit =Y C(yc).WL.time; wit = sort(wlt);
whilen <Y C(yc).WL.n-1
n=n+l;
delt(n) = wlt(n) - wlt(n-1);

if delt(n) < 60/TRF.PARAM .overload
if startover ==



oe = oetl; O(oe) = 0;

end
O(oe) = O(oe) + delt(n); startover = 1,
end
end
yco(yc) = sum(O);

end

disp(['Cranes overload (%time): ' num2str((yco)/7/24* 100)])
disp(['Mean crane overload (%time): ' num2str(mean(yco)/7/24* 100)])

QDo )
disp('lMP OPERATIONS)
QDo )
disp('Stack’)
QDo )

disp(['IMP Y C Gantry ' num2str(COST.Y C.IMP.stack.gantry/COUNT.IMP.ct)])
disp(['IMP Y C Trolley ' num2str(COST.Y C.IMP.stack.trolley/COUNT.IMP.ct)])
disp(['IMP Y C Hoist ' num2str(COST.Y C.IMP.stack.hoist/ COUNT.IMP.ct)])
disp('Delivery’)

disp(['IMP Y C Gantry ' num2str(COST.Y C.IMP.deliver.gantry/COUNT.IMP.ct)])
disp(['IMP Y C Trolley ' num2str(COST.Y C.IMP.deliver.trolley/COUNT.IMP.ct)])
disp(['IMP Y C Hoist ' num2str(COST.Y C.IMP.deliver.hoist/ COUNT.IMP.ct)])

e )
disp(EXP OPERATIONS)

T )
disp('Stack’)
T )

disp(['EXP Y C Gantry ' num2str(COST.Y C.EXP.stack.gantry/COUNT.EXP.ct)])
disp('EXPYC Trolley ' num2str(COST.Y C.EXP.stack.trolley/COUNT.EXP.ct)])
disp(['EXP Y C Hoist ' num2str(COST.Y C.EXP.stack.hoist/COUNT.EXP.ct)])
disp('Delivery")

disp([[EXP Y C Gantry ' num2str(COST.Y C.EXP.deliver.gantry/ COUNT.EXP.ct)])
disp([[EXP YC Trolley ' num2str(COST.Y C.EXP.deliver.trolley/COUNT.EXP.ct)])
disp(['EXP Y C Hoist ' num2str(COST.Y C.EXP.deliver.hoist/ COUNT.EXP.ct)])

for i =1: length(GROUPS)
nog = 0; nob= 0; nog = 0;
forj = LTRF.PARAM.VS no
%nog(i,j) = GROUPS(i).CT(j).no;
nog(j) = GROUPS(i).CT(j).no;
nob(j) = mean(GROUPS(i).CT(j).bahias(®));
noc(j) = mean(GROUPS(i).CT(j).cts(:));
end
mediag(i)= mean(nog(nog>0));
mediab(i)= mean(nob(nob>0));
mediac(i)= mean(noc(noc>0));
not(i)= GROUPS(i).time;
end

figure; subplot(3,1,1);plot(not/3600/24,mediag); title(# Groups)
subplot(3,1,2);plot(not/3600/24,mediab); title('# Bays per group’)



subplot(3,1,3);plot(not/3600/24,mediac); title(*# Containers per group’)
disp(['Number of groups' num2str(mediag(end))])

disp(['Number of bays' num2str(mediab(end))])

disp(['Number of cts' num2str(mediac(end))])



function [vect_cont]=container_vector(ndf,no_cont)

% first create the vector of classes

vect=round(ndf* no_cont);

diference=vect-round(vect);

vect_class=round(vect);

if min(vect_class)==0
'Number of classesis not appropriate for the exising distribution of containers;
% vect_class
keyboard

end

while sum(vect_class)~=no_cont
if sum(vect_class)<no_cont
[j,max_row]=max(abs(diference));
vect_class(max_row)=vect_class(max_row)+1;
elseif sum(vect_class)>no_cont
[J,max_row]=max(abs(diference));
vect_class(max_row)=vect_class(max_row)-1;
end
diference(max_row)=0;
end

% now the vector of containers
cont=0;
for class=1:no_wc
for j=1:vect_class(class)
cont=cont+1,;
vect_cont(cont)=class;
end
end



function [] = COST _init()
global COST

COST .bay = 0.01; % (€/day) Space cost of bay per day
COST.YC.travel =0.02; % (€/s) YC travel cost per unit time
COST.YC.fix = 1000; % (€/day) Y C fixed cost per day

total.fix = 0;
total.gantry = 0;
total.hoist = 0;
total.trolley = 0;

COST.YC.IMP.stack = total;
COST.YC.IMP.ddliver = totdl;
COST.YC.EXP.stack = totdl;
COST.YC.EXP.deliver = totdl;

COST.YT.travel = 0.004; % Amount for 401/100km = 0.0004€/m % Before: 0.02;
COST .ET .travel = 0.015;

% Initialize Total Costs:

COST.YT.IMP.total =[];
COST.YT.EXP.total =];
COST .reshuffle EXP=0;
COST .reshuffleIMP = 0;
COST.r_heights.EXP = 0;
COST.r_heights.IMP = 0;
COST.mixing = 0;
COST.remarshall = 0;
COST.ET.EXP.total =[];
COST.ET.IMP.tota =];
%COST.ET .travel = 0;



function COUNT _init()
global COUNT MAC T TRF

COUNT.ct =0;

COUNT.IMP.ct =0;

COUNT.EXP.ct =0;

COUNT.vs=0;

COUNT.vs p=0;

COUNT.et =0;

COUNT .stat = 0;

COUNT.inventory.exp = zeros(1, TRF.PARAM.VS no+l);
COUNT.inventory.imp = zeros(1,TRF.PARAM.VS_no+1);
COUNT.deliveries.exp = zeros(1,TRF.PARAM.VS_no+1);
COUNT.déliveries.imp = zeros(1,TRF.PARAM.VS no+1l);

COUNT .stacks.exp = zeros(1,TRF.PARAM.VS no+1);
COUNT .stacks.imp = zeros(1,TRF.PARAM.VS _no+1);

COUNT.vsarrivals.imp = zeros(1, TRF.PARAM.VS no+1);
COUNT .vsarrivals.exp = zeros(1,TRF.PARAM.VS_no+1);

X.events=0;
X.nr=0;
X.revent = 0;
X.sheight = 0;

COUNT.R.EXP=X;
COUNT.R.IMP = X;

fori=1: T.rows*MAC.Y C.ycsprow
COUNT.Y C.overload(i).no = 0;
COUNT.Y C.overload(i).time = 0;
end



function CT_addevent(ct,evento,del ay)
global CT TIME

no = CT(ct).events.no +1,
CT(ct).events.no = no;
CT(ct).events.time(no) = TIME.t+delay;
CT(ct).events.event{ no} = evento;



function [class] = CT_class(weight)

globa TRF

xf = TRF.CT.top_xf;

class=1;

for i = L:length(xf)-1
if weight > xf(i)

class=i + 1,

end

end



function [vect_cont]=CT_distribution(pdf,no_cont)

% This function makes a vector of categories of containers,
% given aprobability density distribution. This vector will
% be used later on to fill the ideal bay.

% first create the vector of classes
vect=round(pdf* no_cont);
diference=sum(vect)-no_cont; %vect-round(vect);

while abs(diference)~= 0
vdiference=pdf*no_cont-vect;
[1,j]=max(abs(vdiference));
if diference >0

vect(j)=vect(j)-1;
else
vect(j)=vect(j)+1;
end
diference=sum(vect)-no_cont;
end

% now the vector of containers

cont=0;

for class=1:length(vect)
for j=1:vect(class)

cont=cont+1,
vect_cont(cont)=class;
end

end



function CT_erase(ct)
global BAYSBL CT

bay = CT(ct).P.bay;
tier = CT(ct).P.tier;
stack = CT(ct).P.stack;

if BAY S(bay).ct_id(tier,stack) ~= ct
disp('Searching for wrong ct’)
keyboard

end

hstack = sum(BAY S(bay).matriz(:,stack));
% if tier < hstack

% disp(‘we have reshuffles);

% keyboard

% end

for t = tier:hstack-1
mct = BAY S(bay).ct_id(t+1,stack);
CT(mct).P.tier = CT(mct).P.tier -1,
BAY S(bay).matriz(t,stack) = BAY S(bay).matriz(t+1,stack);
BAY S(bay).ct_id(t,stack) = BAY S(bay).ct_id(t+1,stack);
BAY S(bay).ct_arrival(t,stack) = BAY S(bay).ct_arrival (t+1,stack);
%BAY S(bay).R.S.cts(t,stack)= BAY S(bay).R.S.cts(t+1,stack);
end
BAY S(bay).matriz(hstack,stack) = O;
BAY S(bay).ct_id(hstack,stack) = 0;
BAY S(bay).ct_arrival (hstack,stack) = 0;
%BAY S(bay).R.S.cts(hstack,stack) = 0;

BAY S(bay).empty_slots= BAY S(bay).empty_slots + 1;
BAY _change reservation(bay,CT(ct).vs,-1);

BAY S check_empty(CT(ct).P.bay);
%check_port_reservation(bay);



function CT_generate(flow,vs)

global CT COUNT TRFTIME VS
%keyboard
ct = COUNT.ct + 1,

COUNT.ct =ct;

CT(ct).weight = CT_weight(random(‘'unif', TRF.CT.cdf(1),1));
CT(ct).class= CT_class(CT(ct).weight);
CT(ct).type = flow;
CT(ct).events.arrival = TIME.L;
CT(ct).ciclo.stack = 0;
CT(ct).ciclo.delivery = 0;

target_port = VS(vs).port;
CT(ct).vs=vs;

%CT (ct).port = VS(vs).port;
CT(ct).R.provocked.no = 0;
CT(ct).R.provocked.T .tier(1) = 0;
CT(ct).R.provocked.T.stack(1) = 0;
CT(ct).R.suffered.no = 0;
CT(ct).R.readytogo = 0;
CT(ct).events.no = 1;
CT(ct).events.time(l) = TIME.;

if stremp(flow,'IMP) ==
COUNT.IMP.ct = COUNT.IMP.ct + 1;
COUNT.inventory.imp(target_port) = COUNT.inventory.imp(target_port) + 1;
CT(ct).events.event{ 1} = 'vesselD’,

elsaf stremp(flow,'EXP) ==
COUNT.EXP.ct = COUNT.EXP.ct + 1,
COUNT.inventory.exp(target_port) = COUNT.inventory.exp(target_port) + 1,
CT(ct).events.event{ 1} ='gatelN";

end



function [[=CT_get(bays,T)



function CT _init()
global CT
CT.weight = 0;

CT.class=0;
CT.type=0;



function [ET]=CT _order(ET)
% Takesthelast ET and placesit in the correct position

n=length(ET); % minum 2
arrival_time = ET(n).arrival_time;

pos=1;

for j=1:n-1
if arrival_time>ET(j).arrival_time
pos=pos+1;
end
end

if pos~=n % If the container needs to be moved to pos
% Save a copy
aux=ET(n);
% Move the containers
for j=n:-1:pos+1
ET()=ET(-1);
end
ET(pos)=aux;
end



function CT_remove(ct)
% This function takes a CT from the Bay. All the containers on top of that
% CT will go down one position, according to the following Scheme

global BAYSBL BT COST CT SPEED TVSYC
keyboard

bay = CT(ct).P.bay;

tier = CT(ct).P.tier;

stack = CT(ct).P.stack;

vs= CT(ct).vs;

yc = CT(ct).P.yc;

% Remove CT from crane
Y C(yc).WL.ct =0;
Y C(yc).WL.move =",
% Compute the cost of the operationfor YCand YT
%keyboard
if stremp(CT(ct).type,' IMP) ==
distance = ET_dist_calculator(T.gate.position, BAY S(bay).position);
traveltime = distance / SPEED.ET .travel;
COST.ET.IMP.total = COST.ET.IMP.total + distance* COST.ET .travel;
elseif stremp(CT(ct).type,'EXP) ==
distance = distance _calculator(BAY S(bay).position, BT(V S(vs).berth).position);
traveltime = distance / SPEED.Y T.travel;
%distance = 2* distance_calculator(BAY S(target_bay).position,BT(V S.berth).position);
COST.YT.EXP.total = COST.YT.EXP.total + distance* COST.YT.travel;
end

CT_addevent(ct,'picked’,0);
CT_addevent(ct,'exit',traveltime);

old _bay = BAY S(bay);

% Inv_Tier

% 1 | | Thisis an empty stack

% 2 [X| Thisisthe"top CT"

% 3 [X| Normal CT

% 4 |O| Thisisthe "target CT" = tier
% 5 x| Normal CT

top_ct_no = sum(BAY S(bay).matriz(:,stack));

% We want to go from "Target CT" to "top_CT"
top_ct = BL. tiers;
if tier <top_ct_no

vect_ct_m=BAY S(bay).matriz(tier+1:top_ct,stack);
vect_ct_id = BAY S(bay).ct_id(tier+1:top_ct,stack);
vect_ct_at = BAY S(bay).ct_arrival(tier+1:top_ct,stack);
vect_port = BAY S(bay).port(tier+1:top_ct,stack); % Port
vect_ wc = BAY S(bay).weightc(tier+1:top_ct,stack);
vect_vs=BAY S(bay).vs(tier+1:top_ct,stack);

%



BAY S(bay).matriz(tier:top_ct-1,stack) = vect_ct_m;
BAY S(bay).ct_id(tier:top_ct-1,stack) = vect_ct_id;
BAY S(bay).ct_arrival(tier:top_ct-1,stack) = vect ct_at;
BAY S(bay).port(tier:top_ct-1,stack) = vect_port;
BAY S(bay).weightc(tier:top_ct-1,stack) = vect_wc;
BAY S(bay).vs(tier:top_ct-1,stack) = vect_vs,

end

BAY S(bay).matriz(top_ct,stack) = 0;
BAY S(bay).ct_id(top_ct,stack) = 0;
BAY S(bay).ct_arrival(top_ct,stack) = 0;
BAY S(bay).port(top_ct,stack) = 0;
BAY S(bay).weightc(top_ct,stack) = 0;
BAY S(bay).vs(top_ct,stack) = 0;

BAY _change reservation(bay,vs,-1);

% d) Update the number of empty slots
BAY S(bay).empty_slots= BAY S(bay).empty_slots + 1;

% €) Check emtpy bays
BAYS check empty(bay);

check_port_reservation(bay);

Y C(yc).active = 0;
Y C(yc).nextevent = 1000000;

check_port_occupation(bay)



function CT_remove(bay tier,stack)
% This function takes a CT from the Bay. All the containers on top of that
% CT will go down one position, according to the following Scheme

global BAYSBL
keyboard

% 1 x| Thisisthe "top CT"

% 2 |O| Thisisthe "target CT" = tier
% 3 [X| Normal CT

% 4 [X| Normal CT

% 5 | | Thisis an empty stack

top_ct = sum(BAY S(bay).matriz(:,stack));

vect_ct_m = BAY S(bay).matriz(tier+1:BL tiers,stack);
vect_ct_id=BAY S(bay).ct_id(tier+1:BL .tiers,stack);
vect_ct at = BAY S(bay).ct_arrival(tier+1:BL .tiers,stack);
vect_port = BAY S(bay).port(tier+1:BL .tiers,stack); % Port
vect_wc = BAY S(bay).weightc(tier+1:BL .tiers,stack);
vect vs=BAY S(bay).vs(tier+1:BL .tiers,stack);

BAY S(bay).matriz(tier:BL .tiers-1,stack) = vect_ct_m;
BAY S(bay).ct_id(tier:BL .tiers-1,stack) = vect_ct_id;
BAY S(bay).ct_arrival(tier:BL .tiers-1,stack) = vect_ct_at;
BAY S(bay).port(tier:BL .tiers-1,stack) = vect_port;

BAY S(bay).weightc(tier:BL .tiers-1,stack) = vect_wc;
BAY S(bay).vs(tier:BL .tiers-1,stack) = vect_vs;

BAY S(bay).matriz(BL .tiers,stack) = 0;
BAY S(bay).ct_id(BL .tiers,stack) = 0;
BAY S(bay).ct_arrival(BL .tiers,stack) = 0;
BAY S(bay).port(BL.tiers,stack) = 0;

BAY S(bay).weightc(BL .tiers,stack) = 0;
BAY S(bay).vs(BL .tiers,stack) = 0;

% d) Update the number of empty slots
BAY S(bay).empty slots=BAY S(bay).empty_slots+1;

% €) Check emtpy bays
BAYS check _empty(bay);

check_port_reservation(bay);



function CT_remove2(ct)
% This function takes a CT from the Bay. All the containers on top of that
% CT will go down one position, according to the following Scheme

global BAYSBT COST COUNT CT RSPEED T TIME VS
%keyboard

bay = CT(ct).P.bay;
old_bay = BAY S(bay);
check _bay es(CT(ct).P.bay);
tier = CT(ct).P.tier;
stack = CT(ct).P.stack;
vs= CT(ct).vs,
% Check whether the vessel has |eft
if stremp(CT(ct).type,'EXP)==1
fori=1:3
btvs(i)=BT(i).vessdl;
end
isthere = find(btvs == vs);
if isempty(isthere)
disp(‘'Error the vessel is not there')
keyboard
end
end

yc = CT(ct).P.yc;

% Compute the cost of the operationfor YCand YT
%keyboard
if stremp(CT(ct).type,' IMP) ==
distance = ET_dist_calculator(T.gate.position, BAY S(bay).position);
traveltime = distance / SPEED.ET .travel;
COST.ET.IMP.total = COST.ET.IMP.total + distance* COST.ET .travel;
COUNT .deliveries.imp(vs)=COUNT .deliveries.imp(vs)+1,
m = COUNT.deliveries.imp(vs);
n = COUNT.inventory.imp(vs);
if COUNT.deliveriesimp(vs)>COUNT.inventory.imp(vs)
keyboard
end
elsaif stremp(CT(ct).type,'EXP) ==
distance = distance_calculator(BAY S(bay).position, BT(V S(vs).berth).position);
traveltime = distance/ SPEED.Y T.travel;
%(distance = 2*distance_calculator(BAY S(target_bay).position,BT(V S.berth).position);
COST.YT.EXP.total = COST.YT.EXP.tota + distance* COST.YT.travel;
COUNT .deliveries.exp(vs)=COUNT .deliveries.exp(vs)+1;
m = COUNT.deliveries.exp(vs);
n = COUNT.inventory.exp(vs);
end

disp([char(CT(ct).type) ' CT(' num2str(ct) ) VS(' num2str(vs) ") Delivery Y C(' num2str(yc) ) ' num2str(m) ' out of '
num2str(n)])

CT_addevent(ct,'picked’,0);



CT_addevent(ct,'exit',traveltime);
top_tier = sum(BAY S(bay).matriz(:,stack));

% We want to go from "Target CT" to "top_CT"
BAY=BAY S(bay).ct_id;

fort =top tier:-1:tier+1
%keyboard
%transct = BAY S(bay).ct_id(t,stack);
transct = BAY (t,stack);
[BAY ,ETM,P] = CT_reshufflel(t,stack,BAY ,yc);
CT(transct).R.suffered.no = CT(transct).R.suffered.no + 1;
CT_erase(transct);
CT_write(transct,P);
end

CT_erase(ct);
YC _add_event(ct);

BAY_change reservation(bay,vs,-1);

% d) Update the number of empty slots
BAY S(bay).empty_slots=BAY S(bay).empty_slots + 1,

% €) Check emtpy bays

BAYS check _empty(bay);
check _bay es(bay);
%check_port_reservation(bay);
check_port_occupation(bay)

if stremp(CT(ct).type,'EXP)==1
V§(vs).oct = V(vs).oct + 1,
COUNT.vsarrivals.exp(vs) = COUNT.vsarrivals.exp(vs) +1;
R.vsct.exp(V S(vs).port, COUNT.vsarrivals.exp(V S(vs).port)) = TIME.t + TIME.delt;
% Last CT
if VS(vs).oct == V§(vs).OC
disp([ num2str(COUNT .vsarrivals.exp(V S(vs).port)) 'CTs unloaded out of ' num2str(V S(vs).OC)])
%BAY _unreserve(V S(vs).port)
plot_bays
plot_evolution()
disp(['End of VS' num2str(vs) ' upload operation’])
BT(VS(vs).berth).active = 0;
BT(VS(vs).berth).vessal = 0;
[T.state. MP,T.state. EXP,T.state. NAS] = terminal_state();
disp(['# EXP CTs num2str(T.state.EXP.no.cts)])
disp([# IMP CTs num2str(T.state.IMP.no.cts)])
end
end



function [BAY,R] = CT_reshuffle(tier,stack,BAY ,yc,W)

% This function takes a CT in one position and moves it to another position
% within the bay

% The ASC is aready located at the bay but it has not made the trolley

% movement yet

global BAYSBL TIMETRFYC

% Positions: P1 isthe crane postion, P2 isthe CT position, P3 isthe
% target position hat will be evaluated

%keyboard
P2.tier = tier; P2.stack= stack;

%h = sum(BAY .dots);

max_E = 0; max_t = 0; %keyboard
ct = BAY .cts(P2.tier,P2.stack);

DELT = ones(1,BL .stacks)* 1000;
E = ones(1,BL .stacks)* 100000000;

for stack = 1:BL .stacks
% The origina positions shall be refreshed in each loop
P1=YC(yc).P,

% Check wether the stack can have the ct
aturas = find(BAY .cts(:,stack)>0);
if isempty(alturas)
h(stack) = 0;
ese
h(stack) = alturas(end);
if h(stack) == BL .tiers
continue
end
end
if stack == P2.stack
continue
% elseif BAY S(P1.bay).portres.no >0
% continue
end

m=0;

r(stack).bay = P1.bay; % initially the craneis at the bay
r(stack).stack = P1.stack;

r(stack).tier = Pl.tier;

%r(stack).time = P1.time;

r(stack).time=0;

r(stack).e=0;

r(stack).moves=";



r(stack).ct = 0;
r(stack).ctmove = 0;

% Determine the upper position

tier = h(stack)+1;

% Determine the ernergy and time

m=m+1; r(stack).bay(m) = P1.bay; r(stack).stack(m)= P2.stack; r(stack).tier = BL.tiers + 1; % O.tier;
[r(stack).time(m),r(stack).e(m),r(stack).moves{ m}] = YC_energy(P1.stack,P2.stack,ct,'utrolley’,'empty’);
Pl.stack = P2.stack; %Jasc] = ASC_move(asc,P1,0,W);

r(stack).ct(m) = O; r(stack).ctmove(m) = ct;

m = m+1; r(stack) = addposition(r(stack), hoist',P2.tier);
[r(stack).time(m),r(stack).e(m),r(stack).moves{m}] = YC_energy(BL .tiers+1,P2.tier,ct,'ulower’,'empty’);
Pl.tier = P2.tier; %lasc] = ASC_move(asc,P1,0,W);

r(stack).ct(m) = O; r(stack).ctmove(m) = ct;

m = m+1; r(stack) = addposition(r(stack), hoist',BL .tiers+1);
[r(stack).time(m),r(stack).e(m),r(stack).moves{ m}] = YC_energy(P2.tier,BL .tiers+1,ct,'upickbl’,'full’);
Pl.tier = BL.tiers+1; %[asc] = ASC_move(asc,P1,ct,W);

r(stack).ct(m) = ct; r(stack).ctmove(m) = ct;

m =m+1; r(stack) = addposition(r(stack),'trolley’,stack);
[r(stack).time(m),r(stack).e(m),r(stack).moves{ m}] = YC_energy(P2.stack,stack,ct,'utrolley’,'full’);
Pl.stack = stack; %[asc] = ASC_move(asc,P1,ct,W);

r(stack).ct(m) = ct; r(stack).ctmove(m) = ct;

m =m+1; r(stack)=addposition(r(stack), hoist',tier);
[r(stack).time(m),r(stack).e(m),r(stack).moves{ m}] = YC_energy(BL .tiers+1,tier,ct,'udropbl’,'full’);
Pl.tier = tier; %[asc] = ASC_move(asc,P1,ct,W);

r(stack).ct(m) = ct; r(stack).ctmove(m) = ct;

m = m+1; r(stack)=addposition(r(stack), hoist',BL .tiers+1);
[r(stack).time(m),r(stack).e(m),r(stack).moves{ m}] = YC_energy(tier,BL . .tierst+1,ct,'uraise’,'empty’);
Pl.tier = BL.tiers+1; %[asc] = ASC_move(asc,P1,0,W);

r(stack).ct(m) = O; r(stack).ctmove(m) = ct;

DEL T (stack) = sum(r(stack).time); E(stack) = sum(r(stack).e);

end
%keyboard

coefs = DEL T/max(DEL T)* TRF.PARAM.weight.t + E/max(E)* TRF.PARAM .weight.E;

[c_min,T.stack] = min(coefs);

T.tier = h(T.stack) +1,

energy = E(T.stack);
time = DELT(T.stack);

BAY .cts(T .tier,T.stack) = ct;
BAY .dots(T.tier,T.stack) = 1;

BAY .cts(P2.tier,P2.stack) = 0;

BAY .dots(P2.tier,P2.stack) = O;

%BAY .time=BAY.time+time



%T.bay = BAY .cts,
%T.time=TIME.t + time; %BAY .time;

% Write the results

R.time = r(T.stack).time;

R.E = r(T.stack).g;

R.moves = r(T.stack).moves;
R.bay = r(T.stack).bay;

R.stack = r(T.stack).stack;

R.tier = r(T.stack).tier;

R.ct = r(T.stack).ct;

R.ctmove = r(T.stack).ctmove;
%[asc] = ASC_move(asc, T,ct,0);



function [BAY ,R,T] = CT_reshufflel(tier,stack,BAY ,yc)

% This function takes a CT in one position and moves it to another position
% within the bay

% The ASC is aready located at the bay but it has not made the trolley

% movement yet

global BAYSBL TRFYC

% Positions: P1 isthe crane postion, P2 isthe CT position, P3 isthe
% target position hat will be evaluated

%keyboard
P2.tier = tier; P2.stack= stack; O = P2;

%h = sum(BAY .dots);

max_E = 0; max_t = 0; %keyboard
ct = BAY (P2.tier,P2.stack);

DELT = ones(1,BL .stacks)* 10000;
E = ones(1,BL .stacks)* 100000000;

for stack = 1:BL .stacks
% The origina positions shall be refreshed in each loop
P1=YC(yc).P,

% Check wether the stack can have the ct
alturas = find(BAY (:,stack)>0);
if isempty(alturas)
h(stack) = 0;
ese
h(stack) = alturas(end);
if h(stack) == BL .tiers
continue
end
end
if stack == P2.stack
continue
% elseif BAY S(P1.bay).portres.no >0
% continue
end

m=0;

r(stack).bay = P1.bay; % initially the craneis at the bay
r(stack).stack = P1.stack;

r(stack).tier = Pl.tier;

%r(stack).time = P1.time;

r(stack).time=0;

r(stack).e=0;

r(stack).moves=";



r(stack).ct = 0;
r(stack).ctmove = 0;

% Determine the upper position

tier = h(stack)+1;

% Determine the ernergy and time

m=m+1; r(stack).bay(m) = P1.bay; r(stack).stack(m)= P2.stack; r(stack).tier = BL.tiers + 1; % O.tier;
[r(stack).time(m),r(stack).e(m),r(stack).moves{ m}] = YC_energy(P1.stack,P2.stack,ct,'utrolley’,'empty’);
Pl.stack = P2.stack; %Jasc] = ASC_move(asc,P1,0,W);

r(stack).ct(m) = O; r(stack).ctmove(m) = ct;

m = m+1; r(stack) = addposition(r(stack), hoist',P2.tier);
[r(stack).time(m),r(stack).e(m),r(stack).moves{m}] = YC_energy(BL .tiers+1,P2.tier,ct,'ulower’,'empty’);
Pl.tier = P2.tier; %lasc] = ASC_move(asc,P1,0,W);

r(stack).ct(m) = O; r(stack).ctmove(m) = ct;

m = m+1; r(stack) = addposition(r(stack), hoist',BL .tiers+1);
[r(stack).time(m),r(stack).e(m),r(stack).moves{ m}] = YC_energy(P2.tier,BL .tiers+1,ct,'upickbl’,'full’);
Pl.tier = BL.tiers+1; %[asc] = ASC_move(asc,P1,ct,W);

r(stack).ct(m) = ct; r(stack).ctmove(m) = ct;

m =m+1; r(stack) = addposition(r(stack),'trolley’,stack);
[r(stack).time(m),r(stack).e(m),r(stack).moves{ m}] = YC_energy(P2.stack,stack,ct,'utrolley’,'full’);
Pl.stack = stack; %[asc] = ASC_move(asc,P1,ct,W);

r(stack).ct(m) = ct; r(stack).ctmove(m) = ct;

m =m+1; r(stack)=addposition(r(stack), hoist',tier);
[r(stack).time(m),r(stack).e(m),r(stack).moves{ m}] = YC_energy(BL .tiers+1,tier,ct,'udropbl’,'full’);
Pl.tier = tier; %[asc] = ASC_move(asc,P1,ct,W);

r(stack).ct(m) = ct; r(stack).ctmove(m) = ct;

m = m+1; r(stack)=addposition(r(stack), hoist',BL .tiers+1);
[r(stack).time(m),r(stack).e(m),r(stack).moves{ m}] = YC_energy(tier,BL . .tierst+1,ct,'uraise’,'empty’);
Pl.tier = BL.tiers+1; %[asc] = ASC_move(asc,P1,0,W);

r(stack).ct(m) = O; r(stack).ctmove(m) = ct;

DEL T (stack) = sum(r(stack).time); E(stack) = sum(r(stack).e);

end
%keyboard

coefs = DEL T/max(DEL T)* TRF.PARAM.weight.t + E/max(E)* TRF.PARAM .weight.E;

[c_min,T.stack] = min(coefs);

if T.stack == P2.stack

disp('CT can not go to the same stack’)
keyboard

end

T.tier = h(T.stack) +1,

energy = E(T.stack);
time = DELT(T.stack);

BAY (T tier,T.stack) = ct;



% BAY .dots(T .tier,T.stack) = 1;

BAY (P2.tier,P2.stack) = 0;

% BAY .dots(P2.tier,P2.stack) = 0;

% BAY .time=BAY.time + time;

% T.bay = BAY .cts;

% T.time=TIME.t + time; %BAY .time;

% Write the results

R.time = r(T.stack).time;

R.E = r(T.stack).g;

R.moves = r(T.stack).moves;
R.bay = r(T.stack).bay;

R.stack = r(T.stack).stack;

R.tier = r(T.stack).tier;

R.ct = r(T.stack).ct;

R.ctmove = r(T.stack).ctmove;
%[asc] = ASC_move(asc, T,ct,0);

% % place CT

% BAY S(bay).matriz(T .tier,T.stack) = BAY S(bay).matriz(O.tier,O.stack);

% BAY S(bay).ct_id(T .tier,T.stack) = BAY S(bay).ct_id(O.tier,O.stack);

% BAY S(bay).ct_arrival(T.tier,T.stack) = BAY S(bay).ct_arrival(O.tier,O.stack);
% BAY S(bay).port(T.tier, T.stack) = BAY S(bay).port(O.tier,O.stack);

% BAY S(bay).weightc(T .tier, T.stack) = BAY S(bay).weightc(O.tier,O.stack);

% %BAY S(bay).vs(T .tier, T.stack) = BAY S(bay).vs(O.tier,O.stack);

% % remove CT
% BAY S(bay).matriz(O.tier,O.stack) = 0;
% BAY S(bay).ct_id(O.tier,O.stack) = 0;

% BAY S(bay).ct_arrival(O.tier,O.stack) = 0;

% BAY S(bay).port(O.tier,O.stack) = 0;
% BAY S(bay).weightc(O.tier,O.stack) = 0;
% %BAY S(bay).vs(O.tier,O.stack) = 0;



function CT_stack(ct)
global BAYSBL BT COUNTCTTTIMEYCVS
%keyboard

bay = CT(ct).P.bay;
vs= CT(ct).vs;
check_bay_es(CT(ct).P.bay);

if stremp(CT(ct).type,'EXP)==1
COUNT .stacks.exp(vs)=COUNT .stacks.exp(vs)+1;
% ¢ = COUNT.inventory.exp(vs);
% d=VYvs).OC,;
% if COUNT.inventory.exp(vs) == V§(vs).0C;
% V §(vs).seed=1;
% keyboard
% end
m= COUNT .stacks.exp(vs); n =V §vs).OC;
elseif stremp(CT(ct).type, IMP)==1
COUNT .stacks.imp(vs)=COUNT .stacks.imp(vs)+1;
% c=VS(vs).ict;
% d=VYvs).IC;
m= COUNT .stacks.imp(vs); n = V§(vs).IC;
end

disp([char(CT(ct).type) ' CT(' num2str(ct) ) VS(' num2str(CT(ct).vs) ') Stacked on BAY (' num2str(bay) ') ' num2str(m) '
out of ' num2str(n)])
% num2str(c) ' cts stacked out of ' num2str(d)

tier = CT(ct).P.tier;

stack = CT(ct).P.stack;

if BAY S(bay).ct_id(tier,stack) >0
disp(‘Overwriting CT")
keyboard

end

% First, check whether the pile has a different height due to the arrival
% of CTsprior to the stacking of thisin its reserved position
CT_addevent(ct,'stacked',0);

YC _add_event(ct);

%arrived_cts = COUNT.inventory.exp(port);
old_bay = BAY S(bay);

if BAY S(bay).R.S.cts(tier,stack) ==
disp("We need to change the Port reservation’)
keyboard

end

BAY S(bay).matriz(tier,stack) = 1;



BAY S(bay).ct_id(tier,stack) = ct;
BAY S(bay).ct_arrival(tier,stack) = TIME.t;
% Empty slots are accounted for when the crane calculates the cycle for the CT
BAY S(bay).empty_slots=BAY S(bay).empty_slots - 1;
check_bay es(CT(ct).P.bay);
if BAY S(bay).empty_slots < BL .tiers
keyboard
end

%BAY S(bay).port(tier,stack) = port;
%BAY S(bay).weightc(tier,stack) = CT(ct).class;

if stremp(BAY S(bay).id,'NAS) ==
BAY S(bay).id = CT(ct).type;
end

if stremp(BAY S(bay).mixing,'U’) ==
keyboard
end

%check_port_reservation(bay);

check_bay_es(bay);
check_port_occupation(bay);



function [] = CT_trandate(receiving_bay,giving_bay,ct)
% this function takesa CT from initial bay to final bay

global BAYSBL YC

% Determine bay dimensions
[rows,cols] = size(BAY S(1).matriz);

row_found ='N’; cts_row =0;
g_row =0;

% Find container in the giving bay going from top to bottom
whilerow_found =="N'
g _row =g_row + 1,
if g_row > BL.tiers
disp('CT trandate Error’)
keyboard
end
cts row = sum(BAY S(giving_bay).matriz(g_row,:));
if cts row >0
row_found ="Y";
col _found ="'N"
while col_found =="'N’
g_col = fix(random('Uniform’,1,colst+1));
if BAY S(giving_bay).matriz(g_row,g_col) ==
col found="Y",
end
end
end
end

% Find CT in the receiving bay
col _found ="'N"

while col_found =='N'
r_col = fix(random('Uniform',1,cols + 1));
cts_stack = sum(BAY S(receiving_bay).matriz(:,r_col));
if cts stack <rows
col_found="Y",
end
end

I_row = rows-cts_stack;

% Move CT to receiving bay

BAY S(receiving_bay).matriz(r_row,r_col) = BAY S(giving_bay).matriz(g_row,g_col);

BAY S(receiving_bay).ct_id(r_row,r_col) = BAY S(giving_bay).ct_id(g_row,g_col);

BAY S(receiving_bay).ct_arrival(r_row,r_col) = BAY S(giving_bay).ct_arrival(g_row,g_col);
BAY S(receiving_bay).empty_slots= BAY S(receiving_bay).empty _dlots- 1,

% Remove CT from giving bay
BAY S(giving_bay).matriz(g_row,g_col) = 0;



BAY S(giving_bay).ct_id(g_row,g_col) = 0;
BAY S(giving_bay).ct_arrival(g_row,g_col) = 0;
BAY S(giving_bay).empty_slots = BAY S(giving_bay).empty_slots +1;
% Check whether bay is empty
if BAY S(giving_bay).empty_slots == BL.capacity
BAY S(giving_bay).id = 'NAS;
BAY S(giving_bay).port = 0;
end

% Compute the cost of the operation

% Find the closest YC

[target_yc] = YC_sdlect(giving_bay);

ct = BAY S(giving_bay).ct_id(g_row,g_col);

[YC(target_yc)] =

YC assign_ct(YC(target_yc),ct,BAY S(giving_bay),g_row,g_col,'trans,15000,BAY S(receiving_bay),r_row,r_col);



function [weight] = CT_weight(seed)
globa TRF

if seed ==
weight = 32500;
else
cdf = TRF.CT.cdf;
psup = 1;
while seed > TRF.CT.cdf(psup)
psup = psup+1;
end
pinf = psup - 1,
% linear interpolation between values
delp = TRF.CT.cdf(psup)-TRF.CT.cdf (pinf);
delw = TRF.CT.top_xf(psup)-TRF.CT.top_xf(pinf);

incp = seed - TRF.CT.cdf(pinf);
incw = incp*delw/delp;

weight = TRF.CT .top_xf(pinf) + incw;
end



function CT_write(ct,P)
global BAYSCT
bay = CT(ct).P.bay;

if BAY S(bay).ct_id(P.tier,P.stack) > 0
'A ct has been placed before due to previous reshuffles
keyboard

end

BAY S(bay).matriz(P.tier,P.stack) = 1,

BAY S(bay).ct_id(P.tier,P.stack) = ct;

BAY S(bay).ct_arrival(P.tier,P.stack) = CT(ct).events.time(1);
%BAY S(bay).port(P.tier,P.stack) =CT(ct).port;
%check_port_reservation(bay);

%BAY S(bay).weightc(P.tier,P.stack) = CT(ct).weight;

BAY S(bay).R.S.cts(P.tier,P.stack) = ct;

CT(ct).P.tier = P.ier;
CT(ct).P.stack = P.stack;
CT_addevent(ct,' reshuffl€',0);



function [C,R] = cycle_ini()

R.time=0;
RE=0;
R.moves=";
R.bay=0;
R.stack = 0;
R.tier =0;
R.ct=0;

C.bay = 0;
C.stack =0;
C.tier=0;
C.time=0;
CE=0;
C.moves=";
C.go=0;
%C.back =0;



function [distance] = distance_calculator(A,B)

% This function cal cul ates the distance between point A and B
% Consideration shall be given to the relative position of A and B to know
% the direction of travel.

global BL T
%keyboard
inter_x = BL.length + T.aisles.vertical .width;

dely=A(2)-B(2);

if dely<0
aux = B;
B=A;
A = aux;
end

dely = A(2)-B(2);

% Find the aisle closest to bay on the left
x_min=min(A(1),B(2));
x_max = max(A(1),B(1));

% Initialize leftmost distance: start in the middle of the left side aisle
X_izq = T.aides.sides.width/2;
laisle=0;

while x_min-x_izq > inter_x

laisle = laidet+l;

X_izq = T.aides.sideswidth+laise*inter_x-T.aides.vertical .width/2;
end

% Find the aisle closest to the berth (position A) on the right
% Initialize rightmost distance: start in the middle of theright side aisle
x_dch =T.length - T.aides.sides.width/2;
raisle=0;
while x_dch - x_max > inter_x
raisle =raislet1,;
x_dch = T.length-T.aisles.sides.width-raisle* inter_x+T.aisles.vertical .width/2;
end

% Calculate distance
distance = 2* (dely+x_dch-x_izq);
if distance<O
'hey, negative distance
keyboard
elsaif distance > 2* (T.length+T.width)
end



function [G,T,H,UG,UT,UH,UW] = Energybreakdown(C)

G.no=0; T.no=0; H.no=0;
G.e=0;T.e=0; He=0;
Gt=0;Tt=0;Ht=0;
UG.no=0; UT.no=0; UH.no = 0;
UG.e=0; UT.e=0; UH.e=0;
UGt=0; UT.t=0; UH.t=0;
UW.no=0; UW.t =0;

movements = C.moves;
energia= C.E;
tiempo = C.time;

le = length(energia);
Im = length(movements);

if le-lm>0
%keyboard
fori=21lelm
&i} ='trans,
end
ali+1} ='trans;
a=[a, movements(2:end)];
movements = &
end

form=1le
switch char(movements(m))
% Productive moves

case 'gantry’

G.no=G.no + 1;

G.e = G.e+ energia(m);

G.t = G.t + tiempo(m);
case 'trolley’

T.no=T.no+1;

T.e=T.e+ energia(m);

T.t =T.t + tiempo(m);
case 'pickbf’

H.no=H.no+1;

H.e = H.e + energia(m);

H.t = H.t + tiempo(m);
case 'raise

H.no=H.no+1;

H.e = H.e + energia(m);

H.t = H.t + tiempo(m);
case 'pickbl’

H.no=H.no+1;

H.e = H.e + energia(m);

H.t = H.t + tiempo(m);
% Unproductive moves
case 'transtranstrans



UG.no = UG.no + 1,
UG.e=UG.e + energia(m);
UG.t = UG.t + tiempo(m);
case 'transtrans
UG.no = UG.no + 1,
UG.e=UG.e + energia(m);
UG.t = UG.t + tiempo(m);
case 'trans
UG.no = UG.no + 1,
UG.e=UG.e + energia(m);
UG.t = UG.t + tiempo(m);
case 'utrolley’
UT.no=UT.no+1;
UT.e=UT.e + energia(m);
UT.t = UT.t + tiempo(m);
case 'upickbl’
UH.no=UH.no + 1;
UH.e = UH.e + energia(m);
UH.t = UH.t + tiempo(m);
case 'uraise
UH.no=UH.no + 1;
UH.e = UH.e + energia(m);
UH.t = UH.t + tiempo(m);
case 'wait'
UW.no=UW.no +1;
UW.t = UW.t + tiempo(m);

end



close al
no=60

h=2/no;

del=h/no

a(1)=h-del/2

for vs=2:no
a(vs)=a(vs-1)-del

end

plot(a)

sum(a)



function [arrivals] = ET_arrivals(VS)
globa TRF

et=0;,ec=0;ic=0;
et_arrivals = zeros(VS.0C,4); it_arrivals = zeros(VS.I1C,4);

% 1. LIST of ET EXPARRIVALS
% The EXP ETs come from afew days before the vessel arrival

exp_daily_arrivals = pyramid(TRF.PARAM .daysinadvance,VS.0OC);
disp(['Generate ' num2str(exp_daily_arrivals) ' export arrivals])

% The vessel can come at any time, but ET come fom 8 to 24. Then, find out
% when the vessdl is planned and start moving ET the next day

% 1.1. Distribute the containers during the day
%keyboard
for day = 1. TRF.PARAM .daysinadvance
t_ini = (VS.arrival.day -TRF.PARAM.daysinadvance -2 + day )* 3600* 24; %Before:
(vessal_plan_day+day)* 3600* 24;

if day == TRF.PARAM.daysinadvance
t fin=VS.arrival.time- 3600;
else
t fin=Inf;
end
% Generate a random number and use it to feed the daily arrival distribution
fori = 1:exp_daily_arrivals(day)
et=et+1; ec=ectl;
% Set the arrival limit one hour before
arrival_time=t_ini + et_daily_pdf(random(‘'unif',0,1)); cont = O;
while arrival_time > t_fin %) or(arrival_time < VS.plan.time,
arrival_time=t_ini + et_daily_pdf(random(‘unif',0,1));
cont = cont +1;
if cont >10000
keyboard
end
end
if arrival_time ==
keyboard
end
et_arrivals(et,1) = arrival_time;
et_arrivas(et,2) =1,
et_arrivals(et,3) = VS.no;
et_arrivals(et,4) = VS.port;
end
end

% 2. LIST of IMP ET ARRIVALS

% The IMP ETs start coming from the moment the vessel finishes downloading
et=0;



%keyboard
% 2.1. Make the list of IMP containers coming every day
imp_daily_arrivals = pyramid(TRF.PARAM.daysofdischarge,VS.IC);
disp(['Generate ' num2str(imp_daily_arrivals) ' import arrivals])
for day = 1. TRF.PARAM .daysofdischarge

% Time of the vessel arrival

% ifday==1

% t_ini = ready?2load;

% else

% t ini = (vessal_arrival_day+day-1)* 3600* 24,
% end

t_ini = (VS.arrival.day+day-1)* 3600* 24;
mintime = max(V S.operation.switch,(t_ini/3600+8)* 3600);
maxtime = (V S.arrival .day+day)* 24* 3600;
fori = L:imp_daily_arrivals(day)
et=et+1;ic=ictl;
departure_time = 0; cont = 0;
while or(departure_time <= mintime, departure_time >= maxtime)
departure time=t_ini + et_daily_ pdf(random(‘unif',0,1));
cont = cont +1;
if cont >10000
keyboard
end
end
if departure_time ==
keyboard
end
it_arrivals(et,1) = departure _time;
it_arrivals(et,2) = 2;
it_arrivals(et,3) = VS.no;
it_arrivals(et,4) = VS.port;
end
end
%keyboard
arrivals = [et_arrivals;it_arrivalg];

% figure(1000); plot(V S.arrival .time/3600/24,'g>"); hold on; plot(V S.plan.time/3600/24,'r>");
% plot(sort(et_arrivals(:,1))/3600/24,'g."); plot(sort(it_arrivals(:,1))/3600/24,'b.";

disp(['ET generated for VS' num2str(VS.no) ' with ' num2str(ec) ' EXP CT and ' num2str(ic) ' IMP CT'])
QS -- e )



function [arrivals] = ET_arrivals(VS)
globa TRF

et=0;,ec=0;ic=0;
et_arrivals = zeros(VS.0C,4); it_arrivals = zeros(VS.I1C,4);

% 1. LIST of ET EXPARRIVALS
% The EXP ETs come from afew days before the vessel arrival

exp_daily_arrivals = pyramid(3,VS.0OC); TRF.PARAM.daysinadvance
disp(['Generate ' num2str(exp_daily_arrivals) ' export arrivals])

% The vessel can come at any time, but ET come fom 8 to 24. Then, find out
% when the vessdl is planned and start moving ET the next day

% 1.1. Distribute the containers during the day
keyboard
for day = 1. TRF.PARAM .daysinadvance
t ini = (VS.arrival.day -1 + day - 1)* 3600* 24; %Before: (vessel_plan_day+day)* 3600* 24,

% Generate arandom number and use it to feed the daily arrival distribution
fori = 1l.exp_daily_arrivals(day)
et=et+1; ec=ectl;
% Set the arrival limit one hour before
arrival_time = 0; cont = 0;
while or(arrival_time < VS.plan.time, arrival_time > VS.arrival .time- 3600)
arrival_time=t_ini + et_daily_pdf(random(‘unif',0,1));
cont = cont +1;
if cont >10000
keyboard
end
end
if arrival_time ==
keyboard
end
et_arrivals(et,1) = arrival_time;
et_arrivals(et,2) = 1;
et_arrivals(et,3) = VS.no;
et_arrivas(et,4) = VS.port;
end
end

% 2. LIST of IMP ET ARRIVALS

% The IMP ETs start coming from the moment the vessel finishes downloading
et=0;
%keyboard
% 2.1. Make the list of IMP containers coming every day
imp_daily_arrivals = pyramid(TRF.PARAM .daysofdischarge,VS.IC);
disp(['Generate ' num2str(imp_daily_arrivals) ' import arrivals])
for day = 1. TRF.PARAM.daysofdischarge
% Time of the vessel arrival



% ifday ==
% t_ini = ready?2load;
% else
% t ini = (vessal_arrival_day+day)* 3600* 24,
% end
t_ini = (VS.arrival.day+day-1)* 3600* 24;
mintime = max(V S.operation.switch,(t_ini/3600+8)* 3600);
maxtime = (V S.arrival.day+day)* 24* 3600;
fori = L:imp_daily_arrivals(day)
et=et+1;icsictl;
departure time = 0; cont =0;
while or(departure_time <= mintime, departure_time >= maxtime)
departure time=t_ini + et_daily_pdf(random('unif',0,1));
cont = cont +1;
if cont >10000
keyboard
end
end
if departure_time ==
keyboard
end
it_arrivals(et,1) = departure_time;
it_arrivals(et,2) = 2;
it_arrivals(et,3) = VS.no;
it_arrivals(et,4) = VS.port;
end
end
%keyboard
arrivals = [et_arrivals;it_arrivals];

disp(['ET generated for VS ' num2str(VS.no) ' with ' num2str(ec) ' EXP CT and ' num2str(ic) ' IMP CT)
O )



function [delt] = ET_cycle(operation,BAY,Y C.tier,stack)
global BL SSPEED T

t=0;
switch operation
case 'load' % pick CT from truck and drop it
% Gantry
i=i+1; t(i) = abs(Y C.position-BAY .position(1))* SPEED.Y C.gantry;
% Spreader to truck
i=i+1; t(i) = YC.spreader*S.w * SPEED.Y C.spreader.empty
% Hoist down to pick
i=i+1; t(i) = BL.tiers* S.h* SPEED.Y C.hoist.empty;
% Hoist up
i=i+1; t(i) = BL.tiers* S.h* SPEED.Y C.hoist.|oaded;
% Spreader
i=i+1; (i) = stack * Sw * SPEED.Y C.spreader.loaded;
% Hoist down loaded
i=i+1; t(i) = (BL.tiers- tier) * S.h* SPPED.Y C.hoist.loaded,;
% Hoist up again
i=i+1; t(i) = (BL.tiers - tier) * Sh* SPPED.Y C.hoist.empty;
case 'unload’
% Gantry to location
i=i+1; t(i) = abs(Y C.position-BAY .position(1))* SPEED.Y C.gantry;
% Spreader emtpy to stack
i=i+1; t(i) = abs(Y C.spreader - stack)* Sw * SPEED.Y C.spreader.empty;
% Hoist down to pick
i=i+1; t(i) = BL.tiers* S.h* SPEED.Y C.hoist.empty;
% Hoist up
i=i+1; t(i) = BL.tiers* S.h* SPEED.Y C.hoist.loaded;
% Spreader
i=i+1; t(i) = stack * Sw * SPEED.Y C.spreader.|oaded;
% Hoist down loaded
i=i+1; t(i) = (BL.tiers- tier) * S.h* SPPED.Y C.hoist.loaded;
% Hoist up again
i=i+1; t(i) = (BL.tiers- tier) * Sh* SPPED.Y C.hoist.empty;
case 'move'
distance = ET_dist_calculator(T.gate.position,BAY .position);
t = distance * SPEED.ET .travel;

end

delt= sum(t);



function [t]=et_daily_pdf(n)
% nisbetween 0 and 1

if n<0.15

t0=7; t=t0+ n*3/0.15;
elsaif Nn<0.375

t0=11; t =t0 + (n-0.15)/0.225* 3;
elseif n<0.54

t0 = 14; t =t0 + (n-0.375)/0.165* 2;
else

t0 = 16; t = t0 +(n-0.54)/0.46* (21 -t0);
end

if t==
keyboard

end

t=t*3600;



function [distance] = ET_dist_calculator(A,B)
globa T

delx=T.length-T.aisles.sides.width; %(A(1)-B(1));
dely=(A(2)-B(2));
distance = 2* (delx"2+dely*2)"0.5;



function ET_pick_CT(et)
% This function selects randomly a container from an
% IMP bay so that aaET can take it

global BAYS COST COUNT CT ET T VS

vs = ET(et).target VS,

% 1. Find aCT based on the time they arrived to the terminal
% 1.1 Search the time among the list
[ct] = cdf_stay(vs);

% 2. Compute reshuffles and swap containers

% [reshuffles,r_heights] = BAY S _reshuffles(ct);

% COST .reshuffle.MP = COST .reshuffle IMP + reshuffles;
% COST.r_heights.IMP = COST.r_heights.IMP + r_heights;

CT(ct).P.yc = YC assign ct(CT(ct).P.bay);

disp(['ET pick IMP CT(* num2str(ct) ') from Bay (' num2str(CT(ct).P.yc) ') Tier(' num2str(CT(ct).P.tier) ") Stack(’
num2str(CT(ct).P.stack) )'])

[C] = YC_calc_ddivery(ct);

[G,Tr,H,UG,UT,UH,UW] = Energybreakdown(C);
COST.YC.IMP.deliver.gantry = COST.Y C.IMP.déliver.gantry + G.e + UG.€;
COST.YC.IMP.déliver.trolley = COST.Y C.IMP.deliver.trolley + Tr.e+ UT.¢;
COST.YC.IMP.deliver.hoist = COST.Y C.IMP.deliver.hoist + H.e + UH.€;

%check_port_reservation(CT(ct).P.bay)
COUNT.déliveries.imp(vs) = COUNT.deliveries.imp(vs) + 1;

CT_erase(ct); %desreservation is here



function ET_stack(et)
global BAYSBL COST CT ET COUNT T TIME TRF VS

%keyboard
vs = ET(et).target_VS;

CT_generate('EXP,vs);
ct = COUNT .ct;

VS(vs).OC arrived = [V S(vs).OC _arrived, ct];
% Stack CT with reservation

if TRF.PARAM.reservation ==
if COUNT.vs p<vs
ET_stack_ NR(ct,VS(vs));%
else
if length(VS(vs).OC_arrived) <= sum(V S(vs).plan.EXP.cts)
ET stack R3(ct,VS(v9));
else
ET_stack NR(ct,VS(vs));
end
end

% Stack CT with NO reservation

ese
ET_stack_NR(ct,VS(vs));
end

% Assign acrane
CT(ct).P.yc = YC assign ct(CT(ct).P.bay);

% Allocate ct inthe BAY
BAY _individual_allocation(ct);
% AssigntoYC

[C] = YC_calc_stack(ct,0);

[G,Tr,H,UG,UT,UH,UW] = Energybreakdown(C);

COST.Y C.EXP.stack.gantry = COST.Y C.EXP.stack.gantry + G.e + UG.g;
COST.Y C.EXP.stack.trolley = COST.Y C.EXP.stack.trolley + Tr.e + UT.€;
COST.YC.EXP.stack.hoist = COST.Y C.EXP.stack.hoist + H.e + UH.€;

% Check wether all the EXP cts associated to avessel have come

if COUNT.inventory.exp(CT(ct).vs) == V§(vs).OC
disp(['All the CT for VS' num2str(vs) ' have arrived to the Terminal'])

digp((-------mmmmm e e D)
plot_evolution()



plot_bays
end



function ET_stack_NR(ct,VS)
global CT
% 1 Search for bays with cts of the same group

[iscomplete,C_slots,CBAY S1] = BAYS find dlots('EXP,'N',VS,'ETdroprand’,1);
if C_dots>0

BAY _selection_NR(ct,CBAYS1(1,:),'N");
end

% 2. Second, try NAS Bays

if iscomplete == false %and(available slots > 0, available_slots< VS.OC)
disp(['ET drop requests NAS bay for CT(* num2str(ct) )'])
[iscomplete,C_dlots2, CBAY S2] = BAYS find_slots(NAS,'N',VS'ETdroprand',1);
if C_dlots2>0
BAY _selection_NR(ct,CBAY S2(1,:),'N");
end
end

% 3. Third, try bays with mixing

if iscomplete == false
[iscomplete,C_slots3,CBAY S3] = BAY S find_slots(EXP,'S,VS,'ETdroprandstacks,1); %'ETdroprandstacks
if C_slots3>0
BAY _selection NR(ct,CBAY S3(1,:),'S);
else
disp(‘'Error') ; terminal_state;
V'S inventory(V S.no);
keyboard
end
end

CT(ct).nr=1,



function [target_bay] = ET_stack_R3(ct,VS)
% Thisfunction placesa CT in abay in the yard that has previously
% reserved

global BAYSBL COUNT CT T TRF

% 0. Check the reserve
[pure_ports,stack ports,mixed_ports] = check_reserve();
slots reserved = pure_ports(V S.port) + stack _ports(V S.port) + mixed_ports(V S.port);

arrived_cts = COUNT.inventory.exp(V S.port);

if arrived_cts + dlots reserved - VS.OC<0
disp('ET_drop Warning: not enough reserved sots in the yard for this vessal’)
%keyboard

end

% if stremp(CT(ct).type,'IMP) ==

% ocup_limit = T.limits.bay.imp;

% elseif stremp(CT(ct).type,'EXP) ==1
% ocup_limit = T.limits.bay.exp;

% end

target_bay = 0; %keyboard

CB = VSplan.EXP.bays; Ccts=VS.plan.EXP.cts; nb = length(CB);

ifnb>0
% 1. IDENTIFY THE SLOTS
%keyboard
b _dlots= zeros(1,nb); w_classes = ones(nb,BL .stacks)* 1000;
fori_bay = 1:nb
bay = CB(i_bay);

slots=0; peso = ones(1,BL.stacks)* 1000;
% Compare the bay capacity for that port with the port occupation
[list,nctsvs] = BAY _get_port(bay,V S.no);
%ocup_per_vs = length(find(BAY S(bay).R.ports == VS.no));
if nctsvs >= Ccts(i_bay)
continue
end
% Check total occupation
if BAY S(bay).empty_slots <= BL .tiers
continue
end

for stack = 1:BL .stacks
atura pila= Pile_height(bay,stack);
if altura pila< BL.tiers
peso(stack) = BL.idealbay(altura pila+1,stack);
slots = slots + BL .tiers - atura _pila;
end

end
b_dots(i_bay) = dots;



w_classes(i_bay,:) = peso;
end

% 2. ASSIGN THE CT TO A SPECIFIC SLOT

% 2.1 SELECT TARGET BAY
%keyboard
if stremp(TRF.PARAM .idealbay option,MIN_OCCUPATION') ==
[empty_slots,bay_index] = max(b_slots);
target_bay = CB(bay_index);
elseif stremp(TRF.PARAM.idealbay_option,'PESO’") == 1
fori_bay=1:nb
[weight_dif(i_bay),position(i_bay)] = min(abs(w_classes(i_bay,:) - CT(ct).class));
end
[wdif,t_bay] = min(weight_dif);
target_bay = CB(t_bay);
CT(ct).P.bay =target_bay;
% CT(ct).P.stack = position(t_bay);
% %tier = BL.tiers - sum(BAY S(target_bay).matriz(:,stack));
% CT(ct).P.tier = sum(BAY S(target_bay).matriz(:,CT(ct).P.stack)) + 1,
% if CT(ct).P.tier ==

% keyboard
% disp(‘Etdrop3 warning: look for additional space’); keyboard
% ET _drop_NR(ct,arrived cts\VS);
% end
end

disp(['EXP CT(" num2str(ct) ") VS(' num2str(VS.no) ') Stack: Bay(' num2str(target_bay) ') ' num2str(arrived _cts) '
CTsarrived out of ' num2str(VS.OC) ' /' num2str(slots_reserved) ' reservations left' ])
else
disp(['ET_Drop_CT3: Error: not enough bays to accomodate EXP CT destined to vessel:' num2str(V S.no)])
%[ space _reserved] = plot_bays reserved
[T.STATE.IMP,T.STATE.EXP] = terminal_state();
occup = 100*(T.state.EXP.no.cts + T.state.lMP.no.cts)/T.bays/BL .capacity
disp(['Total Occupation =" num2str(occup)])
closure(ct)
keyboard
end

[pure_ports2,stack ports2,mixed ports2] = check_reserve();
slots reserved2 = pure_ports2(V S.port) + stack_ports2(V S.port) + mixed_ports2(V S.port);

% Check the reservation is ok

if dots reserved2 - dots reserved ~=0
'ETDrop 3 Reservation Error’
pure_ports
pure_ports2
keyboard

end

CT(ct).wr =1;



function [ET,CT]|=ET _task(ET,T,B,CT,QC,bays)

% This function resolves stages | and |1 of the assignment problem of a
% container. Stage | resolves what bay the container goes to, and stage ||
% solves the slot of that bay to which the container goesto.

% 1. Stage |

% Several criteria can be used.

% - Equal bay occupation: choose the bay with less containers

% - Best container fit: choose the bay that has an empty slot of the same

% weigth class

% - Best QC fit: bay that has the optimum distance to the QC regarding the
% QC schedule.

% - Best Y C fit: bay that show the best operative for YC. Very difficult
row=0;tier=0;

for bay=1:T.bays
if bays(bay).port==CT.port % Compare class
bay min_C(bay)=sum(sum(bays(bay).matriz));
[class _diff(bay),row,tier]=check_class_diff(bays(bay).matriz,B.idealbay,CT.class); %ideal bay type
distance(bay)=distance_calculator(QC(CT .berth).position,bays(bay).position);
else
bay min_C(bay)=30;
class_diff(bay)=30;
distance(bay)=T.length* 2;
end
end

% Three criteria have been calculated. Now select the best bay target for
% the container. We will use the less ocupation for now:

[bay_min_occup,ET .target_bay]=min(bay_min_C); % The ET has a bay assigned
% 2. Stage 1|

% Now in stage || we must select the best slot in the bay
aux=1;CT.target_row=1;CT .target_tier=1,
[aux,CT .target_row,CT.target_tier]=check class diff(bays(ET.target_bay).matriz,B.idealbay,CT.class);

CT.target_bay=ET .target_bay;
ET.target_T_col=bays(ET.target_bay).T_col;
ET.target T _row=bays(ET.target_bay).T_row;
ET.target_position(1)=bays(ET.target_bay).position(1);
ET.target_position(2)=bays(ET .target_bay).position(2);

% maybe not a bad idea to introduce a marker fot the bay slot to receive
% container so it is not used for anything else. For improvement!



function [traveltime] = ETYT_cost_calc(ct,move)
global BAYSBT COST CT SPEED T VS

vs= CT(ct).vs,
bay = CT(ct).P.bay;

if stremp(CT(ct).type,'EXP) ==
if stremp(move,'stack’) ==
distance = ET_dist_calculator(T.gate.position, BAY S(bay).position);
traveltime = distance / SPEED.ET .travel;
COST.ET.EXP.total (end+1) = distance;% * COST.ET .travel,;
elseif strcemp(move,'delivery’) ==
distance = distance_calculator(BAY S(bay).position, BT(V S(vs).berth).position);
traveltime = distance/ SPEED.Y T.travel;
%distance = 2*distance _calculator(BAY S(target_bay).position,BT(V S.berth).position);
COST.YT.EXP.total (end+1) = distance;% * COST.Y T.travel;
end
elseif stremp(CT(ct).type,'IMP) ==
if stremp(move,'stack’) ==
distance = distance_calculator(BAY S(bay).position, BT(V S(vs).berth).position);
traveltime = distance/ SPEED.Y T.travel;
%distance = 2*distance_calculator(BAY S(target_bay).position,BT(V S.berth).position);
COST.YT.IMP.total (end+1) = distance;% * COST.Y T.travel;
elseif strcmp(move,'delivery’) ==
distance = ET_dist_calculator(T.gate.position, BAY S(bay).position);
traveltime = distance / SPEED.ET .travel;
COST.ET.IMP.total(end+1) = distance;% * COST.ET .travel;
end
end



clear dl
clc
close al

%profileon
%matlabpool open 4

%itrflevel =[1.2 1.6 1.8]* 1000000;
trflevel = [2.0 ]*1000000;
delaydays = 2:-1:0;

%delaydays = [0];

for trf = 1. length(trflevel)

% Whith no reservation
TERMINALmainv2(0,0,trflevel(trf),1);

% Whith reservation
for d = 1:length(delaydays)
TERMINALmainv2(1,delaydays(d),trflevel (trf),1);
end
end



clear dl
clc
close al

%profileon
%matlabpool open 4

%itrflevel =[1.2 1.6 1.8]* 1000000;
trflevel =[1.2 1.5 1.8]* 1000000;
delaydays = 2:-1:0;

for trf = 1. length(trflevel)

% Whith no reservation
TERMINALmainv2(0,0,trflevel(trf),1);

% Whith reservation
ford=1:3
TERMINALmainv2(1,delaydays(d),trflevel (trf),1);
end
end



function [yes_no]=figure_ckeck(fig_number)
list_figures=findobj('type,'figure)’;

yes no=0;
for i=1:length(list_figures)
if list_figures(i)==fig_number
yes no=1;
end
end



clear
% Get all PDF filesin the current folder
files=dir(**.m’);
% L oop through each
for id = 1:length(files)
% Get the file name (minus the extension)
fn = files(id).name;
if stremp(fn(end-1:end),".m’)==1
[~ d] = fileparts(fn);
% Convert to number
num = str2double(g);
sourcef = strcat(g,'.m’);
destf = strcat(g , ".txt");
copyfile(sourcef,destf,'f");
%if ~isnan(num)
% If numeric, rename
%movefile(files(id).name, sprintf('%03d.pdf’, num));

end
end



function [berth,BT]=find_berthdvessel(BT,T,VS)

busy berths=0;
for berth=1:T.berth_no
if BT(berth).active==1
busy berths=busy berths+1,
end
end

empty_berths=T.berth_no-busy_berths,

if empty_berths>0
target_berth found='N";
while target_berth found=='N'
berth=1+fix(random(‘unif',0,1))* T.berth_no;
if BT (berth).active==0
target_berth found="Y";
BT (berth).active=1,
BT (berth).vessel=V S.no;
end
end
else
‘error: there are no empty berths
keyboard
end



function [CT]=generate_container(CT)

CT(CT_no).type="EXP;
CT(CT_no).assign='N’;
CT(CT_no).port=fix(random(‘unif',0.5,n0_ports+0.5));

CT(CT _no).berth=round(random(‘unif',1,T.berth_no)); % FIX
%CT(CT_no).quay=1; % FIX

CT(CT_no).owner="ET",

CT(CT_no).size=40;

CT(CT_no).weight=fix(maxw* random(‘unif',0,1));
CT(CT_no).class=C_class(top_xf,CT(CT_no).weight);

CT(CT _no).position(1)=T.length/2; % X coordinate of the gate
CT(CT_no).position(2)=0; % Y coordinate of the gate
CT(CT_no).target_bay=0;

CT(CT_no).target_row=0;

CT(CT_no).target_tier=0;



function [B]=idea_bay()

cac=1,
if calc ==
% 5.1 Container weight type to be analyzed
cont_category=40;
if cont_category==40
owl=load(‘tw40.dat";
minw=4400;
maxw=32500;
elseif cont_category==20
owl=load('tw20.dat";
minw=2200;
maxw=30480;
end

% 5.2 length of the list
ol_w=length(owl);

% 5.3 Remove the empty containers, if there are any
|_w=0;
for cont=1.0l_w
if owl(cont)>minw;
| w=l_w+1,;
wl(I_w)=owl(cont);
end
end

% 5.4 Probability density function
no_wc=9;
[xf,top_xf,cdf]=cdf x2(no_wc,wl,minw,maxw);
ndelx=(maxw-minw)/no_wc;
low_xf=top_xf-ndelx;
ndf(1)=cdf(1);
for j=2:no_wc
ndf(j)= cdf(j)-cdf(j-1);
end

% 5.5 Make ideal bay
no_cont=round(T.initial_occupation* B.rows* B.tiers);
vect_cont=container_vector2(ndf,no_cont);
B.idealbay=midealbay d(B.tiers,B.rows,vect_cont);

%figure(l)



function [ct] = INIT(gsiono,rsiono,rdelay,trf_level)

global TRFVS

% 1. TEMPORAL PARAMETERS OF THE SIMULATION
TIME_init()

% 2. Load or create traffic file

TRF.PARAM.ct _traffic =trf_level; % Measured in CT (movements) per year

TRF.PARAM .average no_|IC = 1000; %average no of IMP cont (download);

TRF.PARAM.average no_OC = TRF.PARAM .average no_IC; %average no of EXP cont (upload);

TRF.PARAM.vs traffic = fix(TRF.PARAM.ct_traffic/(TRF.PARAM.average no_IC+TRF.PARAM.average no_OC));
% number of vessels per year

TRF.PARAM.lambda vs = 1/(TRF.PARAM.vs_traffic/365/24/60/60);

TRF.PARAM.ideabay_option = 'PESO'; %'MIN_OCCUPATION;

TRF.PARAM .daysinadvance = 3; % for EXP trucks
TRF.PARAM .daysofdischarge = §;

TRF.PARAM .qcthroughput = 30; % Movements per hour
TRF.PARAM.qcdelt = 3600/ TRF.PARAM.qcthroughput;
TRF.PARAM .generate = gsiono;

TRF.PARAM .reservation = rsiono;

trf_file_name =["TRF ' num2str(TRF.PARAM.ct_traffic/1000000) 'MCTs.mat’];

if gsiono == 1 %GENERATE
TRF_init(trf_file_name);
else
load(trf_file_name);
disp('Traffic file loaded’)
end

% 1.7 Delay the reservation
0/ mm e e e
TRF.PARAM .reservation = rsiono;
TRF.PARAM .delayreservation = rdelay; % In days
0/ mm e e
if and(TRF.PARAM .reservation == 1, TRF.PARAM .delayreservation > 0)
for vs=1: TRF.PARAM.VS no
VS(vs).plan.time = VS(vs).plan.time + TRF.PARAM.delayreservation* 3600* 24;
end
end

plot_TRF1()
%plot_trf(TRF,0)

CT_init()
COST _init()

T_initialization()



SPEED_init()

BT _initialization();
[ct] = BAYS init();
YC_init();
COUNT_init();

Results init();



function [bays|=marshalling[bays, T,target_bay,required_space]

for bay=1.T.bays
if bays(bays).id=target_bay
i=i+1;
candidate_bays(i)=bay;
candidate bay space(i)=bays(bay).empty_dlots;
end
end

% Sort the bays



function [col_ids,no_cols] = Matriz_empty_cols(BAY)
% This function cal cul ates the empty colums

[rows,cols|= size(BAY .matriz);
no_cols=0; col_ids=0;

for col = 1: cols
if sum(BAY .matriz(:,col)) ==
no_cols= no_cols+ 1;
col_ids(no_cols) = cal;
end
end

if no_cols==
disp('BAY _find_empty_col Error: no empty staks)
BAY

end



function [positions,no_ceros] = Matriz_empty_slots(BAY ,vs)

% this function searches for empty slots that are not reserved so that they
% can be reserved for IMP CTs

globa BL

positions = 0;

no_ceros= 0;

% Calculate the port of comparison
[x,y] = find(BAY .port>0);
for i=1:length(x)

portofcomp(i) = BAY .port(x(i),y(i));
end
portofcomp = unique(portofcomp);

if ismember(portofcomp ,vs)
for stack = 1:BL .stacks
for tier = 1:BL .tiers
if and(BAY .matriz(tier,stack) == 0, BAY .port(tier,stack) == 0)
NO_ceros = no_ceros + 1;
positions(no_ceros,1) = tier;
positions(no_ceros,2) = stack;
end
end
end
end

no_ceros = min(no_ceros, BL .capacity-BL .tiers);



function [ports] = Matriz_ports _reserved(BAY)

% This funciton cal culates the number of reserved spaces for all the ports
% we search for dots reserved and but not having aCT

global BL TRF

ports = zeros(1, TRF.PARAM.no_ports);

for tier = 1:BL.tiers
for stack = 1:BL .stacks
bay port = BAY .port(tier,stack)*BAY .matriz(tier,stack);
if bay port>0
ports(bay port) = ports(bay_port) + 1;
end
end
end



function [idealbay] = midealbay_d(vect_cont)
clear idealbay

global BL
%keyboard
idealbay = zeros(BL .tiers,BL .stacks);

no_cont = length(vect_cont);
no_slots= BL.tiers* BL.stacks;
no_wholes=no_slots- no_cont;
no_class= BL.tiers+ BL.stacks- 1;

% Generate the orders matrix
ordermatrix(1,1) = 1; ordermatrix(BL .tiers,BL .stacks) = no_dlots;
cont=1,
for diagona=2:no_class-1
tier_fin=diagonal;
tier_ini=1;
if diagonal>BL .tiers
tier fin=BL tiers;
end
if diagonal>no_class-3
%tier_fin=no_class-3;
tier_ini=BL.tiers-(no_class-diagonal);
end

for tier=tier_ini:tier_fin
row=diagonal-tier+1;
if row>BL.stacks
row=BL .stacks;
end
cont=cont+1;
ordermatrix(tier,row)=cont;
end
end

% Invert the ordermatrix
invordermatrix=zeros(BL .tiers,BL .stacks);
for row=1:BL.stacks
for tier=1:BL .tiers
invordermatrix(tier,row)=no_slots+1-ordermatrix(tier,row);
end
end

% Modify inverordermatrix to flip upside down
auxmatrix=zeros(BL .tiers,BL .stacks);

fori =1:BL.tiers
auxmatrix(i,:) = invordermatrix(BL .tierst+1-i,:);
end

invordermatrix = auxmatrix;
%Now identify the empty slots



if no_wholes>0
cont=0;
for dot=no_dlots:-1:no_slots-no_wholes+1
tier=BL .tiers-fix(dot/(BL .stacks+0.1));
row=BL.stackst+1-rem(slot,BL .stacks);
if rov==BL.stackst+1
row=1,
end
cont=cont+1,
wholes_vector(cont)= invordermatrix(tier,row);%tier+(row-1)* BL.tiers; %corregir
end
wholes_vector=sort(wholes vector);
end
idealbay=zeros(BL .tiers,BL .stacks);

% Fill the matrix with the vector of containers

cont=0;
for dot=1:no_dlots
%find the postition of the matrix
%for tier=BL.tiers:-1:1
for tier=1:BL .tiers
for row=BL .stacks:-1:1
if dot==invordermatrix(tier,row)
%check wheter it is an empty slot
emptyslot="n";
for empty=1:no_wholes
if dot==wholes_vector(empty)
ideal bay(tier,row)=100;
emptyslot="y";
end
end
if emptyslot=="n'
cont=cont+1;
ideal bay(tier,row)=vect_cont(cont);
end
end
end
end
end



function [idealbay]=mideabay_dc(no_tiers,no_rows,vect_cont)

no_cont=length(vect_cont);
no_wholes=no_rows*no_tiers-no_cont;
no_slots=no_tiers*no_rows;

if no_wholes>0

for dot=1:no_wholes
tier=no_tiers-fix(dot/(no_rows+0.1));
row=no_rowst+1-rem(slot,no_rows);
if rov==no_rows+1
row=1,
end
wholes_vector(slot)=tier+(row-1)*no_tiers; %corregir
end
wholes vector=sort(wholes_vector);
end

idealbay=zeros(no_tiers,no_rows);

for tier=1:no_tiers
for row=1:no_rows
idealbay(tier,row)=no_rows+1-row+(no_tiers-tier);
end
end

whole=1; dot=1;
while slot<=no_dlots
tier=no_tiers+1-rem(slot,no_tiers);
if tier==no0_tierst1
tier=1;
end
row=no_rows-fix(sot/(no_tiers+.1));

if no_wholes>0
if slot==wholes vector(whole)
ideal bay(tier,row)=100;
whole=whole+1,
end
end
dlot=glot+1;
end



function [idealbay]=midealbay_h(no_tiers,no_rows,vect_cont)

% Detect the dlots with no containers in the ideal bay configuration
no_cont=length(vect_cont);
no_wholes=no_rows*no_tiers-no_cont;

for dot=1:no_wholes
tier=no_tiers-fix(slot/(no_rows+0.1));
row=no_rows+1-rem(slot,no_rows);
if rov==no_rows+1
row=1,
end
wholes_vector(slot)=tier+(row-1)* no_tiers; %corregir
end
wholes vector=sort(wholes_vector);

no_slots=no_tiers*no_rows;
idealbay=zeros(no_tiers,no_rows);
cont=1; whole=1; dot=1;
while dot<=no_dots
tier=no_tiers+1-rem(slot,no_tiers);
if tier==no_tiers+1
tier=1;
end
row=no_rows-fix(slot/(no_tiers+.1));

if slot==wholes vector(whole)
ideal bay(tier,row)=100;
whole=whole+1;

else
ideal bay(tier,row)=vect_cont(cont);
cont=cont+1,

end

slot=dlot+1;

end



function [idealbay]=midealbay_v(no_tiers,no_rows,vect_cont)

% Detect the dlots with no containers in the ideal bay configuration
no_cont=length(vect_cont);
no_wholes=no_rows*no_tiers-no_cont;
no_slots=no_tiers*no_rows;

for slot=1:no_wholes

wholes vector(slot)=no_slotst+1-slot; %corregir
end
wholes_vector=sort(wholes_vector);

idealbay=zeros(no_tiers,no_rows);

cont=1; whole=1; dot=1;

while slot<=no_sdlots
tier=no_tiers-fix(slot/(no_rowst+.1));

row=no_rows+1-rem(slot,no_rows);

if rov==no_rows+1
row=1,

end

if slot==wholes vector(whole)
ideal bay(tier,row)=100;
whole=whole+1,

else
ideal bay(tier,row)=vect_cont(cont);
cont=cont+1;

end

slot=dot+1;

end



old_energy
global COST

% initialize indeces

0e=0;01=0;5=0;9d =0; he=0; hl =0;

% Initialize the distances

gantry e=0; gantry | =0; spreader e =0; spreader | = 0; hoist_e=0; hoist_| = 0;

% Consumptions per meter

% Gantry

gec = (0.15* (240000+0)*9.81)/0.7;

glc = (0.15* (240000+ct_weight)*9.81)/0.7;
% Spreader empty/loaded

sec = (0.25* (13000+0)*9.81)/0.75;

slc = (0.25* (13000+ct_weight)*9.8)/0.75;
% Hoist loaded/empty

hlc = ((13000+ct_weight)*9.81)/0.6;

hec = ((13000+0)*9.81)/0.6;

if strcmp(operation,'deliver) ==1
ge=ge+ 1; gantry_e(ge) = abs(Y C(yc).P.bay - BAY .position(1));
se=se+ 1, spreader_e(se) = abs(Y C(yc).P.stack - stack)* S.w;
%he = he+ 1; hoist_e(he) = (BL.tiers+ 1 - tier) * Shh;
hl = hl + 1; hoist_I(hl) = (BL.tiers- tier) * S.h; %UP
s =d + 1; spreader_I(dl) = abs(0 - stack)* S.w; % to truck
% Hoist loaded down
he = he + 1; hoist_e(he) = (BL.tiers) * S.h; % UP again
elseif stremp(operation , 'stack’) == 1
ge=ge+ 1; gantry_e(ge) = abs(Y C(yc).P.bay - BAY .position(1));
se=se+ 1; spreader_e(se) = abs(Y C(yc).P.stack)* S.w;
% he = he + 1; hoist_e(he) = (BL.tiers) * S.h; %DOWN
hl = hl + 1; hoist_I(hl) = (BL.tiers) * S.h;
d =4 + 1; spreader_I(d) = abs(Y C(yc).P.stack - stack)* S.w;
%hl = hl + 1; hoist_I(hl) = (BL.tiers+ 1) * S.h; % DOWN
he = he + 1; hoist_e(he) = (BL.tiers - tier) * S.h; % UP again
elseif stremp(operation ,'trans) == 1
ge=ge+ 1; gantry_e(ge) = abs(Y C(yc).P.bay - BAY .position(1));
se=se+ 1, spreader_e(se) = abs(Y C(yc).P.stack - stack)* S.w;
%he = he+ 1; hoist_e(he) = (BL.tiers- tier + 1) * S.h;
hl = hl + 1; hoist_I(hl) = (BL.tiers - tier) * S.h;
gl =gl + 1; gantry_I(gl) = abs(RBAY .position(1) - BAY .position(1));
sl =d + 1; spreader_|(dl) = abs(stack - r_stack) * S.w;
% hoist down
he=he+ 1; hoist_e(he) = (BL.tiers-r_tier) * S.h;
end

GAN = sum(gantry_e)*gec + sum(gantry_|)*glc;
HOI = sum(hoist_e)*hec + sum(hoist_I)*hlc;

SPR = sum(spreader_e)* sec + sum(spreader_|)*dlc;
if stremp(CT(ct).type,'EXP) ==



if strcmp(operation , 'deliver’) ==
COST.Y C.EXP.deliver.gantry =COST.Y C.EXP.deliver.gantry + GAN;
COST.Y C.EXP.deliver.hoist = COST.Y C.EXP.deliver.hoist + HOI;
COST.Y C.EXP.deliver.spreader = COST.Y C.EXP.deliver.spreader + SPR;
elseif strcmp(operation , 'stack’) ==
COST.Y C.EXP.stack.gantry = COST.Y C.EXP.stack.gantry + GAN;
COST.Y C.EXP.stack.hoist = COST.Y C.EXP.stack.hoist + HOI,
COST.Y C.EXP.stack.spreader = COST.Y C.EXP.stack.spreader + SPR;
else
keyboard
end
elsaif stremp(CT(ct).type,'IMP) ==
if strcmp(operation , 'deliver’) ==
COST.YC.IMP.deliver.gantry = COST.Y C.IMP.deliver.gantry + GAN;
COST.YC.IMP.deliver.hoist = COST.Y C.IMP.deliver.hoist + HOI,
COST.YC.IMP.deliver.spreader = COST.Y C.IMP.deliver.spreader + SPR;
elseif strcemp(operation , 'stack’) ==
COST.Y C.IMP.stack.gantry = COST.Y C.IMP.stack.gantry + GAN;
COST.Y C.IMP.stack.hoist = COST.Y C.IMP.stack.hoist + HOI;
COST.Y C.IMP.stack.spreader = COST.Y C.IMP.stack.spreader + SPR;
else
keyboard
end
end
keyboard



function [ET]=ordenar(ET)

n=length(ET);
for i=1:n
[
for j=1:n-1
if ET(j).arrival_time>ET(j+1).arrival_time
aux=ET(j);
ET()=ET(j+1);
ET(j+1)=aux;
end
end
end



Tmean=2; % in days
Tmean=Tmean* 24* 3600; % in secs

Tmax=10; %in days
Tmax=Tmean* 24* 3600; % in secs
delt=Tmax-Tmean;

Po=(2-delt)/Tmax;



function [ndf,cdf,top_xf] = pdfcdf(no_wc)
% This function cal culates both the PDF and CDF of a
cac=1;
if calc==
% 1 Container weight type to be analyzed
cont_category=40;
if cont_category==40
owl=load(‘tw40.dat";
minw=4400;
maxw=32500;
elseif cont_category==20
owl=load('tw20.dat";
minw=2200;
maxw=30480;
end

% 2 length of the list
ol_w=length(owl);

% 3 Remove the empty containers, if there are any
|_w=0;
for cont=1.0l_w
if owl(cont)>minw;
| w=l_w+1,;
wl(I_w)=owl(cont);
end
end

% 4 Probability density function NDF
%no_wc=9;
[xf,top_xf,cdf]=cdf x2(no_wc,wl,minw,maxw);
ndelx=(maxw-minw)/no_wc;
low_xf=top_xf-ndelx;
ndf(1)=cdf(1);
for j=2:no_wc
ndf(j)= cdf(j)-cdf(j-1);
end
end

save('pdf.mat','ndf")
save('cdf.mat','cdf’)



function [tier] = Pile_height(bay,stack)
global BAYSBL

tier = 0;
fort=1: BL.tiers
if BAY S(bay).ct_id(t,stack)>0
tier =tier +1;
end
end



function plot_bay(bay)
global BAYS

X = BAY S(bay).position(1);
y = BAY S(bay).position(2);
plot(x,y,'bO")



function plot_bays
global BAYS BL T TRF

% Check ct
[T.state.!MP,T.state. EXP, T.state NAS] = terminal_state();
%no_exp_ct,no_imp_ct,exp_es,imp_es,nas_es,no_exp_bays,no_imp_bays,puertos_exp,puertos imp

% Figure with number of available bays

close figure ifexists(30); figure(30)

mnb=100;

subplot(2,2,1); hold on

plot(T.state.EXP.ports.cts,'.”); title('Terminal Ocupation per Port. EXP CTs); axis([0 TRF.PARAM.no_ports 0 2000])
subplot(2,2,2); hold on

plot(T.state.lMP.ports.cts,"."); title('Terminal Ocupation per Port. IMP CTS); axis([0 TRF.PARAM.no_ports 0 2000])
subplot(2,2,3); hold on

plot(T.state.EXP.ports.bays,'."); title('Terminal Ocupation per Port. EXP Bays); axis([0 TRF.PARAM.no_ports 0 mnb])
subplot(2,2,4); hold on

plot(T.state.l MP.ports.bays,"."); title('Terminal Ocupation per Port. IMP Bays); axis([0 TRF.PARAM.no_ports 0 mnb])

nas_vector = 0; exp_vector = 0; imp_vector = 0;

% Figure of Emtpy slots per bay
close figure ifexists(40); figure(40); hold on

nas b=0;imp_b=0; exp b=0;
nas_vector = 0; imp_vector = 0; exp_vector = 0;
vector = zeros(T.bays,3);

for bay = 1:T.bays
vector(bay,1) = BAY S(bay).position(1);
vector(bay,2) = BAY S(bay).position(2);
vector(bay,3) = 0;

switch BAY S(bay).id
case 'NAS
nas b=nas b+1,
nas_vector(nas_b,1) = BAY S(bay).position(1);
nas_vector(nas_b,2) = BAY S(bay).position(2);
nas_vector(nas_b,3) = T.state. NA S.bays.esl(bay);
case 'EXP
exp_b=exp b+1,
exp_vector(exp_b,1) = BAY S(bay).position(1);
exp_vector(exp_b,2) = BAY S(bay).position(2);
exp_vector(exp_b,3) = T.state.EXP.bays.cts(bay);
case'|IMP
imp_b=imp b+1,
imp_vector(imp_b,1) = BAY S(bay).position(1);
imp_vector(imp_b,2) = BAY S(bay).position(2);
imp_vector(imp_b,3) = T.state.|MP.bays.cts(bay);

end



AZ = -37.5; EL = 80;

subplot(3,1,1);

if sum(nas_vector(:,1)) >0
stem3(vector(:,1),vector(:,2),vector(:,3),'k."); view(AZ,EL); hold on
stem3(nas_vector(:,1),nas_vector(:,2),nas vector(:,3),".");
%stem3(nas_vector(:,1),nas_vector(:,2),nas_vector(:,3)*0,’m.");

end

title('Not assigned bays);

axis([0 T.length O T.width O BL.capacity])

subplot(3,1,2);
if sum(exp_vector(:,1)) >0
stem3(vector(:,1),vector(:,2),vector(:,3),'k."); view(AZ,EL); hold on
stem3(exp_vector(:,1),exp_vector(:,2),exp_vector(:,3),".");
%stem3(exp_vector(:,1),exp_vector(:,2),exp_vector(:,3)*0,'m.");
end
title([num2str(sum(T.state.EXP.no.bays)) ' / ' num2str(sum(T.state.EXP.no.cts)) ' EXP bays/CT. CT distribution']);
axis([0 T.length O T.width O BL.capacity])

subplot(3,1,3);

if sum(imp_vector(:,1)) >0
stem3(vector(:,1),vector(:,2),vector(:,3),'k."); view(AZ,EL); hold on
stem3(imp_vector(:,1),imp_vector(:,2),imp_vector(:,3),".";
%stem3(imp_vector(:,1),imp_vector(:,2),imp_vector(:,3)*0,'m.");

end

title([num2str(sum(T.state.IMP.no.bays)) ' / ' num2str(sum(T.state.lMP.no.cts)) ' IMP bays/CT. CT distribution’]);

axis([0 T.length O T.width O BL.capacity])

% Figure Exp/Imp bays

% close _figure_ifexists(50); figure(50); hold on

% %subplot(3,1,1); plot(nas_port,"."); title('Not assigned bays. Port ID");
% subplot(2,1,1); plot(exp_es,."); title('Export bays. Port ID");

% subplot(2,1,2); plot(imp_es,"."); title('lmport bays. Port ID");

pause(1)



function plot_bays candidates(CB _ids,col)
% This function plots the candidate bays with the desired color COL
global BAYSBL T

%keyboard

plot_bays()
if length(CB_ids) >0

%figure(40);
k=0; figure(40)

fori=1.T.bays
plot3(BAY S(i).position(1),BAY S(i).position(2),0,'k."); hold on
end

for i = 1:length(CB _ids)
k=k+1;
bay no= CB_ids(i);
x=BAY S(bay_no).position(1); y = BAY S(bay_no).position(2);
if BAYS(bay_no).id =='NAS
subplot(3,1,1); hold on
colo="r,
elseif BAY S(bay no).id =="EXP
subplot(3,1,2); hold on
colo="r}
elseif BAY S(bay no).id =='IMP
subplot(3,1,3); hold on
colo="r"
else
disp("VS Plan Error: abay with no identifier!")
keyboard
end
%plot(BAY S(bay_no).no, BAY S(bay _no).empty_slots,col);
plot3(x,y,BL.capacity-BAY S(bay _no).empty_slots,col);
%plot3(x,y,0,'k*");
if k==
hold on
end
end
grid on
end



function [space _reserved] = plot_bays reserved

globa TRF

[pure_ports,stack ports,mixed_ports] = check _reserve();

figure(100)

subplot(3,1,1); plot(pure_ports,."); axis([0 TRF.PARAM.no_ports 0 2000])

subplot(3,1,2); plot(stack_ports,"."); axis([0 TRF.PARAM.no_ports 0 2000])
subplot(3,1,3); plot(mixed_ports,."); axis([0 TRF.PARAM.no_ports 0 2000])



function plot_evolution()
global BL RT TIME TRF
b = length(R.tiempo); %R.tiempo has the time in days

figure(21);
subplot(3,1,1); hold on
%axis([0b 0t])

plot(R.tiempo/3600/24,R.ics,'r."); ylabel ('IMP)
plot(R.tiempo/3600/24,R.ocs,'g."); ylabel (EXP)
plot(R.tiempo/3600/24,R.tcs,'b."); ylabel (TOTAL')

% ) = +R.tcs,

plot(R.tiempo/3600/24,R.res,'m."); ylabel (OCC & RES)
axis([0 TIME.smul/3600/24 0 T.bays* BL .capacity])

x=[R.tiempo(b)/3600/24; R.tiempo(b)/3600/24];
y=[0; 2000];

subplot(3,1,2); hold on; plot(x,y,'r")
subplot(3,1,3); hold on; plot(x,y,r")

%plot_vs traffic()



function plot_ics(bays)

figure(30)
for i=1:length(ics) %ict_list
if bays(i).id=="EXP
spaces(i)=bays(i).empty_slots;
else
spaces(i)=BL.tiers*BL.rows+1,
end
ids(i)=bays(i).port;
end



function plot_terminal (block)
global BAYSBL ST
figure(120)

b=0;
for bay = 1:T.bays
if BAY S(bay).block == block
% if strcmp(BAY S(bay).id,EXP)==1
%bay
x = BAY S(bay).position(1);
for stack = BL .stacks:-1:1
y = BAY S(bay).position(2) - S.w* stack;
for tier = 1:BL.tiers
z=(BL tiers-tier+1) * S.h/2;
%ct_id = BAY S(bay).matriz(tier,stack)* BAY S(bay).port(tier,stack);
ct_id = BAY S(bay).port(tier,stack);
if BAY S(bay).matriz(tier,stack) == 1
switch BAY S(bay).id
case 'EXP
col="r.";
case'IMP
col="r*";
case 'NAS
col="r-";
end
else
switch BAY S(bay).id
case 'EXP
col="b.";
case'IMP
col="b*";
case 'NAS
col="b-";
end
end
plot3(x,y,z,col); hold on
text(x,y,z,num2str(ct_id))
end
end
end
end

axis equal



function plot_trf(TRF,plot_option)
% This function displays the traffic generation

disp('Plot traffic')

if plot_option ==
close figure ifexists(60); figure(60); hold on
subplot(2,1,1); hold on; title('EXP ET"); axis([0 24 0 TRF.PARAM.no_ports])
subplot(2,1,2); hold on; title('IMP ET'); axis([0 24 0 TRF.PARAM.no_ports])

for et=1:length(TRF.ET)
if stremp(TRF.ET(et).id,'EXP) ==
subplot(2,1,1);
elsaf stremp(TRF.ET(et).id,'IMP) ==
subplot(2,1,2);
end
plot(TRF.ET (et).arrival_time/24/3600, TRF.ET (et).target_VS,'b.")
end

for vs=1:length(TRF.VS)
subplot(2,1,1);hold on;
plot(TRF.VS(vs).arrival_time/24/3600, TRF.V S(vs).port,'r.")
subplot(2,1,2); hold on;
plot(TRF.VS(vs).arrival_time/24/3600, TRF.V S(vs).port,'r.")
end
elseif plot_option ==

% Display the arrival of CT to the Terminal
exp_ct_no = zeros(1, TRF.PARAM.no_ports);
imp_ct_no = zeros(1,TRF.PARAM.no_ports);
close figure ifexists(90); figure(90)

for ct=1:length(TRF.ET)
port=TRF.ET(ct).port;
if stremp(TRF.ET(ct).id,'IMP) ==1
imp_ct_no(port) = imp_ct_no(port) +1;
subplot(2,1,2); hold on; plot(TRF.ET(ct).arrival_time,imp_ct_no(port))
elsaf stremp(TRF.ET(ct).idEXP) == 1
exp_ct_no(port) = exp_ct_no(port) +1;
subplot(2,1,1); hold on; plot(TRF.ET(ct).arrival_time,exp_ct_no(port))
end
end
end

%keyboard



function plot_TRF1()
global ET TIME TRF VS

figure(20); hold on
exp_ct = zeros(1,TRF.PARAM.no_ports);
imp_ct = zeros(1, TRF.PARAM.no_ports);

for ct = L:length(ET)
port = ET(ct).port;
flow = ET(ct).id;
switch flow
case'IMP
imp_ct(port) = imp_ct(port) + 1;
imp_ct_no(imp_ct(port),port)=imp_ct(port);
imp_time(imp_ct(port),port) = ET(ct).arrival_time;
case 'EXP
exp_ct(port) = exp_ct(port) + 1;
exp_ct_no(exp_ct(port),port) = exp_ct(port);
exp_time(exp_ct(port),port) = ET(ct).arrival_time;
end
end
%keyboard
for p=1.TRF.PARAM.No_ports
subplot(3,1,2); hold on
plot(imp_time(:,p)/3600/24,imp_ct_no(:,p),'r.")
subplot(3,1,3); hold on
plot(exp_time(:,p)/3600/24,exp_ct_no(:,p),'g.")
end

time_span = TIME.simul/3600/24;

subplot(3,1,2); title('IMP ET Traffic'); axis([0 time_span 0 2000])
subplot(3,1,3); title("EXP ET Traffic'"); xlabel ("Time');axis([0 time_span 0 2000])

%keyboard

for vs= 1: length(VS)
vs arriva_time = VS(vs).arrival .time/24/3600;
vs plan_time =V S(vs).plan.time/24/3600;
subplot(3,1,2); plot(vs_arrival_time,vs* 100,'bo")
subplot(3,1,3); plot(vs_arrival_time,vs*100,'bo")
subplot(3,1,2); plot(vs_plan_time,vs*100,'g*")
subplot(3,1,3); plot(vs_plan_time,vs*100,'g*")

end



function plot_VS_arrival(vs)
global VSET

for i = L:length(V S(vs).OC_arrived)
et = VS(vs).OC_arrived(i);
etarrivals(i) = ET(et).arriva_time;
end
y = L:length(V S(vs).OC_arrived);
figure; plot(etarrivals/3600/24,y,™*"); hold on
xt = [V S(vs).plan.time/3600/24 V S(vs).plan.time/3600/24];
yt= [0 length(V S(vs).OC_arrived)];
plot(xt,yt,'r);
xe = [VS(vs).arrival .time/3600/24 V S(vs).arrival .time/3600/24];
plot(xeyt)
xlabel('Days); ylabel ('No. containers)



function plot_VS plan(vs)

global BAYSBL CTTVS

plan = V§(vs).plan.EXP;

ncb = length(plan.bays); vsocup=zeros(1,nch);

for i_bay = 1:ncb
bay = plan.bays(i_bay);
R(i_bay) = BAY S(bay).R.dots;
O(i_bay) = BL.capacity - BAY S(bay).empty_dlots;

% a) Now check if slots reserved have been occupied
pos = find(BAY S(bay).ct_id>0); ctlist = BAY S(bay).ct_id(pos);

vdlist =0;
for i = 1. length(ctlist)
vdlist(i) = CT(ctlist(i)).vs;

end

vsocup(i_bay) = length(find(vslist == vs));
end
figure;
subplot(2,1,1);
stem(plan.bays,R,'bo"); hold on;
plot(plan.bays,O,'go’);
axis([0 T.bays 0 BL.capacity]); title('Occupation vs. total reservation’)

subplot(2,1,2);

stem(plan.bays,plan.cts,'b."); hold on;

plot(plan.bays,vsocup,'ro);

axis([O T.bays 0 BL.capacity]); title("Vessel Occupation vs. Vessel reservation')



function plot_vs_traffic()

global R TRF
figure(20);

subplot(3,1,2);

for p= L. TRF.PARAM.no_ports
plot(R.vsct.imp(p,:),1:length(R.vsct.imp))

end

subplot(3,1,3);

for p = :TRF.PARAM.no_ports
plot(R.vsct.exp(p,:),1:length(R.vsct.exp))

end



function plot_yc()
global BAYSMACYCT

close_figure_ifexists(344);figure(344); hold on
for bay = 1:T.bays

xb(bay) = BAY S(bay).position(1);

yb(bay) = BAY S(bay).position(2);
end

plot(xb,yb,'r."

for yc = 1:MAC.Y C.ycsprow* T.rows

bay = Y C(yc).P.bay;

x = BAY S(bay).position(1);

y = BAY S(bay).position(2);

if rem(yc,2) ==
text(x,y+7,num2str(yc));

else
text(x,y-7,numz2str(yc));

end

plot(x,y,'ro")
end

Y =T.width+20;
X = T.length+20;
axis([0X 0Y])



function plot_yc_wl()
global BAYST MACYC

close figure_ifexists(343);figure(343)
for row = 1.T.rows
for iyc=1:MAC.Y C.ycsprow

yc = (row-1)*MAC.Y C.ycsprow + iyc;
bay=Y C(yc).P.bay;
X = BAY S(bay).position(1);
y = BAY S(bay).position(2);
zp=Y C(yc).WL.cwl;

stem3(x,y,0,'kx");hold on

text(x,y,-0.5,num2str(yc), FontWeight','bold);

if zp >0
m = [ num2str(zp)];
text(x,y,-1,m,'Color’,'r");

end

stem3(x,y,zp,".-r');

end
end



function plot_ycs()

global BAYSMACYCT

for row = 1.T.rows
for i=1:MAC.Y C.ycsprow
yc = (row-1)*MAC.Y C.ycsprow + i;
%Y (yc) = row;
bay = Y C(yc).P.bay;
X(yc) = BAY S(bay).position(1);
Y (yc) = BAY S(bay).position(2);
end
end

figure
plot(X,Y,*")



function plotvector(vector)
figure;
n=length(vector);

x=1:n;
plot(x,vector,".");



V=0,

for i= 1:10000
V(i)=poissrnd(7);

end

[ax] = hist(V,50);

figure; plot(x,a)

std(V)



function [col_ids,no_cols] = Port_empty_cols(BAY)
% This function cal cul ates the empty colums

[rows,cols|= size(BAY .matriz);
no_cols=0; col_ids=0;

for col = 1: cols
if sum(BAY .port(:,col)) ==
no_cols= no_cols+ 1;
col_ids(no_cols) = cal;
end
end

if no_cols==
disp('BAY _find_empty_col Error: no empty staks)
BAY

end



function [positions,no_ceros] = Port_empty_slots(BAY)
% This function gives the number of empty ports

globa BL

positions = 0;
no_ceros = 0,
for tier = 1:BL .tiers
for stack = 1:BL .stacks
if BAY .port(tier,stack) ==
NO_Ceros = No_ceros +1;
positions(no_ceros,1) = tier;
positions(no_ceros,2) = stack;
end
end
end



function [nports] = ports_howmanyofeach(portslist)

globa TRF
nports = 0;

ports = unique(portslist);
if sum(ports) >0
nports = zeros(1, TRF.PARAM.V S no);
for i =1: length(ports)
ppos = find(portslist == ports(i));
nports(ports(i)) = length(ppos);
end
end



function [ct_day]=pyramid(timeperiod,no_tot_ct)

% this function generates the container list for the number of days
% specified, and for agiven vessdl.

global TRF

option = 1; % Exponentia function

if option==1

if timeperiod == 3 % TRF.PARAM .daysinadvance
B =-0.419401381636162;
A =no_tot_ct/1.560652615;

elseif timeperiod == TRF.PARAM .daysofdischarge
B =-0.68368083;
A =no_tot_ct/1.017037602;

end

for day=1:timeperiod
ct_day(day) = fix(A*exp(B*day));

end
dif = no_tot_ct - sum(ct_day);
if dif ~=0

ct_day(1) = ct_day(1) + dif;
end

if timeperiod == TRF.PARAM.daysinadvance
ct_day = ct_day(end:-1:1);

end

else

no_days=fix(timeperiod/2);

extraday=timeperiod-2*no_days;

no_deltas=0;

for day=2:no_days
no_deltas=no_deltas+2* (day-1);

end

no_deltas=no_deltast+day* extraday;

P=1/timeperiod*.8;

delta=(1-timeperiod* P)/no_deltas;

no_ct=0;

for day=1:no_days
p(day)=P+(day-1)* delta;
p(timeperiod-day+1)=p(day);
ct_day(day)=fix(p(day)*no_tot_ct);
ct_day(timeperiod-day+1)=fix(p(day)*no_tot_ct);
no_ct=no_ct+ct_day(day)+ct_day(timeperiod-day+1);

end

if extraday==1
%p(day+1)=p(day)+delta;
ct_day(day+1)=no_tot_ct-no_ct;

end

end



function [QC]=QC_cycle(QC,VS)YT)
% This function describes the cycle of ayard crane

% 1. Speeds based on a Doosan QC brochure
t_mean=(25/60)* 60* 60;

gantry _speed=45/60; % 45m/min
hoist_speed fulload=70/60; %70m/min
hoist_speed empty=170/60; %70m/min

trolley _speed=240/60;

% 2. Now analyze the cycle

% 2.1 Change from wait to move to the vessel bay target
switch QC.status
case ‘w4un'
if VS.status=="w4qc'
QC.status="move’;

end

% 2.2. Go from wait for load to load operation
case'w4lo' & YT.status=='w4qc'
QC.status="load';
QC.t4compl etion=poissrnd(t_mean); % calcul ate the time of operation

% 2.3. Go from load for load to wait again for load another container
case QC.status=="load’;
QC.status='w4un’;
end



function [QC]=QC_move(QC)

% Criteria 1: Find the vessel bay that is closer to the curren position of the QC
% Criteria 2: Find the leftmost vessel bay. Not used for the moment
[imit=100000;
for bay=1:QC.vs _bays no
if sum(QC.CperVS bay(:))==0 % then the bay is empty
distance(bay)=limit;
else
distance(bay)=distance_calculator(QC.position,QC.bay_position(bay,:));
end
end

[min_distance,target_bay]=min(distance);

if min_distance==limit
‘error: the QC istrying to move to a bay but they are all empty. start loading'
keyboard

else
QC.target_position(1)=QC.bay_position(target_bay,1);

end



function remarshalling(slots2liberate,V S,label)
% This function makes remarshalling on a certain number of bays with little
% occupation in order to minimize the rehandling effort

global BAYSBL COST T
dots liberated = 0;

% See what EXP baysin blocks have less occupation
0/ =mmmmmmmmmmmmmmmmm e mmmmmmmm e mmmmmmmm e mmmmmmmmm e

[esl,b_ed] = block _analyze()

if sum(b_ed) < dots2liberate
disp(‘Remarshanlling error: not enough slots to place CTs)
figure; plot(b_ed,'.")
else
% Start remarshalling
disp(‘Start Remarshalling')
while dots liberated < dots2liberate
[T.state. MP,T.state. EXP,T.state. NAS] = terminal_state();
% Find target block, the one having more slots
[tb_available dlots, target _block] = max(b_edl);
disp(['Housekeeping containers of block: ' num2str(target_block)])
% Inside each bay, search those with less
i =0; clear tb_cts and_ids
ini_bay = BL .baylist(target_block,1);
fin_bay = BL.baylist(target_block,BL .bays);
for bay = ini_bay:fin_bay
if stremp(BAY S(bay).id,|abel) ==
[positions,no_ceros] = Port_empty_slots(BAY S(bay));
if no_ceros >= BL. tiers
tiers2lib(bay) = fix(no_ceros/BL .tiers);
end
end
end

% Timeto move CTs. There are two possibilities
% First, all the block CTs need to be moved
if sum(tiers2lib(ini_bay:fin_bay)*BL .tiers <= dots2liberate)
baylist = ini_bay:1:fin_bay;
% The second chance is the block has more slots free than needed
else
% need to determine the minimum movement for the YC
baylist = BL_analysis(target_block);
end
% Now go through the list and reorganize the CTs
fori_bay = 1:length(baylist)
bay = baylist(i_bay);
BAY _remarshall(bay);
dots liberated = dots liberated + tiers2lib(bay) * BL. tiers,
end
end



end



function Results _init()
global R TRF

R.progreso = 10;

R.res=0;

R.vsct.imp = zeros(TRF.PARAM.no_ports,1);
R.vsct.exp = zeros(TRF.PARAM.no_ports,1);
R.ev=0;

R.tiempo = 0;

R.ocs=0; R.iics=0; R.itcs=0;



function savestate
global BAYSBL BT COST COUNT CT ET GROUPSMACRSSPEED T TIMETRFVSYC

%if exist('pstate.mat’)

% movefile('pstate.mat’,'apstate.mat’);

%end

Y%save('pstate.mat’,'BAY S,'BL','BT','COST',COUNT",'CT','ET',GROUPS'MAC''R','S,'SPEED',' T', TIME, TRF','VS'
YC);



function [i,j]=search_bay(bay,port)
% This function search for the empty slot located more down-right in the
% bay

[a,b]=size(bay.matriz);

if bay.empty slots~=0
for tier=1:a
for row=1:b
if and(bay.matriz(tier,row)==0, bay.port(tier,row) == port)
i=tier; j=row;
end
end
end
end



function [ports,es] = Search_Port_Matriz(bay)
% This function counts the number of dlots assigned to each port

global BAYSBL TRF
ports = zeros(1, TRF.PARAM.no_ports);
es=0;
for tier = 1:BL.tiers
for stack = 1:BL .stacks
bay port = BAY S(bay).port(tier,stack)* BAY S(bay).matriz(tier,stack);
if bay port >0
ports(bay port) = ports(bay_port) + 1;
end
empty_port = BAY S(bay).port(tier,stack) + BAY S(bay).matriz(tier,stack);
if empty_port ==
es=es+1;
end
end
end



function [slot_col,row]= select_slot(comp_bay,idealbay,c_class)

% This function takes a vector of weightclass and placesit on the best
% possible row and column

% Initidlize

[no_tiers,;no_rows]=size(idealbay);
comp_bay=flipud(comp_bay);
diference=zeros(1,no_rows);
toptier=zeros(1,no_rows);
for row=no_rows:-1:1 % buscar la col en laque megjor encga
O6row;
tier=no_tiers,

while comp_bay(tier,row)>0 & & tier ~= 1
if tier>1
tier=tier-1;
end
end
if tier==1 & & comp_bay(tier,row) >0
diference(row)=100;
else
diference(row)=idealbay(tier,row)-c_class,
end
toptier(row)=tier;
end
%now choose the position with the smallest difference
% this function will be further improved
[J,slot_row]=min(abs(diference));
j=sort(abs(diference));
i=2; equals=l,
whilei<no_rows
ifj()==i(2)
equals=equals+1;
end
i=i+1;
end
if equals>1
There is more than one option'
% Now find the alternative with lower tier'
end

slot_col=toptier(slot_row);



function [distance]=simple_dist_calculator(A,B)

delx=(A(1)-B(1));
dely=(A(2)-B(2));
distance = (delx"2+dely"2)"0.5;



function SPEED _init()
global SPEED

%1.YT
SPEED.YT.travel =40/ 3.6; % From km/h to m/s

%2.YC

SPEED.Y C.gantry = 130/60; %1.5; % (m/s)
SPEED.Y C.hoist.empty = 56/60;

SPEED.Y C.hoist.loaded = 30/60;

SPEED.Y C.spreader.empty = 70/60;

SPEED.Y C.spreader.loaded = 70/60;

%3. ET
SPEED.ET.travel = 20/3.6;, % (m/s)



function [work,destination] = ST_work(bay,stacks _needed)
% THis function calculates the work done by a'Y C to move CTswithin abay

global BAYSBL CTSYC

keyboard

% 1. Initialize

used stacks = BL.stacks,

work = zeros(1,BL .stacks) ;

stack_cts = sum(BAY S(bay).matriz(:,:));

i_stack =0;

whilei_stack < stacks needed
i_stack =i_stack + 1;

for ini_stack = 1: BL.stacks

% Compute the work to remove theini_stack CTsto fin_Stack
cstack_cts = stack_cts;
if stack_cts(ini_stack) ==
work(ini_stack) = 120000000000;
else
for h = L:stack_cts(ini_stack)
% Identify the best position for the CT
ct_h=stack_cts(ini_stack) - h +1,
%ini_tier = BL.tiers- ct_h +1,;
ini_tier =ct_h;
ct_id = BAY S(bay).ct_id(ini_tier,ini_stack);
c_wc = 100* ones(1,BL .stacks);

for tstack = 1:BL .stacks
%top_tier = BL.tiers - cstack_cts(tstack);
top_tier = cstack_cts(tstack)+1;
if and(BAY S(bay).matriz(top_tier,tstack) == 0, tstack ~= ini_stack)
c_wc(tstack) = abs(BL .idealbay(top_tier,tstack) - CT(ct_id).class);
end
end
% The best position is the one with less difference
% Among the possible candidates, choose the one with higher
[wmin,target_stack] = min(c_wc);
if target_stack < BL.stacks
for s=target_stack+1:BL .stacks
if wmin == c_wc(s)
if and(cstack_cts(s) > cstack_cts(target_stack), cstack cts(s)<BL.tiers)
target_stack =s;
end
end
end
end
%target_tier = BL.tiers - cstack _cts(target_stack);
target_tier = cstack _cts(target_stack)+1;
% Compute the effort



port = BAY .port(ini_tier,ini_stack);

CT _drop(ct_id);
%bay,ini_tier,ini_stack
CT_remove(ct_id);
% Update stacks
cstack cts=sum(BAY S(bay).matriz(:,:));
% go to slot
work(ini_stack) = work(ini_stack) + Y C_consumption('H','L",ct_id)* (BL .tiers+1-ini_tier)*S.h +
Y C_consumption('S,'L",ct_id)*abs(ini_stack-target_stack)* S.w;
end
end
end
end



function [ctplan] = T_bay_search(vs)
% This function analyzes where the CTs to be uploaded on avs are located

global BAYSBL BT MACT VS

%keyboard
nb=0; nc=0;
CB =0; YCS=0; maxwl =0;

foryc=1MAC.YC.n
YCWL(yc).cts=0;
YCWL(yc).D =0;
end
for bay = 1:T.bays
if stremp(BAY S(bay).id,'EXP) ==1
% check if the bay still has CTsfor that destination
%[ ports] = BAY_find_reservations(bay,'C');
[list, ncvs] = BAY _get_port(bay,vs);
if sum(list) >0
nb = nb+1;
yc =YC assign_ct(bay); YCS(nb) = yc;
dist = ones(1,length(list))*simple_dist_calculator(BAY S(bay).position,BT(V S(vs).berth).position);
if YCWL(yc).cts==0
YCWL(yc).cts = list;
YCWL(yc).D = dist;
else
YCWL(yc).cts=[YCWL(yc).cts, list];
YCWL(yc).D =[YCWL(yc).D, dist];
end
maxw! = max(maxwl,length(Y CWL (yc).cts));
end
end
end

ifnb>0
%keyboard
Y CS = unique(YCS);
% Sort the workload of YCS
for i = 1:length(Y CS)
yc=YC(i);
[dist,ord] = sort(Y CWL(yc).D);
Y CWL(yc).cts = YCWL(yc).cts(ord);
end
for i = L:maxwil
for y = L:length(Y CS)
yc=YCS(y);
if i <=length(Y CWL(yc).cts)
nc = nc+1,;
ctplan(nc) = YCWL(yc).cts(i);
end
end
end



if abs(length(ctplan)-V S(vs).OC) >0
disp(['VS(" num2str(vs) ") has' num2str(V S(vs).OC) ' to upload. ' num2str(length(ctplan)) ' found in yard1)
difcts = setdiff(VS(vs).OC _arrived, ctplan)
disp([' The different containers are: ' numz2tr(difcts)])
check_cts vs();
keyboard
end
else
keyboard
end

%keyboard



function [grupo] = T_eval()
global BAYSBL COUNT GROUPST TRF TIME
for port = 1: TRF.PARAM.no_ports

grupo(port).no = 0;
grupo(port).bahias = 0;
grupo(port).cts = 0;
grupo(port).dist = 0;

bay=0; lastbay = 1,

for t_col = 1:T.cols % respect the order of colsand rows
fort_row = 1:T.rows
for b_bay = 1:BL .bays
bay = bay + 1,
if BAY S(bay).T_row ~= BAY S(lastbay).T_row
start = 1;
end
[no_dlots,distance] = check_port_bays(bay,port);
if no_slots> 0 % Add bay to existing group
if start == 1% If the bay is 1, start athe group
grupo(port).no = grupo(port).no + 1;
grupo(port).bahias(grupo(port).no) = 1,
grupo(port).cts(grupo(port).no) = no_slots;
grupo(port).dist(grupo(port).no) = distance*no_glots;
start = 0;